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Abstract
Histone variant H2A.Z promotes chromatin accessibility at transcriptional regulatory
elements and is developmentally regulated in metazoans. We characterize the transcriptional and
post-transcriptional regulation of H2A.Z in the purple sea urchin Strongylocentrotus purpuratus.
H2A.Z depletion by antisense translation-blocking morpholino oligonucleotides during early
development causes developmental collapse, in agreement with its previously demonstrated
general role in transcriptional multipotency. During H2A.Z peak expression in 24-h embryos,
endogenous H2A.Z 3’ UTR sequences stabilize GFP mRNAs relative to those with SV40 3’ UTR
sequences, although the 3’UTR of H2A.Z does not determine the spatial distribution of H2A.Z
transcripts during embryonic and postembryonic development. We elaborated an H2A.Z::GFP
BAC reporter that reproduces embryonic H2A.Z expression. Genome-wide chromatin
accessibility analysis using ATAC-seq revealed a cis- regulatory module (CRM) that, when
deleted, causes a significant decline of the H2A.Z reporter expression. In addition, the mutation
of a Sox transcription factor binding site motif and, more strongly, of a Myb motif cause
significant decline of reporter gene expression. Our results suggest that an undetermined Mybfamily transcription factor controls the transcriptional regulation of H2A.Z.

iv

Acknowledgments
I would like to thank my principal advisor, Professor César Arenas-Mena, for giving me
the opportunity to pursue this intriguing line of research. His patience and insight as a mentor
were integral in getting me to this point and have shaped me as a scientist. His commitment and
interest in the subject matter was nothing short of inspirational. My sincerest thanks to the
members of my committee, Dr. Jimmie Fata, Dr. Chang-Hui Shen, Dr. Cathy Savage-Dunn and
Dr. Jongmin Nam, for their guidance and feedback. The following undergraduate students
provided invaluable contributions to this body of work: Jasmine Calle elaborated construct K,
and was involved in the mRNA stability study, Andrea Puno and Aminat Haruna elaborated
constructs M, N, O, P, R and T, Victor Ramirez elaborated construct BR and Winnie Darius
elaborated construct L, Justin Gurges obtained the nuclear extracts used in the ATAC-seq
experiments. Tagmatization and next-generation sequencing was performed in the laboratory of
Dr. Sevinc Ercan at NYU; Tanvi Shashikant, from Carnegie Mellon University, performed the
genomic mapping of the reads. César Arenas-Mena performed the H2A.Z MASO experiments.
Sea urchins were provided by Patrick Leahy from the Kerkoff Marine Laboratory and Peter
Halmay from the Point Loma Marine Invertebrate Laboratory. This project was funded by PSCCUNY. Several graduate students such as Michelle Esposito, Goldie Lazarus, Paulina
Konarzewska and others, generously helped me by offering advice critical for the completion of
my project. I acknowledge that parts of the dissertation were published by WILEY under the
same title in the Journal Development, Growth & Differentiation (Hajdu et al. 2016). The full
publication appears appended at the end and was reproduced with permission from the publisher.
Lastly, I would like to thank my family and friends, who were always there to provide support
and encouragement during this process.
v

Table of Contents
Title Page ......................................................................................................................................... i
Approval Page ................................................................................................................................. ii
Copyright Page............................................................................................................................... iii
Abstract .......................................................................................................................................... iv
Acknowledgements ..........................................................................................................................v
Table of Contents ........................................................................................................................... vi
Lists of figures and tables ............................................................................................................. vii
List of Abbreviations .................................................................................................................. viii
Chapter1: Introduction .....................................................................................................................1
1.1 Chromatin Structure and histone variant H2A.Z....................................................................1
1.2 H2A.Z plays and important role in development ...................................................................2
1.3 Developmental transcriptional-competence model for a histone variant H2A.Z...................8
1.4 Research goals and significance of H2A.Z regulation .........................................................10
Chapter2: Methods .........................................................................................................................12
2.1 Morpholino downregulation of H2A.Z expression ..............................................................12
2.2 Chromatin accessibility mapping by ATAC-seq .................................................................13
2.3 Isolation of an H2A.Z BAC .................................................................................................14
2.4 Recombineering GFP-Kanamycin cassette into BAC28-J-19 - ConstructA........................17
2.5 Elaboration of GFP-reporter constructs with deletions and mutations. ...............................19
2.6 Microinjection and reporter analysis ....................................................................................26
Chapter3: Results ...........................................................................................................................28
3.1 H2A.Z expression is required during early sea urchin development ...................................28
3.2 Identification of candidate H2A.Z CRMs ............................................................................31
3.3 Transcriptional regulation of H2A.Z ....................................................................................36
3.4 Post-transcriptional regulation of H2A.Z .............................................................................42
3.5 Transcriptions factors controlling H2A.Z expression ..........................................................44
Chapter4: Discussion .....................................................................................................................46
References ......................................................................................................................................50
Appended published research article .............................................................................................55

vi

Lists of figures and tables
Figure 1.1: H2A.Z genomic localization .........................................................................................4
Figure 1.2: WMISH of H2A.Z .........................................................................................................6
Figure 1.3: H2A.Z expression during development ........................................................................7
Figure 1.4: H2A.Z expression during development ........................................................................7
Figure 1.5: Transcriptional competence model ..............................................................................9
Figure 2.1: Genomic library hybridization ...................................................................................15
Figure 2.2: BAC pulsed filed electrophoresis ...............................................................................16
Figure 2.3: Circular PCR ..............................................................................................................21
Figure 2.4: In-Fusion HD Cloning ................................................................................................22
Table 1: Cloning information and primers ....................................................................................25
Figure 3.1: H2A.Z morpholino .....................................................................................................30
Figure 3.2: Genomic map and ATAC-seq ....................................................................................33
Figure 3.3: GFP reporter diagrams ...............................................................................................34
Table 2: Spatial Temporal expression ...........................................................................................35
Figure 3.4: Representative GFP expression ..................................................................................39
Figure 3.5: Time course qPCR ......................................................................................................40
Figure 3.6: GFP reporter qPCR ...................................................................................................41
Figure 3.7: RFP–GFP reporter co-injection ..................................................................................43
Figure 3.8: Genomic annotation ...................................................................................................45

vii

Lists of abbreviations
ATAC-seq: Assay for Transposase-Accessible Chromatin with high throughput sequencing
ATP: Adenosine triphosphate
BAC: bacterial artificial chromosome
BCIP/NBT: nitro-blue tetrazolium chloride/5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt
BSA: Bovine serum albumin
BrdU: Bromodeoxyuridine
CRM: cis-regulatory module
ChIP: Chromatin Immunoprecipitation
DIG: Digoxigenin
EDTA: Ethylenediaminetetraacetic acid
EGTA: ethylene glycol tetraacetic acid
ER-α: Estrogen receptor alpha
GFP: green flourescent protein
GTL: gastric triacylglycerol lipase
MASO: Morpholino antisense oligonucleotides
NP-40: nonyl phenoxypolyethoxylethanol
OD: optical density
PCR: Polymerase chain reaction
PFG: pulsed-field gel electrophoresis
qPCR: real-time polymerase chain reaction
RNA-Seq: RNA sequencing
RNAi: RNA interference
viii

SDS: Sodium lauryl sulfate
SV40: Simian virus 40
TBE: Tris/Borate/EDTA
UTR: Untranslated region
WMISH: Whole-Mount In Situ Hybridization

ix

Chapter1
Introduction
1.1 Chromatin Structure and histone variant H2A.Z
Eukaryotic DNA is packed into nucleosomes, which constitute the most basic unit of
chromatin. Nucleosomes consist of DNA wound around an octamer complex of histones
proteins: H2A, H2B, H3, H4 as well as H1 which serves as a linker histone. Chromatin
accessibility of DNA is required for transcription factor interactions with cis-regulatory modules
(CRMs) that control developmental gene expression. Chromatin accessibility reaches its
maximum during early embryogenesis after parental chromatin is deprogrammed of previous
epigenetic marks, and pioneer transcription factors preset CRM chromatin for receptivity to
subsequent transcription factor interactions (Liang et al. 2008; Leichsenring et al. 2013; Iwafuchi
Doi & Zaret 2014; Xu et al. 2014). In differentiated cells, chromatin accessibility declines and
causes a reduction in transcriptional potency, that is, the ability to express any gene in the
genome (Fisher & Fisher 2011; Arenas-Mena & Coffman 2015).
Chromatin accessibility at CRMs is determined by their associated covalent histone
modifications and histone variants (Levine 2010; Ong & Corces 2012; Skene & Henikoff 2013).
H2A.Z is a histone variant that increases chromatin accessibility at promoters and CRMs (Ong &
Corces 2012; Skene & Henikoff 2013; Zhu et al. 2013). Sedimentation velocity analyses of
nucleosomal arrays containing H2A.Z show that this variant effects chromatin dynamics by
diminishing histone-DNA interactions and oligomerization of nucleosomes, these results suggest
H2A.Z contributes to "open" chromatin (Fan et al. 2002). H2A.Z is highly conserved in
eukaryotes (Arenas-Mena et al. 2007; Thatcher & Gorovsky 1993).
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Knockouts in mouse, Drosophila and Xenopus lead to developmental collapse, indicating
that H2A.Z is essential and plays a crucial role during embryogenesis (Faast et al. 2001; van
Daal & Elgin 1992; Ridgway et al. 2004). Knockout in yeast, where H2A.Z is not essential,
leads to slowing cell growth and perturbs gene expression (Adam et al. 2001).

1.2 H2A.Z plays an important role in development
Genomic survey in yeast found H2A.Z laden nucleosomes at promoters of genes poised
for transcriptional activation (Guillemette et al. 2005). H2A.Z deposition in yeast is carried out
by the SWR1 complex, an ATP-dependent chromatin remodeling enzyme (Kobor et al. 2004).
SWR1 specifically binds to acetylated nucleosomes associated with yeast promoter regions
(Ranjan et al. 2013). The studies mentioned above show that, in yeast, H2A.Z deposition into
chromatin is a regulated process and suggest that H2A.Z plays an important role in modulating
gene expression.
In humans, chromatin remodeling complex SRCAP, orthologue of yeast SWR1, was
found to be critical in the process of H2A.Z deposition (Wong et al. 2007). Although direct
interaction was not observed, ChIP-on-chip assay detected SWR1 co-localized with acetylated
H2A.Z at promoters, while siRNA knockdown of SWR1 led to a decrease in H2A.Z deposition
and consequently decrease in gene expression (Wong et al. 2007). Chaperone YL1, part of the
SRCAP complex, was later identified to have a major role in the process of H2A.Z deposition
based on in vitro experiments and structural analysis of protein binding interface (Latrick et al.
2016). H2A.Z removal from chromatin was found to be carried out by chaperone ANP32E, this
protein binds to the H2A.Z docking domain triggering a conformation change that evicts H2A.Z
from the nucleosome (Obri et. al. 2014). ANP32E-/- cells HeLa cells become highly enriched
2

with H2A.Z at promoter and insulator regions further underlining the role of ANP32E in H2A.Z
removal (Obri et. al. 2014).
To investigate H2A.Z localization in mammalian genomes and uncover its role in
pluripotency ChIP-based genome wide mapping experiments were carried out in ES cells.
H2A.Z is found at enhancers and promoters of genes expressed during embryonic development
(Creyghton et al. 2008) (Fig. 1.1) and it is essential for maintaining pluripotency as well as
modulating gene expression during mammalian embryogenesis. (Ku et al. 2012; Hu et al. 2013).
H2A.Z knockdown by RNAi mediated silencing results in defective differentiation of ES cells
(Creyghton et al. 2008; Hu et al. 2013). Self-renewal capacity was inhibited by the knockdown
along with observed decrease in the expression of transcription factors Sox2, Esrrb, Tbx3, and
Klf4, which are involved in maintaining pluripotency (Hu et al. 2013).

3

Figure 1.1: H2A.Z Localization in ES cells at promoters of developmental genes (Creyghton et al. 2008).
A B and C show ChIP results revealing H2A.Z occupancy at promoters, while in D analysis of gene ontology
indicating H2A.Z decorates promoters of developmental genes.
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Expression of H2A.Z correlates with pluripotent cells and is independent of cellular
division (Arenas-Mena et al. 2007). In-situ hybridization experiments in Strongylocentrotus
purpuratus and Hydroides elegans embryos show that, unlike canonical histones, expression of
H2A.Z does not correlate with cellular division (Arenas-Mena et al. 2007). As seen in Figure 1.2
H2A.Z expression is found in cells undergoing developmental transitions but declines as cells
differentiate (Arenas-Mena et al. 2007). Expression continues during larval stages in pluripotent
precursor cells that will give rise to the adult, as well as other tissues, such as the ciliary band
that continue to be pluripotent during post embryonic development (Arenas-Mena et al. 2007).
This experiment is consistent with previous findings in other eukaryotes and suggests that H2A.Z
expression plays an important role in maintaining pluripotency during Strongylocentrotus
purpuratus and Hydroides elegans embryogenesis.
The idea that H2A.Z is critical in pluripotent cells falls in line with previous research
investigating the temporal pattern of H2A.Z transcripts during Strongylocentrotus purpuratus
development. Ernst et al. were the first to characterize H2A.Z expression in 1987. H2A.Z
transcription rapidly increases after 5.5 hours postfertilzation and peaks during mesenchyme
blastula. Afterwards, as cell fate becomes specified H2A.Z expression declines (Fig. 1.3) (Ernst
et al. 1987). The same expression pattern was confirmed in a 2014 study surveying the
developmental transcriptome of Strongylocentrotus purpuratus (Fig. 1.4) (Tu et al. 2014).

5

Figure 1.2: H2A.Z expression in Strongylocentrotus purpuratus, A-C WMISH for H2A.Z probe, D-F WMISH
for H3 probe, G-I BrdU staining, A 70h embryo, B-I 6 day embryos (Arenas-Mena et al. 2007).
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Figure 1.3: H2A.Z expression during Strongylocentrotus purpuratus development analyzed by RNA blot
hybridization (Ernst et al. 1987).

Figure 1.4: H2A.Z expression during Strongylocentrotus purpuratus development assessed by RNA-seq (Tu
et al. 2014) (HH2az, Unk_41 SPU_024890, SPU_026501).
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1.3 Developmental transcriptional-competence model for a histone variant H2A.Z
Based on evidence that H2A.Z: 1) deposition creates accessible chromatin, 2) is expressed in
pluripotent cells and 3) is present at enhancers and promoters, Arenas-Mena (2007) proposed a
developmental transcriptional-competence model describing the role of H2A.Z during
embryogenesis (Fig. 1.5). In this model, pluripotent cells containing H2A.Z laden nucleosomes
present at promoter and enhancer regions facilitate an accessible chromatin state that allows for
transcription factor binding. In contrast, differentiated cells downregulate H2A.Z expression
containing a higher abundance of more stable canonical H2A nucleosomes (Arenas-Mena 2007).
Pluripotent cells bordered in red divide into daughters that are exposed to differentially
expressed transcription factors colored in yellow, black, green, blue and orange. Red H2A.Z
nucleosomes promote “open” chromatin states facilitating transcription factor binding. Loss of
H2A.Z expression in the Black differentiated cells stabilizes the transcriptional state while other
H2A.Z-expressing cells such as the one bottom right remain pluripotent. This transcriptional
potency role of H2A.Z was later demonstrated in stem cells, where it was shown to be required
during the transition between different transcriptional states (Hu et al. 2013; Brunelle et al.
2015). Furthermore, it has also been demonstrated that H2A.Z is required for fundamental
mechanisms of enhancer activity (Brunelle et al. 2015).
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Figure 1.5: Developmental transcriptional-competence model for a histone variant H2A.Z (Arenas-Mena
2007).
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1.4 Research goals and significance of H2A.Z regulation
The goal of this study is to reveal how the intricate developmental expression of H2A.Z
(Arenas-Mena et al. 2007) is transcriptionally regulated by functionally identifying the CRMs
and transcription factors that control such expression in S. purpuratus. Our long-term goal is to
determine whether there is a dedicated regulatory subnetwork controlling the expression of
H2A.Z, and possibly other transcriptional-potency effector genes and/or if the expression of
H2A.Z is directly controlled by developmental regulators that simultaneously regionalize
embryonic and postembryonic territories (Arenas-Mena & Coffman 2015).
Although several pluripotency factors have already been described (Takahashi &
Yamanaka 2006), a majority of these studies to date use in-vitro cell culture systems. Unlike
many developmental biology models the transparency of S. purpuratus embryos allows us to
track differentiation in-vivo and in real time with fluorescent reporters. In addition, many
transcription factors interactions involved in development of the comparatively simple
Strongylocentrotus Purpuratus embryo are fairly well characterized. For example a large body of
work describes the endomesoderm gene regulatory network (Davidson et al, 2002; Peter &
Davidson 2011). The simplicity of the embryo as well as the accumulated knowledge about
transcription factors make this organism an ideal model for studying cis-regulatory control of
pluripotency related genes.
Better understanding of gene regulatory networks that control pluripotency in vivo could
aid in developing efficient protocols for dedifferentiation and contribute to advances in the field
of stem cell biology. Furthermore, misregulation and mutations of H2A.Z are associated with
neoplasms. For example H2A.Z was found overexpressed in colorectal cancer (Dunican et al.
2002). In breast cancer H2A.Z contributes to aberrant gene expression of ER-α pathway
10

(Rangasamy 2010). Our cis-regulatory analysis may help elucidate conserved pathways
involved in misregulation and inform therapeutic strategies.
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Chapter2
Methods
2.1 Morpholino downregulation of H2A.Z expression
Morpholino antisense oligonucleotides (MASO) against H2A.Z (Gene ID: 373345) were
obtained from Gene Tools (Philomath, OR, USA). Translation-blocking-3’- fluorescein-labeled
MASO TACCAGCTTTTCCTCCAGCCATTTT produced robust phenotypes (Fig. 1). The
highest sequence similarity after Blast scanning the sea urchin transcriptome identifies a
continuous 16 base pair match out of the total 25 morpholino residues, which is considered by
the manufacturer as insufficient to exert efficient inhibitory effects; furthermore, this hit does not
coincide with the translation start site. The possibility of unintended splicing disruption by the
translation-blocking MASO is also very low, because the highest contiguous similarity after
scanning the genome is 18 bp and intergenic. Standard 3’-fluorescein-labeled morpholino
CCTCTTACCTCAGTTACAATTTATA was used as a negative control; this standard control
morpholino has been previously tested by multiple researchers to determine the generic
morpholino dose causing non-specific effects (Arenas-Mena et al. 2006; Ooka et al. 2010; Rizzo
et al. 2016). Quenching of translation-blocking MASO was accomplished by annealing the
quenching sense photomorpholino AAATGGCTGGAPGAAAAGCTG (P stands for
photosensitive moiety) at a 1.1:1 concentration ratio to the antisense morpholino, following a
previously established approach (Tallafuss et al. 2012). Photocleavage of the quenching
photomorpholino was achieved by exposure to 365 nm light for 5 min at 15°C in a thin glass
container, and a total volume of 200 µL, using the light box provided by Gene Tools; this
ultraviolet light dose was found to cause no apparent harm to non-injected or control
morpholino-injected embryos at any of the stages tested (not shown). The MASO concentration
12

in the microinjection solution was 500 µmol/L and about 2 pL volume was injected in each
zygote.

2.2 Chromatin accessibility mapping by ATAC-seq
Hatched blastula embryos at 20 h after fertilization were collected by centrifugation at
500 g for 5 min at 0°C. The embryo pellet, consisting of about 2 mL of embryos plus 3 mL of
sea water, was resuspended in 20 mL of ice-cold homogenization buffer (0.34 mol/L sucrose, 15
mmol/L NaCl, 60 mmol/L KCl, 0.2 mmol/L EDTA, 0.2 mmol/L EGTA, 0.1% NP40, 15
mmol/LTris-HCl pH 7.4 and proteinase inhibitors from Pierce,#88266) and incubated on ice for
5 min. Homogenization was performed by delivering five strokes with a loose pestle followed by
15 strokes with a tight pestle in a 40 mL dounce homogenizer. The homogenate was filtered
using a syringe and a 20 µm nylon filter. The filtrate was spun at 3,500 g for 5 min at 4°C. The
nuclei pellet was resuspended in 25 mL of homogenization buffer and the centrifugation
repeated. The pellet was resuspended in phosphate buffer (0.58 mol/LNa2HPO4, 0.17 mol/L
NaH2PO4, 0.69 mol/L NaCl 5% BSA, 0.1% Triton X-100 filter-sterilized at 0.22 µm). Propidium
iodide-stained nuclei were quantified using a hemocytometer under a fluorescence
stereomicroscope. Tagmatization of 200,000 nuclei and sequencing was performed as previously
described (Buenrostro et al. 2013).
The genomic mapping analysis was performed as follows. Raw sequence reads were
checked for quality using FastQC (v 0.11.4; Andrews 2010), and adapter sequences were
trimmed using Cutadapt (v 1.9; Martin 2011). Reads were mapped to the Strongylocentrotus
purpuratus genome version 3.1 using Bowtie2 (Langmead & Salzberg 2012) with default
parameters. Approximately 75% of all reads were mapped. Samtools (Li et al. 2009) was used to
13

convert Bowtie2’s sam output format to the bam format. Bedtools (Quinlan & Hall 2010) was
then used to convert the bam output into the bed format. The bed files were plugged into Fseq
(Boyle et al. 2008) to call peaks using parameters –f 0 and –t 2. The fraction of reads within
peaks (the “FRiP score”) was calculated using Bedtools by extracting all reads within peaks and
then counting the number of extracted reads and dividing by the total number of reads mapped,
to obtain the FRiP score. The samples had a FRiP score of 0.6 (meaning that 60% of the reads
mapped were within peaks). Genes within a specified distance from the peaks were identified
using a custom python script written by former Ettensohn Lab member Siddharth Gurdasani.

2.3 Isolation of an H2A.Z BAC
The SpBAC genomic library of S. purpuratus was screened with a DIG-labeled probe
synthesized from cDNA clone PMCSPR2-101A5, which was obtained from the primary
mesenchyme cell cDNA library (Zhu et al. 2001) and contains a full-length transcript of H2A.Z
(ID: 373345). The vector of the BAC library is pBACe3.6 (Frengen et al.1999). For additional
information about these libraries and their associated online resources, consult EchinoBase
(Cameron et al. 2000, 2015). The following protocol was used for the Hybridization. Membranes
containing the genomic library were pre-hybridized with DIG Easy Hyb at 48°C for 1 hour. DIGlabeled probe denatured at 95°C then diluted with 3.5ml/100cm2 pre-warmed DIG Easy Hyb and
incubated with rotation in a hybridization oven for 2 days at 48°C. The hybridized membrane
was washed twice with low Stringency Buffer (1L 2XSSC containing 0.1% SDS) at room
temperature and then washed twice with preheated high Stringency Buffer (1L 0.5XSSC
containing 0.1% SDS) at 65°C for 15min. After stringency washes the membrane was rinsed
with washing buffer and incubated in blocking solution for 1 hour at room temperature. Anti14

DIG alkaline phosphatase antibody was diluted in 1X Blocking solution 1:10000 and incubated
with the membrane overnight. After the incubation the membrane was washed in washing buffer
and developed using BCIP/NBT color development substrate. Detection of clones positive for
H2A.Z was carried out by overlaying a grid on top of the developed membrane and finding
appropriate blue dots representative of the colony number (Fig. 2.1).

Figure 2.1: Genomic library membrane hybridization Left, section of Filter A overplayed and labeled, the
position of BAC 28-J-19 indicated by blue arrows, this BAC clone was used to generate all GFP reporter
constructs; right, summary of all positive clones found for the 4 available filters A, B, C and D.
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Figure 2.2: Pulsed field gel electrophoresis
Clone name and approximate size of BAC are marked at the top, blue arrow points to the vector.
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In order to confirm the inclusion of H2A.Z in the positive BAC clones, we performed
PCR reactions using primers annealing at the first exon and second exon of H2A.Z using primers
CTGCATCTACTCTATACGTACAGCAAAAATCAAAATG and
CCAGAGTCTTTACCAGCTTTTCCTCCAG, respectively. In order to confirm the region
containing H2A.Z, we performed 5' and 3’ PCR reactions PCR1 and PCR2, respectively, using
primer pairs forward CCTATGGCCGTACAATGGTAGCTG and reverse
CGAGTTATGACAGCGGAGATTCTACATCTG for PCR1, and forward
GACATCCCTGCCCTATTGAACTTTGC and reverse
CGATGCCAGCTAGTGACAGTACATCC primers for PCR2. Out of all clones detected by the
genomic library screen, only: 16-K-21, 28-J-19, 25-P-4, 18-O-8, 71-H-10, 176-B-2 were PCRpositive for H2A.Z. To assess the size of these BACs we digested with NotI (New England
Biolabs #R0189S) releasing the inserted genomic DNA and proceeded with Pulsed field gel
electrophoresis. A 1% Agarose 0.5 x TBE gel was run at 200 Volts with 10 seconds switch
interval and no ramp for 24 hours in 0.5 x TBE buffer at 17°C (Fig. 2.2). A high mass molecular
Lambda ladder PFG Marker (New England Biolabs #N0340S) was used to approximate the size
of the genomic insert (Fig. 2.2). The vector size was estimated based on a λ DNA/HindIII
(Thermo Scientific #SM0103) ladder.

2.4 Recombineering GFP-Kanamycin cassette into BAC 28-J-19 - ConstructA
BAC 28-J-19 was used to generate an H2A.Z::GFP translational fusion (Fig. 2). Part of
the genomic region present in BAC 28-J-19 can be found at GenBank contig assembly
NW_011992184.1. Previously established methods were used for GFP recombineering (Yu et
17

al. 2000; Zhang et al. 1998). Briefly, a GFP-Kanamycin cassette was amplified approximately
90 bp primers designed to have ends that are homologous with regions flanking the insertion
point into the BAC. The BAC used for the recombineering was purified and transformed into an
electrocompetent recombinogenic E. coli strain SW102. We then grew the SW102 cells
containing the BAC to an O.D.600 of 0.8-1.0 and warmed the cells in a water bath to 42C for 15
minutes to activate the recombinase genes. The cells were then immediately chilled on ice-water
for 10 minutes and repeatedly washed with ice-cold dH2O until they became electrocompetent.
We then electroporated the cells with the amplified GFP-Kanamycin cassette containing ends
homologous with regions flanking the insertion site in the BAC. Colonies were grown on
Kanamycin plates to screen for the recombined BAC containing the GFP-Kanamycin cassette.
The H2A.Z::GFP translational fusion, Construct A, was generated by an in-frame homologous
recombination of a GFP-Kanamycin (GFP-Kn) cassette into the second exon of H2A.Z. The
GFP-Kn cassette was generated with primers forward
ttttgtttatagGCTGGAGGAAAAGCTGGTAAAGACTCTGGAAAGGCAAAGGCGAAGGCCG
TCATGAGCAAGGGCGAGGAACTGTTCACT and reverse
ACAACAAACATTTAGAAGAACGGAAGCTTACCTGCAGACCTGCCCTGGCTGATCGT
CGAAGAGCTATTCCAGAAGTAGTGAGGAGGCTTT (the H2A.Z-flanking arms required
for homologous recombination are underlined, the first intron sequence in the forward primer is
indicated in lowercase and the first codon of GFP is indicated in bold). In construct A, the H2A.Z
portion of the recombinant H2A.Z::GFP codes for the amino terminal sequence
MAGGKAGKDSGKAKAKAV and the GFP portion starts in its first methionine, as indicated in
the forward primer.
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2.5 Elaboration of GFP-reporter constructs with deletions and mutations.
Bac 28-J-19 containing the H2A.Z GFP transaltional fusion was designated construct A.
Construct A was digested by restriction enzymes followed by T4 DNA ligation (New England
Biolabs #M0202S) into pBlueScript II SK + plasmid and electroporation into Top-10 cells
(Invitrogen®). This method was used to obtain shorter constructs, the restriction enzyme EcoRV
(NewEngland Biolabs #R0195S) was used to generate construct BG while XmnI (NewEngland
Biolabs # R0194S) was used to generate construct H. Selection of clones containing the
recombinant plasmids was facilitated by the Kanamycin resistance conferred by the presence of
the GFP-Kanamycin cassette.
Construct GR was elaborated as follows, Top10 Cells transformed with construct B were
exposed to arabinose, which activated flipase-driven recombination and removed the Kanamycin
resistance gene; colonies were negatively selected based on lack of Kanamycin resistance; the
plasmid without Kanamycin resistance was then transformed into recombinogenic SW102 cells
and recombination was then performed with the RFP cassette amplified with forward primer
ttttgtttatagGCTGGAGGAAAAGCTGGTAAAGACTCTGGAAAGGCAAAGGCGAAGGCCG
TCATGGTGAGCAAGGGCGAGGAGG and reverse primer
ACAACAAACATTTAGAAGAACGGAAGCTTACCTGCAGACCTGCCCTGGCTGATCGT
CGAAGAGCTATTCCAGAAGTAGTGAGGAGGCTTT (the H2A.Z-flanking arms required
for homologous recombination are underlined, the first intron sequence in the forward primer is
indicated in lowercase and the first codon of RFP is indicated in bold); cells in which
recombination occurred were screened for Kanamycin resistance present in the inserted RFPKanamycin cassette.
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Other subsequent deletions and mutations were done by circular PCR (Fig. 2.3). We
designed phosphorylated primers that are either flanking the sequence to be deleted or contain
mismatches to mutate a putative transcription factor binding site. We used the primers to PCR
amplify a starting construct using the JumpStart™ AccuTaq™ LA DNA Polymerase kit
(SIGMA® #D5809). This polymerase can amplify up to 22Kb with high fidelity which is ideal
for our constructs which are under 14kb. Furthermore, the error rate is 6.5 times lower than Taq
polymerase (approximate error rate of 4 x 10-5 per base). The resulting PCR product was either a
smaller segment in case of deletion or a mutagenized version of the starting construct and the
PCR reaction was digested by DpnI (New England Biolabs #R0176S) to eliminate the original
substrate. Gel Electrophoresis was carried out to check for nonspecific bands, the reaction was
either purified or gel purified by Wizard® SV Gel and PCR Clean-Up System kit (Promega
#TB308), depending on the prevalence of nonspecific bands. Blunt end ligation was carried out
with T4 DNA Ligase (New England Biolabs #M0202S) overnight at room temperature. The
ligation reaction was dialyzed through a nitrocellulose membrane filter (Millipore #9004-70-0)
in double distilled and deionized water (SIGMA® #W4502) for 4 hours then we electroporated
into One Shot® TOP10 Electrocomp™ E. coli (ThermoFisher # C404052). Cells were plated
overnight on Kanamycin or Ampicillin LB-Agar, colonies were expanded in LB and the DNA
extracted by minipreparation and ethanol precipitation. Finally deletions and mutations were
confirmed by restriction enzyme digestion.
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Figure 2.3: Circular PCR. (A) Starting construct is amplified with phosphorylated (red star) primers (light
and dark purple) flanking the deletion site (yellow lines). (B) PCR results in a linearized construct missing the
deleted region. (C) Blunt end ligation circularizes the new construct for transformation.
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Figure 2.4: In-Fusion HD Cloning (A) The vector (left) is linearized and primers with 15bp extensions
homologous with the vector (red and green blocks) are used to PCR amplify the desired insert (blue). B) The
vector and insert are incubated in the In-Fusion reaction. C) The target construct is transformed.
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The following constructs were cloned by circular PCR. Construct C was generated by
PCR of construct B with forward GCTCACTGGCCGTCGTTTTACAAC and reverse
CGAAAAGTGCCACCTGACGAAAACC primers; construct D by PCR of construct B with
forward
GTTAACATAACATAGTATCAATATAACCAAAGTATAACAATGATAAACATAAAATG
AC and reverse ATGGCACATTATTTGTCAAGCTTAGATCCTCTTC primers; construct F by
PCR of construct D with forward GAAGAGGATCTAAGCTTGACAAATAATGTGCCAT and
reverse CAGCTTTTGTTCCCTTTAGTGAGGGTT primers; construct G by PCR of construct F
with forward GCTCACTGGCCGTCGTTTTACAAC and reverse
CGAAAAGTGCCACCTGACGAAAACC primers; construct J by PCR of construct G with
forward GTTAACATAACA TAGTATCAATATAACCAAAGTATAACAATGATAAACAT
AAAATGAC and reverse CAGCTTTTGTTCCCTTTAGTGAGGGTT primers; construct L by
PCR of construct B using forward GCTGGAGGAAAAGCTGGTAAAGACTCTGGAAA and
reverse CATTTTGATTTTTGCTGTACGTATAGAGTAGATGCAGAAA primers; construct M
by PCR of construct B with forward primer
GCTTTAAACGAATTCCATAGCACTGAAAATAACAACATG and reverse primer
CAAAAGACCAGCGATTTTCAAAGGGTTTATTGT; construct N by PCR of construct B
using forward primer CAACTTCACAGAACTATTTATTTCAAAGCTTTTCCCCTT and
reverse primer CAGCTTTTGTTCCCTTTAGTGAGGGTT; construct O by PCR of construct B
using forward primer TCTGTGTAATACAGAGAGGAATGACCACGAT and reverse primer
CCTACAACAGAATGTTGTGCCTCTGTCATT; construct P by PCR of construct B using
forward primer CCACGAAAAAACGAAACCAAGAATTATCGATGTTT and reverse primer
GTACTTCTTGTTTATGCGCTTCGTATCAAAATAATGA; construct R by PCR of construct
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B using forward primer TTGAATATATTCAAACCCTTTGAAAATCGCTGGTCTT and
reverse primer ATCCGTTAAACTTGATCCGTACTTAAA; and construct T by PCR of
construct N using forward primer
TTGAATAACAATAAACCCTTTGAAAATCGCTGGTCTTTT and reverse primer
AGAATAAATTCTTGATCCGTACTTAAAGGGGGTAGTCAA. The resulting products were
treated with restriction enzyme DpnI, which digests the methylated substrate plasmids, and were
purified using QIAGEN DNA-purification columns, self-ligated, and transformed into
electrocompetent Top-10 cells. Construct I was made by an arabinose flip-induced
recombination that eliminates Kanamycin resistance (Zhang et al. 1998; Yu et al. 2000). All
constructs were tested by either dedicated PCR amplification or enzymatic digestion to confirm
the success of the intended deletion or mutation. Sox and Myb site mutations generate an XmnI
restriction enzyme recognition site. Construct K was made by recombination using the In-Fusion
HD Cloning Kit, Clontech following the manufacturer’s instructions (Fig. 2.4); the amplicon that
contained the vector backbone was obtained by PCR of construct B with forward primer
CCTGAGGCGGAAAGAACCAGC and reverse primer TCACTTGTACAGCTCGTCCATGC,
which amplifies everything except the SV40 3’ UTR, the H2A.Z 3’ UTR was obtained from the
original H2A.Z cDNA clone PMCSPR2-101A5 with forward primer
GAGCTGTACAAGTGAGGCCTGGCTA ACTTTAGCAAACTAG and reverse primer
TCTTTCCGCCTCAGGCTTTTTTATATAAAACTTCAAAGAACTTCCAAAATTGTTTAAT
GA. Cloning methods and primers used for elaborating all constructs are summarily listed in
Table1.
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Table 1: Summary describing the elaboration of all GFP reporter constructs, organized in the same order as
Figure 3.3.

25

2.6 Microinjection and reporter analysis
The DNA of plasmids and BACs was extracted using the PureLink HiPure DNA
Purification Kit from Invitrogen (Carlsbad, CA, USA), linearized by PvuI and NotI digestion,
purified by phenol-chloroform, sodium acetate precipitation, and 0.22 µm nylon filter dialysis in
2 mmol/L Tris pH 7. Approximately 2 pL of reporter construct was microinjected into zygotes at
500 molecules/pL together with HindIII-digested S. purpuratus genomic DNA at 35 ng/µL and
10% glycerol following previously described methods (McMahon et al. 1985) with the following
modifications. Adult sea urchin spawning was induced by injection of 200 µL of 0.5 M KCl in
the periproct, which is the aboral region of small plates located between the genital plates and the
anus; this was found to reduce mortality compared to injection on the oral side.
RNA was extracted from samples that ranged from 50 to 100 injected embryos using the
GeneJET RNA Purification kit (#K0731) from Thermo Scientific (Waltham, MA, USA).
Following a previous approach (Revilla-i-Domingo et al. 2004), and prior to DNAse digestion,
an aliquot of the RNA extraction was used to estimate—from contaminant DNA—the relative
number of reporter constructs per genome using SoxB1 forward
CCCAACAACAACCCGGACAGAGTAAA and reverse
CGAAGTCGTTTCGCCTCGTCGATAAA primers, and GFP forward
GAAGGTGACACCCTGGTGAATA and reverse CCATCCTCAATGTTGTGTCTGATCT
primers. SuperScript III First Strand Synthesis SuperMix for qRT-PCR, Invitrogen (#11752050), was used for cDNA synthesis, and SYBR Green-ER qPCR SuperMix Universal, Invitrogen
(#11762-100), was used for qPCR using an ABI7500 machine. The cDNA samples were
amplified with GFP forward GAAGGTGACACCCTGGTGAATA and reverse
CCATCCTCAATGTTGTGTCTGATCT primers, and Ubiquitin forward
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CCCTCACAGGCAAGACCATCAC and reverse GTCTGAGAGAGTGCGACCATCCTC
primers, in order to quantify the GFP transcripts relative to Ubiquitin transcripts. This relative
expression was normalized by the previously quantified number of constructs injected per
genome, and by the total expression of all constructs compared in the set. Statistical analysis of
differences in expression was performed by using a one-tailed Student’s t-test assuming equal
variance (homoscedastic).
GFP reporter microinjection into sea urchins is a well-established method for studying
transcriptional regulation (McMahon et al. 1985; Arnone et al. 1997; Damle et al. 2006; Arnone
et al. 2004). The ratio between endogenous gene expression and the expression of an exogenous
GFP reporter driven by the same cis-regulatory module was previously measured (Damle et al.
2006). It was estimated to be 8-14 times more tbrain GFP reporter mRNA molecules compared
to endogenous tbrain mRNA (Damle et al. 2006). This is to be expected considering the excess
copies of microinjected reporter constructs per genome. In order to ascertain the relative
expression of construct B to endogenous H2A.Z expression in our experiments, we compared the
expression between two series of qPCR experiments (one assessing relative expressing between
GFP and Ubiquitin, the other relative expression between H2A.Z and Ubiquitin). Considering
that we detected on average 250 copies of GFP reporter constructs per genome (by qPCR of the
genomic DNA contaminating the RNA extraction) we estimate that endogenous H2A.Z
expression is 250 times higher to that of exogenous GFP expression per gene copy.
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Chapter 3
Results
3.1 H2A.Z expression is required during early sea urchin development
Downregulation of H2A.Z translation with antisense translation-blocking MASO causes
abnormal phenotypes that first become noticeable in 18-h blastula stage embryos and are
followed in the next few hours by developmental collapse (Fig. 3.1 A–D). The timing of this
phenotype coincides with the steady rise in H2A.Z transcript levels and appears prior to
maximum expression in 24-h embryos (Ernst et al. 1987; Tu et al. 2014). In MASO-injected
embryos, early cleavage is normal (not shown), but during the blastula stages (18 h after
fertilization, Fig. 3.1A) cells clearly manifest what seems to be an abnormal cell-adhesion
phenotype, relative to uninjected (Fig. 3.1B) or control morpholino-injected embryos (not
shown), that compromises the integrity of the single-cell-layer blastula (Fig. 3.1A). Six hours
later (Fig. 3.1C), H2A.Z downregulation causes developmental collapse and apparent apoptotic
death, characterized by cellular fragmentation, which is not observed in control morpholinoinjected embryos (Fig. 3.1D). Also normal are 24-h embryos injected with the MASO annealed
with the photocleavable quenching morpholino (Fig. 3.1E), thus demonstrating that the method
effectively prevents MASO inhibition of H2A.Z translation. When H2A.Z inhibition is triggered
in 24-h embryos by photo-induced MASO release, tripartite gut subdivision is disrupted in 3day-old larvae (Fig. 3.1F), in contrast to control 3-day-old larvae that did not receive the
morpholino-releasing irradiation (Fig. 3.1G). The inhibitory treatment does not prevent the
endoderm formation and gastrulation that results in a hollow gut. Normal coelomic cavities are
not observed after 24-h photoinduced MASO H2A.Z downregulation (Fig. 3.1F), but because the
midgut-hindgut junction is less clear or absent, it is difficult to ascertain whether the coeloms are
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missing or if they form abnormal aggregations associated with the abnormal gut. Spicule
development is also abnormal in these larvae. Other tissues, such as the oral ectoderm, ciliary
band, and aboral ectoderm, seem generally normal, although the aboral ectoderm has a more
rounded shape relative to wild type embryos (Fig. 3.1F). Fewer pigment cells are observed in the
ectoderm of these embryos, but it is not clear from our observations how many of the aggregated
mesodermal cells are pigment cells (Fig. 3.1F). Thus, the lack of ectodermal pigment cells could
be due to abnormal pigment cell fate development, or, more likely, to their blastocoelar
migration in response to apoptosis induced by H2A.Z downregulation in some other cells. It has
been reported that pigment cells migrate in response to bacterial infection (Solek et al. 2013),
and a similar immune response could be triggered to clear apoptotic remnants. MASO release at
48 h results in apparently normal 3-day-old larvae (Fig. 3.1H). In summary, the effects of H2A.Z
photomorpholino-controlled downregulation after 24 h are restricted to ongoing developmental
processes, such as tripartite gut subdivision, larval skeletogenesis, and aboral ectoderm
morphogenesis.
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Figure 3.1: H2A.Z is required during sea urchin embryogenesis. Depletion of H2A.Z with translationblocking MASO in 18-h embryos triggers the formation of blastula embryos with abnormal shapes, whose
cells do not seem to maintain normal epithelial cell contacts (A). Morpholinos were fluorescein-labeled for
dosage estimation (right column in all panels). Uninjected embryos show no phenotype and no background
fluorescence (B). At 24 h, developmental collapse and cell blebbing (typical of apoptosis) ensues in H2A.Z
MASO-injected embryos; scattered apoptotic bodies are seen around the embryo remnants (C). 24-h embryos
injected with control morpholinos develop normally (D). Photomorpholino annealing to antisense H2A.Z
morpholino prevents its inhibitory action in 24-h embryos, which develop normally (E). F, G, and H are 3day-old larvae from a lateral view, mouth at the top, anus to the left. UV-light-induced MASO release at 24 h
results in the absence of tripartite gut subdivision and abnormal spicule development at 72 h; other
differentiated tissues, such as the ciliary band, or aboral and oral ectoderm, seem generally normal (F). UV
irradiation at 24 h of control morpholino-injected embryos does not generate the abnormal gut phenotype at
72 h (G). Morpholino release at 48 h does not generate any noticeable phenotype in 72-h larvae (H), similar to
non-irradiated controls (not shown).
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3.2 Identification of candidate H2A.Z CRMs
Screening of a macroarrayed BAC library containing the S. purpuratus genome identified
several H2A.Z clones. According to the genome assembly Spur_3.1, H2A.Z is flanked 5’ by
unknown sequence region N and 3’by the gastric triacylglycerol lipase gene (Fig. 3.2A). The
scaffold 3478 (NW_011992184.1) of this genome assembly was verified by PCR1 (5’ of
H2A.Z), PCR2 (3’ of H2A.Z), and PCR within the coding region of H2A.Z. BAC clones 16-K21, 28-J1-9, 25-P-4, 18-O-8,71-H-10, and 176-B-2 are PCR-positive for H2A.Z; BAC clones 16K-21, 28-J-19, 25-P-4, and 71-H-10 are PCR1 positive; BAC clones 16-K-21, 28-J-19, 25-P-4,
18-O-8, 71-H-10, and 176-B-2 are PCR2 positive (Fig. 3.2A). The concurrence of four clones
positive for PCR1, H2A.Z, and PCR2 confirm that the intervening sequence region containing
H2A.Z is correct in the contig assembly used during our studies. The scaffold sequence is also
confirmed by the available BAC-end sequences of clones 28-J-19, 25-P-4, and 71-H-10 (Fig.
3.2A). The BAC end sequences of clones 16-K-21 and 18-O-8 correspond to repeats and are
unreliable in confirming the assembly. The sequences flanking H2A.Zare also consistent with all
PCR experiments, subcloning, and enzymatic digestions performed (not shown) during the
elaboration and testing of reporter constructs (Fig. 3.3). BAC 28-J-19 has a 60 Kb insert (Fig.
2.2) that facilitated the elaboration of GFP reporter construct A (Fig. 3.2C); in addition, this
clone was selected because H2A.Z is centered (Fig. 3.2A), which maximizes the potential
identification of H2A.Z CRMs.
In order to identify candidate CRMs, we performed a genome-wide assay for
transposase-accessible chromatin using sequencing (ATAC-seq) (Buenrostro et al. 2013) in 20-h
embryos (Fig. 3.2B). During embryogenesis, H2A.Z transcript levels reach their maximum 24 h
after fertilization (Ernst et al. 1987; Tu et al. 2014). Therefore, identification of transcription
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factor occupancy of CRMs driving H2A.Z blastula-expression in 20-h embryos is expected.
ATAC-seq peaks reveal regions of accessible chromatin along the coding region of actively
transcribed H2A.Z, as well as in flanking non-coding regions (Fig. 3.2B) that may correspond to
transcription factor binding events at CRMs (Buenrostro et al. 2013). Originally, we used the
ATAC results made publicly available at EchinoBase (Cameron et al. 2015), and later performed
our own ATAC-seq experiments, which resulted in a broader peak in region 2 (broad and narrow
red underlines in Fig. 3.2B). In addition, one cluster of candidate transcription factor binding
sites (CTFBS in Fig. 3.2C) was computationally identified using Cluster Buster (Frith 2003).
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Figure 3.2: ATAC-seq analysis of H2A.Z and expression of the H2A.Z::GFPBAC. (A) Genomic region around
H2A.Z according to genome assembly Spur_3.1. H2A.Z exons indicated in dark blue, triacylglycerol lipase
(GTL) exons in light blue. Uncertain sequence stretch indicated by N. PCR1 and PCR2 tests and BAC ends
are in agreement with Scaffold 3478 of Spur_3.1. Genomic map indicating the location of BAC ends
containing H2A.Z indicated with arrows. (B) ATAC-seq analysis reveals chromatin accessibility peaks. The
sequence reads (seq-reads) are indicated below the line; please ignore color annotations associated with the
origin of sequence reads; the number of reads, graphic above the thin line, indicates the number of
overlapping reads at each base position. Accessibility peaks, P1, P2, P3, and P0 are annotated in red along the
scale. Red lines on the bottom annotate the broad (our analysis) and narrow (EchinoBase) versions of peak 2;
please ignore the vertical browser navigation mark over the P2 reads. The scale on the top is in base pairs
relative to Scaffold 3478 shown in reverse orientation. (C) Diagrammatic representation of construct A.
Accessibility peaks are indicated in red; cluster of transcription factor binding sites (CTFBS) in grey; bent
arrow represents the transcription start site; 5’ UTR is shown in magenta; coding region of exons in blue
(just the first methionine in exon 1, see Fig. 5 for sequence details); exons are numbered, in blue, and introns
are indicated between hair lines; GFP in green; SV40 3’ UTR in black; Kanamycin resistance region (Kn) in
mustard; 30 UTR of H2A.Z in magenta. About 30 Kb are flanking H2A.Z transcription start site in the BAC
28-J-19.
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Figure 3.3: Constructs elaborated for cis-regulatory analysis. ATAC peaks in red; cluster of transcription
factor binding sites (CTFBS) in gray; bent arrow is the transcription start site; endogenous 5’ UTRs in
magenta; coding region of exons in blue; GFP in green; SV40 3’ UTR in black; Kanamycin in mustard;
3’H2A.Z UTR in magenta. In construct BR, the GFP has been substituted for RFP, in red. Numbers to the left
and right of each construct are base pair distances from the first codon. Right column is fold change
expression relative to constructs B or N (Fig. 4); statistical significance: *P< 0.05; **P< 0.01; when analyzed
visually, = indicates level of expression similar to B and the downward arrows, in J and I, indicate less
expression than B (Table 1).
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Table 2: Stages indicated on top. In each column, the first number corresponds to the percentage of embryos
that show fluorescence, followed by the absolute number of fluorescent embryos (in parenthesis). Express
column refers to embryos expressing in any territory, and injected indicates the total number of embryos
observed. Other columns refer to expression in the following territories: Day 1: Ect, Ectoderm; EnMe,
Endomesoderm; Mes, mesoderm; Day 2: Ect, Ectoderm; Mes, Mesoderm; End, Endoderm; Days 4–5: Ect,
Ectoderm; CB, ciliary band; Mes, Mesoderm; Pig, Pigment Cells.
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3.3 Transcriptional regulation of H2A.Z
The GFP expression of H2A.Z reporter construct A (Figs 3.2C, 3.3) generally reproduces
the spatial (Fig. 3.4, and Table 2) and temporal profile (Fig. 3.5) of endogenous H2A.Z
expression during embryogenesis. Similar to the GFP expression driven by construct A (Fig.
3.5), H2A.Z has a peak of maximum expression in 1-day-old embryos (Ernst et al. 1987; Tu et al.
2014). During cleavage, H2A.Z is expressed in all blastomeres (Arenas-Mena et al. 2007),
similar to the expression of reporter construct A (Figs 3.4, 3.7 and Table 2). Note that, in our
assay, reporter expression is mosaic because a very small number of large reporter DNA
concatenates are formed by endogenous ligation and incorporated into a single blastomere, or a
few blastomeres, during early cleavage (Flytzanis et al.1985; Hough-Evans et al. 1987).
Therefore, the expression shown (Figs 3.4, 3.7) is only a representative sample of all specimens
that were observed to reconstruct the total pattern of expression (Table 2). Construct BG (Fig.
3.3) has much lower expression than construct A (Fig. 3.6A), suggesting that construct BG lacks
either the enhancers or the genomic context required for transcription in 24-h embryos that were
present in the original BAC. Endogenous H2A.Z mRNA expression is found in all blastomeres
during early sea urchin embryogenesis (Arenas-Mena et al. 2007). However, it declines in the
aboral ectoderm and midgut by the end of gastrulation (70-h embryos), and becomes more
restricted to the ciliary band, coeloms, and gut in 6-day-old larvae (Arenas-Mena et al. 2007).
Reporter constructs A and B generally reproduce this pattern of endogenous H2A.Z spatial
expression (Figs 3.4, 3.7 and Table 2). At days 1 and 2, GFP expression of constructs A and B
was observed in all embryo territories, and, in 4- and 5-day-old larvae, expression was generally
stronger in the ciliary band and the foregut (Figs 3.4 and 3.7, Table 2). We were unable to detect
robust expression in the coelom in 5-day-old larvae, indicating that the BAC does not include the
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regulatory elements required for coelomic expression. We tested reporter construct A in
Lytechinus variegatus, which develops faster, and obtained similarly negative results in adult
rudiment precursors during postembryonic larval development, despite robust expression during
embryogenesis (results not shown). The constructs are also expressed in the endoderm and
mesoderm (Table 2), reproducing low levels of background expression (Fig. 3.7). To better
characterize changes in spatial expression among constructs, we designed construct BR, which
substituted RFP for GFP in construct BG (Fig. 3.3). For example, during embryonic and
postembryonic development, the expression of co-injected constructs A and BR generally
overlaps (Fig. 3.7), revealing that construct B contains all the regulatory elements necessary to
reproduce the spatial expression pattern of the entire BAC, albeit at a lower level, as revealed by
qPCR (Fig. 3.5).
Variants of construct B were elaborated to identify the transcriptional regulatory elements
controlling H2A.Z expression (Fig. 3.3). Deletion up to the clustered motifs (construct F) causes
a threefold decline of expression (Figs 3.3, 3.6A). This indicates that the most relevant regulatory
elements are found 5’ from this region. All other deletions, including the clustered binding sites
(construct D), downstream intron 1 (construct L), and introns 2 and 3 (construct C), cause no
significant expression changes. The higher expression of construct G relative to F is also below
the significance threshold, and, therefore, it does not provide strong support for the existence of
negative regulatory elements in the region deleted in construct G. To confirm that these
differences in expression were not attributed to the removal of the Kanamycin resistance gene, it
was removed by flippase recombination in construct I (Fig. 3.3). There was no apparent
difference in expression between construct F and construct I (Table 2), thus indicating that the
Kanamycin resistance region does not influence reporter expression.
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Sequences corresponding to the ATAC peaks were deleted in constructs M (narrow-peak
2), O (peak 1), and P (peak 3) (Fig. 3.3). Only construct M drives expression that is significantly
different from construct B (Fig. 3.6A), indicating that the ATAC-peak 2 region is necessary to
drive normal levels of H2A.Z expression in 24-h embryos. The accessibility peak 0 is just 5’
from H2A.Z (Fig. 3.2A) and is deleted in construct H (Fig. 3.3), which maintains levels of
expression similar to construct F (Fig. 3.6A); therefore, on its own, the peak 0 region does not
enhance gene expression. The deletion of all sequences 5’ to peak 2 (construct N) does not cause
significant expression changes (Fig. 3.6A), thus emphasizing the relevance of the peak 2 region
and additional regulatory elements included. Indeed, the basal expression of construct F suggests
that the most important regulatory elements are located in the missing region of F that is included
in construct N. In addition, deletion of ATAC peak 3 in construct P causes no significant decline
of expression (Fig. 3.6A), more precisely suggesting that the broad ATAC peak 2, which
contains the Sox binding site, and the Myb binding site is the most relevant regulatory element.
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Figure 3.4: Representative GFP expression of construct A at 1, 2, and 5 days; from left to right, bright-field,
fluorescence, and overlay in each subpanel. Note that the genomic incorporation of GFP reporter constructs
is mosaic, and not all the cells that express endogenous H2A.Z will express the GFP reporter construct.
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Figure 3.5: Green fluorescent protein (GFP) expression of experimental constructs. In all experiments, the
average of at least three experiments using different embryo batches is shown; standard errors are indicated
(not visible in some low-expressing constructs). Expression at 9 h, 1 day, and 3 days, quantified by qPCR for
the constructs indicated.
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Figure 3.6: (A) Expression of indicated constructs at 24 h. Significant differences from construct B indicated
by *(P< 0.05) and ** (P < 0.01). (B) Independent set of experiments testing the expression of constructs N and
T at 24 h; significance difference in expression between N and T indicated by asterisk *(P<0.05). (C) GFP
RNA levels of construct K (H2A.Z 3’ UTR) and B (SV40 3’ UTR) at 1 and 4 days; significant difference in
expression between K and B at 1 day indicated by asterisk *(P< 0.05).
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3.4 Post-transcriptional regulation of H2A.Z
The GFP reporter used in the H2A.Z::GFP translational fusion contains an SV40 3’ UTR.
Nucleosomes containing H3.3 and H2A.Z promote chromatin accessibility at regulatory
elements (Jin et al. 2009; Ong & Corces 2012). Transcript stability of H3.3 is spatially regulated
in sea urchin embryos (Pulcrano et al. 2007) and results in a pattern of expression similar to that
of H2A.Z (Arenas-Mena et al. 2007). The possibility of similar regulation of H2A.Z expression
by spatial control of its mRNA stability was explored. We elaborated construct K by replacing
the SV40 3’ UTR of GFP in construct B with the endogenous H2A.Z 3’ UTR (Fig. 3.3). The
endogenous H2A.Z 3’ UTR in construct K is associated with higher levels of GFP transcripts
relative to construct B (Fig. 3.6C), indicating that the endogenous H2A.Z 3’ UTR stabilizes the
transcript more than the SV40 3’ UTR in 24-h embryos, although no differences could be seen in
4-day-old larvae (Fig. 3.6C). However, coinjection of constructs K and BR does not reveal any
difference in the spatial distribution of GFP and RFP (not shown), which is in agreement with
the visual scoring of spatial gene expression profiles of constructs K and BG (Table 2),
suggesting that the spatial distribution of H2A.Z primarily depends on transcriptional regulation.
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Figure 3.7: Embryos co-injected with construct BR expressing RFP, and constructs A, BG, F, and G
expressing GFP. The first four panels are at 1 day, the fifth at 2 days, and the sixth at 5 days after
fertilization. In all constructs, GFP and RFP expression generally overlaps.

43

3.5 Transcriptions factors controlling H2A.Z expression
We designed mutations for candidate transcription factor binding sites that were
identified after Transfac (Wingender 2008) and TFBStools (Tan & Lenhard 2016) computational
analyses (Fig. 3.8). Several transcription factor binding sites, whose expression profile and
regulatory role could control H2A.Z expression, are highlighted in Figure 3.8. Our first round of
experiments has been directed to binding sites within the broad ATAC peak 2 (underlined in red,
Fig. 5). We mutated the core motif (Fig. 3.8) of a single Myb site in construct N to generate
construct T (Fig. 3.3), which has a three times lower level of expression in 20-h larvae than in
the wild-type version (Fig. 3.6B). The Myb motif was not deleted in construct M (Fig. 3.3),
which also shows a substantial decline in expression, suggesting that the transcription factor
interacting at the Myb site could work in conjunction with other transcription factors, possibly
located in narrow peak 2. This would be consistent with the ability of Myb to interact with
GATA (Bartůněk et al. 2003), Runx (Coffman et al. 1997), and other transcription factors
(Ramsay &Gonda 2008) found in peak 2 and adjacent regions, which our analysis reveals to be
the most relevant for H2A.Z regulation. Mutation of a Sox transcription factor binding motif in
construct R also caused a significant reduction of expression relative to construct B in 24-h
embryos (Fig. 3.6A).
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Figure 3.8: Detailed annotation of functional cis-regulatory regions. Top, ATAC peaks and transcription
factor binding site motifs as indicated: ATAC 2 broad, underlined; ATAC 2 narrow red highlight; first broad
red highlight corresponds to peak 2 and second red highlight to peak 3; cluster of transcription factor
binding sites (CTFBS) in gray underline; 5’ UTR in magenta or jagged red underline; start codon in dark
blue; first intron in lowercase; various candidate transcription factor binding sites are highlighted by
different colors as indicated. The range of the different constructs indicated by intercalated text in the
sequence. Bottom, binding site matrix logos of Myb and Sox binding site motifs obtained from the JASPAR
database (Tan & Lenhard 2016). Mutated bases in the Myb motif (construct T) and the Sox motif (construct
R) are indicated in the underlined sequences.
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Chapter 4
Discussion
Our downregulation experiments confirm that H2A.Z plays an essential role during sea
urchin embryogenesis (Fig. 3.1), similar to previous reports in vertebrate embryos (Faast et al.
2001; Ridgway 2004). The broad lethal phenotype revealed during early embryogenesis
downregulation possibly relates to the general developmental collapse triggered by widespread
gene misregulation, rather than to a vital role, because H2A.Z is not required for individual cell
survival in yeast or vertebrate cell lines. Photomorpholino-controlled downregulation of H2A.Z
during later stages confirms that H2A.Z function is less necessary in differentiated cells (Fig.
3.1), in agreement with its developmental expression profile (Arenas-Mena et al. 2007). Previous
gene regulatory studies reveal that endoderm specification is well underway in 24-h embryos
(Peter & Davidson 2011) and that tripartite gut subdivision occurs past the 24-h stage (ArenasMena et al. 2006; Annunziata & Arnone 2014). When H2A.Z inhibition is triggered in 24-h
embryos, endoderm formation and gastrulation proceeds normally, but tripartite gut subdivision
is absent (Fig. 3.1F), in agreement with the general developmental role of H2A.Z previously
proposed (Arenas-Mena 2007). H2A.Z mRNA seems to be stabilized by its 3’ UTR sequences
during its peak expression in 24-h embryos, but, unlike histone variant H3.3 (Pulcrano et al.
2007), its spatial distribution does not depend on post-transcriptional regulation (Fig. 3.6C).
Thus, our results suggest that the spatial expression of H2A.Z is primarily determined by
transcriptional regulation.
Our analysis did not detect reporter expression in the coeloms, where H2A.Z is expressed
(Arenas-Mena et al. 2007). This could be due to the higher sensitivity of the WMISH protocol
used (Arenas-Mena et al. 2000), which was estimated to amount to around five transcripts per
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cell, versus GFP detection requiring 105 protein molecules per cell (Tsien 1998; Tavare et al.
2001). However, it is more likely due to more distant elements that were not included in the
recombinant BAC.
Our experiments identify broad peak 2, inclusive of the Myb and Sox transcription factor
binding sites (Figs 3.2 and 3.3), as the most relevant CRM driving early embryo expression in
sea urchins. Candidate regulatory genes interacting with the functional Myb and Sox motifs
include Myb itself (Coffman et al. 1997), whose expression is similar to the expression of H2A.Z
(Arenas-Mena et al. 2007) in the oral side of prism-stage embryos, and Sox B1, which is a
broadly expressed regulatory gene crucial for ectoderm specification (Angerer 2005). Our
experiments suggest that activation of H2A.Z through the Myb motif could function in concert
with additional transcription factors that are possibly present in the narrow peak 2 region;
cooperation of Myb with other transcription factors has been reported for the regulation of other
genes in other organisms (Ramsay & Gonda 2008). Persistent expression of Myb prevents
differentiation (Ramsay & Gonda 2008), and at least part of such a phenotype could be due to the
overexpression of H2A.Z, which is required to maintain transcriptional multipotency (ArenasMena & Coffman 2015) and whose expression declines during differentiation (Arenas-Mena et
al. 2007). Myb controls the expression of H2A.Z during mammalian T-cell development
(Hooper et al. 2007), and it will be interesting to test whether such regulatory interaction is
evolutionarily conserved in sea urchins and other organisms in future studies. Our results are
consistent with a model in which H2A.Z regulation is primarily controlled by a dedicated
upstream multipotency sub-network that is influenced by embryonic developmental transcription
factors (Arenas-Mena & Coffman 2015). The transcriptional regulatory control of H2A.Z may
represent one of the regulatory innovations that facilitated the developmental control of
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transcriptional potency during the evolution of complex metazoans (Arenas-Mena & Coffman
2015); therefore, the characterization of its upstream regulation has both evolutionary and
developmental relevance.
Although the results establish the importance several regions accounting for some of the
observed expression, much remains to be done to better characterize the transcriptional
regulation of H2A.Z. We hypothesize that Myb and GATA family transcription factors interact;
to test this, we already elaborated a new version of construct N where the GATA-1 binding site
found in Peak2 is mutated (Fig. 3.8), if our hypothesis is correct this construct should be
expressed at lower level than construct N. By releasing photoinducible morpholinos before 24
hours against the Myb and GATA transcription factor families and finding a decrease in H2A.Z
or GFP reporter expression we could identify that these are the transcription factors interacting
with the mutated binding sites. Another area of interest is identifying further regions that might
have been missing in BAC 28-J-19 by repeating the recombinnering with BAC clones 28-J-19,
25-P-4, and 71-H-10. Specifically, this experiment could point towards the location of modules
that drive expression in the coelom, which is not detected using the BAC 28-J-19 reporter
construct. Furthermore the undetermined region 3’ of H2A.Z indicated with ‘N’ (Fig. 2A) could
be sequenced and analyzed to uncover additional ATAC peaks that could be tested for regulatory
activity. This experiment could identify regions driving expression that are missing in construct
B and explain the lower expression of construct B compared to A at 24 hours (Fig. 3.6A).
Interestingly, there is evidence to suggest the 3’UTR of H2A.Z could contain cisregulatory modules that upregulate expression at 24 hours. When the endogenous H2A.Z UTR
was introduced into construct B generating construct K, for the transcript stability experiment
(Fig. 3.6 C), expression increases by 2 fold. This could be explained by mRNA stability and
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post-transcriptional regulation as previously discussed. However, the presence of a cis-regulatory
module in the 3’ UTR that upregulates expression 2 fold could be an alternate explanation.
Additionally, in figure 3.5 and 3.6 A expression of construct A is roughly 2 fold higher
then expression of construct B at 24 hours. This change could be explained by a yet undetected
cis-regulatory module upregulating expression of construct A that was deleted in the much
shorter construct B (or simply artificial variations in expression that occurs when comparing
expression between BAC reporters and smaller constructs). However, a H2A.Z 3’ UTR cisregulatory module present in construct A but absent in construct B could also be a possibility.
In other to test this possibility, I propose two experiments. First, to test if this region
drives expression we will delete it from construct A by recombineering a cassette containing a
bacterial antibiotic selection gene. If cis-regulatory elements are present in the 3’ UTR we expect
this new construct to under express GFP relative to A. Secondly, to further confirm the cisregulatory activity, the H2A.Z 3’ UTR will be inserted 5’ in construct J by the In-Fusion
protocol. Construct J is minimally expressed but contains the full promoter, if expression is
higher in the new construct also containing the H2A.Z 3’ UTR we can infer that there are cisregulatory elements upregulating expression in the UTR.
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Transcriptional and post-transcriptional regulation of
histone variant H2A.Z during sea urchin development
sar
Mihai Hajdu, Jasmine Calle, Andrea Puno, Aminat Haruna and C e
Arenas-Mena*
Department of Biology, College of Staten Island and Graduate Center, The City University of New York (CUNY), Staten
Island, New York, 10314, USA

Histone variant H2A.Z promotes chromatin accessibility at transcriptional regulatory elements and is developmentally regulated in metazoans. We characterize the transcriptional and post-transcriptional regulation of
H2A.Z in the purple sea urchin Strongylocentrotus purpuratus. H2A.Z depletion by antisense translation-blocking morpholino oligonucleotides during early development causes developmental collapse, in agreement with its
previously demonstrated general role in transcriptional multipotency. During H2A.Z peak expression in 24-h
embryos, endogenous H2A.Z 30 UTR sequences stabilize GFP mRNAs relative to those with SV40 30 UTR
sequences, although the 30 UTR of H2A.Z does not determine the spatial distribution of H2A.Z transcripts during embryonic and postembryonic development. We elaborated an H2A.Z::GFP BAC reporter that reproduces
embryonic H2A.Z expression. Genome-wide chromatin accessibility analysis using ATAC-seq revealed a cisregulatory module (CRM) that, when deleted, causes a significant decline of the H2A.Z reporter expression. In
addition, the mutation of a Sox transcription factor binding site motif and, more strongly, of a Myb motif cause
significant decline of reporter gene expression. Our results suggest that an undetermined Myb-family transcription factor controls the transcriptional regulation of H2A.Z.
Key words: chromatin,
transcription factor.
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Introduction
Chromatin accessibility of DNA is required for transcription factor interactions with cis-regulatory modules
(CRMs) that control developmental gene expression.
Chromatin accessibility reaches its maximum during
early embryogenesis after parental chromatin is deprogrammed of previous epigenetic marks, and pioneer
transcription factors preset CRM chromatin for receptivity to subsequent transcription factor interactions
(Liang et al. 2008; Leichsenring et al. 2013; IwafuchiDoi & Zaret 2014; Xu et al. 2014). In differentiated
cells, chromatin accessibility declines and causes a
reduction in transcriptional potency, that is, the ability
to express any gene in the genome (Fisher & Fisher
2011; Arenas-Mena & Coffman 2015). Chromatin
accessibility at CRMs is determined by their associated
*Author to whom all correspondence should be addressed.
Email: cesar.arenasmena@csi.cuny.edu
Received 21 August 2016; revised 6 October 2016;
accepted 27 October 2016.
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covalent histone modifications and histone variants
(Levine 2010; Ong & Corces 2012; Skene & Henikoff
2013). H2A.Z is a histone variant that increases chromatin accessibility at promoters and CRMs (Ong &
Corces 2012; Skene & Henikoff 2013; Zhu et al.
2013). Unlike canonical histones that are expressed in
tight coordination with DNA synthesis, the expression
of H2A.Z is cell-cycle independent, and, in metazoans,
it is developmentally regulated (Arenas-Mena et al.
2007). During embryogenesis of indirectly developing
sea urchins and polychaetes, H2A.Z is broadly
expressed in transcriptionally potent blastomeres. Subsequently, the expression of H2A.Z declines in differentiating cells of the echinoid pluteus and annelid
trochophore (Arenas-Mena et al. 2007), although in
both larvae, H2A.Z expression continues in transcriptionally potent cells that generate large portions of the
adult (Arenas-Mena et al. 2007). Therefore, developmental control of H2A.Z expression could modulate
the temporal and spatial distribution of developmental
potency by promoting or suppressing transcription
factors’ access to CRMs (Arenas-Mena 2007;
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Arenas-Mena & Coffman 2015), which ultimately determines developmental gene expression. Indeed, the
proposed transcriptional potency role of H2A.Z (Arenas-Mena 2007) has been demonstrated in stem cells,
where it is required for the regulatory mechanisms that
mediate the transition to different transcriptional states
(Hu et al. 2013). Furthermore, it has also been demonstrated that H2A.Z is required for fundamental mechanisms of enhancer activity (Brunelle et al. 2015).
The goal of this study is to reveal how the intricate
developmental expression of H2A.Z (Arenas-Mena
et al. 2007) is transcriptionally regulated by functionally
identifying the CRMs and transcription factors that
control such expression in S. purpuratus. Our longterm goal is to determine whether there is a dedicated
regulatory subnetwork controlling the expression of
H2A.Z, and possibly other transcriptional-potency
effector genes, and/or if the expression of H2A.Z is
directly controlled by developmental regulators that
simultaneously regionalize embryonic and postembryonic territories (Arenas-Mena & Coffman 2015).

Methods
Downregulation of H2A.Z expression
Morpholino antisense oligonucleotides (MASO) against
H2A.Z (Gene ID: 373345) were obtained from Gene
Tools (Philomath, OR, USA). Translation-blocking-30 fluorescein-labeled MASO TACCAGCTTTTCCTCCAG
CCATTTT produced robust phenotypes (Fig. 1). The
highest sequence similarity after Blast scanning the
sea urchin transcriptome identifies a continuous 16
base pair match out of the total 25 morpholino residues, which is considered by the manufacturer as
insufficient to exert efficient inhibitory effects; furthermore, this hit does not coincide with the translation
start site. The possibility of unintended splicing disruption by the translation-blocking MASO is also very low,
because the highest contiguous similarity after
scanning the genome is 18 bp and intergenic. Standard 30 -fluorescein-labeled morpholino CCTCTTACCTCAGTTACAATTTATA was used as a negative control;
this standard control morpholino has been previously
tested by multiple researchers to determine the generic morpholino dose causing non-specific effects (Arenas-Mena et al. 2006; Ooka et al. 2010; Rizzo et al.
2016). Quenching of translation-blocking MASO was
accomplished by annealing the quenching sense
photomorpholino
AAATGGCTGGAPGAAAAGCTG
(P stands for photosensitive moiety) at a 1.1:1 concentration ratio to the antisense morpholino, following a
previously established approach (Tallafuss et al. 2012).
Photocleavage of the quenching photomorpholino was
ª 2016 Japanese Society of Developmental Biologists

achieved by exposure to 365 nm light for 5 min at
15°C in a thin glass container, and a total volume of
200 lL, using the light box provided by Gene Tools;
this ultraviolet light dose was found to cause no apparent harm to non-injected or control morpholinoinjected embryos at any of the stages tested (not
shown). The MASO concentration in the microinjection
solution was 500 lmol/L and about 2 pL volume was
injected in each zygote.
Chromatin accessibility mapping by ATAC-seq
Hatched blastula embryos at 20 h after fertilization
were collected by centrifugation at 500 g for 5 min at
0°C. The embryo pellet, consisting of about 2 mL of
embryos plus 3 mL of sea water, was resuspended in
20 mL of ice-cold homogenization buffer (0.34 mol/L
sucrose, 15 mmol/L NaCl, 60 mmol/L KCl, 0.2 mmol/L
EDTA, 0.2 mmol/L EGTA, 0.1% NP40, 15 mmol/L
Tris-HCl pH 7.4 and proteinase inhibitors from Pierce,
#88266) and incubated on ice for 5 min. Homogenization was performed by delivering five strokes with a
loose pestle followed by 15 strokes with a tight pestle
in a 40 mL dounce homogenizer. The homogenate
was filtered using a syringe and a 20 lm nylon filter.
The filtrate was spun at 3500 g for 5 min at 4°C. The
nuclei pellet was resuspended in 25 mL of homogenization buffer and the centrifugation repeated. The
pellet was resuspended in phosphate buffer (0.58 mol/L
Na2HPO4, 0.17 mol/L NaH2PO4, 0.69 mol/L NaCl 5%
BSA, 0.1% Triton X-100 filter-sterilized at 0.22 lm).
Propidium iodide-stained nuclei were quantified using
a hemocytometer under a fluorescence stereomicroscope. Tagmatization of 200 000 nuclei and sequencing was performed as previously described
(Buenrostro et al. 2013).
The genomic mapping analysis was performed as
follows. Raw sequence reads were checked for quality
using FastQC (v 0.11.4; Andrews 2010), and adapter
sequences were trimmed using Cutadapt (v 1.9; Martin 2011). Reads were mapped to the Strongylocentrotus purpuratus genome version 3.1 using Bowtie2
(Langmead & Salzberg 2012) with default parameters.
Approximately 75% of all reads were mapped. Samtools (Li et al. 2009) was used to convert Bowtie20 s
sam output format to the bam format. Bedtools (Quinlan & Hall 2010) was then used to convert the bam
output into the bed format. The bed files were plugged
into Fseq (Boyle et al. 2008) to call peaks using
parameters –f 0 and –t 2. The fraction of reads within
peaks (the “FRiP score”) was calculated using Bedtools by extracting all reads within peaks and then
counting the number of extracted reads and dividing
by the total number of reads mapped, to obtain the
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Fig. 1. H2A.Z is required during sea urchin embryogenesis. Depletion of H2A.Z with translation-blocking MASO in 18-h embryos triggers the formation of blastula embryos with abnormal shapes, whose cells do not seem to maintain normal epithelial cell contacts (A).
Morpholinos were fluorescein-labeled for dosage estimation (right column in all panels). Uninjected embryos show no phenotype and no
background fluorescence (B). At 24 h, developmental collapse and cell blebbing (typical of apoptosis) ensues in H2A.Z MASO-injected
embryos; scattered apoptotic bodies are seen around the embryo remnants (C). 24-h embryos injected with control morpholinos
develop normally (D). Photomorpholino annealing to antisense H2A.Z morpholino prevents its inhibitory action in 24-h embryos, which
develop normally (E). F, G, and H are 3-day-old larvae from a lateral view, mouth at the top, anus to the left. UV-light-induced MASO
release at 24 h results in the absence of tripartite gut subdivision and abnormal spicule development at 72 h; other differentiated tissues,
such as the ciliary band, or aboral and oral ectoderm, seem generally normal (F). UV irradiation at 24 h of control morpholino-injected
embryos does not generate the abnormal gut phenotype at 72 h (G). Morpholino release at 48 h does not generate any noticeable phenotype in 72-h larvae (H), similar to non-irradiated controls (not shown).

FRiP score. The samples had a FRiP score of 0.6
(meaning that 60% of the reads mapped were within
peaks). Genes within a specified distance from the
peaks were identified using a custom python script
written by former Ettensohn Lab member Siddharth
Gurdasani.
Identification of H2A.Z-containing BACs and
elaboration of reporter constructs
The SpBAC genomic library of S. purpuratus was
screened with a DIG-labeled probe synthesized from
cDNA clone PMCSPR2-101A5, which was obtained
from the primary mesenchyme cell cDNA library (Zhu

et al. 2001) and contains a full-length transcript of
H2A.Z (ID: 373345). The vector of the BAC library is
pBACe3.6 (Frengen et al. 1999). For additional information about these libraries and their associated online
resources, consult EchinoBase (Cameron et al. 2000,
2015). The genomic region is found in GenBank Scaffold 3478 (NW_011992184.1) of assembly Spur_3.1.
In order to confirm the inclusion of H2A.Z, we performed polymerase chain reaction (PCR) reactions
using primers annealing at the first exon and second
exon of H2A.Z using primers CTGCATCTACTCTA
TACGTACAGCAAAAATCAAAATG and CCAGAGTCTT
TACCAGCTTTTCCTCCAG, respectively. In order to
confirm the region containing H2A.Z, we performed
ª 2016 Japanese Society of Developmental Biologists
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50 and 30 PCR reactions PCR1 and PCR2, respectively, using primer pairs forward CCTATGGCCGTACAATGGTAGCTG and reverse CGAGTTATGACAGCG
GAGATTCTACATCTG for PCR1, and forward GACAT
CCCTGCCCTATTGAACTTTGC and reverse CGATGC
CAGCTAGTGACAGTACATCC primers for PCR2.
The BAC 28-J-19 was converted into an H2A.Z::
GFP reporter construct A (Fig. 2C) using previously
established methods and vectors (Zhang et al. 1998;
Yu et al. 2000). A summary and additional details
about this method can be found at EchinoBase
(Cameron et al. 2000, 2015). The H2A.Z::GFP translational fusion was generated by an in-frame

homologous recombination of a GFP-Kanamycin
(GFP-Kn) cassette into the second exon of H2A.Z. The
GFP-Kn cassette was generated with primers forward
ttttgtttatagGCTGGAGGAAAAGCTGGTAAAGACTCTGG
AAAGGCAAAGGCGAAGGCCGTCATGAGCAAGGGCG
AGGAACTGTTCACT and reverse ACAACAAACATTTA
GAAGAACGGAAGCTTACCTGCAGACCTGCCCTGGC
TGATCGTCGAAGAGCTATTCCAGAAGTAGTGAGGAG
GCTTT (the H2A.Z-flanking arms required for homologous recombination are underlined, the first intron
sequence in the forward primer is indicated in lowercase and the first codon of GFP is indicated in bold).
In construct A, the H2A.Z portion of the recombinant

Fig. 2. ATAC-seq analysis of H2A.Z and expression of the H2A.Z::GFP BAC. (A) Genomic region around H2A.Z according to genome
assembly Spur_3.1. H2A.Z exons indicated in dark blue, triacylglycerol lipase (GTL) exons in light blue. Uncertain sequence stretch indicated by N. PCR1 and PCR2 tests and BAC ends are in agreement with Scaffold 3478 of Spur_3.1. Genomic map indicating the location of BAC ends containing H2A.Z indicated with arrows. (B) ATAC-seq analysis reveals chromatin accessibility peaks. The sequence
reads (seq-reads) are indicated below the line; please ignore color annotations associated with the origin of sequence reads; the number
of reads, graphic above the thin line, indicates the number of overlapping reads at each base position. Accessibility peaks, P1, P2, P3,
and P0 are annotated in red along the scale. Red lines on the bottom annotate the broad (our analysis) and narrow (EchinoBase) versions of peak 2; please ignore the vertical browser navigation mark over the P2 reads. The scale on the top is in base pairs relative to
Scaffold 3478 shown in reverse orientation. (C) Diagrammatic representation of construct A. Accessibility peaks are indicated in red;
cluster of transcription factor binding sites (CTFBS) in grey; bent arrow represents the transcription start site; 50 UTR is shown in
magenta; coding region of exons in blue (just the first methionine in exon 1, see Fig. 5 for sequence details); exons are numbered, in
blue, and introns are indicated between hair lines; GFP in green; SV40 30 UTR in black; Kanamycin resistance region (Kn) in mustard; 30
UTR of H2A.Z in magenta. About 30 Kb are flanking H2A.Z transcription start site in the BAC 28-J-19. (D) Representative GFP expression of construct A at 1, 2, and 5 days; from left to right, bright-field, fluorescence, and overlay in each subpanel. Please note that the
genomic incorporation of GFP reporter constructs is mosaic, and not all the cells that express endogenous H2A.Z will express the GFP
reporter construct.
ª 2016 Japanese Society of Developmental Biologists
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H2A.Z::GFP codes for the amino terminal sequence
MAGGKAGKDSGKAKAKAV and the GFP portion starts
in its first methionine, as indicated in the forward primer.
BAC regions containing H2A.Z::GFP BAC 28-J-19
were released by digestion with EcoRV and XmnI and
cloned into pBlueScript II SK + plasmid digested with
the same enzymes to generate constructs B and H,
respectively (Fig. 3). Selection of clones containing the
recombinant plasmids was facilitated by the Kanamycin resistance conferred by the GFP-Kn cassette insertion. Construct GR was elaborated as follows, Top10
Cells transformed with construct B were exposed to
arabinose, which activated flipase-driven recombination and removed the Kanamycin resistance gene;
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colonies were negatively selected based on lack of
Kanamycin resistance; the plasmid without Kanamycin
resistance was then transformed into recombinogenic
SW102 cells and recombination was then performed
with the RFP cassette amplified with forward primer
ttttgtttatagGCTGGAGGAAAAGCTGGTAAAGACTCTGG
AAAGGCAAAGGCGAAGGCCGTCATGGTGAGCAAGG
GCGAGGAGG and reverse primer ACAACAAACATT
TAGAAGAACGGAAGCTTACCTGCAGACCTGCCCTG
GCTGATCGTCGAAGAGCTATTCCAGAAGTAGTGAGG
AGGCTTT (the H2A.Z-flanking arms required for
homologous recombination are underlined, the first
intron sequence in the forward primer is indicated in
lowercase and the first codon of RFP is indicated in
bold); cells in which recombination occurred were

Fig. 3. Constructs elaborated for cis-regulatory analysis. ATAC peaks in red; cluster of transcription factor binding sites (CTFBS) in gray;
bent arrow is the transcription start site; endogenous 50 UTRs in magenta; coding region of exons in blue; GFP in green; SV40 30 UTR
in black; Kanamycin in mustard; 30 H2A.Z UTR in magenta. In construct BR, the GFP has been substituted for RFP, in red. Numbers to
the left and right of each construct are base pair distances from the first codon. Right column is fold change expression relative to constructs B or N (Fig. 4); statistical significance: *P < 0.05; **P < 0.01; when analyzed visually, = indicates level of expression similar to B
and the downward arrows, in J and I, indicate less expression than B (Table 1).
ª 2016 Japanese Society of Developmental Biologists
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screened for Kanamycin resistance present in the
RFP-Kn cassette.
Subsequent deletions were achieved by long circular
PCR using phosphorylated primers flanking the targeted region that amplified all other sequences plus
the vector; constructs B or H were used as indicated.
The JumpStart AccuTaq LA DNA Polymerase Mix
(D5809) from SIGMA (St. Louis, MO, USA) was used
for accurate long-range PCR; according to the manufacturer, the error rate of this polymerase is 6.5 times
lower than Taq polymerase, resulting in an approximate error rate of 4 9 105 per base.
The PCR products were ligated and reconstituted
plasmids used for transformation of Top-10 cells.
Specifically, construct C was generated by PCR of
construct B with forward GCTCACTGGCCGTCGTTTT
ACAAC and reverse CGAAAAGTGCCACCTGACGAA
AACC primers; construct D by PCR of construct B
with forward GTTAACATAACATAGTATCAATATAACCA
AAGTATAACAATGATAAACATAAAATGAC and reverse
ATGGCACATTATTTGTCAAGCTTAGATCCTCTTC primers; construct F by PCR of construct D with forward
GAAGAGGATCTAAGCTTGACAAATAATGTGCCAT and
reverse CAGCTTTTGTTCCCTTTAGTGAGGGTT primers; construct G by PCR of construct F with forward
GCTCACTGGCCGTCGTTTTACAAC and reverse CGA
AAAGTGCCACCTGACGAAAACC primers; construct J
by PCR of construct G with forward GTTAACATAACA
TAGTATCAATATAACCAAAGTATAACAATGATAAACAT
AAAATGAC and reverse CAGCTTTTGTTCCCTTTAGT
GAGGGTT primers; construct L by PCR of construct
B using forward GCTGGAGGAAAAGCTGGTAAAGACT
CTGGAAA and reverse CATTTTGATTTTTGCTGTACGT
ATAGAGTAGATGCAGAAA primers; construct M by
PCR of construct B with forward primer GCTTTA
AACGAATTCCATAGCACTGAAAATAACAACATG and
reverse primer CAAAAGACCAGCGATTTTCAAAGGGT
TTATTGT; construct N by PCR of construct B using
forward primer CAACTTCACAGAACTATTTATTTCAAA
GCTTTTCCCCTT and reverse primer CAGCTTTTGT
TCCCTTTAGTGAGGGTT; construct O by PCR of construct B using forward primer TCTGTGTAATACAGA
GAGGAATGACCACGAT and reverse primer CCTACAACAGAATGTTGTGCCTCTGTCATT; construct P by
using forward primer CCACGAAAAAACGAAACCAAG
AATTATCGATGTTT and reverse primer GTACTTCTT
GTTTATGCGCTTCGTATCAAAATAATGA; construct R,
by PCR of construct B using forward primer TTG
AATATATTCAAACCCTTTGAAAATCGCTGGTCTT and
reverse primer ATCCGTTAAACTTGATCCGTACTTAAA;
and construct T by PCR of construct N using forward
primer TTGAATAACAATAAACCCTTTGAAAATCGCTG
GTCTTTT and reverse primer AGAATAAATTCTTGATCCGTACTTAAAGGGGGTAGTCAA. The resulting
ª 2016 Japanese Society of Developmental Biologists

products were treated with restriction enzyme DpnI,
which digests the methylated substrate plasmids, and
were purified using QIAGEN DNA-purification columns,
self-ligated, and transformed into electrocompetent
Top-10 cells. Construct I was made by an arabinose
flip-induced recombination that eliminates Kanamycin
resistance (Zhang et al. 1998; Yu et al. 2000). All constructs were tested by either dedicated PCR amplification or enzymatic digestion to confirm the success of
the intended deletion or mutation. Sox and Myb site
mutations generate an XmnI restriction enzyme recognition site. Construct K was made by recombination
using the In-Fusion HD Cloning Kit, Clontech following
the manufacturer’s instructions; the amplicon that contained the vector backbone was obtained by PCR of
construct B with forward primer CCTGAGGCGGAAA
GAACCAGC and reverse primer TCACTTGTACAGC
TCGTCCATGC, which amplifies everything except the
SV40 30 UTR, the H2A.Z 30 UTR was obtained from
the original H2A.Z cDNA clone PMCSPR2-101A5 with
forward primer GAGCTGTACAAGTGAGGCCTGGCTA
ACTTTAGCAAACTAG and reverse primer TCTTTC
CGCCTCAGGCTTTTTTATATAAAACTTCAAAGAACTTC
CAAAATTGTTTAATGA.
Microinjection and reporter analysis
The DNA of plasmids and BACs was extracted using
the PureLink HiPure DNA Purification Kit from Invitrogen (Carlsbad, CA, USA), linearized by PvuI and NotI
digestion, purified by phenol-chloroform, sodium acetate precipitation, and 0.22 lm nylon filter dialysis in
2 mmol/L Tris pH 7. Approximately 2 pL of reporter
construct was microinjected into zygotes at 500 molecules/pL together with HindIII-digested S. purpuratus
genomic DNA at 35 ng/lL and 10% glycerol following
previously described methods (McMahon et al. 1985)
with the following modifications. Adult sea urchin
spawning was induced by injection of 200 lL of
0.5 mol/L KCl in the periproct, which is the aboral
region of small plates located between the genital
plates and the anus; this was found to reduce mortality compared to injection on the oral side.
RNA was extracted from samples that ranged from
50 to 100 injected embryos using the GeneJET RNA
Purification kit (#K0731) from Thermo Scientific (Waltham, MA, USA). Following a previous approach
(Revilla-i-Domingo et al. 2004), and prior to DNAse
digestion, an aliquot of the RNA extraction was used
to estimate—from contaminant DNA—the relative
number of reporter constructs per genome using
SoxB1 forward CCCAACAACAACCCGGACAGAGTA
AA and reverse CGAAGTCGTTTCGCCTCGTCGATAA
A primers, and GFP forward GAAGGTGACACCCT
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GGTGAATA and reverse CCATCCTCAATGTTGTG
TCTGATCT primers. SuperScript III First Strand
Synthesis SuperMix for qRT-PCR, Invitrogen (#11752050), was used for cDNA synthesis, and SYBR
Green-ER qPCR SuperMix Universal, Invitrogen
(#11762-100), was used for qPCR using an ABI7500
machine. The cDNA samples were amplified with GFP
forward GAAGGTGACACCCTGGTGAATA and reverse
CCATCCTCAATGTTGTGTCTGATCT primers, and
Ubiquitin forward CCCTCACAGGCAAGACCATCAC
and reverse GTCTGAGAGAGTGCGACCATCCTC primers, in order to quantify the GFP transcripts relative
to Ubiquitin transcripts. This relative expression was
normalized by the previously quantified number of constructs injected per genome, and by the total expression of all constructs compared in the set. Statistical
analysis of differences in expression was performed by
using a one-tailed Student’s t-test assuming equal
variance (homoscedastic).

Results
H2A.Z is required during early sea urchin development
Downregulation of H2A.Z translation with antisense
translation-blocking MASO causes abnormal phenotypes that first become noticeable in 18-h blastula
stage embryos and are followed in the next few hours
by developmental collapse (Fig. 1 A–D). The timing of
this phenotype coincides with the steady rise in H2A.Z
transcript levels and appears prior to maximum
expression in 24-h embryos (Ernst et al. 1987; Tu
et al. 2014). In MASO-injected embryos, early cleavage
is normal (not shown), but during the blastula stages
(18 h after fertilization, Fig. 1A) cells clearly manifest
what seems to be an abnormal cell-adhesion phenotype, relative to uninjected (Fig. 1B) or control morpholino-injected
embryos
(not
shown),
that
compromises the integrity of the single-cell-layer blastula (Fig. 1A). Six hours later (Fig. 1C), H2A.Z downregulation causes developmental collapse and
apparent apoptotic death, characterized by cellular
fragmentation, which is not observed in control morpholino-injected embryos (Fig. 1D). Also normal are
24-h embryos injected with the MASO annealed with
the photocleavable quenching morpholino (Fig. 1E),
thus demonstrating that the method effectively prevents MASO inhibition of H2A.Z translation. When
H2A.Z inhibition is triggered in 24-h embryos by
photo-induced MASO release, tripartite gut subdivision
is disrupted in 3-day-old larvae (Fig. 1F), in contrast to
control 3-day-old larvae that did not receive the morpholino-releasing irradiation (Fig. 1G). The inhibitory
treatment does not prevent the endoderm formation
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and gastrulation that results in a hollow gut. Normal
coelomic cavities are not observed after 24-h photoinduced MASO H2A.Z downregulation (Fig. 1F), but
because the midgut-hindgut junction is less clear or
absent, it is difficult to ascertain whether the coeloms
are missing or if they form abnormal aggregations
associated with the abnormal gut. Spicule development is also abnormal in these larvae. Other tissues,
such as the oral ectoderm, ciliary band, and aboral
ectoderm, seem generally normal, although the aboral
ectoderm has a more rounded shape relative to wild
type embryos (Fig. 1F). Fewer pigment cells are
observed in the ectoderm of these embryos, but it is
not clear from our observations how many of the
aggregated mesodermal cells are pigment cells
(Fig. 1F). Thus, the lack of ectodermal pigment cells
could be due to abnormal pigment cell fate development, or, more likely, to their blastocoelar migration in
response to apoptosis induced by H2A.Z downregulation in some other cells. It has been reported that pigment cells migrate in response to bacterial infection
(Solek et al. 2013), and a similar immune response
could be triggered to clear apoptotic remnants. MASO
release at 48 h results in apparently normal 3-day-old
larvae (Fig. 1H). In summary, the effects of H2A.Z photomorpholino-controlled downregulation after 24 h are
restricted to ongoing developmental processes, such
as tripartite gut subdivision, larval skeletogenesis, and
aboral ectoderm morphogenesis.
Identification of candidate H2A.Z CRMs
Screening of a macroarrayed BAC library containing
the S. purpuratus genome identified several H2A.Z
clones. According to the genome assembly Spur_3.1,
H2A.Z is flanked 50 by unknown sequence region N
and 30 by the gastric triacylglycerol lipase gene
(Fig. 2A). The scaffold 3478 (NW_011992184.1) of this
genome assembly was verified by PCR1 (50 of H2A.Z),
PCR2 (30 of H2A.Z), and PCR within the coding region
of H2A.Z. BAC clones 16K21, 28J19, 25P4, 18O8,
71H10, and 176B2 are PCR-positive for H2A.Z; BAC
clones 16K21, 28J19, 25P4, and 71H10 are PCR1
positive; BAC clones 16K21, 28J19, 25P4, 18O8,
71H10, and 176B2 are PCR2 positive (Fig. 2A). The
concurrence of four clones positive for PCR1, H2A.Z,
and PCR2 confirm that the intervening sequence
region containing H2A.Z is correct in the contig
assembly used during our studies. The scaffold
sequence is also confirmed by the available BAC-end
sequences of clones 28J19, 25P4, and 71H10
(Fig. 2A). The BAC end sequences of clones 16K21
and 18O8 correspond to repeats and are unreliable to
confirm the assembly. The sequences flanking H2A.Z
ª 2016 Japanese Society of Developmental Biologists
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are also consistent with all PCR experiments, subcloning, and enzymatic digestions performed (not
shown) during the elaboration and testing of reporter
constructs (Fig. 3). BAC 28J19 has a 60 Kb insert that
facilitated the elaboration of GFP reporter construct A
(Fig. 2C); in addition, this clone was selected because
H2A.Z is centered (Fig. 2A), which maximizes the
potential identification of H2A.Z CRMs.
In order to identify candidate CRMs, we performed a
genome-wide assay for transposase-accessible chromatin using sequencing (ATAC-seq) (Buenrostro et al.
2013) in 20-h embryos (Fig. 2B). During embryogenesis, H2A.Z transcript levels reach their maximum 24 h
after fertilization (Ernst et al. 1987; Tu et al. 2014).
Therefore, identification of transcription factor occupancy of CRMs driving H2A.Z blastula-expression in
20-h embryos is expected. ATAC-seq peaks reveal
regions of accessible chromatin along the coding
region of actively transcribed H2A.Z, as well as in
flanking non-coding regions (Fig. 2B) that may correspond to transcription factor binding events at CRMs
(Buenrostro et al. 2013). Originally, we used the ATAC
results made publicly available at EchinoBase
(Cameron et al. 2015), and later performed our own
ATAC-seq experiments, which resulted in a broader
peak in region 2 (broad and narrow red underlines in
Fig. 2B). In addition, one cluster of candidate transcription factor binding sites (CTFBS in Fig. 2C) was
computationally identified using Cluster Buster (Frith
2003).
Transcriptional and post-transcriptional regulation of
H2A.Z
The GFP expression of H2A.Z reporter construct A
(Figs 2C, 3) generally reproduces the spatial (Fig. 2D,
and Table 1) and temporal profile (Fig. 4A) of endogenous H2A.Z expression during embryogenesis. Similar
to the GFP expression driven by construct A (Fig. 4A),
H2A.Z has a peak of maximum expression in 1-dayold embryos (Ernst et al. 1987; Tu et al. 2014). During
cleavage, H2A.Z is expressed in all blastomeres (Arenas-Mena et al. 2007), similar to the expression of
reporter construct A (Figs 2D, 4E and Table 1). Note
that, in our assay, reporter expression is mosaic
because a very small number of large reporter DNA
concatenates are formed by endogenous ligation and
incorporated into a single blastomere, or a few blastomeres, during early cleavage (Flytzanis et al. 1985;
Hough-Evans et al. 1987). Therefore, the expression
shown (Figs 2D, 4E) is only a representative sample of
all specimens that were observed to reconstruct the
total pattern of expression (Table 1). Construct BG
(Fig. 3) has much lower expression than construct A
ª 2016 Japanese Society of Developmental Biologists

(Fig. 4C), suggesting that construct BG lacks either the
enhancers or the genomic context required for transcription in 24-h embryos that were present in the
original BAC. Endogenous H2A.Z mRNA expression is
found in all blastomeres during early sea urchin
embryogenesis (Arenas-Mena et al. 2007). However, it
declines in the aboral ectoderm and midgut by the
end of gastrulation (70-h embryos), and becomes
more restricted to the ciliary band, coeloms, and gut in
6-day-old larvae (Arenas-Mena et al. 2007). Reporter
constructs A and B generally reproduce this pattern of
endogenous H2A.Z spatial expression (Figs 2D, 4E
and Table 1). At days 1 and 2, GFP expression of
constructs A and B was observed in all embryo territories, and, in 4- and 5-day-old larvae, expression was
generally stronger in the ciliary band and the foregut
(Figs 1 D and 4E, Table 1). We were unable to detect
robust expression in the coelom in 5-day-old larvae,
indicating that the BAC does not include the regulatory
elements required for coelomic expression. We tested
reporter construct A in Lytechinus variegatus, which
develops faster, and obtained similarly negative results
in adult rudiment precursors during postembryonic larval development, despite robust expression during
embryogenesis (results not shown). The constructs are
also expressed in the endoderm and mesoderm
(Table 1), reproducing low levels of background
expression (Fig. 4E). To better characterize changes in
spatial expression among constructs, we designed
construct BR, which substituted RFP for GFP in construct BG (Fig. 3). For example, during embryonic and
postembryonic development, the expression of coinjected constructs A and BR generally overlaps
(Fig. 4E), revealing that construct B contains all the
regulatory elements necessary to reproduce the spatial
expression pattern of the entire BAC, albeit at a lower
level, as revealed by qPCR (Fig. 4A).
The GFP reporter used in the H2A.Z::GFP translational fusion contains an SV40 30 UTR. Nucleosomes
containing H3.3 and H2A.Z promote chromatin accessibility at regulatory elements (Jin et al. 2009; Ong &
Corces 2012). Transcript stability of H3.3 is spatially
regulated in sea urchin embryos (Pulcrano et al. 2007)
and results in a pattern of expression similar to that of
H2A.Z (Arenas-Mena et al. 2007). The possibility of
similar regulation of H2A.Z expression by spatial control of its mRNA stability was explored. We elaborated
construct K by replacing the SV40 30 UTR of GFP in
construct B with the endogenous H2A.Z 30 UTR
(Fig. 3). The endogenous H2A.Z 30 UTR in construct K
is associated with higher levels of GFP transcripts relative to construct B (Fig. 4B), indicating that the
endogenous H2A.Z 30 UTR stabilizes the transcript
more than the SV40 30 UTR in 24-h embryos, although

80
68
55
62
74
83
75
57
56
45
23
31
78
52
28
50
77

A
B
K
L
C
D
E
F
G
J
H
M
N
O
P
R
T

55
48
38
31
54
56
41
26
44
25
12
28
59
43
11
45
64

Ect

(22)
(74)
(11)
(8)
(31)
(27)
(18)
(14)
(20)
(14)
(8)
(8)
(38)
(9)
(2)
(10)
(30)

48
28
17
38
37
42
32
28
16
13
11
3
36
5
11
5
30

(19)
(43)
(5)
(10)
(21)
(20)
(14)
(15)
(7)
(7)
(7)
(1)
(32)
(1)
(2)
(1)
(14)

EnMe
33
27
17
19
28
29
36
13
7
16
0
0
31
14
11
9
13

(13)
(42)
(5)
(5)
(16)
(14)
(16)
(7)
(3)
(9)
(0)
(0)
(20)
(3)
(2)
(2)
(6)

Mes
40
153
29
26
57
48
44
54
45
55
65
29
64
21
18
22
47

Injected
91
76
71
53
85
79
87
65
63
51
28
80
79
55
55
72
91

(50)
(129)
(25)
(34)
(22)
(42)
(52)
(28)
(26)
(18)
(12)
(16)
(54)
(11)
(11)
(13)
(41)

Express

Day 2

75
62
57
56
69
58
72
26
44
37
19
50
69
50
50
67
80

Ect
(41)
(104)
(20)
(19)
(18)
(31)
(43)
(11)
(18)
(13)
(8)
(10)
(47)
(10)
(10)
(12)
(36)

75
51
51
59
65
57
73
40
27
20
12
35
53
25
30
33
51

(41)
(87)
(18)
(20)
(17)
(30)
(44)
(17)
(11)
(7)
(5)
(7)
(26)
(5)
(6)
(6)
(23)

Mes
56
36
20
38
62
25
53
12
20
17
7
10
38
5
35
28
44

(31)
(60)
(7)
(13)
(16)
(13)
(32)
(5)
(8)
(6)
(3)
(2)
(26)
(1)
(7)
(5)
(20)

End
55
169
35
26
26
53
60
43
41
35
43
20
68
20
20
18
45

Injected
49
64
36
60
69
70
67
15
45
28
8
33
50
26
23
37
90

(41)
(155)
(24)
(27)
(71)
(65)
(69)
(16)
(92)
(30)
(6)
(14)
(53)
(16)
(10)
(19)
(36)

Express

Day 4–5

19
24
18
21
36
31
34
2
15
8
3
10
25
10
0
15
43

Ect
(16)
(59)
(12)
(10)
(37)
(28)
(35)
(2)
(14)
(8)
(2)
(4)
(27)
(6)
(0)
(8)
(17)

28
35
10
30
46
49
49
7
35
12
1
12
28
15
7
13
53

(23)
(84)
(7)
(14)
(47)
(44)
(50)
(8)
(32)
(13)
(1)
(5)
(30)
(9)
(3)
(7)
(21)

Gut

40
32
24
28
50
57
43
8
23
12
1
14
31
10
11
15
28

CB
(33)
(76)
(16)
(13)
(51)
(51)
(44)
(9)
(21)
(13)
(1)
(6)
(33)
(6)
(5)
(8)
(11)

24
21
15
19
36
21
37
0
9
6
3
7
12
7
5
2
20

(20)
(51)
(10)
(9)
(37)
(19)
(38)
(0)
(8)
(6)
(2)
(3)
(13)
(4)
(2)
(1)
(5)

Mes

7
11
3
4
19
16
18
0
5
1
0
5
9
5
7
4
13

Pig
(6)
(26)
(2)
(2)
(20)
(14)
(19)
(0)
(5)
(1)
(0)
(2)
(10)
(3)
(3)
(2)
(4)

83
241
67
45
103
90
103
110
92
106
76
42
107
61
44
52
40

Injected

Stages indicated on top. In each column, the first number corresponds to the percentage of embryos that show fluorescence, followed by the absolute number of fluorescent
embryos (in parenthesis). Express column refers to embryos expressing in any territory, and injected indicates the total number of embryos observed. Other columns refer to expression
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Table 1. Regional expression of H2A.Z reporter constructs
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Fig. 4. Green fluorescent protein (GFP) expression of experimental constructs. In all experiments, the average of at least three experiments using different embryo batches is shown; standard errors are indicated (not visible in some low-expressing constructs). (A)
Expression at 9 h, 1 day, and 3 days, quantified by qPCR for the constructs indicated. (B) GFP RNA levels of construct K (H2A.Z 30
UTR) and B (SV40 30 UTR) at 1 and 4 days; significant difference in expression between K and B at 1 day indicated by asterisk *
(P < 0.05). (C) Expression of indicated constructs at 24 h. Significant differences from construct B indicated by *(P < 0.05) and **
(P < 0.01). (D) Independent set of experiments testing the expression of constructs N and T at 24 h; significance difference in expression
between N and T indicated by asterisk *(P < 0.05). (E) Embryos co-injected with construct BR expressing RFP, and constructs A, BG, F,
and G expressing GFP. The first four panels are at 1 day, the fifth at 2 days, and the sixth at 5 days after fertilization. In all constructs,
GFP and RFP expression generally overlaps.

no differences could be seen in 4-day-old larvae
(Fig. 4B). However, coinjection of constructs K and BR
does not reveal any difference in the spatial distribution
of GFP and RFP (not shown), which is in agreement
with the visual scoring of spatial gene expression profiles of constructs K and BG (Table 1), suggesting that
the spatial distribution of H2A.Z primarily depends on
transcriptional regulation.
Variants of construct B were elaborated to identify
the transcriptional regulatory elements controlling
H2A.Z expression (Fig. 3). Deletion up to the clustered
motifs (construct F) causes a threefold decline of
expression (Figs 3, 4C). This indicates that the most
relevant regulatory elements are found 50 from this
region. All other deletions, including the clustered binding sites (construct D), downstream intron 1 (construct
L), and introns 2 and 3 (construct C), cause no significant expression changes. The higher expression of
construct G relative to F is also below the significance
threshold, and, therefore, it does not provide strong
support for the existence of negative regulatory elements in the region deleted in G. To confirm that these
ª 2016 Japanese Society of Developmental Biologists

differences in expression were not attributed to the
removal of the Kanamycin resistance gene, it was
removed by flippase recombination in construct I
(Fig. 3). There was no apparent difference in expression between construct F and construct I (Table 1),
thus indicating that the Kanamycin resistance region
does not influence reporter expression.
Sequences corresponding to the ATAC peaks were
deleted in constructs M (narrow-peak 2), O (peak 1),
and P (peak 3) (Fig. 3). Only construct M drives
expression that is significantly different from construct
B (Fig. 4C), indicating that the ATAC-peak 2 region is
necessary to drive normal levels of H2A.Z expression
in 24-h embryos. The accessibility peak 0 is just 50
from H2A.Z (Fig. 2A) and is deleted in construct H
(Fig. 3), which maintains levels of expression similar to
construct F (Fig. 4C); therefore, on its own, the peak 0
region does not enhance gene expression. The deletion of all sequences 50 to peak 2 (construct N) does
not cause significant expression changes (Fig. 4C),
thus emphasizing the relevance of the peak 2 region
and additional regulatory elements included. Indeed,
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the basal expression of construct F suggests that the
most important regulatory elements are located in the
missing region of F that is included in construct N. In
addition, deletion of ATAC peak 3 in construct P
causes no significant decline of expression (Fig. 4C),
more precisely suggesting that the broad ATAC peak
2, which contains the Sox binding site, and the Myb
binding site is the most relevant regulatory element.
Transcriptions factors controlling H2A.Z expression
We designed mutations for candidate transcription factor binding sites that were identified after Transfac
(Wingender 2008) and TFBStools (Tan & Lenhard
2016) computational analyses (Fig. 5). Several transcription factor binding sites, whose expression profile
and regulatory role could control H2A.Z expression,
are highlighted in Figure 5. Our first round of experiments has been directed to binding sites within the
broad ATAC peak 2 (underlined in red, Fig. 5). We
mutated the core motif (Fig. 5) of a single Myb site in
construct N to generate construct T (Fig. 3), which has
a three times lower level of expression in 20-h larvae
than in the wild-type version (Fig. 4D). The Myb motif
was not deleted in construct M (Fig. 3), which also
shows a substantial decline in expression, suggesting
that the transcription factor interacting at the Myb site
could work in conjunction with other transcription factors, possibly located in narrow peak 2. This would be
consistent with the ability of Myb to interact with GATA
k et al. 2003), Runx (Coffman et al. 1997),
(Bart
une
and other transcription factors (Ramsay & Gonda
2008) found in peak 2 and adjacent regions, which
our analysis reveals to be the most relevant for H2A.Z
regulation. Mutation of a Sox transcription factor binding motif in construct R also caused a significant
reduction of expression relative to construct B in 24-h
embryos (Fig. 4C).

Discussion
Our downregulation experiments confirm that H2A.Z
plays an essential role during sea urchin embryogenesis (Fig. 1), similar to previous reports in vertebrate
embryos (Faast et al. 2001; Ridgway 2004). The broad
lethal phenotype revealed during early embryogenesis
downregulation possibly relates to the general developmental collapse triggered by widespread gene misregulation, rather than to a vital role, because H2A.Z is
not required for individual cell survival in yeast or vertebrate cell lines. Photomorpholino-controlled downregulation of H2A.Z during later stages confirms that H2A.Z
function is less necessary in differentiated cells (Fig. 1),
in agreement with its developmental expression profile
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(Arenas-Mena et al. 2007). Previous gene regulatory
studies reveal that endoderm specification is well
underway in 24-h embryos (Peter & Davidson 2011)
and that tripartite gut subdivision occurs past the 24-h
stage (Arenas-Mena et al. 2006; Annunziata & Arnone
2014). When H2A.Z inhibition is triggered in 24-h
embryos, endoderm formation and gastrulation proceeds normally, but tripartite gut subdivision is absent
(Fig. 1F), in agreement with the general developmental
role of H2A.Z previously proposed (Arenas-Mena
2007). H2A.Z mRNA seems to be stabilized by its 30
UTR sequences during its peak expression in 24-h
embryos, but, unlike histone variant H3.3 (Pulcrano
et al. 2007), its spatial distribution does not depend on
post-transcriptional regulation (Fig. 4B). Thus, our
results suggest that the spatial expression of H2A.Z is
primarily determined by transcriptional regulation.
Our analysis did not detect reporter expression in
the coeloms, where H2A.Z is expressed (Arenas-Mena
et al. 2007). This could be due to the higher sensitivity
of the WMISH protocol used (Arenas-Mena et al.
2000), which was estimated to amount to around five
transcripts per cell, versus GFP detection requiring 105
protein molecules per cell (Tsien 1998; Tavare et al.
2001). However, it is more likely due to more distant
elements that were not included in the recombinant
BAC.
Our experiments identify broad peak 2, inclusive of
the Myb and Sox transcription factor binding sites
(Figs 2 and 3), as the most relevant CRM driving early
embryo expression in sea urchins. Candidate regulatory genes interacting with the functional Myb and Sox
motifs include Myb itself (Coffman et al. 1997), whose
expression is similar to the expression of H2A.Z (Arenas-Mena et al. 2007) in the oral side of prism-stage
embryos, and Sox B1, which is a broadly expressed
regulatory gene crucial for ectoderm specification
(Angerer 2005). Our experiments suggest that activation of H2A.Z through the Myb motif could function in
concert with additional transcription factors that are
possibly present in the narrow peak 2 region; cooperation of Myb with other transcription factors has been
reported for the regulation of other genes in other
organisms (Ramsay & Gonda 2008). Persistent expression of Myb prevents differentiation (Ramsay & Gonda
2008), and at least part of such a phenotype could be
due to the overexpression of H2A.Z, which is required
to maintain transcriptional multipotency (Arenas-Mena
& Coffman 2015) and whose expression declines during differentiation (Arenas-Mena et al. 2007). Myb controls the expression of H2A.Z during mammalian T-cell
development (Hooper et al. 2007), and it will be interesting to test whether such regulatory interaction is
evolutionarily conserved in sea urchins and other
ª 2016 Japanese Society of Developmental Biologists
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Fig. 5. Detailed annotation of functional cis-regulatory regions. Top, ATAC peaks and transcription factor binding site motifs as indicated: ATAC 2 broad, underlined; ATAC 2 narrow red highlight; first broad red highlight corresponds to peak 2 and second red highlight
to peak 3; cluster of transcription factor binding sites (CTFBS) in gray underline; 50 UTR in magenta or jagged red underline; start codon
in dark blue; first intron in lowercase; various candidate transcription factor binding sites are highlighted by different colors as indicated.
The range of the different constructs indicated by intercalated text in the sequence. Bottom, binding site matrix logos of Myb and Sox
binding site motifs obtained from the JASPAR database (Tan & Lenhard 2016). Mutated bases in the Myb motif (construct T) and the
Sox motif (construct R) are indicated in the underlined sequences.

organisms in future studies. Our results are consistent
with a model in which H2A.Z regulation is primarily
controlled by a dedicated upstream multipotency subnetwork that is influenced by embryonic developmental
transcription factors (Arenas-Mena & Coffman 2015).
The transcriptional regulatory control of H2A.Z may
represent one of the regulatory innovations that facilitated the developmental control of transcriptional
potency during the evolution of complex metazoans
(Arenas-Mena & Coffman 2015); therefore, the characterization of its upstream regulation has both evolutionary and developmental relevance.
ª 2016 Japanese Society of Developmental Biologists
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