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Abstract

Genomic approaches have predicted hundreds of thousands of tissue specific cis-regulatory 

sequences, but the determinants critical to their function and evolutionary history are mostly 

unknown
1–4

. Here, we systematically decode a set of brain enhancers active in the zona limitans 

intrathalamica (zli), a signaling center essential for vertebrate forebrain development via the 

secreted morphogen, Sonic hedgehog (Shh)
5,6. We apply a de novo motif analysis tool to identify 

six position-independent sequence motifs together with their cognate transcription factors that are 

essential for zli enhancer activity and Shh expression in the mouse embryo. Using knowledge of 

Users may view, print, copy, and download text and data-mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms

Corresponding Author: Douglas J. Epstein, Ph.D., Professor, Department of Genetics, Perelman School of Medicine, University of 
Pennsylvania, Clinical Research Bldg., Room 463, 415 Curie Blvd, Philadelphia, PA 19104, Phone: (215) 573-4810, Fax: (215) 
573-5892, ; Email: epsteind@mail.med.upenn.edu
7equal contribution

URLs Target Finder platform (Feng Zhang, MIT): http://crispr.mit.edu/.

Accession codes RNA-seq data presented in this study were deposited at Gene Expression Omnibus (GEO) under accession 
GSE78005.

Author Contributions Y.Y. and D.J.E conceived the project, designed the experiments and wrote the manuscript. Y.Y. performed the 
co-transfection, transgenic mouse, gene expression and ChIP assays. P.J.M performed the transgenic hemichordate reporter assays. 
Y.J. performed the transgenic mouse reporter assays with CR constructs. Y.Z. performed the statistical analysis. Y.Y. and A.N.K. 
performed the motif analysis. A.P. and C.L. provided reagents and advice on the hemichordate experiments. Y.Y., L.G., O.S., W.G.C 
and F.S. generated mutant mouse lines and provided embryos.

Competing financial interests The authors declare no competing financial interests.

HHS Public Access
Author manuscript
Nat Genet. Author manuscript; available in PMC 2016 October 11.

Published in final edited form as:
Nat Genet. 2016 May ; 48(5): 575–580. doi:10.1038/ng.3542.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://crispr.mit.edu/


this regulatory lexicon, we discover novel Shh zli enhancers in mice, and a functionally equivalent 

element in hemichordates, indicating an ancient origin of the Shh zli regulatory network that 

predates the chordate phylum. These findings support a strategy for delineating functionally 

conserved enhancers in the absence of overt sequence homologies, and over extensive evolutionary 

distances.

Organization of the vertebrate brain into discrete structural and functional regions begins 

early during embryonic development in response to signaling molecules secreted from 

localized brain organizing centers
7–9

. The zli is one such signaling hub in the posterior 

diencephalon of all vertebrates that specifies the thalamic and prethalamic territories through 

the release of Shh, but is divergent or absent in invertebrate chordate lineages
9
. Central to 

the understanding of zli formation is how Shh transcription is regulated in this crucial brain 

signaling center and the extent to which this regulatory mechanism is shared across species.

Comparative sequence analysis is often used to identify conserved noncoding regulatory 

elements
10

. However, it has become increasingly apparent that not all functionally conserved 

regulatory elements show clear evidence of DNA sequence homology
11–15

, which may 

confound interpretations of their evolutionary origin. Moreover, conventional methods of 

phylogenetic footprinting do not always capture individual binding sites at nucleotide 

resolution, especially when long stretches of regulatory sequence are under strong positive 

selection.

To decipher the regulatory logic of Shh expression in the zli, we adapted a strategy that does 

not rely on DNA sequence conservation alone, but instead, follows the premise that 

enhancers with similar spatiotemporal profiles often share common cis-regulatory 

features
16–20

. With this concept in mind, we surveyed the collection of experimentally 

validated regulatory elements in the Vista Enhancer Browser
21

 for patterns of reporter 

activity that overlapped with SBE1, an enhancer located in the second intron of the Shh gene 

that directs expression to the ventral midbrain, ventroposterior diencephalon and zli
22 

(Supplementary Fig. 1a–c). We identified 52 distinct SBE1-like enhancers scattered 

throughout the mouse and human genomes (Supplementary Fig. 2). Each of these enhancers 

is located in proximity to at least one gene transcribed in the region of the mid-diencephalic 

organizer according to the RNAseq profile of SBE1 positive cells at E10.5 (Supplementary 

Fig. 3 and Table 1).

To determine if the SBE1-like enhancers possess a common cis-regulatory signature, we 

applied the Weeder algorithm
23

 and performed an unbiased search for shared DNA sequence 

motifs in seven of the most specific SBE1-like enhancers, including SBE1 (Fig. 1a). This 

approach identified five motifs that were enriched in the seven enhancers compared to 

random genomic sequence (Fig. 1b). Interestingly, the motifs showed significant sequence 

conservation across vertebrate phyla, suggestive of their functional importance. Within 

SBE1, the five motifs were clustered in a 116 bp homology block extending from human to 

zebrafish that was both necessary and sufficient for full enhancer activity (Fig. 1c and 

Supplementary Fig. 1).

Yao et al. Page 2

Nat Genet. Author manuscript; available in PMC 2016 October 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We also searched the set of SBE1-like enhancers for overrepresented transcription factor 

binding sites present in the JASPAR and UniPROBE databases. Three of the five motifs 

identified by Weeder matched consensus binding sites for transcription factors, several of 

which are expressed in the SBE1 domain (Fig. 1b and Supplementary Fig. 4). This analysis 

also uncovered an additional overrepresented motif (motif6) that was missed by Weeder 

presumably due to its more stringent criteria for finding DNA sequence matches. The six 

motifs did not display any apparent order or spacing in the SBE1-like enhancers, suggesting 

that they follow a flexible arrangement model observed in other tissue specific 

enhancers
19,24,25

. Furthermore, the co-occurrence of motifs 1–6 is significantly higher in a 

larger set of SBE1-like enhancers (n=46) compared to random genomic sequence matched 

for GC content and length (P<0.05, Welch’s two-sample t-test), or a set of 172 heart 

enhancers from the Vista enhancer browser (P<2.2e-16).

Our benchmark for pairing motifs with their candidate transcription factors included 

expression in the SBE1 domain and prior indication for a role in Shh regulation and/or zli 

formation. Motifs 1 and 6 correspond to recognition sequences for homeodomain proteins of 

the Prd and NKL subclasses, respectively
26

. Otx1 and Otx2 are the best candidates to be 

recruited by motif1, given their roles in mid-diencephalic development and Shh 
expression

27–29
. Similarly, Barhl2 is a potential transcription factor for motif6 based on its 

requirement for zli formation in Xenopus embryos
30

. Foxa2 was previously shown to bind 

motif3, which is necessary for SBE1 activity in the ventral midbrain but not the zli
22

 and 

therefore, will not be discussed further here. Of several candidate motif2 binding factors we 

hypothesize that the TEA domain family member 2 (Tead2), a key mediator of Hippo 

signaling, is recruited to this site. Tead and its co-transcriptional activation partner Yap are 

dependent on Wnt and/or Shh signaling in various biological contexts
31,32

.

To determine whether a candidate transcription factor is capable of regulating SBE1-like 

enhancers through a given motif, we performed luciferase-reporter assays in COS-1 cells. 

Otx2 induced significant luciferase expression from all seven SBE1-like reporter constructs, 

but not when motif1 was deleted from SBE1 (Fig. 1d). The core Otx binding site in motif1 

(AAGATTAAA) is preferentially flanked on either side by adenine nucleotides, which when 

mutated blocked Otx2 binding and activation of the SBE1-luciferase construct, suggesting a 

context dependent role in zli gene regulation (Supplementary Fig. 5).

Although co-transfection experiments with Barhl2 triggered only a modest response from 

SBE1-like enhancers (Fig. 1e), the combined action of Barhl2 and Otx2 resulted in a 

synergistic induction of reporter activity from most enhancers containing motifs1 and 6 (Fig. 

1f). Therefore, crosstalk between Otx2 and Barhl2 may mobilize a subset of SBE1-like 

enhancers. We also observed that the Tead2/Yap1 coactivation complex stimulated 

transcriptional responses for most SBE1-like enhancers, including SBE1, which depended 

on motif2 and a second Tead binding site (motif2.1), located 141 bp downstream (Fig. 1g). 

No other transcription factor combinations tested showed synergistic interactions 

(Supplementary Fig. 6).

We next performed chromatin immunoprecipitation (ChIP) to examine the occupancy of 

candidate transcription factors on their respective binding sites in SBE1-like enhancers. 
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Chromatin isolated from embryonic brain, but not limb bud extracts, was enriched for Otx2 

at all seven SBE1-like enhancers (Fig. 1h). Barhl2 and Tead2 were also recruited to a subset 

of SBE1-like enhancers containing the corresponding motifs in cultured cells (Fig. 1i, j). 

These findings suggest that SBE1-like enhancers are directly regulated by a transcription 

factor collective comprising Otx2, Barhl2, and Tead2.

To assess the in vivo requirement of the SBE1 transcription factor collective, we performed 

transgenic mouse reporter assays with SBE1-lacZ constructs containing mutations in motif1 

(Otx), motif2/2.1 (Tead), or motif6 (Barhl). X-gal staining was greatly compromised in the 

zli of embryos carrying the SBE1Δmotif1-lacZ transgene (96±7% reduction in staining 

along the zli length compared to SBE1-lacZ, p<0.0001; Fig. 2a–b and e). Deletions of 

motif6 and motif2/2.1 also resulted in a significant loss of staining in the zli compared to 

SBE1-lacZ control embryos (46±14%, p<0.001 and 32±19%, p<0.01, respectively; Fig. 2a, 

c–d and j). A similar reduction in zli staining was observed for constructs with deletions in 

the two orphan motifs 4 and 5 (Supplementary Fig. 7). These results are further supported by 

genetic studies, which showed a selective reduction in Shh zli expression in Barhl2−/−, 

conditional Yap, and as shown previously, Otx1/2 mutant embryos
27–29

 (Fig. 2f–j). Together, 

these data validate the in vivo contribution of the SBE1 transcription factor collective in the 

direct control of Shh transcription in the zli.

In earlier work, we reported that mouse embryos homozygous for a targeted deletion of 

SBE1 (ShhΔSBE1/ΔSBE1) failed to maintain Shh transcription in the basal plate of the rostral 

midbrain and caudal diencephalon after E10.0, yet retained expression in the zli
33

 (Fig. 3h). 

This implied the existence of another enhancer that functions independently of, or 

redundantly with, SBE1 to promote Shh expression in the zli. We sought to identify the 

missing Shh zli regulatory sequence using knowledge of the shuffled motif arrangement 

typified by SBE1-like enhancers.

We surveyed a 1 Mb interval surrounding Shh for histone modifications (H3K4me1, 

H3K27ac) associated with active regulatory sequences using ENCODE data from E14.5 

brain
34

 (Fig. 3a). Most of our previously identified Shh brain enhancers, including SBE1, 

showed significant H3K4me1 and H3K27ac enrichment. We searched the remaining peaks 

for evidence of the SBE1 motif signature and identified a single region located 784 kb 

upstream of Shh, within the penultimate intron of the Lmbr1 gene, that contains a cluster of 

permuted motifs compared to SBE1 in the absence of any other overt sequence homology 

(Fig. 3a and Supplementary Fig. 8a). We tested the 1.9 kb sequence under the peak in a 

transgenic reporter assay and observed embryos with a consistent pattern of X-gal staining 

in the ventral midbrain, ventroposterior diencephalon and zli that was reminiscent of SBE1 

activity (Fig. 3f). We designated this regulatory element SBE5. SBE5 performed 

equivalently to SBE1 in all cell-based reporter and ChIP assays using components of the 

SBE1 transcription factor collective, demonstrating that SBE5 is also directly controlled by 

Otx2, Barhl2 and Tead2 (Fig. 3b–e).

Notably, Shh expression was only partially attenuated in the zli of mouse embryos 

homozygous for a 228 kb deletion encompassing SBE5 (Fig. 3g, i). Yet, in mutants lacking 

both SBE1 and SBE5, Shh transcription was completely eliminated from the ventral 
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midbrain, ventroposterior diencephalon and zli (Fig. 3g, j). The rescue of Shh expression 

with a ShhP1 transgene suggests that this phenotype was caused by the loss of Shh 
enhancers rather than the deletion of other coding or non-coding sequence elements 

potentially involved in Shh regulation (Supplementary Fig. 9). In further support of this 

claim, we observed that a smaller (2 kb) deletion of SBE5 generated by CRISPR-Cas9 had 

the same effect on Shh zli expression as the larger (228 kb) SBE5 deletion allele 

(Supplementary Fig. 9). From these results, we conclude that SBE1 and SBE5 function in a 

partially redundant manner to regulate Shh zli expression, and that the activity of these two 

enhancers is achieved through similar cis and trans determinants (see model, Supplementary 

Fig. 10).

The origins of vertebrate brain signaling centers, including the zli, have been the subject of 

many studies with some proposing their first appearance in early vertebrates concurrent with 

increases in brain complexity, while others contended a more ancient deuterostome origin 

that predates the diversification of chordates
35,36

. Support for the latter hypothesis stems 

from studies performed in the hemichordate, Saccoglossus kowalevskii, which showed 

patterns of gene expression for many signaling ligands and transcription factors along the 

anteroposterior axis of the embryo that respected a similar distribution to those expressed in 

vertebrate brain signaling centers
36

. Of particular interest was the description of S. 
kowalevskii hedgehog (hh) expression in a narrow band of cells at the proboscis-collar 

boundary that appeared zli-like in character in relation to surrounding genes. To determine if 

this pattern of hh expression is governed by a similar cis-regulatory mechanism to its 

vertebrate counterpart, we searched the hh locus for evidence of the SBE1 motif signature 

and identified a 1.1 kb region in the second intron that contained all six motifs in the absence 

of any other sequence homology (Fig. 4a and Supplementary Fig. 8b). Interestingly, the 

motif arrangement in S. kowalevskii (sk) SBE1 was once again shuffled compared to mouse 

(mm) SBE1, yet the sequence of a given motif differed by no more than a single nucleotide 

compared to its mouse equivalent. In cell-based reporter assays the skSBE1 element was 

activated by Otx2 and Tead2/Yap1, but not the Barhl2/Otx2 tandem, for unknown reasons 

(Fig. 4b). Remarkably, mouse embryos expressing the skSBE1-lacZ transgene displayed X-

gal staining in the ventral midbrain, ventroposterior diencephalon and zli, similar to those 

expressing the mouse SBE1-lacZ transgene, albeit with less consistency (Fig. 4c–d). These 

results indicate that skSBE1 is a functional orthologue of mouse SBE1 and that the cis and 

trans determinants underlying Shh zli expression are of ancient origin, predating the last 

common chordate ancestor that existed over 500 million years ago.

We next tested the activity of SBE1 and SBE5 in S. kowalevskii embryos. The skSBE1, 

mmSBE1 and mmSBE5 constructs each drove mosaic expression of mNeonGreen in a 

narrow line of cells at the prospective proboscis-collar boundary, partially recapitulating the 

endogenous domain of hh expression (Fig. 4e–h). It is this domain of hh that is proposed to 

play a homologous patterning role to Shh in the zli of vertebrates
36

. Embryos injected with a 

negative control construct lacking an enhancer showed no reporter activity (Fig. 4i). These 

data demonstrate that SBE1 from mice and hemichordates possess functionally conserved 

species-specific regulatory activity in non-homologous structures.
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Our finding that SBE1-like enhancers have shuffled binding sites, prompted us to reevaluate 

SBE1 motif conservation in basal chordates
37

. We screened the second intron of hh for 

evidence of the shuffled motif arrangement in amphioxus (cephalochordate), ascidian 

(tunicate) and lamprey (basal vertebrate). Interestingly, organisms that possess the SBE1 

motif cluster (lamprey and all jawed vertebrates) express Shh in a delineated domain of the 

CNS that defines the zli
38

, whereas organisms without this motif cluster (amphioxus and 

ascidians) lack hh expression in a homologous region, suggesting secondary loss of the 

zli
37,39

 (Fig. 4j). This observation is consistent with data showing that the second intron of 

the amphioxus hh gene lacks enhancer activity in the zli
37

.

These results help to clarify the controversy surrounding the origin of the zli, and support the 

hypothesis of deep homology
40

 of a zli regulatory cassette that used SBE1 in an ancient 

deuterostome to activate hh in a narrow band of ectodermal cells in the anterior half of the 

embryo. Early chordates would have inherited SBE1 from this deuterostome ancestor, which 

was subsequently lost in the invertebrate chordate lineages. Following the diversification of 

hh ligands in vertebrates, SBE1 was maintained in the second intron of the Shh gene and 

used to activate its transcription in a narrow band of cells in the caudal forebrain, thus 

establishing the zli as a brain signaling center. The gain of SBE5 in vertebrates, whether by 

duplication and subsequent rearrangement of SBE1, binding site turnover of preexisting 

sequence, or some other means, is thought to buffer Shh expression in the zli.

In summary, our study provides a framework for decoding coordinate enhancers that is 

generally applicable to other tissue specific regulatory sequences
1–4

. We demonstrate the 

feasibility of identifying enhancers with similar function that lack obvious sequence 

conservation, either in the same organism, or ones with disparate anatomies and separated by 

hundreds of millions of years of evolution. Applying our approach to other well-

characterized cis-regulatory modules in diverse taxa may provide additional insights into 

genomic mechanisms underlying evolutionary change, or stasis, in gene regulation.

Methods

Cell based Reporter Assays

Mouse homologs of SBE1, SBE5 and SBE1-like enhancers from the VISTA Enhancer 

Browser (hs194, hs593, hs779, hs1093, hs1180, hs1391) were cloned into the pGL4.23 

luciferase reporter vector (luc2/minP, Promega). The skSBE1 element was amplified from S. 
kowalevskii genomic DNA by PCR. SBE1 reporter constructs harboring deletions of motif1, 

4 or 6 were generated by ligating two PCR products immediately flanking each motif. The 

QuikChange II XL Site-Directed Mutagenesis Kit was used to introduce the following SBE1 

mutations: Δmotif2, Δ2.1, Δmotif5, SBE1MM1.1 and SBE1MM1.2. Mouse Barhl2, HA-
Barhl2 or Flag-Otx2 cDNAs were cloned into the pcDNA3 (Life Technologies) mammalian 

expression vector. The pcDNA3-HA-Tead2 and pcDNA3-HA-Yap1 expression vectors were 

kindly provided by Dr. Duojia Pan (Johns Hopkins University, Baltimore, MD)
41

. The 

primers used to generate each of the reporter constructs are listed in Supplementary Table 2.

Luciferase reporter assays were performed in COS-1 cells by co-transfecting (FuGENE 6, 

Promega) 250ng of an enhancer driven reporter construct and 200–300ng of a transcription 
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factor expression vector or empty vector, and 20 ng of pRL-TK (Promega) as an internal 

control. Cells were harvested 48 hours after transfection and assayed for firefly and renilla 

luciferase activities (Dual Luciferase Reporter Assay System, Promega). Enhancer activity 

was presented as fold induction relative to that of cells transfected with an empty pcDNA3 

expression vector. At least three independent experiments were performed for each reporter 

construct in triplicate.

Chromatin Immunoprecipitation (ChIP)

The midbrain, caudal diencephalic region (including zli) and forelimb buds were dissected 

in DMEM (with 10% fetal bovine serum) from approximately 25–30 E10.5 embryos, pooled 

into separate brain and forelimb fractions, homogenized into small pieces, and crosslinked 

with 1% paraformaldehyde for 15 min at room temperature with shaking. ChIP was 

performed essentially as described
42

 using 6 μg of anti-Otx2 (Abcam), or anti-

immunoglobulin G (IgG) (Cell Signaling Technology) antibodies. QPCR was conducted as 

described
42

 using primer sequences listed in Supplementary Table 2. Positive (PC) control 

primers in Fig. 1h and 3c amplify a DNA fragment from an Emx2 forebrain enhancer bound 

by Otx2
43

.

A similar protocol was followed when performing ChIP-QPCR from COS-1 cells (107–108) 

cultured in 10cm plates and co-transfected with 3μg of SBE1-like enhancer constructs and 

3μg of pcDNA3-Flag-Otx2, pcDNA3-HA-Barhl2 or pcDNA3-HA-Tead2 using anti-Flag 

(Sigma), anti-HA (kindly provided by Dr. Gerd Blobel, Children’s Hospital of Philadelphia, 

Philadelphia, PA) or anti-IgG (Sigma) antibodies.

Transgenic mouse reporter assay

SBE1-like enhancers were cloned into a vector containing the Shh promoter, lacZ gene and 

SV40 poly(A) cassette
22

. Transient transgenic embryos were generated by pronuclear 

injection into fertilized mouse eggs derived from the (BL6xSJL) F1 mouse strain (Jackson 

Laboratories) at the Transgenic and Chimeric Mouse Facility (Perelman School of Medicine, 

University of Pennsylvania).

Mouse Lines

Experiments were performed in accordance with the ethical guidelines of the National 

Institutes of Health and with the approval of the Institutional Animal Care and Use 

Committee of the University of Pennsylvania. The TRACER mouse deletion line Del(C1-Z), 

encompassing chr5:29,413,901–29,642,246 (mm9) including SBE5, was generated by CRE-

mediated recombination between loxP sites carried by insertion alleles ShhSB1
44

 and Z2D 

(Aktas and Spitz, unpublished) following a previously described strategy
45

. For simplicity, 

the Del(C1-Z) line is referred to herein, as ShhΔSBE5. To generate 

ShhΔSBE1/ΔSBE1;ΔSBE5/ΔSBE5 double mutant embryos, the ShhΔSBE5/+ line was first crossed 

with ShhΔSBE1/ΔSBE1 mutants
33

. ShhΔSBE1/+; ΔSBE5/+ males, carrying the SBE1 and SBE5 

deletions in trans, were then bred to wild type CD1 females. The progeny from this cross 

were screened for recombination events that placed the SBE1 and SBE5 deletions in cis 
(1/600 offspring). The ShhΔSBE1/+; ΔSBE5/+ double heterozygous animals were then 

intercrossed to generate ShhΔSBE1/ΔSBE1; ΔSBE5/ΔSBE5 double homozygous embryos. 
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Barhl2−/−46
, conditional Yap (Yapf/f; ShhCre/+)

47
, and ShhP1

48
 embryos were described 

previously.

The SBE5Δ2kb mouse line, referred as ShhSBE5Δ2kb, was generated with CRISPR-Cas9 

genome editing tools. The Target Finder platform (Feng Zhang, MIT) was used to design 

two pairs of sgRNAs (Supplementary Table 2) flanking SBE5 with the lowest off-target 

specificity. Complementary guide sequences were annealed, phosphorylated, and cloned into 

the BbsI site of pX458 or pX459 vectors
49

. DNA from the two constructs was purified, 

mixed in a 1:1 ratio (2.5ng per construct) and injected into the male pronucleus of fertilized 

mouse eggs (BL6xSJL F1, Jackson Laboratories) at the Transgenic and Chimeric Mouse 

Facility (Perelman School of Medicine, University of Pennsylvania). F0 founder mice were 

screened by PCR for the expected 2kb deletion of SBE5 (5/44).

Whole-Mount β-Galactosidase Staining and In Situ Hybridization

For X-gal staining, whole embryos (E10.5) were fixed in 0.2% glutaraldehyde/1% 

formaldehyde at 4°C for 30 minutes, stained in a solution containing 1 mg/ml X-gal at 37°C 

overnight, washed in PBS, dehydrated in methanol, and cleared for imaging in a 1:1 ratio of 

benzyl alcohol:benzyl benzoate. The length of the stained portion of the zli, normalized to 

the width of the head, was quantified using ImageJ. For whole-mount RNA in situ 

hybridization, embryos were fixed in 4% paraformaldehyde at 4°C for overnight and 

hybridized with digoxygenin-UTP-labeled riboprobes according to a previously described 

protocol
50

.

RNA-seq

The 429M20eGFP BAC reporter line
50

 was used to guide the dissection of Shh expressing 

cells from the ventral midbrain, ventroposterior diencephalon and zli of E10.5 embryos 

under a fluorescent stereomicroscope. Total RNA was extracted from GFP+ brain tissue 

isolated from approximately 30 embryos using the miRNeasy Micro Kit (Qiagen, Valencia, 

CA). The RNA-seq library was prepared from 1μg of total RNA according to the 

manufacturer’s protocol for TruSeq RNA Sample Prep Kits (Illumina). Paired-end 

sequencing (100 bp) was performed on an Illumina HiSeq2000 platform at the Next 

Generation Sequencing Core (Perelman School of Medicine, University of Pennsylvania) to 

a depth of 62 million reads. Raw sequences were filtered to retain only high quality reads. 

Sequences were processed with RNA-Seq Unified Mapper (RUM)
51

 that aligns reads to the 

set of known transcripts in RefSeq, UCSC, ENSEMBL, and the mouse genome (mm9), and 

outputs feature-level quantitation (transcript, exon, and intron). To analyze global gene 

expression profiles, the number of uniquely aligning read counts to mRNA transcripts were 

extracted from the RUM output and processed using a custom script
51

. Transcripts with a 

fragment per kilobase of exon per million fragments mapped (FPKM) value >2 were 

considered as expressed.

Motif analysis

De novo motif discovery in mmSBE1 and the six human SBE1-like enhancers (hs194, 

hs593, hs779, hs1093, hs1180 and hs1391) was performed using Weeder (v1.4.2)
23,52

 on a 

MAC terminal. The Weeder parameter “HS/MM large S M T20” was employed to identify 
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the top 20 over-represented motifs in each length category, ranging from six to 12 

nucleotides, as the ‘interesting motifs’ (highest ranking). The number of mismatches in each 

length category is based on the default setting of the algorithm (motifs of 6 nucleotides allow 

1 mismatch; 8 allow 2; 10 allow 3 and 12 allow 4). ‘Interesting motifs’ with overlapping 

sequences (≥4) were merged. Motif enrichment was calculated based on the probability of 

observing a given motif in 280 random genomic sequences (40 sets of 7 inputted to Weeder) 

matched for GC content and length, using Fisher’s exact test in R. Each of the motifs was 

used to query human and mouse transcription factor binding sites using the ‘search for 

Similar Motifs’ function in UniPROBE
53

 and ‘JASPAR CORE Vetebrata’
54

. The candidate 

transcription factors were further filtered based on their expression level in the SBE1 active 

region according to their RNA-seq profile. The seven SBE1-like enhancers were also 

screened for known human and mouse transcription factor binding sites using web based 

tools associated with the UniPROBE and JASPAR databases. In addition to transcription 

factor binding sites matching motifs 1–3, a Barhl1/2 binding site (motif6) was identified as 

significantly enriched in SBE1-like enhancers (30 out of 53) compared to random genomic 

sequence (p<0.1, Fisher’s exact test in R).

The enrichment of motifs 1–6 in SBE1-like enhancers was calculated using a random 

sampling approach to compare the co-occurrence of the six motifs in 46 SBE1-like 

enhancers with that in random genomic sequences (matched for GC content and length). 

Briefly, 20 random sequences were sampled from the 46 SBE1-like enhancers, and the 

number of sequences containing all six motifs was counted. The same calculation was also 

performed for 20 random sequences sampled from the human genome. After 1000 times of 

sampling, the two sets of counts were compared using the Welch’s two-sample t-test in R to 

determine the statistical significance of the enrichment.

Identification of SBE5 and skSBE1

The clustering of motifs 1–6 within a 2kb DNA sequence (the average length of enhancers in 

the VISTA Enhancer Browser) was used to predict the location of novel SBE1-like 

enhancers. To identify SBE5, we surveyed 1 Mb upstream and downstream of the Shh 
transcription start site for histone modifications (H3K4me1, H3K27ac) associated with 

regulatory sequences using Encode data from E14.5 mouse brain
34

. We next screened these 

putative regulatory sequences for the presence of motif1. This approach directed us to a 

region located 784 kb upstream of Shh, within the penultimate intron of the Lmbr1 gene. A 

sequence scan of the immediate area identified motifs 2–6 within a 1.9 kb region containing 

motif1. To identify the SBE1 ortholog in Saccoglossus kowalevskii, we searched the hh 
locus (Skow_1.1 scaffold44409) for the presence of the SBE1-like motif cluster and 

identified a ~1.1 kb region within intron 2 (303512–304562), close to the third exon, that 

contained all six motifs in a shuffled arrangement.

Transgenic Saccoglossus kowalevskii reporter assay

SkSBE1, mmSBE1 and mmSBE5 were cloned into an I-SceI flanked expression vector 

containing an sk gbx basal promoter upstream of the mNeonGreen reporter gene. The 

transgenes were digested with the I-SceI meganuclease and introduced into fertilized 
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embryos by microinjection as previously described
55

. Embryos were cultured at 20°C and 

screened for expression beginning at 36 hours post fertilization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A common cis-regulatory signature in SBE1-like enhancers
(a) Heads of transgenic embryos (E11.5) expressing mouse (mm) SBE1 and selected human 

(hs) SBE1-like reporter constructs from the Vista Enhancer Browser display similar patterns 

of X-gal staining in the ventral midbrain (vm), ventroposterior diencephalon (vpd) and zli. 

Chromosome positions are indicated (NCBI37/mm9, GRCh37/hg19). (b) Shared motifs 

identified by Weeder (motifs1–5) and JASPAR/UniPROBE (motif6) that are significantly 

enriched in SBE1-like enhancers. The transcription factors matching a particular motif that 

are also expressed in the SBE1 domain are indicated in blue. (c) DNA sequence alignment 

(MAFFT version 7) of a core region of SBE1 from representative vertebrate species showing 
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the position of shared motifs. Deeply conserved SBE1 nucleotides are shaded in grey. (d–g) 

Luciferase reporter assays performed in COS-1 cells demonstrating responsiveness of SBE1-

like enhancers to candidate transcription factors in comparison to empty vectors (dotted 

lines). Black bars indicate mutant SBE1 reporter constructs for which a particular motif was 

deleted. Lower concentrations of Otx2 and Barhl2 expression vectors were used in (f) 

compared to (d, e) to demonstrate the synergy between these transcription factors in the 

activation of some SBE1-like enhancers. Each bar represents the average of at least three 

experiments performed in triplicate. (h–j) ChIP-QPCR performed with chromatin isolated 

from E10.5 embryonic mouse brain (B) and limb bud (L) in (h), or transfected cells (i, j) and 

the specified antibodies. QPCR results represent an average of at least three biological 

replicates. Negative (NC) and Positive (PC) control primers in (h) amplify sequence 

upstream of SBE1 and within an Emx2 forebrain enhancer, respectively. Error bars in all 

graphs represent standard deviation of the mean (s.d.m). *P<0.05, **P<0.01, ***P<0.001, 

Student’s t-test.
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Figure 2. In vivo requirement of the SBE1 transcription factor collective
(a–d) X-gal staining of transgenic embryos expressing wild type or mutant versions of 

SBE1-lacZ constructs at E10.5. The extent of zli staining is indicated by the length of the 

red bracket. Reduced zli staining was observed upon deletion of motifs 1, 2, or 6. The 

number of stained embryos out of the total carrying a given transgene is indicated. Scale 

bars: 1mm. (e) Schematic of E10.5 embryo demonstrating the approach for measuring the 

spatial distribution of X-gal staining or Shh expression in the zli with respect to head size. 

(f–i) Whole mount in situ hybridization for Shh in control, Barhl2−/−(n=4), and conditional 

Yap (Shhcre/+; Yaploxp/loxp, n=4) mutant embryos at E10.5, showing a partial, yet consistent, 

reduction in zli staining (red bracket) in both mutants. Scale bars: 1mm. (j) Quantification of 

the spatial distribution of X-gal staining (blue bars) or Shh expression (purple bars) in the zli 

normalized to head size. Error bars represent s.d.m. (*P<0.01, **P<0.001, ***P<0.0001, 

Student’s t-test).
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Figure 3. Identification of SBE5 as a functional SBE1 homologue
(a) UCSC genome browser view (NCBI37/mm9) of a 1 Mb interval upstream of Shh 
showing ChIP-seq signal enrichment for chromatin marks (H3K27ac and H3K4me1) 

associated with enhancer activity in whole brain (E14.5)
34

. The location of SBE1 and SBE5 

related peaks (outlined in blue), other Shh CNS enhancer related peaks (outlined in grey) 

and the shuffled arrangement of their motifs (colored boxes) are displayed. (b) Activation of 

an SBE5-luciferase reporter construct by members of the SBE1 transcription factor 

collective. (c–e) ChIP-QPCR shows SBE5 enrichment in Otx2 bound chromatin from 

embryonic brain (B) but not limb bud (L), as well as Barhl2 and Tead2 bound chromatin 

from tissue culture cells. Negative (NC) and Positive (PC) control primers in (c) amplify 

sequence upstream of SBE1 and within an Emx2 forebrain enhancer, respectively 

(**P<0.01, ***P<0.001, Student’s t-test). Error bars represent s.d.m. Each bar (b–e) 

represents the average of at least three experiments performed in triplicate. (f) X-gal staining 

of a transgenic embryo (E10.5) expressing SBE5-lacZ in a similar pattern to SBE1 (compare 

with Fig. 2a). (g–j) Whole mount in situ hybridization for Shh on control and SBE1/SBE5 

single and double mutant embryos (E10.5). ShhΔSBE1/ΔSBE1embryos show reduced Shh 
expression in the ventral midbrain and caudal diencephalon (red arrow). ShhΔSBE5/ΔSBE5 

embryos display a partial truncation in Shh zli expression (red bracket). 

ShhΔSBE1/ΔSBE1; ΔSBE5/ΔSBE5 embryos are devoid of Shh in the entire SBE1 domain. Scale 

bars: 0.5mm.
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Figure 4. Ancient origin of SBE1 predates the chordate phylum
(a) Schematic of the Shh gene structure in mouse and Saccoglossus kowalevskii (acorn 

worm) showing the position of SBE1 (blue oval) in the second intron of both species. The 

shuffled arrangement of SBE1-like motifs (colored boxes) within the 1.1 kb skSBE1 

sequence is shown. (b) Otx2 and Yap/Tead2, but not Barhl2, were sufficient to activate 

skSBE1 luciferase activity in co-transfection assays performed in COS-1 cells (***P<0.001, 

N.S., not significant, Student’s t-test). Error bars represent s.d.m. Each bar represents the 

average of at least three experiments performed in triplicate. (c–d) Transgenic mouse 

embryos expressing mmSBE1-lacZ and skSBE1-lacZ reporter constructs at E10.5 show 

similar patterns of X-gal staining in the ventral midbrain, ventroposterior diencephalon and 

zli (arrow). The ectopic staining outside of these domains is likely due to the site of 

transgene integration. Scale bars: 1mm. (e) Hh expression in a hemichordate embryo at 48 

hours post fertilization. (f–i) Transgenic S. kowalevskii embryos expressing mNeonGreen in 

a narrow band of cells at the prospective proboscis-collar boundary from: skSBE1 (n=6 of 
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60 injected); mmSBE1 (n=5 of 55 injected); mmSBE5 (n=5 of 15 injected); and Control 

(gbx promoter only; n=0 of 60 injected) reporter constructs. Scale bars: 100μm. (j) The 

evolutionary trajectory of Shh expression in the zli, or zli-like structure (black arrows) 

correlates with the presence of the SBE1 motif cluster.
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