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ABSTRACT OF THE DISSERTATION

Imaging and CRISPR mediated genetic modification of pathways involved in sea urchin
primordial germ cell migration and protection.

by

Jose Antonio Espinoza
Doctor of Philosophy in Marine Biology
University of California San Diego, 2022

Professor Amro Hamdoun, Chair

This thesis concerns aspects of the development of the sea urchin Lytechinus pictus,
a species that can be cultured from egg to breeding adult in six months. The first
experimental portion of this thesis (Chapter 2) examines the developmental role of the
enzyme phosphatidic acid phosphatase 2B (Pap2b). Fluorescent in situ hybridization
demonstrated that Pap2b is expressed ubiquitously in the larval skeletogenic mesenchyme,
and not in migrating primordial germ cells where expression was initially expected by analogy
with studies on flies and zebrafish. The specific inhibitor Propranolol was used to reduce the

function of Pap2b. At a low dose (0.5 uM) the body rods and ventral transverse rods of the

Xii



larval skeleton failed to fuse normally; higher concentrations resulted in stunted embryos with
fragmented, unpatterned skeletal elements.

The second major experimental part of this thesis (Chapter 3) concerns the adoption
of CRISPR-Cas9 gene editing in L. pictus. The majority of sea urchin CRISPR studies have
been done in species that cannot be easily cultured, and have therefore relied on analysis of
mosaic Fo embryos. | used CRISPR to create a homozygous knockout sea urchin line, an
accomplishment so far attained by only one other laboratory in the world. | mutated the ATP
binding cassette (ABC) transporter ABCB1, a small molecule transporter involved in cell
signaling, environmental chemical uptake, and immune biology. L. pictus embryos were
injected with two guide RNAs against Lp-ABCB1, and genotyping of post-metamorphic
juveniles confirmed their activity. Subsequently, non-lethal somatic genotyping was used to
identify mutant post-metamorphic individuals. F; mosaic animals were outbred to wild-type
animals to generate F; heterozygotes, and these were subsequently inbred to produce
homozygous F, mutants. These results provide a foundation for further studies on the
function of ABCB1, and more generally for the broader adoption of genetic engineering in
sea urchin research. Finally, Chapter 4 of this thesis presents several topics, generally on
insertion of transgenes using gene editing, which do not merit a whole chapter individually.
These observations may serve as a starting point for future researchers interested in

expanding the repertoire of gene editing available in L. pictus.
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Chapter One

General introduction



1.1 Background

Emerging technologies and developmental biology. Our understanding of the
natural world is inextricably linked to our senses, and our sight in particular. In the biological
sciences we constantly seek to “visualize” phenomena, from the location of genes on
chromosomes to the movements of cells during epiboly. Advances in technology allow more
accurate, more detailed, and in some cases simply numerically more observations to be
obtained. The science of developmental biology has particularly strong ties to technological
advances. The roots of modern developmental biology lie in van Leeuwenhoek’s microscopic
observations of sperm in the 1670s (1), when it first became possible to observe the earliest
stages of life. Advances in optics, new chemical dyes, and the advent of film all contributed to
the explosion of research at the beginning of the modern era of developmental biology in the
late 1800s and early 1900s (2—-4). At the time, developmental models were chosen in part
due to the technical limitations they were best suited to overcome. Ease of imaging made
sea urchins an attractive model for watching embryogenesis led to discoveries such as the
first description of the centrosome (5), while the ease of laboratory culture made animals
such as flies and mice attractive for genetic studies (6). While valuable insights can be
gained from a wide variety of organisms, funding, research effort, and research techniques
have focused on a handful of model organisms that are seen as easy to work with, with a
major focus on those that can be cultured in the laboratory (7—9). Most technical innovations
in the last thirty years, such as fluorescent protein technology, advances in microscopy, or
genome sequencing, were developed for use in model organisms before being adapted to
other systems.

The sea urchin has been an experimental organism since at least the 1870s, and is

prized for its fecundity, the optical clarity of eggs and embryos, and the developmental



synchrony of embryos during early development (10-12). The study of sea urchins has
included everything from the regulation of maternal RNAs to the dynamics of cell cycle
control (13,14). Sea urchin researchers were early adopters of fluorescent proteins, confocal
microscopy, and genome sequencing (15-17). Some aspects of development are more
comprehensively understood in sea urchins than in any other organism. For example, sea
urchins have the most well described developmental gene regulatory network of any
organism, and the most well described expression and functional data on ATP binding
cassette transporters of any developmental system (18-20). To date these achievements
have all been carried out using transient approaches, such as microinjection of sea urchin
zygotes, and establishment of laboratory culture of sea urchins has remained elusive.

In the past decade two technologies that are poised to change the reliance on
transient methods in sea urchin research have come into their own; next generation
sequencing and CRISPR. Short for clustered regularly interspersed short palindromic
repeats, CRISPR is a genome editing system that is comprised of the RNA guided nuclease
Cas9 (CRISPR associated protein 9) and the targeting guide RNA (a duplex of a target
specific CRISPR RNA and structural tracr RNA) (21). Target sites for this system consist of
twenty nucleotide sequences upstream of a protospacer adjacent motif (PAM), which for
Cas9 has the sequence NGG (21). The gRNA scaffolds a conformational change in the Cas9
protein that brings active sites into position and hybridizes with the genome, but Cas9 can
only open the double helix at PAM sites, making this system highly customizable and specific
(22,23). Both gRNAs and Cas9 are cheaply available for multiple delivery modalities, such as
microinjection of MRNA and gRNA or transfection of plasmids that express the gRNA and
Cas9. The promise of CRISPR was embraced by scientists in many fields, but especially by
developmental biologists who saw the advent of CRISPR as an opportunity to expand

functional genetics into more experimental organisms (24,25). CRISPR knockouts were



reported in a plethora of organisms, including Strongylocentrotus purpuratus in 2015 (26). In
general CRISPR in the sea urchin has been used to study injected, or “crispant”’, embryos,
and in only one study has CRISPR been used to create a homozygous mutant (27).
Developing this approach will be the focus of Chapter 3, and will be discussed in more detail
there.

In addition to CRISPR, next generation sequencing (NGS) has radically changed
biology since its widespread adoption in the last decade. NGS works under the principle of
“‘numerically more” mentioned above. Millions of short (generally about 100-400 base pair)
DNA reads are generated during an NGS experiment, although the different methodologies
vary in how exactly these reads are produced, and these millions of reads are
computationally aligned to generate a genome or transcriptome (28). Widespread adoption
and technical innovation has led to the sequencing of over 400 thousand genomes (mostly of
bacterial) since the introduction of NGS products in 2005 (29). NGS projects continue to
increase in ambition, from 10,000 human genomes in a 2016 study to over 50,000 in a single
2021 study (30,31), and projects in progress aim to sequence whole taxa, ecosystems, and
even all eukaryotes in the near future (32-34).

The genomic revolution hit echinoderms relatively early, with a Sanger sequencing
based genome for the purple sea urchin, Strongylocentrotus purpuratus, being completed in
2006 (35). This genome has gone through several refinements since then, and is on par with
the quality of many more heavily studied model organisms (36). NGS modalities have
allowed genomes and transcriptomes (of varying quality) to be assembled for several dozen
echinoderm species, including high quality assemblies of non-echinoid species such as the
crinoid Anneissia japonica and the crown-of-thorns sea star (37—40). Relevant to this
dissertation, the genome of Lytechinus pictus, a small sea urchin native to the west coast of

North America, was recently assembled at chromosome level coverage using a combination



of NGS modalities (41). As will be discussed in more detail in Chapter 3, the life history of L.
pictus makes it a good candidate for multigenerational laboratory culture (42,43).

Primordial germ cells and their migration. Primordial germ cells (PGCs) are the
stem cell population of the gametes, and are formed via induction or preformation (i.e.
inherited germplasm) in the early embryo (44). PGCs are molecularly quiescent, with minimal
transcription or translation, in order to maintain their very particular cell identity (45,46).
Despite this necessary quiescence, PGCs generally form far from the site of the nascent
gonad and must actively migrate to their final niche (47,48). PGCs that become lost during
migration will either lose their potential to become germ cells or become germ cell tumors
(46,49).

Given the necessity of establishing a germline, and the consequences of aberrant
migration, it is no surprise that PGC migration involves complex cell-to-cell signaling. For
example, zebrafish PGCs are specified by inheritance of maternal mRNAs during the
cleavage stages (50). These cells aggregate into clusters and then begin to actively migrate
during somite formation (51). At this point multiple levels of control mechanisms are activated
to guide PGCs to the gonad; the PGCs must migrate over a highly specific extracellular
matrix (52); specific chemokines act as a positive migration cue, and the levels and
distribution of chemokine are controlled by internalization in the surrounding soma (53);
Chemokine signaling sustains PGC polarity and motility behaviors such as filopodia
production (54,55); and repulsive lipid signaling acts to further constrain PGCs along the
appropriate path (56). Final commitment to the germ cell fate only occurs after reaching and
responding to cues from the somatic gonad (57). Similarly, the sea urchin PGCs form during
cleavage stages, protect maternally deposited mRNAs and proteins while the rest of the
embryo degrades them, and undergo an active migratory phase exhibiting cellular behaviors

like filopodia and blebs (58—60). However, the signaling pathways involved in these



processes remain largely unidentified. Further development of transgenic lines may address
some of these outstanding questions.

ATP binding cassette (ABC) transporters. There are around 800 membrane
transporters encoded in the human genome, of which there are around 50 ABC transporters
(61,62). In humans there are seven ABC transporter subfamilies (A-G), while most non-
mammalian animals have an additional H subfamily (62—-64). A smaller subset of the ABC
transporters in the ABCB, C, and G subfamilies are small molecule transporters that exhibit
polyspecificity (65,66). These transporters distribute nutrients and signaling molecules and
offer protection from harmful secondary metabolites, heavy metals, and man-made synthetic
chemicals (66,67) One of the best characterized ABC transporters is ABCB1, also known as
the permeability-glycoprotein (P-gp), which was first described as the mechanism by which
colchicine resistant cancer cells develop resistance to structurally unrelated pharmaceuticals
(68). In addition to overexpression in cancers, ABCB1 is implicated in chemosensitivity
disorders such as ivermectin sensitivity in collies or human inflammatory bowel disease
(69,70).

ABC transporters, PGC migration, and the sea urchin, Strongylocentrotus
purpuratus. In recent years the purple sea urchin, Strongylocentrotus purpuratus, has
become one of the most well characterized embryological systems for studying ABC
transporters. Around 20 ABC transporters within the ABCB, ABCC, and ABCG subfamilies
are expressed during early sea urchin development, including the sea urchin P-gp paralog
ABCB1a (19). The evolution of ABC transporters (71), ABCB1 transporter activity at
fertilization and during early development (72-74), the role of ABC transporters in heavy
metal defense (75), and the role of ABC transporters in developmental signaling of gut

morphogenesis have all been examined in purple sea urchin embryos (76). Current research



in purple sea urchins has clarified the ontogeny of protective transporters and established
methods for robust FO analysis of ABC transporter crispants (20,77).

One of the most interesting findings from this work was the discovery that sea urchin
PGCs are formed without ABCB1 activity (72). In fact the PGCs’ parent cells have reduced
ABCB1 activity during the cell cycle immediately preceding the birth of the PGCs, but
immediately regain ABCB1 activity after that cell division (72). This finding was intriguing for
a few reasons. First, the PGCs are important to the survival of species as the stem cell
population for the gametes. Why then would an ABC transporter with demonstrated roles in
chemosensitization be removed from the membrane of these important cells? In mouse
PGCs mutations in Wnt, chemokine, TGF-beta, and several other signaling pathways lead to
failure to successfully integrate in the gonadal niche (78). Similarly, an as yet unrecognized
signaling pathway that is sensitive to ABCB1 activity may be involved in sea urchin PGC
homeostasis or migration. The second reason this finding is interesting is that ABC
transporters excrete PGC guidance cues in fruit fly and colonial tunicates, and have been
implicated in zebrafish PGC migration (79-81). More generally, recent evidence has pointed
to cell-to-cell signaling and homeostasis, especially in stem cell populations, as roles for ABC
transporters that are equally as important as their chemoprotective functions (82—85). Similar
to the PGCs of other organisms, sea urchin PGCs tightly regulate transcription and are
translationally quiescent (86,87). Our lab has demonstrated that sea urchin PGCs undergo
an active migratory phase, while another lab has recently shown that ectopic sea urchin
PGCs will home to the appropriate niche in the left coelomic pouch (60,88). The signaling
networks that underlie homeostasis and migration in sea urchin PGCs have not yet been

uncovered, but one possibility is that ABCB1 activity would interfere with these processes.



1.2 Outline of the Dissertation

At the outset of this dissertation sea urchin research was limited to transient genetic
manipulations, such as fluorescent protein overexpression, but was otherwise fully integrated
into the modalities of developmental biology research in the 21% century. In the two years
prior to starting my dissertation research the seminal work of the Doudna and Charpentier
labs showed the potential of CRISPR as a genome editor, and the technology had been
demonstrated in developmental models such as mouse, C. elegans, Drosophila, and
zebrafish (21,89-92). Within a year of starting my disseration the technology had been
demonstrated in S. purpuratus for the first time (26).

Former students in our lab had raised pressing questions about the regulation of ABC
transporters and the migration of primordial germ cells, and | intended to follow this line of
research. The research presented here includes projects aimed at furthering these lines of
investigation, as well as projects aimed at adapting various aspects of genome engineering
to the sea urchins S. purpuratus and L. pictus. The research for this dissertation is organized
as follows:

Chapter 2: An investigation of S. purpuratus primordial germ cell migration, with a
focus on high resolution imaging of cellular behaviors over time. Based on these data |
pursued the characterization of a candidate repulsive cue in the lipid phosphate phosphatase
family of proteins, Sp-Pap2b. | found that this gene is strongly expressed in the skeletogenic
mesenchyme, but did not elucidate a role in PGC migration.

Chapter 3: In these experiments | identified and performed an initial characterization
of the L. pictus homolog of ABCB1. Subsequently, | used a CRISPR/Cas9 strategy to

generate Lp-ABCB1 mutants, and raised these through multiple generations.



Chapter 4: In this chapter | present the use of sea urchin embryos for heterologous

expression of coral proteins, and additional experiments relating to insertional mutagenesis

in both S. purpuratus and L. pictus.

1.3 References

1.

10.

11.

12.

13.

Suarez JP, Sc M, Plessis SS, Ph D, Maya WDC, Ph D. Spermatozoa : A Historical
Perspective. 2018;12(3):182-90.

Wallingford JB. The 200-year effort to see the embryo. Science (80- ).
2019;365(6455):758-9.

Barbosa P, Peters TM. The effects of vital dyes on living organisms with special
reference to Methylene Blue and Neutral Red. Histochem J. 1971;3(1):71-93.

lyer S, Mukherjee S, Kumar M. Watching the embryo: Evolution of the microscope for
the study of embryogenesis. BioEssays. 2021;(September 2020):2000238.

Scheer U. Historical roots of centrosome research: discovery of Boveri’'s microscope
slides in Wirzburg. Philos Trans R Soc Lond B Biol Sci [Internet].
2014;369(July):20130469. Available from:
http://www.ncbi.nIm.nih.gov/pubmed/25047623

Fantini B. The Sea Urchin and the Fruit Fly : Cell Biology and Heredity , 1900-1910.
Biol Bull. 1985;168:99-106.

Farris SM. The rise to dominance of genetic model organisms and the decline of
curiosity-driven organismal research. PLoS One [Internet]. 2020;15(12 December):1-
20. Available from: http://dx.doi.org/10.1371/journal.pone.0243088

Ankeny RA, Leonelli S. What'’s so special about model organisms? Stud Hist Philos
Sci Part A. 2011;42(2):313-23.

Goldstein B, King N. The Future of Cell Biology: Emerging Model Organisms. Trends
Cell Biol [Internet]. 2016;26(11):818-24. Available from:
http://dx.doi.org/10.1016/j.tcb.2016.08.005

Pederson T. The sea urchin’s siren. Dev Biol. 2006;300(1):9-14.

Ernst SG. A century of sea urchin development. Am Zool. 1997;37(3):250-9.

Ernst SG. Offerings from an Urchin. Dev Biol [Internet]. 2011;358(2):285-94. Available
from: http://dx.doi.org/10.1016/j.ydbio.2011.06.021

Piatigorsky J, Ozaki H, Tyler A. RNA- and protein-synthesizing capacity of isolated
oocytes of the sea urchin Lytechinus pictus. Dev Biol. 1967;15(1):1-22.



14.

15.

16.

17.

Evans T, Rosenthal ET, Youngblom J, Distel D, Hunt T. Cyclin: A protein specified by
maternal mMRNA in sea urchin eggs that is destroyed at each cleavage division. Cell.
1983;33(2):389-96.

Paddock SW. To Boldly Glow..... Applications of Laser Scanning Confocal Microscopy
in Developmental Biology. BioEssays. 1994;16(5):357—65.

Arnone MI, Bogarad LD, Collazo A, Kirchhamer C V, Cameron RA, Rast JP,
Gregorians A, Davidson EH. Green Fluorescent Protein in the sea urchin: new
experimental approaches to transcriptional regulatory analysis in embryos and larvae.
Development [Internet]. 1997;124(22):4649-59. Available from:
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citati
on&list_uids=9409681

Sea Urchin Genome Sequencing Consortium, Sodergren E, Weinstock GM, Davidson
EH, Cameron R a., Gibbs R a., Angerer RC, Angerer LM, Arnone MI, Burgess DR,
Burke RD, Coffman J a., Dean M, Elphick MR, Ettensohn C a., Foltz KR, Hamdoun
a., Hynes RO, Klein WH, Marzluff W, McClay DR, Morris RL, Mushegian a., Rast JP,
Smith LC, Thorndyke MC, Vacquier VD, Wessel GM, Wray G, Zhang L, Elsik CG,
Ermolaeva O, Hlavina W, Hofmann G, Kitts P, Landrum MJ, Mackey a. J, Maglott D,
Panopoulou G, Poustka a. J, Pruitt K, Sapojnikov V, Song X, Souvorov a., Solovyev
V, Wei Z, Whittaker C a., Worley K, Durbin KJ, Shen Y, Fedrigo O, Garfield D,
Haygood R, Primus a., Satija R, Severson T, Gonzalez-Garay ML, Jackson a. R,
Milosavljevic a., Tong M, Killian CE, Livingston BT, Wilt FH, Adams N, Belle R,
Carbonneau S, Cheung R, Cormier P, Cosson B, Croce J, Fernandez-Guerra a.,
Geneviere a-M, Goel M, Kelkar H, Morales J, Mulner-Lorillon O, Robertson a. J,
Goldstone JV, Cole B, Epel D, Gold B, Hahn ME, Howard-Ashby M, Scally M,
Stegeman JJ, Allgood EL, Cool J, Judkins KM, McCafferty SS, Musante a. M, Obar R
a., Rawson a. P, Rossetti BJ, Gibbons IR, Hoffman MP, Leone a., Istrail S, Materna
SC, Samanta MP, Stolc V, Tongprasit W, Tu Q, Bergeron K-F, Brandhorst BP, Whittle
J, Berney K, Bottjer DJ, Calestani C, Peterson K, Chow E, Yuan Q a., Elhaik E, Graur
D, Reese JT, Bosdet |, Heesun S, Marra M a., Schein J, Anderson MK, Brockton V,
Buckley KM, Cohen a. H, Fugmann SD, Hibino T, Loza-Coll M, Majeske a. J, Messier
C, Nair SV, Pancer Z, Terwilliger DP, Agca C, Arboleda E, Chen N, Churcher a. M,
Hallbook F, Humphrey GW, Idris MM, Kiyama T, Liang S, Mellott D, Mu X, Murray G,
Olinski RP, Raible F, Rowe M, Taylor JS, Tessmar-Raible K, Wang D, Wilson KH,
Yaguchi S, Gaasterland T, Galindo BE, Gunaratne HJ, Juliano C, Kinukawa M, Moy
GW, Neill a. T, Nomura M, Raisch M, Reade a., Roux MM, Song JL, Su Y-H,
Townley IK, Voronina E, Wong JL, Amore G, Branno M, Brown ER, Cavalieri V, Duboc
V, Duloquin L, Flytzanis C, Gache C, Lapraz F, Lepage T, Locascio a., Martinez P,
Matassi G, Matranga V, Range R, Rizzo F, Rottinger E, Beane W, Bradham C, Byrum
C, Glenn T, Hussain S, Manning G, Miranda E, Thomason R, Walton K,
Wikramanayke a., Wu S-Y, Xu R, Brown CT, Chen L, Gray RF, Lee PY, Nam J,
Oliveri P, Smith J, Muzny D, Bell S, Chacko J, Cree a., Curry S, Davis C, Dinh H,
Dugan-Rocha S, Fowler J, Gill R, Hamilton C, Hernandez J, Hines S, Hume J,
Jackson L, Jolivet a., Kovar C, Lee S, Lewis L, Miner G, Morgan M, Nazareth LV,
Okwuonu G, Parker D, Pu L-L, Thorn R, Wright R. The Genome of the Sea Urchin
Strongylocentrotus purpuratus. Science (80- ) [Internet]. 2006;314(5801):941-52.
Available from: http://www.sciencemag.org/cgi/content/abstract/314/5801/941

10



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Martik ML, Lyons DC, McClay DR. Developmental gene regulatory networks in sea
urchins and what we can learn from them. F1000Research [Internet]. 2016;5(May):1—
8. Available from:
http://www.ncbi.nim.nih.gov/pubmed/26962438%5Cnhttp://www.pubmedcentral.nih.go
v/articlerender.fcgi?artid=PMC4765714

Shipp LE, Hamdoun A. ATP-binding cassette (ABC) transporter expression and
localization in sea urchin development. Dev Dyn [Internet]. 2012 Jun [cited 2012 Nov
71;241(6):1111-24. Available from: http://www.ncbi.nlm.nih.gov/pubmed/22473856

Schrankel CS, Hamdoun A. Early patterning of ABCB, ABCC, and ABCG transporters
establishes unique territories of small molecule transport in embryonic mesoderm and
endoderm. Dev Biol [Internet]. 2021;472(December 2020):115-24. Available from:
https://doi.org/10.1016/j.ydbio.2020.12.021

Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E. A Programmable
Dual-RNA—-Guided DNA Endonuclease in Adaptive Bacterial Immunity. Science
[Internet]. 2012;337(August):816—22. Available from:
http://science.sciencemag.org/content/337/6096/816.abstract

Anders C, Niewoehner O, Duerst A, Jinek M. Structural basis of PAM-dependent
target DNA recognition by the Cas9 endonuclease. Nature [Internet].
2014;513(7519):569-73. Available from:
http://www.nature.com/doifinder/10.1038/nature13579%5Cnhttp://www.ncbi.nlm.nih.go
v/pubmed/25079318%5Cnhttp://www.ncbi.nim.nih.gov/pubmed/25079318

Nishimasu H, Ran FA, Hsu PD, Konermann S, Shehata Sl, Dohmae N, Ishitani R,
Zhang F, Nureki O. Crystal structure of Cas9 in complex with guide RNA and target
DNA. Cell [Internet]. 2014;156(5):935—49. Available from:
http://dx.doi.org/10.1016/j.cell.2014.02.001

Harrison MM, Jenkins B V., O’Connor-Giles KM, Wildonger J. A CRISPR view of
development. Genes Dev. 2014;28(17):1859-72.

Gilles AF, Averof M. Functional genetics for all: Engineered nucleases, CRISPR and
the gene editing revolution. Evodevo. 2014;5(1):1-13.

Lin C-Y, Su Y-H. Genome editing in sea urchin embryos by using a CRISPR/Cas9
system. Dev Biol [Internet]. 2015;409(November):1-9. Available from:
http://dx.doi.org/10.1016/j.ydbio.2015.11.018

Yaguchi S, Yaguchi J, Suzuki H, Kinjo S, Kiyomoto M, lkeo K, Yamamoto T.
Establishment of homozygous knock-out sea urchins. Curr Biol [Internet].
2020;30(10):R427-9. Available from: http://dx.doi.org/10.1016/j.cub.2020.03.057

van Dijk EL, Auger H, Jaszczyszyn Y, Thermes C. Ten years of next-generation
sequencing technology. Trends Genet. 2014;30(9):418-26.

Mukherjee S, Stamatis D, Bertsch J, Ovchinnikova G, Katta HY, Mojica A, Chen IMA,
Kyrpides NC, Reddy TBK. Genomes OnLine database (GOLD) v.7: Updates and new

11



30.

31.

features. Nucleic Acids Res. 2019;47(D1):D649-59.

Telenti A, Pierce LCT, Biggs WH, Di lulio J, Wong EHM, Fabani MM, Kirkness EF,
Moustafa A, Shah N, Xie C, Brewerton SC, Bulsara N, Garner C, Metzker G, Sandoval
E, Perkins BA, Och FJ, Turpaz Y, Venter JC. Deep sequencing of 10,000 human
genomes. Proc Natl Acad Sci U S A. 2016;113(42):11901-6.

Taliun D, Harris DN, Kessler MD, Carlson J, Szpiech ZA, Torres R, Taliun SAG,
Corvelo A, Gogarten SM, Kang HM, Pitsillides AN, LeFaive J, Lee S been, Tian X,
Browning BL, Das S, Emde AK, Clarke WE, Loesch DP, Shetty AC, Blackwell TW,
Smith A V., Wong Q, Liu X, Conomos MP, Bobo DM, Aguet F, Albert C, Alonso A,
Ardlie KG, Arking DE, Aslibekyan S, Auer PL, Barnard J, Barr RG, Barwick L, Becker
LC, Beer RL, Benjamin EJ, Bielak LF, Blangero J, Boehnke M, Bowden DW, Brody
JA, Burchard EG, Cade BE, Casella JF, Chalazan B, Chasman DI, Chen YDI, Cho
MH, Choi SH, Chung MK, Clish CB, Correa A, Curran JE, Custer B, Darbar D, Daya
M, de Andrade M, DeMeo DL, Dutcher SK, Ellinor PT, Emery LS, Eng C, Fatkin D,
Fingerlin T, Forer L, Fornage M, Franceschini N, Fuchsberger C, Fullerton SM,
Germer S, Gladwin MT, Gottlieb DJ, Guo X, Hall ME, He J, Heard-Costa NL, Heckbert
SR, Irvin MR, Johnsen JM, Johnson AD, Kaplan R, Kardia SLR, Kelly T, Kelly S,
Kenny EE, Kiel DP, Klemmer R, Konkle BA, Kooperberg C, Koéttgen A, Lange LA,
Lasky-Su J, Levy D, Lin X, Lin KH, Liu C, Loos RJF, Garman L, Gerszten R, Lubitz
SA, Lunetta KL, Mak ACY, Manichaikul A, Manning AK, Mathias RA, McManus DD,
McGarvey ST, Meigs JB, Meyers DA, Mikulla JL, Minear MA, Mitchell BD, Mohanty S,
Montasser ME, Montgomery C, Morrison AC, Murabito JM, Natale A, Natarajan P,
Nelson SC, North KE, O’Connell JR, Palmer ND, Pankratz N, Peloso GM, Peyser PA,
Pleiness J, Post WS, Psaty BM, Rao DC, Redline S, Reiner AP, Roden D, Rotter JI,
Ruczinski I, Sarnowski C, Schoenherr S, Schwartz DA, Seo JS, Seshadri S, Sheehan
VA, Sheu WH, Shoemaker MB, Smith NL, Smith JA, Sotoodehnia N, Stilp AM, Tang
W, Taylor KD, Telen M, Thornton TA, Tracy RP, Van Den Berg DJ, Vasan RS, Viaud-
Martinez KA, Vrieze S, Weeks DE, Weir BS, Weiss ST, Weng LC, Willer CJ, Zhang Y,
Zhao X, Arnett DK, Ashley-Koch AE, Barnes KC, Boerwinkle E, Gabriel S, Gibbs R,
Rice KM, Rich SS, Silverman EK, Qasba P, Gan W, Abe N, Almasy L, Ament S,
Anderson P, Anugu P, Applebaum-Bowden D, Assimes T, Avramopoulos D, Barron-
Casella E, Beaty T, Beck G, Becker D, Beitelshees A, Benos T, Bezerra M, Bis J,
Bowler R, Broeckel U, Broome J, Bunting K, Bustamante C, Buth E, Cardwell J, Carey
V, Carty C, Casaburi R, Castaldi P, Chaffin M, Chang C, Chang YC, Chavan S, Chen
BJ, Chen WM, Chuang LM, Chung RH, Comhair S, Cornell E, Crandall C, Crapo J,
Curtis J, Damcott C, David S, Davis C, Fuentes L de las, DeBaun M, Deka R, Devine
S, Duan Q, Duggirala R, Durda JP, Eaton C, Ekunwe L, El Boueiz A, Erzurum S,
Farber C, Flickinger M, Fornage M, Frazar C, Fu M, Fulton L, Gao S, Gao Y, Gass M,
Gelb B, Geng XP, Geraci M, Ghosh A, Gignoux C, Glahn D, Gong DW, Goring H,
Graw S, Grine D, Gu CC, Guan Y, Gupta N, Haessler J, Hawley NL, Heavner B,
Herrington D, Hersh C, Hidalgo B, Hixson J, Hobbs B, Hokanson J, Hong E, Hoth K,
Hsiung CA, Hung YJ, Huston H, Hwu CM, Jackson R, Jain D, Jhun MA, Johnson C,
Johnston R, Jones K, Kathiresan S, Khan A, Kim W, Kinney G, Kramer H, Lange C,
Lange E, Lange L, Laurie C, LeBoff M, Lee J, Lee SS, Lee WJ, Levine D, Lewis J, Li
X, LiY, Lin H, Lin H, Lin KH, Liu S, Liu Y, Liu Y, Luo J, Mahaney M, Make B, Manson
JA, Margolin L, Martin L, Mathai S, May S, McArdle P, McDonald ML, McFarland S,
McGoldrick D, McHugh C, Mei H, Mestroni L, Min N, Minster RL, Moll M, Moscati A,
Musani S, Mwasongwe S, Mychaleckyj JC, Nadkarni G, Naik R, Naseri T, Nekhai S,

12



32.

33.

34.

35.

Neltner B, Ochs-Balcom H, Paik D, Pankow J, Parsa A, Peralta JM, Perez M, Perry J,
Peters U, Phillips LS, Pollin T, Becker JP, Boorgula MP, Preuss M, Qiao D, Qin Z,
Rafaels N, Raffield L, Rasmussen-Torvik L, Ratan A, Reed R, Regan E, Reupena MS,
Roselli C, Russell P, Ruuska S, Ryan K, Sabino EC, Saleheen D, Salimi S, Salzberg
S, Sandow K, Sankaran VG, Scheller C, Schmidt E, Schwander K, Sciurba F,
Seidman C, Seidman J, Sherman SL, Shetty A, Sheu WHH, Silver B, Smith J, Smith
T, Smoller S, Snively B, Snyder M, Sofer T, Storm G, Streeten E, Sung YJ, Sylvia J,
Szpiro A, Sztalryd C, Tang H, Taub M, Taylor M, Taylor S, Threlkeld M, Tinker L,
Tirschwell D, Tishkoff S, Tiwari H, Tong C, Tsai M, Vaidya D, VandeHaar P, Walker T,
Wallace R, Walts A, Wang FF, Wang H, Watson K, Wessel J, Williams K, Williams LK,
Wilson C, Wu J, Xu H, Yanek L, Yang |, Yang R, Zaghloul N, Zekavat M, Zhao SX,
Zhao W, Zhi D, Zhou X, Zhu X, Papanicolaou GJ, Nickerson DA, Browning SR, Zody
MC, Zéliner S, Wilson JG, Cupples LA, Laurie CC, Jaquish CE, Hernandez RD,
O’Connor TD, Abecasis GR. Sequencing of 53,831 diverse genomes from the NHLBI
TOPMed Program. Nature. 2021;590(7845):290-9.

Rhie A, McCarthy SA, Fedrigo O, Damas J, Formenti G, Koren S, Uliano-Silva M,
Chow W, Fungtammasan A, Kim J, Lee C, Ko BJ, Chaisson M, Gedman GL, Cantin
LJ, Thibaud-Nissen F, Haggerty L, Bista I, Smith M, Haase B. Towards complete and
error-free genome assemblies of all vertebrate species. Nature. 2021;592(April).

Blasiak R, Wynberg R, Grorud-Colvert K, Thambisetty S, Bandarra NM, Canario AVM,
da Silva J, Duarte CM, Jaspars M, Rogers A, Sink K, Wabnitz CCC. The ocean
genome and future prospects for conservation and equity. Nat Sustain [Internet].
2020;3(8):588-96. Available from: http://dx.doi.org/10.1038/s41893-020-0522-9

Lewin HA, Robinson GE, Kress WJ, Baker WJ, Coddington J, Crandall KA, Durbin R,
Edwards S V., Forest F, Gilbert MTP, Goldstein MM, Grigoriev | V., Hackett KJ,
Haussler D, Jarvis ED, Johnson WE, Patrinos A, Richards S, Castilla-Rubio JC, Van
Sluys MA, Soltis PS, Xu X, Yang H, Zhang G. Earth BioGenome Project: Sequencing
life for the future of life. Proc Natl Acad Sci U S A. 2018;115(17):4325-33.

Sodergren E, Weinstock GM, Davidson EH, Cameron RA, Gibbs R a, Angerer RC,
Angerer LM, Arnone MI, Burgess DR, Burke RD, Coffman J a, Dean M, Elphick MR,
Ettensohn C a, Foltz KR, Hamdoun A, Hynes RO, Klein WH, Marzluff W, McClay DR,
Morris RL, Mushegian A, Rast JP, Smith LC, Thorndyke MC, Vacquier VD, Wessel
GM, Wray G, Zhang L, Elsik CG, Ermolaeva O, Hlavina W, Hofmann G, Kitts P,
Landrum MJ, Mackey AJ, Maglott D, Panopoulou G, Poustka AJ, Pruitt K, Sapojnikov
V, Song X, Souvorov A, Solovyev V, Wei Z, Whittaker C a, Worley K, Durbin KJ, Shen
Y, Fedrigo O, Garfield D, Haygood R, Primus A, Satija R, Severson T, Gonzalez-
Garay ML, Jackson AR, Milosavljevic A, Tong M, Killian CE, Livingston BT, Wilt FH,
Adams N, Bellé R, Carbonneau S, Cheung R, Cormier P, Cosson B, Croce J,
Fernandez-Guerra A, Geneviére A-M, Goel M, Kelkar H, Morales J, Mulner-Lorillon O,
Robertson AJ, Goldstone J V, Cole B, Epel D, Gold B, Hahn ME, Howard-Ashby M,
Scally M, Stegeman JJ, Allgood EL, Cool J, Judkins KM, McCafferty SS, Musante AM,
Obar R a, Rawson AP, Rossetti BJ, Gibbons IR, Hoffman MP, Leone A, Istrail S,
Materna SC, Samanta MP, Stolc V, Tongprasit W, Tu Q, Bergeron K-F, Brandhorst
BP, Whittle J, Berney K, Bottjer DJ, Calestani C, Peterson K, Chow E, Yuan QA,
Elhaik E, Graur D, Reese JT, Bosdet |, Heesun S, Marra M a, Schein J, Anderson MK,
Brockton V, Buckley KM, Cohen AH, Fugmann SD, Hibino T, Loza-Coll M, Majeske

13



36.

37.

38.

39.

40.

41.

42.

AJ, Messier C, Nair SV, Pancer Z, Terwilliger DP, Agca C, Arboleda E, Chen N,
Churcher AM, Hallbéék F, Humphrey GW, Idris MM, Kiyama T, Liang S, Mellott D, Mu
X, Murray G, Olinski RP, Raible F, Rowe M, Taylor JS, Tessmar-Raible K, Wang D,
Wilson KH, Yaguchi S, Gaasterland T, Galindo BE, Gunaratne HJ, Juliano C,
Kinukawa M, Moy GW, Neill AT, Nomura M, Raisch M, Reade A, Roux MM, Song JL,
Su Y-H, Townley IK, Voronina E, Wong JL, Amore G, Branno M, Brown ER, Cavalieri
V, Duboc V, Duloquin L, Flytzanis C, Gache C, Lapraz F, Lepage T, Locascio A,
Martinez P, Matassi G, Matranga V, Range R, Rizzo F, Réttinger E, Beane W,
Bradham C, Byrum C, Glenn T, Hussain S, Manning G, Miranda E, Thomason R,
Walton K, Wikramanayke A, Wu S-Y, Xu R, Brown CT, Chen L, Gray RF, Lee PY,
Nam J, Oliveri P, Smith J, Muzny D, Bell S, Chacko J, Cree A, Curry S, Davis C, Dinh
H, Dugan-Rocha S, Fowler J, Gill R, Hamilton C, Hernandez J, Hines S, Hume J,
Jackson L, Jolivet A, Kovar C, Lee S, Lewis L, Miner G, Morgan M, Nazareth L V,
Okwuonu G, Parker D, Pu L-L, Thorn R, Wright R. The genome of the sea urchin
Strongylocentrotus purpuratus. Science [Internet]. 2006 Nov 10 [cited 2012 Oct
29];314(5801):941-52. Available from:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3159423&tool=pmcentrez&r
endertype=abstract

Kudtarkar P, Cameron RA. Echinobase: an expanding resource for echinoderm
genomic information. Database (Oxford). 2017;2017:1-9.

Reich A, Dunn C, Akasaka K, Wessel G. Phylogenomic analyses of echinodermata
support the sister groups of Asterozoa and Echinozoa. PLoS One. 2015;10(3):1-11.

Cameron RA, Kudtarkar P, Gordon SM, Worley KC, Gibbs RA. Do echinoderm
genomes measure up? Mar Genomics. 2015;22:1-9.

Li Y, Omori A, Flores RL, Satterfield S, Nguyen C, Ota T, Tsurugaya T, Ikuta T, Ikeo
K, Kikuchi M, Leong JCK, Reich A, Hao M, Wan W, Dong Y, Ren Y, Zhang S, Zeng T,
Uesaka M, Uchida Y, Li X, Shibata TF, Bino T, Ogawa K, Shigenobu S, Kondo M,
Wang F, Chen L, Wessel G, Saiga H, Cameron RA, Livingston B, Bradham C, Wang
W, Irie N. Genomic insights of body plan transitions from bilateral to pentameral
symmetry in Echinoderms. Commun Biol. 2020;3(1):1-10.

Hall MR, Kocot KM, Baughman KW, Fernandez-Valverde SL, Gauthier MEA,
Hatleberg WL, Krishnan A, McDougall C, Motti CA, Shoguchi E, Wang T, Xiang X,
Zhao M, Bose U, Shinzato C, Hisata K, Fujie M, Kanda M, Cummins SF, Satoh N,
Degnan SM, Degnan BM. The crown-of-thorns starfish genome as a guide for
biocontrol of this coral reef pest. Nature [Internet]. 2017;544(7649):231-4. Available
from: http://dx.doi.org/10.1038/nature22033

Warner JF, Lord JW, Schreiter SA, Nesbit KT, Hamdoun A, Lyons DC. Chromosomal-
level genome assembly of the painted sea urchin Lytechinus pictus , a genetically
enabled model system for cell biology and embryonic development . Genome Biol
Evol. 2021;13(March):1-7.

Hinegardner RT. Growth and Development of the Laboratory Cultured Sea Urchin.
Biol Bull. 1969;137:465-75.

14



43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Nesbit KT, Hamdoun A. Embryo, larval, and juvenile staging of Lytechinus pictus from
fertilization through sexual maturation. Dev Dyn. 2020;

Kumano G. Evolution of germline segregation processes in animal development. Dev
Growth Differ. 2015;57(4):324-32.

Oulhen N, Wessel G. A quiet space during rush hour: Quiescence in primordial germ
cells. Stem Cell Res [Internet]. 2017; Available from:
http://linkinghub.elsevier.com/retrieve/pii/S1873506117302313

Hackett JA, Huang Y, Glinesdogan U, Gretarsson KA, Kobayashi T, Surani MA.
Tracing the transitions from pluripotency to germ cell fate with CRISPR screening. Nat
Commun [Internet]. 2018;9(1). Available from: http://dx.doi.org/10.1038/s41467-018-
06230-0

Barton LJ, LeBlanc MG, Lehmann R. Finding their way: themes in germ cell migration.
Curr Opin Cell Biol [Internet]. 2016;42:128-37. Available from:
http://dx.doi.org/10.1016/j.ceb.2016.07.007

Grimaldi C, Raz E. Germ cell migration—Evolutionary issues and current
understanding. Semin Cell Dev Biol [Internet]. 2020;100(November 2019):152-9.
Available from: https://doi.org/10.1016/j.semcdb.2019.11.015

Pierce JL, Frazier AL, Amatruda JF. Pediatric Germ Cell Tumors: A Developmental
Perspective. Adv Urol. 2018;2018.

Wolke U, Weidinger G, Képrunner M, Raz E. Multiple levels of posttranscriptional
control lead to germ line-specific gene expression in the zebrafish. Curr Biol.
2002;12(4):289-94.

Blaser H, Eisenbeiss S, Neumann M, Reichman-Fried M, Thisse B, Thisse C, Raz E.
Transition from non-motile behaviour to directed migration during early PGC
development in zebrafish. J Cell Sci. 2005;118(Pt 17):4027-38.

Wei KH, Liu IH. Heparan sulfate glycosaminoglycans modulate migration and survival
in zebrafish primordial germ cells. Theriogenology [Internet]. 2014;81(9):1275-85.
Available from: http://dx.doi.org/10.1016/j.theriogenology.2014.02.009

Boldajipour B, Mahabaleshwar H, Kardash E, Reichman-Fried M, Blaser H, Minina S,
Wilson D, Xu Q, Raz E. Control of Chemokine-Guided Cell Migration by Ligand
Sequestration. Cell. 2008;132(3):463-73.

Tarbashevich K, Reichman-Fried M, Grimaldi C, Raz E. Chemokine-dependent pH
elevation at the cell front sustains polarity in directionally migrating zebrafish germ
cells. Curr Biol [Internet]. 2015;25(8):1096—103. Available from:
http://dx.doi.org/10.1016/j.cub.2015.02.071

Meyen D, Tarbashevich K, Banisch TU, Wittwer C, Reichman-Fried M, Maugis B,

Grimaldi C, Messerschmidt EM, Raz E. Dynamic filopodia are required for chemokine-
dependent intracellular polarization during guided cell migration in vivo. Elife.

15



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

2015;2015(4):1-25.

Paksa A, Bandemer J, Hoeckendorf B, Razin N, Tarbashevich K, Minina S, Meyen D,
Biundo A, Leidel SA, Peyriéras N, Gov NS, Keller PJ, Raz E. Repulsive cues
combined with physical barriers and cell-cell adhesion determine progenitor cell
positioning during organogenesis. Nat Commun [Internet]. 2016;7:1-14. Available
from: http://dx.doi.org/10.1038/ncomms11288

Bertho S, Clapp M, Banisch TU, Bandemer J, Raz E, Marlow FL. Zebrafish dazl
regulates cystogenesis and germline stem cell specification during the primordial germ
cell to germline stem cell transition . Development. 2021;dev.187773.

Pehrson JR., Cohen LH. The Fate of the Small M icromeres in Sea Urchin
Development. Dev Biol. 1986;113:522—-6.

Juliano CE, Voronina E, Stack C, Aldrich M, Cameron AR, Wessel GM. Germ line
determinants are not localized early in sea urchin development, but do accumulate in
the small micromere lineage. Dev Biol. 2006;300(1):406—15.

Campanale JP, Gékirmak T, Espinoza JA, Oulhen N, Wessel GM, Hamdoun A.
Migration of sea urchin primordial germ cells. Dev Dyn. 2014;243(7):917-27.

Almén MS, Nordstréom KJV, Fredriksson R, Schiéth HB. Mapping the human
membrane proteome: A majority of the human membrane proteins can be classified
according to function and evolutionary origin. BMC Biol. 2009;7:50.

Vasiliou V, Vasiliou K, Nebert DW. Human ATP-binding cassette (ABC) transporter
family. Hum Genomics. 2009;3(3):281-90.

Popovic M, Zaja R, Loncar J, Smital T. A novel ABC transporter: The first insight into
zebrafish (Danio rerio) ABCH1. Mar Environ Res [Internet]. 2010;69(SUPPL. 1):S11-
3. Available from: http://dx.doi.org/10.1016/j.marenvres.2009.10.016

Wang Z, Tian F, Cai L, Zhang J, Liu J, Zeng X. Identification of candidate ATP-binding
cassette transporter gene family members in Diaphorina citri (Hemiptera: Psyllidae)
via adult tissues transcriptome analysis. Sci Rep [Internet]. 2019;9(1):1-14. Available
from: http://dx.doi.org/10.1038/s41598-019-52402-3

Gutmann DAP, Ward A, Urbatsch IL, Chang G, van Veen HW. Understanding
polyspecificity of multidrug ABC transporters: closing in on the gaps in ABCB1. Trends
Biochem Sci. 2010;35(1):36—42.

Nicklisch SCT, Hamdoun A. Disruption of small molecule transporter systems by
Transporter-Interfering Chemicals (TICs). FEBS Lett. 2020;1-28.

Goldstone J V, Hamdoun a, Cole BJ, Howard-Ashby M, Nebert DW, Scally M, Dean
M, Epel D, Hahn ME, Stegeman JJ. The chemical defensome: environmental sensing
and response genes in the Strongylocentrotus purpuratus genome. Dev Biol [Internet].
2006 Dec 1 [cited 2012 Nov 7];300(1):366—84. Available from:

16



68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3166225&tool=pmcentrez&r
endertype=abstract

Juliano RL, Ling V. A surface glycoprotein modulating drug permeability in Chinese
hamster ovary cell mutants. BBA - Biomembr. 1976;455(1):152—-62.

Han JI, Son HW, Park SC, Na KJ. Novel insertion mutation of ABCB1 gene in an
ivermectin-sensitive Border Collie. J Vet Sci. 2010;11(4):341—-4.

Panwala CM, Jones JC, Viney JL. A novel model of inflammatory bowel disease: mice
deficient for the multiple drug resistance gene, mdr1a, spontaneously develop colitis. J
Immunol [Internet]. 1998;161(10):5733—44. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/9820555

Gokirmak T, Campanale JP, Reitzel AM, Shipp LE, Moy GW, Hamdoun A. Functional
diversification of sea urchin ABCC1 (MRP1) by alternative splicing. Am J Physiol - Cell
Physiol. 2016;310(11):C911-20.

Campanale JP, Hamdoun A. Programmed reduction of ABC transporter activity in sea
urchin germline progenitors. Development [Internet]. 2012 Feb [cited 2012 Nov
71;139(4):783-92. Available from:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3265063&tool=pmcentrez&r
endertype=abstract

Hamdoun AM, Cherr GN, Roepke T a, Epel D. Activation of multidrug efflux
transporter activity at fertilization in sea urchin embryos (Strongylocentrotus
purpuratus). Dev Biol [Internet]. 2004 Dec 15 [cited 2012 Nov 7];276(2):452—62.
Available from: http://www.ncbi.nIm.nih.gov/pubmed/15581878

Whalen K, Reitzel AM, Hamdoun A. Actin polymerization controls the activation of
multidrug efflux at fertilization by translocation and fine-scale positioning of ABCB1 on
microvilli. Mol Biol Cell [Internet]. 2012;23(18):3663—72. Available from:
http://www.molbiolcell.org/cgi/doi/10.1091/mbc.E12-06-0438

Bosnjak I, Uhlinger KR, Heim W, Smital T, Franeki¢-Coli¢ J, Coale K, Epel D,
Hamdoun A. Multidrug efflux transporters limit accumulation of inorganic, but not
organic, mercury in sea urchin embryos. Environ Sci Technol [Internet]. 2009 Nov
1,43(21):8374-80. Available from:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3166226&tool=pmcentrez&r
endertype=abstract

Shipp LE, Hill RZ, Moy GW, Gokirmak T, Hamdoun A. ABCCS5 is required for cAMP-
mediated hindgut invagination in sea urchin embryos. Development.
2015;142(20):3537-48.

Fleming TJ, Schrankel CS, Vyas H, Rosenblatt HD, Hamdoun A. CRISPR/Cas9
mutagenesis reveals a role for ABCB1 in gut immune responses to Vibrio
diazotrophicus in sea urchin larvae . J Exp Biol. 2021;jeb.232272.

Hamer G, De Rooij DG. Mutations causing specific arrests in the development of

17



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

mouse primordial germ cells and gonocytes. Biol Reprod. 2018;99(1):75-86.

Ricardo S, Lehmann R. An ABC transporter controls export of a Drosophila germ cell
attractant. Science [Internet]. 2009;323(5916):943—6. Available from:
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2729540&tool=pmcentrez&r
endertype=abstract

Kassmer SH, Rodriguez D, De Tomaso AW. Evidence that ABC transporter-mediated
autocrine export of an eicosanoid signaling molecule enhances germ cell chemotaxis
in the colonial tunicate Botryllus schlosseri. Development. 2020;147(15).

Liao H, Chen Y, Li Y, Xue S, Liu M, Lin Z, Liu Y, Chan HC, Zhang X, Sun H. CFTR is
required for the migration of primordial germ cells during zebrafish early
embryogenesis. Reproduction. 2018;156(3):261-8.

Mcfadden B, Heitzman-powell L. What do drug transporters really do? Nat Rev Drug
Discov [Internet]. 2015;8(12):1699-712. Available from:
http://dx.doi.org/10.1038/nrd4461

Fletcher JI, Haber M, Henderson MJ, Norris MD. ABC transporters in cancer: More
than just drug efflux pumps. Nat Rev Cancer. 2010;10(2):147-56.

Bloise E, Ortiga-Carvalho TM, Reis FM, Lye SJ, Gibb W, Matthews SG. ATP-binding
cassette transporters in reproduction: A new frontier. Hum Reprod Update.
2016;22(2):164-81.

Muriithi W, Macharia LW, Heming CP, Echevarria JL, Nyachieo A, Filho PN, Neto VM.
ABC transporters and the hallmarks of cancer: roles in cancer aggressiveness beyond
multidrug resistance. Cancer Biol Med. 2020;17(2):253—69.

Oulhen N, Swartz SZ, Laird J, Mascaro A, Wessel GM. Transient translational
quiescence in primordial germ cells. Development [Internet]. 2017;144(7):1201-10.
Available from: http://dev.biologists.org/lookup/doi/10.1242/dev.144170

Swartz SZ, Reich AM, Oulhen N, Raz T, Milos PM, Campanale JP, Hamdoun A,
Wessel GM. Deadenylase depletion protects inherited mRNAs in primordial germ
cells. Development [Internet]. 2014;141:3134—42. Available from:
http://www.ncbi.nlm.nih.gov/pubmed/25100654

Martik ML, McClay DR. Deployment of a retinal determination gene network drives
directed cell migration in the sea urchin embryo. Elife. 2015;4(September).

Li D, Qiu Z, Shao Y, Chen Y, Guan Y, Liu M, LiY, Gao N, Wang L, Lu X, Zhao Y, Liu
M. Heritable gene targeting in the mouse and rat using a CRISPR-Cas system. Nat
Biotechnol. 2013;31(8):681-3.

Friedland AE, Tzur YB, Esvelt KM, Colaiacovo MP, Church GM, Calarco JA. Heritable
genome editing in C. elegans via a CRISPR-Cas9 system. Nat Methods.
2013;10(8):741-3.

Bassett AR, Tibbit C, Ponting CP, Liu JL. Highly Efficient Targeted Mutagenesis of

18



92.

Drosophila with the CRISPR/Cas9 System. Cell Rep [Internet]. 2013;4(1):220-8.
Available from: http://dx.doi.org/10.1016/j.celrep.2013.06.020

Hwang WY, Fu Y, Reyon D, Maeder ML, Tsai SQ, Sander JD, Peterson RT, Yeh JR,
Joung JK. Efficient genome editing in zebrafish using a CRISPR-Cas system. Nat
Biotechnol [Internet]. 2013;31(3):227-9. Available from:
http://www.ncbi.nIm.nih.gov/pubmed/23360964%5Cnhttp://www.nature.com/nbt/journa
I/v31/n3/pdf/inbt.2501.pdf

19



Chapter Two

Primordial germ cell migration and lipid phosphate phosphatase expression in the
purple sea urchin, Strongylocentrotus purpuratus
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2.1 Abstract

This project began as an extension of the primordial germ cell (PGC) migration
project that had been a focus of the lab for several years (1,2). At the time, a number of
studies had shown that sea urchin PGCs respond to unknown external stimuli to home to the
left coelomic pouch (CP). Our previous studies indicated that there was likely an ABC
transporter mediated mechanism guiding the PGCs into the left and right CPs, however the
nature of this signal was unclear. This project aimed to identify these migration cues. First, |
took a high-resolution imaging approach to try to identify cell behaviors during PGC migration
that could correspond to different types of signaling. These data indicated that there was
likely a mix of chemoattractant and chemorepellant cues during the active phase of
migration. Based on recent evidence from PGC migration in zebrafish (3), | then investigated
the expression of  Sp-Ppap2b, a member of the lipid phosphate
phosphatase/phosphotransferase (LPT) family of enzymes, as a candidate repulsive cue.
Unexpectedly, this enzyme was expressed in the skeletogenic mesenchyme. Chemical
inhibition of Sp-Ppap2b leads to decreased skeletogenesis and abnormal development in
pluteus larvae, suggesting that PGC migration is not the primary purpose of this gene in early

development.

2.2 Introduction

Primordial germ cells. Primordial germ cells (PGCs) are the progenitors of the
gametes, and for this reason are vital to the survival of the species. While gametes were
some of the first samples investigated by Hooke and van Leeuwenhoek in the 1600s, it
wasn’t until the improvement of optics and the formalization of the discipline of
developmental biology at the turn of 1900s that PGCs were discovered. Studying the

differentiation of cells during development in tractable model organisms such as Ascaris and
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the Mediterranean sea urchin Paracentrotus lividus led to the idea of the cellular fate map,
with the implication that all tissues could be traced back to their developmental origins (4).
The germ line is distinct from the somatic gonad, and their progenitor population is the
primordial germ cells. As the 20™ century progressed, studies of the PGCs of more animals,
from mouse and chick to fly and nematode, revealed commonalities and differences in PGC
biology. For example, most PGCs express a similar suite of transcription factors and
transcriptional and translational repressors to maintain their PGC identity (5). However, PGC
specification varies amongst animals. Some animals, such as sea urchins and zebrafish,
segregate germ line determinants in the egg, while other animals, such as mice, induce
PGCs to form from non-PGC tissues (6,7). Although the developmental timing and method of
specification of PGCs varies greatly across taxa (8,9), most PGCs undergo an active, guided
migration to the somatic gonad or its primordium (10,11).

While PGC migration is well characterized in Drosophila and zebrafish, sea urchin
primordial germ cell migration was only recently described (1). The PGCs of the sea urchin,
also known as the small micromeres, are formed from an asymmetric division in the vegetal
pole at the 5" cleavage (12). Sea urchin small micromeres exhibit many of the conserved
characteristics of PGCs, such as contributing to the germline, undergoing restricted cell
division, expression of germline specific transcription factors, mRNA sequestration, and
transcriptional quiescence (13—-16). Sea urchin PGCs travel with the elongating archenteron
before undergoing an active migratory phase (1). However, it remains unclear what signaling
processes guide sea urchin PGC migration and how those signals are interpreted.

Lipid phosphate phosphatase/phosphotransferases (LPTs). Phospholipids are
one class of candidate signaling molecules. Phospholipids are a diverse class of extracellular
signaling molecules with many important developmental functions. During development most

extracellular signals are long-lived proteins, such as nodal, that self-regulate, and interact
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with other protein signals to form spatiotemporal gradients (17,18). In contrast to this,
phospholipids are typically short-lived molecules that have both homeostatic and patterning
functions (19). Phospholipids can alter cellular behaviors, such as motility, and change cell
fate by acting as anti-apoptotic cues (20). In order to perform developmental functions,
phospholipids are globally synthesized (21) and then locally controlled by tissue specific
expression of phosphatases in the lipid phosphatase/phosphotransferase (LPT) family of
enzymes (22).

The LPT superfamily of membrane proteins are the major regulators of signaling
phospholipids such as lysophosphatidic acid (LPA) in vivo, and they play an evolutionarily
conserved role in creating barriers to primordial germ cell migration (23). The members of the
LPT super family are integral membrane proteins that act primarily as extracellular regulators
of LPA and other phospholipids (24). In general the LPTs have six membrane spanning
domains and three conserved catalytic domains on the second and third extracellular loops
(25). Two subfamilies of LPTs, the lipid phosphate phosphatases (LPPs) and the plasticity
related genes (PRGs), can bind signaling lipids (25). The LPPs alter the spatiotemporal
availability of signaling lipids by enzymatic degradation, while the PRGs lack key catalytic
residues and their role in signaling lipid regulation remains unresolved.

LPA has been shown to induce cell survival, angiogenesis, and motility under normal
physiological and developmental conditions (26,27). These responses have been coopted in
several cancers, including ovarian and cervical cancer, and correlate with poor clinical
outcomes. For example, ovarian cancer cells from LPA-high backgrounds have higher
expression levels of pluripotency and motility genes (28,29). Similarly, cervical tumor cells
from patients with high LPA levels showed increased expression of pro-angiogenic factors
that promote tumor survival (30). LPA signaling also plays a role in fetal hydrocephalus. In a

study designed to mimic the effect of a ruptured blood vessel in the embryo, researchers
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found that increased LPA acts through LPAR1, one of several LPA responsive receptors, to
initiate changes in neural progenitor cell mitosis and patterning, leading to matrix integrity
defects in the neural ventricle and ultimately to ventricular occlusion and the formation of
hydrocephaly (29).

LPA and LPTs in development. LPA signaling plays a role in reproduction and is
necessary for implantation and survival in mammalian embryos (31), however a clear
understanding of the role of LPA in early development has been complicated by the fact that
null mutations in the LPA synthesis pathway are embryonically lethal (32). Many researchers
instead study the LPT superfamily of genes, as they have been shown to regulate LPA levels
in vivo. In mammals there are three Lpp genes, Lpp1-3 expressed during embryonic
development. In mice Lpp 1 and 2 are generally expressed, while Lpp 3 is expressed in
spatially and temporally restricted patterns, beginning in the extra-embryonic tissue (E6.5)
and subsequently in the allantois (E8.5) and the somites (E9.5) (22). Mice with homozygous
knockout of Lpp1 or Lpp2 do not show morphological or reproductive abnormalities (33,34).
Lpp3 homozygous mutations are embryonically lethal, as embryos lack a chorionic-allantoic
placenta and have abnormal yolk sac vascularization at E9.5 (22). This corroborates the
embryonic lethality observed in LPA synthesis knockout mice, which exhibit catastrophic,
general defects such as lack of yolk sack vascularization prior to resorbtion at E10.5 (32).
This suggests that there are specific, critical roles for LPA signaling during development that
are mediated by the Lpp genes.

A developmental role for LPPs in several species is control of primordial germ cell
(PGC) migration. In Drosophila two LPP homologs, Wunen and Wunen-2, are expressed in
the gut and central nervous system and knockout of both genes leads to ectopic PGCs
(23,35). In zebrafish the PGCs of LPP knockouts move away from their normal migratory

path along the yolk sac towards the somites, the region that normally expresses LPP
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transcript (3). This suggests that one function of LPPs in development is to maintain
spatiotemporal gradients of phospholipids that act as barriers, preventing the PGCs from
accessing the wrong embryonic compartments.

Experiments included in this chapter. In this chapter | used high resolution imaging
of S. purpuratus PGC migration to identify when signaling to the PGCs may be occurring. |
then determined the S. purpuratus complement of LPT genes using common bioinformatics
approaches. | then used in situ hybridization to look at the expression of LPTs during sea
urchin PGC migration. Finally, | used chemical inhibitors to show that LPT activity is

necessary to formation of the larval skeleton.

2.3 Material and Methods

Culture and injection of sea urchin embryos. Sea urchins (Strongylocentrotus
purpuratus) were collected sub-tidally from San Diego, California, and kept in flowing
seawater aquaria at 16 °C. Animals were spawned by injection with 0.55 M KCI and sperm
was collected undiluted and stored on ice.

Overexpression of PGC markers and live imaging of PGC migration. For imaging
experiments two females and one male were spawned for paired observations to increase
coverage of each stage. Embryos were microinjected as previously described (36) with 250
ng/uL mCherry Vasa (PGCs), 150 ng/uL mCerulean PH-domain (PGC membrane), and 50
ng/uL of mCitrine Life-Act (actin) mRNAs. Beginning at the desired time point z-stacks were
acquired of two embryos from each female every hour on a Leica SP-8 laser scanning
confocal. Whole embryos were imaged in the pre-gastrula stages. During gastrulation a
single color, single plane overview image and a zoom in z-stack of the PGCs at the tip of the

archenteron were acquired. Images were processed using Image J (37).
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Reciprocal BLAST search for sea urchin LPTs. Sigal et al define the human
complement of LPTs, and these protein sequences were accessed using the GenBank
accession numbers provided by the authors (25). BLASTp searches were performed against
the sea urchin peptide database (echinobase.org). Candidate sea urchin genes were BLAST
searched against the human genome (GRCh38) via Ensembl.org (38).

Evaluation of sea urchin LPT topology and consensus catalytic domains
(CCDs). The topology of the candidate sea urchin LPTs was determined using the
TOPCONS topology predictor (39). To determine the sequence of the sea urchin CCDs each
sea urchin LPT was aligned with its nearest homolog, as well as the mammalian LPP
consensus CCDs, using Clustal Omega (40). Finally, a

LPP expression and localization. The expression of the sea urchin LPT candidates
was retrieved from Echinobase (41). Only the candidate LPPs, Sp-Ppap2b and Sp-Ppapdc1
were generated as in situ probes. Digoxin labeled antisense and sense RNA probes were
generated using a Roche DIG labeling kit (Basel, Switzerland) as previously described (42).
Fluorescent ISH was performed as per Shipp et al. 2015 for both Papdc1 and Pap2b.

Inhibition of LPP activity with Propranolol. Propranolol was obtained from Sigma
Aldrich (St. Louis, MO) and rehydrated in dimethylsulfoxide (DMSO). Embryos were exposed
to 0.5, 1, or 5 uM Propranolol or an equivalent DMSO control at hatching, 24 hours post
fertilization (n=4 batches, 140-210 embryos/batch). Embryos were scored based on the
presence of skeletal elements, as compared to the DMSO control. In a second experiment
embryos were exposed to 0.5 pM propranolol or DMSO control and scored based on amount
of skeletalization (absent, partial, or complete; n=2 batches, 260-265 embryos/batch).
Embryos were imaged on a Zeiss LSM 700 (Jena, Germany). In each experiment

propranolol exposures were compared to control measurements using a type-2 T-Test.
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2.4 Results

High resolution PGC migration time series. Two time series, an early time series
from 24 to 36 hpf (Fig2.1 A-F) and a late time series 36 to 64 hpf (Fig2.1 G-P), with four total
batches of embryos (two/time series) were used to construct a combined series of PGC
behavior between hatching and the end of PGC migration. In the early time series PGCs do
not exhibit membrane extrusions characteristic of migratory cells. Instead, they are tightly
clustered at the vegetal plate (Fig2.1 A-D) before clustering at the tip of the archenteron
(Fig2.1 E-F).

This quiescent membrane behavior continues until the end of archenteron elongation
between 44 and 46 hpf (Fig2.1 G). The PGCs remain tightly clustered but begin to produce
blebs and filopodia (Fig2.1 H-K). At the onset of active migration the PGCs remain
associated with neighboring PGCs, but the cluster as a whole loses cohesion, and larger
blebs and filopodia are evident (Fig2.1 L-M). Finally, the PGCs extend large filopodia towards
first the apical ectoderm (Fig2.1 N), and then the lateral ectoderm (Fig2.1 O), before moving
into the right and left coelomic pouches (Fig2.1 P).

Identification and characterization of sea urchin LPTs. The sea urchin
complement of LPTs, including the LPPs, has not been identified previously. | used
reciprocal BLAST search to identify seven unique candidate LPTs in four of the six
recognized LPT subfamilies (Table 2.1). Using Clustal Omega | generated a phylogenetic
tree of sea urchin (Sp), human (Hs), zebrafish (Dr), and yeast (Sc) LPT amino acid
sequences (Fig2.2). Sp -Pap2b and -Papdc1 are the most similar proteins to the human,
zebrafish, and yeast LPPs.

Although Sp-Pap2b and Sp-Papdc1 are the most similar to the LPPs, there is no
guarantee that overall homology is matched with conservation of important residues and

motifs. | therefore compared the candidate LPT amino acid sequences to two defining
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characteristics of the LPP subfamily, their topology and their Consensus Catalytic Domains
(CCDs). | found that Sp-Pap2b, -Papdc1, -LPPR, and —PapZ2dl fit the predicted 6
transmembrane domain structure (Fig2.3 A, dark grey), while Sp-sgpp2 has the predicted 8
transmembrane domains (Fig2.3 A, light grey). Sp-G6P and —G6P-1, appear to both be
partial annotations, and don’t contain a full six transmembrane domains as expected from the
human G6P. The LPTs are integral membrane proteins, and the three CCDs are dispersed in
extracellular loops two (CCD1 and 2) and three (CCD 3) regardless of the number of
transmembrane domains. The candidate sea urchin LPTs fit this predicted distribution
(Fig2.3 A, red rectangles).

For an additional check | aligned the sea urchin and human LPT sequences to the
mammalian consensus CCD sequences for the LPP subfamily (Fig2.3 B, red residues)
(24,26,43). Both Sp-Pap2b and —Papdci1 have 100% conservation of consensus CCD
residues. The remaining sea urchin LPTs showed similarity to their predicted subfamilies, but
did not share the same level of CCD conservation as the putative sea urchin LPPs.

Expression and localization of Sp-Pap2b. | expected that LPPs would be involved
in the Left/Right migration of sea urchin PGCs, which occurs between 44 and 62 hours post
fertilization (1). The sea urchin developmental transcriptome (41), accessed from
Echinobase.org, indicates that Sp-Pap2b is expressed at close to five times the peak level of
Sp-Papdc1 expression, and is most highly expressed during PGC migration (Table 1).

| cloned in situ fragments from cDNA samples at the peak of Sp-Pap2b and Sp-
Papdc1 gene expression. Papdc1 antisense probe binding was indistinguishable from sense
controls at all time points tested (data not shown). In contrast, Sp-Pap2b showed a clear
pattern of localization in a cell population in the vegetal plate and blastocoel at 24 HPF (Fig.
4-A). These cells appear to be Primary Mesenchyme Cells (PMCs), as they take on the

characteristic vegetal ring formation (36 HPF) before extending towards the animal pole (52
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hpf) (44). Expression appears concentrated in the ventral lateral clusters, the origin of the
first triradiate spicules (45), however this is likely an artifact of the cell density and syncytial
nature of this cellular cluster.

Functional characterization of Pap2b. Propranolol is a non-selective beta-
adrenergic receptor inhibitor that has been shown to also block LPP activity in vertebrates. |
applied 1 and 5 yM propranolol or an equivalent DMSO control to batches of embryos
starting at hatching (24 hpf), and observed the skeleton at 72 hpf (Fig 2.4 A). At this point in
the control embryos the initial triradiates have elaborated into the pluteus skeleton with a
complex arrangement of skeletal rods. While 1 ym treated embryos were often significantly
smaller than control embryos, most of these had some skeletal rod formation, but these were
not properly patterned (Fig2.4 A-B, n=4 batches, 140-210 embryos/batch). In 5 uyM treated
embryos only a few embryos with initial triradiates were observed in a small percentage of
embryos.

In a second experiment 0.5 pM propranolol was applied at hatching. At this
concentration most of the embryos maintained normal proportions, however the majority of
the embryos were incompletely skeletonized (Fig2.5 C-D, n=2 batches, 260-265
embryos/batch).

2.5 Discussion

Time lapse imaging was essential to proving that the sea urchin PGCs actively
migrate along the archenteron (1), however this approach necessarily reduces image
resolution to improve speed. To complement this approach | took a high-resolution time
series using still micrographs taken every two hours. This had the advantage of improving
resolution but reduced the speed of acquisition to around 15 minutes per micrograph. To
obtain the best spread of stages | used two batches of embryos in each time series and

imaged two embryos from each batch at each time point. While embryos within batches are
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synchronous in early development, there is heterogeneity between embryos of different
batches.

| took an initial time series beginning at 34 hours post fertilization (hpf) and ending at
60 hpf. | anticipated that this would cover the inactive and active phases of migration (1),
however in these batches of embryos the archenteron was already fully elongated by 34 hpf
(data not shown). | therefore used these embryos to construct a time series of post gut
elongation stages, of which representative images are shown in Figure 2.1 G-P. A second
time series beginning at 22 hpf and continuing through 38 hpf was conducted with two
additional batches of embryos, and representative images presented in Figure 2.1 A-F. Two
interesting observations can be made from these time series. The first is that prior to the
active phase of migration the PGCs tightly adhere to one another, to the extent that they
even seem to be pushed out of the main epithelial layer as a group at the onset of
gastrulation (Fig2.1 B-D). The second, and most relevant to this chapter, is that the PGCs
produce filopodia in a stereotyped fashion, first extending towards the oral apical ectoderm
(Fig2.1 N) while the PGCs are loosely arranged along the top of the archenteron. The PGCs
then begin to move left and right, extending filopodia towards the ectoderm in the direction of
travel (Fig2.1 O). Evidence suggests that developmental signaling molecules can be sensed
using specialized filopodia (46,47), and | hypothesized that this was the function of the
filopodia seen during active PGC migration.

In most systems studied the regulation of PGC migration contains multiple
complementary components that act in concert to guide migration. Based on the evidence
from the migration time series, | began investigating possible signaling mechanisms that
were identifiable in the sea urchin genome and expressed at the appropriate time. Lipid

phosphate phosphatases (LPPs) were identifiable in the genome and expressed at the

30



correct time (Table 2.1), and had recently been shown to act as repulsive cues in zebrafish
PGC migration (3).

Of the seven candidate genes (Table 2.1) in the broader lipid phosphate
phosphatase/phosphotransferase (LPT) superfamily, only two clustered phylogenetically with
mammalian LPPs (Fig2.2) and had the correct topology and catalytic domains to be LPPs
(Fig2.3), Sp-pap2b and Sp-papdc1. Sp-pap2b is expressed at nearly 5 times the level of Sp-
papdc1 and was therefore considered the main candidate LPP.

Based on the reported role of LPPs zebrafish and Drosophila PGC guidance(3,23), |
expected that Sp-pap2b would be expressed on the archenteron or in the areas of the
ectoderm that PGC filopodia touch during migration. Unexpectedly, | found that the major
sea urchin Sp-Pap2b is expressed strongly and specifically in the primary mesenchyme cells
(PMCs) during the PGC migration (Figure 2.4). These cells are spatially distant from the tip
of the archenteron and the PGCs. The PMCs form a syncytial, precisely patterned network of
biomineralizing cells that give structure to the embryo through a series of elaborate skeletal
rods (48). There are no clear homologous functions in the LPP literature that would explain
this expression.

In order to determine the functions of Sp-pap2b | used the small molecule LPP
inhibitor propranolol. The substrates of LPPs are long chain phospholipids, and propranolol is
one of the few chemicals that can effectively inhibit the catalytic action of LPPs, up to 75% of
LPP enzymatic activity in one study (49). Skeletal elements were absent in 96% of embryos
treated with 5 yM propranolol, while 85% of embryos exposed to 1uM had some skeletal
elements, although they were much reduced (Fig2.5 A-B). In contrast, at an exposure of 0.5
MM propranolol the embryos maintain a normal shape and appear to have normally spaced
PMCs, but have stunted and unconnected skeletal elements as compared to controls (Fig2.5

C-D). One possibility that should be further explored is that LPP activity is necessary for
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maintaining the syncytium between different PMC subtypes (44). This could explain why Sp-
pap2b is uniformly expressed in the PMCs, even though it does not have a biomineralization

function.

2.6 Conclusions

The phases of sea urchin PGC migration have previously been described by our lab
(1), however a high resolution time series at each phase of the PGC migration had not been
performed previously. With these data | identified two phenomenon that warrant further
study; the extrusion of the PGCs from the epithelium during primary invagination, and the
possible role for filopodia in detecting signaling molecules during the active phase of
migration. Based on recent evidence that LPPs act as a repulsive cue in zebrafish PGC
migration, | identified candidate members of the sea urchin LPT super family and singled out
Sp-pap2b as the most likely LPP to be involved in sea urchin PGC migration. Sp-pap2b is
strongly expressed in the primary mesenchyme cells from hatching through the pluteus
stage, and its activity is necessary for proper skeletogenesis.

PGC extrusion is a good candidate for further mechano-biological studies to
understand the forces, cell adhesion pathways, and cell-to-cell signaling that allow this
process to precisely occur during primary invagination. Further study of the role of LPPs
during sea urchin skeletogenesis is also warranted. In many ways the PMCs are not
analogous to tissues where LPPs have been previously described, making it difficult to
hypothesize about what role they may play in this system. Sp-pap2b may be necessary for
maintaining the PMC syncytium, but it could also be linked to PMC patterning, similar to how
mammalian LPPs help regulate proliferation and cell migration during vascularization (22). It
would be useful to apply the genetic engineering approaches described in Chapter 3 to

create Sp-pap2b null mutants. Finally, this study has not yielded a promising candidate for a
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PGC guidance mechanism. Newly available single cell transcriptome data (50) may yield

insights into candidate signaling pathways expressed in the archenteron, coelomic pouches,

and the ectoderm regions contacted by PGC filopodia.
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2.8 Chapter Two Figures

Figure 2.1 Time series of sea urchin primordial germ cell (PGC) migration. In the
blastula stages (A-D) and early gastrula stages (E-F) the PGCs, labeled with Vasa (red) and
a PGC enhanced membrane marker (cyan), do not exhibit membrane activity associated with
motile cells, such as filopodia or blebbing. In contrast, cells adjacent to the PGCs in the early
gastrula stages (E and F) extend large lamellipodia as part of the active pulling stage of gut
elongation. After the gut is fully extended the PGCs remain in a tight “grape bunch” formation
(G). The PGCs remain tightly grouped but begin extending first blebs and then filopodia (H-
K), before dissociating from each other (L and M). The PGCs then extend filopodia towards
the oral ectoderm (N) and then towards the lateral ectoderm (O), before moving into the
coelomic pouches (P).
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Table 2.1 Identification of sea urchin LPTs and their categorization into subfamilies by
homology, topology, and conserved catalytic domains. Candidate sea urchin LPTs were
identified by reciprocal BLAST of the sea urchin and human genome, using accession
numbers of human LPTs identified by Sigal et al. The seven candidates were separately
aligned with the human LPTs (as peptides) using Clustal Omega, and genes with the highest
identity were assigned as their human homolog. Topology was assessed using the Topcons
topology predictor. LPPs and LPPRs were expected to have six TMs, while G6Ps and
SGPPs were expected to have eight TMs. Gene expression for each candidate LPT was
determined from the developmental transcriptome data on Echinobase (Tu et al. 2014). Sp-
Pap2b is expressed approximately five times higher than Sp-Papdc1.

Human Peak

Homolog F:z:lnig:gd :::m:l Expression
(% Identity) 9

Hs-PAP2B

Gene ID

Subfamily

56 HPF

SPU_011127 Pap2B (38.91%) Six/Six (4256)
Sp- Hs-PAP2A o
SPU_023631 Papdc1 LPP (28.27%) Six/Six 24 HPF (875)
SPU_000491 Sp- LPPR :sl;til;l;y Three/Si Egg (21
| Pan2c S- - ree/Six ag (21)
P (19.9%/19.9%)
Sp- Hs-PLPPR-5 o 18 HPF
SPU_016994 Pap2di LPPR (29.15%) Six/Six (15,866)
Hs-PLPPR-1 Qi
SV PERETE Sp-Lppr LPPR (36.68%) Six/Six 48 HPF (78)
Sp- Hs-SGPP-2 . . 10 HPF
SPU_012921 Sapp2 SGPP (34.87%) Nine/Eight (3294)
Sp- Hs-G6PC . 10 HPF
SPU_008734 G6pc G6P (31.8%) Seven/Eight (3130)
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Figure 2.2 Neighbor joining tree of selected LPT amino acid sequences. Putative sea
urchin LPTs were determined by reciprocal BLAST against the Human genome, and
representatives of four of six LPT subfamilies were found. These are Lipid Phosphate
Phosphatases (LPPs; Sp-Pap2b and —Papdc1), LPP related genes (LPPRs; Sp-Pap2dl and -
Lppr), Sphingosine Phosphate Phosphatases (SGPPs; Sp-Sgpp2), and Glucose-6
Phosphate phosphatases (G6Ps; Sp-G6P). Representative amino acid sequences were
collected for Human (Hs), Zebrafish (Dr), Yeast (Sc), and Sea Urchin (Sp) LPTs (Hs- and Dr-
from Ensembl database, Sc- from the Saccharomyces Genome Database, Sp- from
Echinobase). Amino acid sequences were aligned and a phylogenetic tree created using the
Clustal-Omega multiple sequence alignment tool (EMBL-EBI). Results are color coded by
subfamily. Sea urchin sequences are denoted with a black sea urchin figure. The subfamily
of an additional LPT, Sp-PapZ2cl, was not resolved using this method.
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Figure 2.3 Predicted topology and consensus catalytic domain alignment of sea urchin
LPTs. A) Sea urchin LPPs and LPPRs have six transmembrane domains (dark grey), while
sea urchin SGPPs and G6Ps are predicted to have 8 transmembrane domains (dark grey +
light grey). Predicted topology is based on TopCons predictions (http:/topcons.cbr.su.se/)
and published literature. Catalytic domains (CD1-3) are located in loops Ill and V. B)
Alignments of the catalytic domains from Human and Sea Urchin LPTs. Consensus catalytic
domains 1-3 (CD1-3) are shown with conserved residues in red. Histidine residues (H’s) in
CD2 and 3 bind and separate phosphate residues from acyl chains in phospholipid
substrates. Sea urchin G6Ps are truncated compared to Human homologs and lack CD1.
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Figure 2.4 Localization of Sp-Pap2b during the period of PGC migration. In Situ
Hybridization (ISH) of an antisense DIG-labeled RNA probe encoding bases 48-687 of the
Sp-Pap2b open reading frame. Sp-Pap2b expression is concentrated in the primary

mesenchyme cells (24 and 26 HPF) and their descendants, the skeletogenic mesenchyme
(36 and 52 HPF).
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Figure 2.5 Effect of Sp-pap2b inhibition with propranolol on skeletal growth. A) 5 uM
propranolol exposure resulted in the majority of embryos did not form skeletal elements,
while at 1 pM the majority had some skeletal elements. B) Example images of 0, 1, and 5 yM
propranolol exposed embryos. White arrow indicates position of a partial skeletal element. C)
A 0.5 uM propranolol exposure causes most embryos to develop a partial skeleton. D)
Examples of 0.5 uM propranolol treated with breaks (red arrows) and absent mineralization
between skeletal elements (blue arrows). All treatment groups were exposed at 24 hours
post fertilization. All experimental groups were compared to control using a type 2 t-test.
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Chapter Three

Generation of homozygous ABCB1 knockouts in the sea urchin, Lytechinus pictus,
using CRISPR-Cas9 technology
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3.1 Abstract

ATP-binding cassette transporters are well studied for their roles in human cancers,
particularly ABCB1, also known as P-gp. However, relatively few studies have been done on
the roles of ABCB1 in development or ecotoxicology. Sea urchins have been used to
address these questions in previous studies, leading to insights about ABCB1’s roles in early
development (1-4). However the utility of sea urchins for this work has been limited by
genetic manipulation options available in common laboratory species. We have used
Lytechinus pictus, a sea urchin with a short reproductive cycle, to generate mutant,
laboratory-cultured sea urchin lines. In this study we report the development and initial
characterization of a CRISPR knockout of the L. pictus P-gp homolog Lp-ABCB1a through

the second generation.

3.2 Background

Sea urchins as model organisms. Model organisms enable us to understand
complex biological principles by studying them first in animals well suited to our questions, be
that drosophila for classical genetics or mice for human disease research (5-7). Sea urchins
have been a developmental and cellular biology model for over 100 years. Rapid,
synchronous development and the ability to procure many thousands of gametes led to
foundational research on the cell biology of fertilization and inheritance in the 1890’s and
early 1900’s (8). In the later half of the 20™ century research on sea urchins led to the
discovery of cyclins and the biochemical basis of fertilization and speciation (9,10). Since the
publication of the purple urchin genome in 2006 the sea urchin has become the preeminent
model for gene regulatory analysis (11,12). While many types of F, genetic analyses are well
vetted in sea urchins, such as introduction of reporters and BACs, the largest drawback to

the sea urchin system remains the inability to generate stable genetic modifications, as
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utilized in other model organisms (13,14). Many commonly used species of sea urchins, such
as the purple urchin (Strongylocentrotus purpuratus), take several years to reach sexual
maturity (15) and are thus unsuited to the multigenerational breeding schemes necessary to
isolate and analyze homozygous mutant phenotypes.

CRISPR gene editing, and its use in sea urchins. The introduction of RNA guided
mutagenesis using CRISPR has fundamentally altered precise genome editing and rapidly
changed many disciplines of biology. In the past fifteen years two methods for precise
genome editing using programmable DNA binding domains became available, Zinc-finger
nucleases (ZFNs) and transcription activator-like effector nucleases (TALENs) (16). These
methods are difficult to use, as they rely on protein engineering to change target specificity.
Despite these disadvantages, these systems were a great improvement over existing
mutagenesis techniques and were widely applied, including in sea urchin research (17,18).

In contrast to these methods, CRISPR uses RNA molecules as a targeting system in
complex with a nuclease, most commonly the CRISPR associated protein 9 (Cas9) (19).
Commonly, the multiple components of the CRISPR RNA are synthesized as a single guide
RNA (sgRNA), a single molecule that performs both the targeting and scaffolding functions of
the CRISPR RNA (20).

CRISPR has mostly been used in sea urchin research to study the role of known
transcriptions factors such as Nodal, Delta-Notch, and Alx1, using Fo analysis (21-23). In
addition, some work has gone into developing genetic knockout of the gene polyketide
synthase 1 (PKS1) as a marker gene, as this knockout leads to an albino animal (24-26).
This approach was recently successful in generating homozygous pigment mutants in
Temnopleurus reevesii (27). In this study we have utilized the advantages of CRISPR to

create ATP Binding Cassette transporter mutants.
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ABC transporters and environmental defense. The environment is filled with
chemicals, natural and manmade, that can be harmful to organisms. While the immune
system deals with biotic insults, chemical insults are dealt with using cellular defenses. At the
front lines of this defense are transport mechanisms that efflux toxic compounds from cells.
The ATP binding cassette (ABC) transporters are a superfamily of integral membrane
proteins that use ATP hydrolysis to efflux substrate molecules from cells. There are 49
human ABC transporters in seven subfamilies, ABCA to ABCG, that have diverse roles in
cell physiology and human health (28). Unlike most transport mechanisms, the ABC
transporter superfamily is unusual in that many of its members exhibit polyspecificity, or
specific binding and efflux of structurally unrelated molecules (29).

One of the best characterized ABC transporters is ABCB1, also known as the
permeability-glycoprotein (P-gp; P-glycoprotein), which was first described as the mechanism
by which colchicine resistant cells develop resistance to structurally unrelated
pharmaceuticals (30). Subsequent research showed that many ABC transporters in the
ABCB, ABCC, and ABCG subfamilies contribute to this phenotype in humans and animals
(31,32). While the role of P-gp and its overexpression phenotype are well studied in cancer
cells, the roles of P-gp in ecotoxicology and embryonic development are less well
understood.

Sea urchin ABC transporters. Sea urchins are model species for both ecotoxicology
and developmental studies due to their rapid, synchronous development and the ability to
procure thousands of gametes with ease. Sea urchin embryos are one of the most well
characterized models for studying the roles of ABC transporters in development and
ecotoxicology. Sea urchin larvae have been used to study toxicity of everything from heavy
metals to nanoplastics (33-36). At least 20 ABC transporters within the ABCB, ABCC, and

ABCG subfamilies are expressed during early sea urchin development, including the sea
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urchin P-gp paralog ABCB1a (4). The evolution of ABC transporters (37), the ontogeny of
ABCB1a transporter activity at fertilization and through early development (1-3), and the role
of ABC transporters in developmental signaling of gut morphogenesis have been examined
in the embryos of the purple sea urchin (Strongylocentrotus purpuratus) (38). Current
research in purple sea urchins has clarified the ontogeny of ABCB1a and established
methods for robust analysis of ABC transporter crispants (CRISPR-generated mutants;
(39,40).

Lytechinus pictus ABCB1 knockout sea urchins. In order to extend the utility of
the sea urchin for studying ABC transporters we have established a knockout sea urchin
model for the P-gp paralog ABCB1a. Recently, we described updated culturing methods for
the sea urchin Lytechinus pictus as a species that is easy to raise in laboratory conditions
(41,42). The purple sea urchin has many resources, such as a well annotated genome and
BAC library, but this species takes several years to reach sexual maturity, while L. pictus can
reach sexual maturity in four months (15,42). New high-quality genomic and transcriptomic
data for L. pictus have made this species more amenable to CRISPR experiments (43).
Utilizing these culturing and bioinformatics data we report here the identification and initial
characterization of the L. pictus P-gp paralog Lp-ABCB1, the Fy, phenotype of Lp-ABCB1a
CRISPR, and the expansion of F, crispants to F, homozygous mutant animals. With this
transgenic line we will be able to probe new questions as to the roles of P-gp in development

and ecotoxicology that we would otherwise be unable to address.

3.3 Materials and Methods:
Adult L. pictus husbandry, gamete collection, and microinjection. Adult L. pictus
were collected off San Diego, CA, and housed in flowing seawater aquaria at 22 °C. Adults

were injected with 0.55 M KCI. Females were spawned into natural seawater and the eggs
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washed four to six times in 0.22 ym filtered seawater (FSW) at room temperature. Sperm
was collected undiluted in 1.75 mL tubes and stored on ice. Eggs were prepared for
microinjection as previously described (15).

Culturing L. pictus larva and juveniles. Larval L. pictus were cultured in 1, 2, or 8L
containers, based on the size of the cultures, with motorized paddles providing water
movement. Larvae were Rhodomonas lens at ~3000 cells/mL every other day, and water
was changed prior to each feeding. Post metamorphic juvenile adult L. pictus were grown in
150 mm diameter petri dishes at 22 °C until one month post metamorphosis (mpm), when
they were transferred to 10 L aquaria. Juvenile adults were fed a mixture of diatoms
(Nitzschia alba) and sea lettuce (Ulva lactuca) in petri dishes. Following transfer to 10 L
aquaria, juveniles were fed U. lactuca. Between 5 and 6 mpm the juveniles were transitioned
to kelp (Macrocystis pyrifera), with additional supplementation of market squid (Doryteuthis
opalescens) every 2-3 weeks. Juvenile adults were spawned by trans-peristomal injection of
0.55 M KCl.

Identification of L. pictus ABCB1/P-gp orthologs. Structurally, ABCB transporters
are classified as either full transporters, with at least two membrane-spanning domains
(MSDs) of six transmembrane helices each, and two nucleotide binding domains (NBDs), or
half transporters, which have one MSD and one NBD. Half transporters must dimerize to be
functional. ABCB1/P-gp is a full transporter with two MSDs and two NBDs.

Previously, we identified three paragolous P-gp like ABCB transporters in the purple
sea urchin; ABCB1a, ABCB1b, and ABCB4a (4,44,45). A fourth P-gp like transporter,
ABCB1c, was identified during the course of this work. The four paralogs share the same
topology as P-gp. Functionally, Sp-ABCB1a is the most similar to mammalian P-gp in
subcellular localization and substrate preference (44). In addition to S. purpuratus

sequences, we used sequences of known ABCB1 and ABCB4 transporters from vertebrates
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and invertebrates (Table S1) to identify the ABCB1a ortholog of L. pictus. Topology and
domain architecture was inferred using Topcons and ScanProsite (46,47).

Peptide sequences were aligned in Geneious (v11.1.5) using the ClustalW alignment
method with default parameters. The resultant alignment was run through ProtTest (v.3.4.2)
to predict the best fit model for tree construction. A maximum likelihood tree (RaxML-HPC2
on XSEDE) with 1000 bootstraps was then produced running the LG+G model, with yeast
selected as an outgroup, through the CIPRES Science Gateway (v.3.3) (48). Remaining
parameters were used with default settings. The resulting tree was exported and alterations
to the tree format were performed using FigTree (v1.4.4). Separately, the NBDs were aligned
using Clustal Omega, and Walker A, Walker B, Q-loop, and LSQQG motifs were identified.

Design, storage, and analysis of sgRNAs. In vitro mutations that affect the catalytic
ability of the NBDs block efflux activity of P-gp (49). We therefore aimed to design a CRISPR
knock-out (KO) schema that would truncate the protein before the 1% NBD, as this should
completely block P-gp efflux activity. The first cytoplasmic domain (located between MSD1
and MSD2 and containing the first NBD) begins in Lp-ABCB1 exon 10, and the first NBD
begins in exon 11, based on the comparison of the Lp-DN66174 open reading frame and the
genomic alignment described above (data not shown).

Several methods exist for choosing guide RNAs (gRNAs) for use with Cas9. We used
the web application ChopChop v.2 (https://chopchop.cbu.uib.no/, (50)), which ranks potential
gRNAs on metrics such as predicted efficiency and predicted number of off target cut sites.
Crucially, both S. purpuratus and Lytechinus variegatus genomes are available for off target
analysis at the time our experiment was designed. While these genomes only provide a
rough approximation of potential off target effects in L. pictus, it is considerably more useful
than the mammalian genomes that are often the only available options on many

bioinformatics tools. Of the several tens of gRNA options predicted by ChopChop, we
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considered those with high predicted efficiency and no or few predicted off target sites. Of
these similar options one gRNA in each exon was chosen based on proximity to the
beginning of the cytoplasmic domain (exon 10) or the first NBD (exon 11). These gRNAs will
be referred to as Ex10+76 and Ex11-152, with +/- indicating orientation relative to the ORF
and the number representing the base adjacent to the PAM site in the orientation of the ORF.

Recent evidence suggests that synthetic single guide RNAs (sgRNAs) are more
effective in transient experiments than two component synthetic gRNAs or in vitro transcribed
sgRNAs (51). We ordered the sgRNAs used in this study from Synthego (Redwood City, CA,
USA). The sgRNAs were rehydrated in nuclease free water to 3300 ng/puL and stored in
aliquots at -80 °C. Individual aliquots were diluted to 900 ng/uL (6x) and stored at -80 °C. To
maintain sgRNA consistency, aliquots of 6x stocks were defrosted and used only once. Cas9
MmRNA and sgRNAs were injected at 750 ng/uL and 150 ng/uL, respectively, as per
previously established protocols (21). When both sgRNAs were injected they were each
injected at 150 ng/uL (300 ng/pL total of sgRNA). An injection marker, mCherry-LCK, was
injected at 25 ng/pL in all CRISPR experiments.

Genomic DNA samples were extracted using a gDNA extraction buffer adapted from
Sambrook (52) composed of 50 nM NaCl, 50 nM Tris pH 7.5, 5 mM EDTA pH 8.0, 0.5%
SDS, and 200 pg/mL Proteinase K. Samples were incubated at 55 °C for 1 hour (larvae) or
overnight (juveniles/tube-feet/gametes), followed by heat inactivation at 95 °C for 10 minutes
and RNAse A (10 pg/mL) incubation for 1 hour at 37 °C. Two extractions were performed
with 25:24:1 Phenol:Chloroform:Isoamyl Alcohol, followed by overnight precipitation in 2.5
volumes 100% Ethanol and 0.1 volumes 3 M Sodium Acetate.

All larval stage DNA extractions were mixed from 40-80 injected (RFP positive) larvae
at 48 hpf (hours post fertilization) two-arm pluteus stage, prior to feeding. Individual one-

week post metamorphosis juvenile adults were homogenized in gDNA extraction buffer using
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a glass rod. Samples from juvenile adults >3 months post metamorphosis were obtained
from tube foot clips. To perform tube foot clips juveniles were removed from aquaria and
transferred to a 35 mm diameter petri dish. When placed on a dissecting microscope the
juveniles moved away from the light source by extending tube feet. Sharp forceps are used
to grab an extended tube foot. Gently pulling away from the animal as the animal pulls
toward itself causes the distal section of tube foot to detach, and these segments were used
for gDNA isolation. Gamete samples were concentrated by centrifugation, seawater was
removed, and the same extraction procedure was used as described above.

For all analyses the ~3kb region between Exon 8 and Exon 12 of Lp-ABCB1 was
PCR amplified (Ex8-Forward1, tacggcaagaacttggatgaagctaa; Ex12-Reverse1,
cacggatgtcgattccgtcaatcttg) using PrimeStar high-fidelity DNA polymerase (Takara Bio,
Shiga, Japan). A nested PCR was performed with Exon 9 and 11 specific primers with m13
tails (LpB1-Ex9-m13Forward, tgtaaaacgacggccagtacggcacagttctttatttagatggtga; IpB1-Ex11-
m13Reverse, caggaaacagctatgacgataataatgatcatgatggtagtaatgatgac). These reaction
products were gel purified and cloned into pMiniT 2.0 using the NEB PCR cloning kit
(Ipswich, MA, USA) and sequenced as plasmid or purified single colony PCR product.
Identification of mutant alleles and alignments were generated using Sequencher (v.5.0.1)
and Snapgene (5.1.4.1).

Cloning Lp-DN66174 and in vitro mRNA synthesis. Total RNA was isolated from
gastrula stage (24 hpf) embryos, and converted into cDNA using the SMARTer PCR cDNA
synthesis kit (Takara). The Lp-DN66174 transcript was amplified using UTR to UTR primers
(IpB1-5utr-1, ccacgttattatctgcggcacc; IpB1-3utr-1, ctgggaaccaatctatgcggttcttt) and PrimeStar
high fidelity DNA polymerase. The open reading frame was sub-cloned into the PCS2+8
NmCherry plasmid using In-Fusion cloning (Takara Bio, Shiga, Japan), as described

previously (44,45).
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In vitro transcription of tagged Lp-ABCB1 mRNA, as well as Cas9 and the injection
markers mCherry LCK and mCherry Histone H2B, was performed as previously described
using the mMessage mMachine kit (Thermofisher, Waltham, MA, USA, (44)).

Fluorescent substrate efflux assays. Calcein-acetoxymethyl esther (C-AM) was
purchased from Thermofisher (Waltham, MA, USA). PSC-833 was purchased from Tocris
(Minneapolis, MN, USA). For blastula stage efflux assays embryos were injected with 250
ng/puL of mCherry-LpABCB1 or 50 ng/uL of H2B-RFP mRNA on delta-T glass bottom dishes
as previously described (37,44). Five hours post fertilization (blastula stage) 250 nM Calcein-
AM was added for one hour, after which cross sections of overexpressing and uninjected
embryos were imaged on a Zeiss LSM 700 confocal microscope (Jena, Germany). Individual
fluorescence measurements were normalized to the average wild-type fluorescence of each
mate pair, and the average percent change compared to control calculated for each
treatment. Statistics were performed using JMP statistical software (JMP Pro v15, SAS,
Cary, NC, USA).

To evaluate the effect of Lp-ABCB1 CRISPR, we injected embryos with exon 10 and
11 sgRNAs (150 ng/uL each), Cas9 mRNA (750 ng/uL), and 25 ng/uL of the membrane
marker mCherry-LCK. At 23 hpf (mid gastrula stage) the embryos were exposed to 250 nM
Calcein-AM for one hour. Imaging and fluorescence analysis were performed the same as for

the blastula stage embryos.

3.4 Results:

Identification of the S. purpuratus ABCB1a homolog in L. pictus. There are four
P-gp like ABC transporters in S. purpuratus: Sp-ABCB1a, Sp-ABCB1b, Sp-ABCB1c, and Sp-
ABCB4a (4,44,45). These transcripts were used to search the L. pictus transcriptome,

identifying three candidate P-gp like transporters, Lp-66174, -67108, and -60219. These six
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sequences were aligned with P-gp transporters from twelve additional organisms and used to
create a neighbor-joining phylogenetic tree (Fig3.1 A,). This analysis shows that transcript
Lp-66174 is the closest homolog to Sp-ABCB1, and will be referred to as Lp-ABCB1. More
high quality basal deuterostome genomes are now available for analysis than were available
when the purple urchin P-gp genes were identified (2). With these additional sequences we
were able to identify two trends in the phylogeny of P-gp like transporters. First, the ABCB1
containing node clusters more closely with the vertebrate chordate like P-gp genes, while the
ABCB4 node clusters more strongly with the protostome P-gp genes. This is supported by
analysis of conserved motifs within the NBDs (Fig3.1 B). The second residue of the Walker A
domain of NBD2 is fixed in the ABCB1/vertebrate clade as a serine, while in the
ABCB4/invertebrate clade this residue is either a glutamic acid, proline, or histidine.
Secondly, there was an expansion of ABCB4 in echinoderms, including at least three coding
genes and one pseudogenes, and at least one of these duplicated genes has evolved from
an apically localized ancestor into a basolaterally localizing protein (45). These analyses
support assignment of Lp-66174 as the sole ABCB1 homolog in L. pictus, and the
reassignment of the previously identified S. purpuratus ABCB genes as a single ABCB1
(formerly ABCB1a) and three ABCB4 homologs (formerly ABCB1b, ABCB1c, and ABCB4).
Subcellular localization and calcein efflux by Lp-ABCB1.0Overexpression of ABC
transporters in sea urchin blastulae is an established method for characterizing substrate
selectivity and subcellular localization (37,44). At the blastula stage the cells of the embryo
form a single layer of columnar epithelium, allowing for easy distinction between localization
in different membrane compartments. NmCherry-Lp-ABCB1a localizes to the apical plasma
membrane, similar to Sp-ABCB1a (Fig3.2 A-B). Embryos over expressing NmCherry-Lp-

ABCB1a accumulated ~40% less intracellular calcein compared to uninjected embryos, while
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RFP-H2B overexpressing controls were not significantly different than uninjected embryos
(Fig3.2 C-D).

Knockout strategy and validation. BLAST search of Lp-ABCB17a against the draft
L. pictus genome identified scaffold 62667 as the likely genomic locus. This scaffold covers
39 megabases. Lp-ABCB1a covers approximately 150 kb of sequence in 27 exons (26
coding and 1 non-coding) (Fig3.3 A). The first NBD of Lp-ABCB1a begins in the 3’ end of
exon 11 (Fig3.3 B). Mutants truncated before this point should lack the ATPase activity
necessary for substrate efflux. We therefore chose to test two sgRNA targets, Exon 10+76
(Ex10+76) and Exon 11-152 (Ex11-152) (Fig3.3 B). To test their efficacy these guides were
injected along with Cas9 mRNA and a membrane marker, and genomic DNA extracted at 48
hours post fertilization (HPF). Example indels (Fig33 C) show that both small indels at each
target site and large deletions between the target sites occur at the larval stage. Finally, we
used a CAM efflux assay in gastrula embryos, which we have recently shown to be an
effective stage for looking at the effects of mutation in the purple urchin (39), to test the effect
of this CRISPR scheme on transporter function. We found that CAM accumulation increased
60% relative to uninjected controls (Fig3.3 D; n=9 females, 70-87 embryos per treatment).

Generation of Foknockout animals. To create mutant founders for an Lp-ABCB1a
transgenic lines two batches of L. pictus adults were injected with both Ex10+76 and Ex11-
152 (150 ng/pL of each sgRNA, 750 ng/uL of Cas9 mRNA) and raised through to settlement
(Fig3.4 A). In Batch-1 235 embryos were injected, and 28 settled at four weeks post
fertilization (wpf; ~12% metamorphosis). In Batch-2 280 individuals were injected and 20
settled by four wpf (~7%).

CRISPR mutagenesis produces edited alleles that are both heterogeneous and
mosaicly distributed in the embryo. During the larval stage the rudiment forms from a subset

of larval tissues, primarily from the left coelomic pouch. It is unclear whether the
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heterogeneity and mosaicism present in the larval stage would be present in the juveniles.
To address this question we sacrificed two juveniles from each cross at one-week post
fertilization for genomic DNA isolation, and cloned the knockout region. Between 12 and 22
clones were analyzed from each individual (Fig3.4 B). In three of the four individuals a wide
range of mutant alleles (5-11 different alleles) were detected and no WT alleles were
observed. In contrast, individual #4 showed only one mutant allele in 22 clones.

Of the 24 total mutant alleles observed three contained large deletions that would
disrupt splicing between exons 10 and 11, and 11 alleles resulted in frame shift mutations
without interrupting the intron. The remaining 10 mutant alleles would preserve the correct
reading frame. None of the frame shift alleles would produce proteins with NBDs; all of the
mutant alleles that preserve the correct reading frame would produce two NBDs, despite the
close proximity of the NBD coding sequence to the Ex11-152 sgRNA site.

Test cross of crispant juveniles. Sexual maturity in sea urchins is a function of
both size and age (42). At five months post settlement we removed the distal portion of 2-3
tube feet from 17 juvenile crispants, and observed 0% mortality after 30 days. At seven
months post settlement 14 individual F; juveniles were measured for test diameter, had tube
foot clips performed, and were injected with 0.55 M KCI to induce spawning. Sequencing was
performed as above, and clones were characterized as frameshift (Fs) or non-frameshift (Nf)
mutations, or as wild-type (Wt). We sequenced 188 clones from 13 individuals (10-17 per
individual) and found that nine individuals had at least one observed Fs allele. Individuals
were observed with 100% Fs, Nf, or Wt alleles, and with a mix of all three types (Table3.1).
The animals’ test diameter ranged in size from 3 to 11 mm.

Individual #3 and Individual #8, a male and female respectively, spawned following

injection with 0.55 M KCI. Gametes from individuals #3 and #8 were outcrossed to wild-type
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and also crossed together, (~200 embryos per cross). The remaining gametes were used for
genomic DNA extraction.

A second spawn was conducted at 11 months post metamorphosis on six juvenile
adults with identified mutant alleles. Individual #4, a male, and individual #8, a female, both
spawned, and their gametes were outcrossed to Wt gametes. Additional sperm from
individual #4 was used for genomic DNA extraction. A third spawn was conducted at 17
months post metamorphosis of Individuals #5 and #6, both male.

Gamete mutant clones, 17-50 from each animal that spawned, were compared to the
somatic clones from the same individual (Fig3.5). The proportion of mutant to Wt clones was
similar between the somatic and gamete samples. F; Individual #5 was chosen to propagate
the Fqgeneration due to the presence of a single mutant allele, an 800 base pair deletion, in
the sequenced sperm sample.

Establishment of F, Lp-ABCB1 null mutants. Approximately 7000 F, larvae were
obtained after crossing Fo Individual #5 with two wild-type females, and 305 of these
metamorphosed after six weeks (Fig3.6 A). 33 reproductively sized adults were genotyped
five months after metamorphosis. Beginning at seven months post fertilization sibling crosses
were carried out to generate the F, generation. PCR amplification of the ABCB1 target region
in F, larvae resulted in three distinct banding patterns that were confirmed to be homozygous
wild-type, heterozygous, and homozygous mutant by Sanger sequencing (Fig3.6 B-C).
Based on these results 119 larvae were genotyped showing a distribution of 26.9%

Homozygous wild-type, 45.4% Heterozygous, and 27.7% Homozygous mutant (Fig3.6-D).

3.5 Discussion

Previously, we identified three P-gp like ABCB transporters in the purple sea urchin,

of which Sp-ABCB1a is most similar to human ABCB1 (2). To identify the L. pictus ABCB1a
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homolog we compared candidate L. pictus P-gp like genes to a similar set of P-gp like genes,
and found that transcript Lp-66174 is the L. pictus ABCB1 homolog (Fig 1A). We found that
the expansion of the ABCB4 lineage into ABCB4 and ABCB1b and ABCB1c occurs in all of
the sampled echinoderms, suggesting that ABCB1b arose from a gene duplication event in
the echinoderm’s last common ancestor. Additionally, we found that the sea urchin ABCB1a
genes are more similar to chordate ABCB transporters, while echinoderm
ABCB4/ABCB1b/ABCB1c are more similar to protostome and non-bilaterian ABCB
transporters. Evidence of this split can be seen in conserved motifs of the NBDs, where the
Walker A site of the ABCB1 clade contains a serine at residue two, while the ABCB4a clade
does not have a fixed residue at that position (Fig 1B). Its likely that other such conserved
sequence differences will become clear with future analysis. Sea urchins are basal
invertebrate deuterostomes, and along with hemichordates form the ambulacraria, the sister
clade to chordates (53). This suggests that while the last common ancestor of the
deuterostomes had two P-gp like ABCB transporters, only one of the genes gave rise to the
pair of chordate P-gp like ABCB transporters seen in most vertebrates. Further assembly of
high quality invertebrate deuterostome genomes may allow us to elucidate this transition
more accurately.

ABC transporters often have conserved subcellular localization to apical, basolateral
plasma membranes, or internal membranes. Blastula stage sea urchin embryos form a single
layered epithelium that is useful for studying the subcellular localization of ABC transporters
(44). We cloned the full length Lp-ABCB1a transcript into the N-mCherry PCS2+8 plasmid,
and used this template to synthesize N-mCherry-LpABCB1a mRNA. In microinjected
embryos the tagged Lp-ABCB1a localizes to the apical plasma membrane (Fig 2C). To
evaluate the efflux activity of Lp-ABCB71a we exposed these embryos to Calcein-AM (CAM),

a substrate predominantly effluxed by ABCB1a in sea urchin embryos, which fluoresces
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when the —-AM moiety is cleaved by intracellular esterases (44,54). Lp-ABCB1a
overexpressing embryos efflux significantly more CAM, a ~40% reduction in intracellular
fluorescence, while the injection control, N-mCherry Histone H2B, had no effect (Fig 2C, D).
These findings support a similar substrate profile between echinoderm ABCB17a genes and
chordate ABCB1 genes. Future work will characterize other potential substrates of Lp-
ABCB1a, and in particular studies using homozygous mutants will allow us to broaden our
understanding of the physiological substrates of Lp-ABCB1a.

Lp-ABCB1a is encoded by 28 exons spanning ~150 KB of scaffold 62667 of the L.
pictus genome (Fig 3A). This is a similar genomic structure to human ABCB1 (55). We
designed our CRISPR knockout strategy to generate edits in exons 10 and 11, that encode
the cytoplasmic domain prior to the first nucleotide binding domain (Fig 3B). This schema
resulted in both small indels contained within each intron and large deletions spanning
between exon 10 and 11 (Fig 3C). Interestingly, in several clones large deletions were
generated from either target site, while the second site contained only a small indel. Many
studies have shown that unexpectedly large deletions can come from individual sgRNAs, in
some cases up to several hundred kilobases, as well as complex rearrangements from
homolog crossover or other forms of homology dependent DNA repair (56-58). In
multiplexed CRSIPR experiments only a small percentage of cutting and repair events
happen simultaneously (59). Large deletions were seen in both the whole animal lysis (Fig
4B) and somatic genotyping, which indicates that large deletions are not deleterious in the Fq
generation.

We assessed Lp-ABCB1a activity in crispant plutei larvae using the cell-permeable
ABCB substrate Calcein-AM, as described above. Crispant larvae accumulate 60% more
Calcein after a 60 minute exposure, as compared to control larvae. This is a smaller effect

than that observed in purple urchin ABCB17a crispants (39), and further studies with
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homozygous mutants will be needed to elucidate if this is due to a difference in the two
ABCB1a paralogs’ affinity for CAM, or a difference in gene expression changes in crispant
embryos between the two species.

Having confirmed that our CRISPR schema would generate a variety of alleles and
have a functional consequence on Lp-ABCB1a efflux activity, we set out to generate crispant
founders for an Lp-ABCB1a knockout line. We injected two batches of L. pictus zygotes with
both sgRNAs, ~250 zygotes each, of which 49 metamorphosed into juvenile adults by four
weeks post fertilization (wpf; Fig 4A). Reported genotypes of crispant sea urchin juvenile
adults have generally shown between 3 and 5 mutant alleles per individual, but these early
studies did not use a multiplexing approach (25,26). At one month post metamorphosis
(mpm) four individuals, two from each batch, were sacrificed for whole animal lysis and
genomic DNA extraction, and 12 to 22 clones sequenced from each (Fig 4B). All four
individuals had indels, however they were otherwise different from each other. A single allele
in Individual #2 accounted for 66% (8/12) of observed clones, while in Individuals #1 and #3
no allele accounted for more than 30% of the observed clones. In all three individuals only
mutant clones were observed. In contrast, Individual #4 had a single observed clone with a
mutant allele, while the rest were wild-type (21/22). It is possible that the genomic locus or
the multiplexing approach account for the discrepancy between the heterogeneity we
observed, although it is also possible that more experimental effort was expended in this
study to observe the mutations in the F, generation.

At seven months post metamorphosis we used tube foot clips, a non-lethal somatic
genotyping method, to genotype 14 animals with a test diameter of over 3 mm (Table 1).
Nine individuals had frameshift alleles (Fs), which were prioritized for spawning. Five animals
spawned, Individuals #3-6 and #8. Gametes from these animals were used to create F;

larvae. The sea urchin germline originates from eight progenitor cells known as small
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micromeres, which are necessary for both somatic gonad and germline cells in the adult (60).
Given the heterogeneity of the crispant juvenile adults, we decided to genotype the gamete
samples obtained from each individual and compare them to the corresponding somatic
gonad samples (Fig3.5). While the trend in mutation frequency was similar between the two
sample types (majority mutant or majority wild-type), in most individuals the observed clones
were different between the somatic and gamete samples, confirming that CRISPR editing
continued after the split between these cell types.

Propagation of F, and F, animals. F, Individual #5 was used to create two
outcrossed batches of F; animals at 17 months post fertilization. These crosses resulted in
33 genotyped heterozygotes of reproductive size and age, and siblings were crossed to
create F; larvae for long term culturing. Importantly, the F, juveniles began to give gametes
after injection with KCI at six months post fertilization, and large-scale cultures were started
at 7 months post fertilization. This represents a 2-3 times decrease in generation time
between the Fy and F4 generations. In all likelihood this is due to an improvement in water
quality associated with the move from aerated 8L aquaria to a recirculating seawater system.
This makes the propagation of both future generations of the ABCB1 mutant line and new
mutant lines increasingly feasible.

FoIndividual #5 had a single allele present in the sequenced sperm sample, an 800
base pair deletion that was also present in the tube feet (Fig3.6). We predicted that F, larvae
could be genotyped by PCR analysis due to the significant change in amplicon size between
wild-type and mutant alleles, and Sanger sequencing of representative samples confirmed
this approach was valid (Fig3.7 B-C). Sampling of over one hundred larvae revealed that
each genotype occurs at an almost perfect 1:2:1 Mendelian ratio (Fig3.7 D), supporting our

hypothesis that Lp-ABCB1 mutations would not be embryonically lethal.
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Future Directions: Characterization of ABCB1 Mutants. While we have confirmed
that we can generate F, homozygous ABCB1 mutants, we have not yet characterized an
associated phenotype. The phenotype most often observed in P-gp mutants is
chemosensitization, or susceptibility to an otherwise tolerable xenobiotic. In border collies
and related dog breeds, a naturally occurring loss-of-function P-gp mutation has no effect
until the application of the common deworming medicine Ivermectin, at which point life
threatening neurotoxicity occurs (61-63). One of the main mechanisms of this
chemosensitization is the absence of P-gp from the blood-brain barrier, one of the critical
roles of P-gp in many mammals (64,65). Interestingly, many synonymous and missense P-gp
polymorphisms in humans also cause a chemosensitization phenotype. For example, both
the non-synonymous 2677G>T/A (SNP rs2032582) and synonymous 3435C>T (SNP
rs1045642) polymorphisms sensitize patients to chemotherapeutic toxicity, even as both
variants create full-length proteins (66). In sea urchins ABCB1a is expressed in the larval
ectoderm and the gut, important barrier tissues between the sea urchin larvae and the
environment (4,40). One area of future study will be assessing the sensitivity of L. pictus
ABCB1a mutants to environmental chemicals. We have recently shown that many persistent
organic pollutants found in food fish and human blood samples act as inhibitors of P-gp (67).
With a marine P-gp knockout model we will be able to investigate the pathways of absorption
for these toxic compounds.

In this study we demonstrated that we could identify specific targets in the L. pictus
genome and reliably use CRISPR to induce mutations at desired loci. We further showed
that juvenile sea urchins can be non-lethally genotyped using tube foot clips, a procedure
analogous to fin or ear clips, but with the added advantage of using a regenerative tissue.
Finally, we showed that CRISPR induced mutations in Lp-ABCB17a could be propagated to

the F, generation in homozygous mutants. These knockout lines will enable us to perform
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further targeted studies on the roles of ABCB transporter activity in early development, gut

differentiation, and pollution sensitivity.
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3.8 Chapter Three Figures

Figure 3.1 Identification of transcript Lp-66174 as the L. pictus ABCB1a gene. A) Lp-
66174 is the most similar L. pictus ABCB transporter to purple urchin ABCB1a. The
echinoderm ABCB1a clade is most similar to the chordate ABCB1/B4 genes, while the
echinoderm ABCB4 clade is more similar to invertebrate ABCB1/B4 genes. Sequences of
known ABCB1 and ABCB4 transporters using ClustalW were aligned and used to construct a
neighbor-joining tree using the Jukes-Cantor model. Bootstrap values represent the support
level after 1,000 replicates. Yeast (Saccharomyces cerevisiae, Sc) was chosen as the out-
group. B) Alignment of known conserved domains in nucleotide binding domains (NBDs) 1
and 2 reveals a conserved serine in the Walker A domain of NBD2 in the ABCB1a like clade.
The ABCB4 like clade lacks a consistent residue at this position, suggesting that the
sequence became fixed after the evolutionary split between the two clades. Grey residues
represent conservative amino acid changes, black residues represent non-conservative
changes, and dashes indicate incomplete sequences. Additional abbreviations; Ap,
Acanthaster plancii; Bb, Branchiostoma belcherii; Dm, Drosophila melanogaster; Dr, Danio
rerio; Eb, Eptatretus burgeri; Et, Eucidaris tribuloides; Hs, Homo sapiens; Lp, Lytechinus
pictus; Mm, Mus musculus; Nm, Nematostella vectensis; Pm, Petromyzon marinus; Sp,
Strongylocentrotus purpuratus; Xl, Xenopus laevis.
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Figure 3.2 Lp-ABCB1a has similar subcellular localization and substrate preferences
to Sp-ABCB1a. A) Representation of a blastula stage L. pictus embryo, with apical
(magenta) and basolateral (green) plasma membranes highlighted B) Close-up of an
epithelial cells demonstrating the effect of Calcein-AM incubation at t=0 minutes and t=60
minutes. In cells with high ABC transporter activity (right) less Calcein-AM enters the cell to
be converted to fluorescent calcein, as compared to cells with low ABC transporter activity
(left). C) Example micrographs showing calcein accumulation in uninjected, mCherry-
ABCB1a, or H2B-mCherry injected embryos. Lp-ABCB1a localizes to the apical plasma
membrane. D) Quantification of CAM accumulation in mCherry-ABCB1a and H2B-mCherry
embryos relative to uninjected embryos. Scale bars are 20 uM.
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Figure 3.3 Generation and characterization of Lp-ABCB1a crispant larvae. A) The Lp-
ABCB1a transcript (4342 bp) covers 150 kb of scaffold 62667 in 28 exons. B) The
cytoplasmic loop prior to the first nucleotide binding domain (cyan oval) is encoded by exons
10 and 11. Guide RNA target sites Ex10+76 and Ex11-152 are indicated by red triangles, as
are their corresponding locations in the Lp-ABCB1a topology model. C) Alignment of
recovered genomic DNA clones from 2-day old larvae co-injected with Ex10+76 and Ex11-
152 sgRNAs. Both small indels at either target site (middle set), as well as large indels that
span between the target sites (lower set) were recovered. The target sites are indicated as
cyan nucleotides and the PAM sequence is highlighted in green. Insertions are upper case
magenta bases, and deletions as magenta dashes. The total change at each target site is
indicated in the table at the right. The distance between the 5’ end of Ex10+76 and the 3’ end
of Ex11-152 is 831 bases in the reference genome. D) Embryos were co-injected with
Ex10+76 and Ex11-152 sgRNAs and a membrane marker, and ABCB1a activity was
measured at 24 hours post fertilization using a Calcein-AM accumulation assay. Crispant
embryos (AABCB1a) were visually brighter than control embryos and showed no
morphological differences compared to control embryos. Crispant embryos (AABCB1a, n=70)
accumulated on average 60% more Calcein than control embryos (n=87).
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Figure 3.4 Genotype analysis of F, post-metamorphosis crispant juvenile adults. A)
Two batches of embryos were injected with both sgRNAs and raised through
metamorphosis. Genomic DNA samples were obtained from either whole animal lysis at one
week post metamorphosis (wpm) or from tube foot clips after one month post metamorphosis
(mpm). Plasmids containing PCR amplicons were sequenced via Sanger sequencing. B) At
one-week post metamorphosis four individuals, two from each batch, were randomly
selected for sequencing by whole animal lysis. Between 12 and 22 clones were sequenced
from each individual, and all four individuals genotyped had at least one mutation. The target
sites are indicated as cyan nucleotides and the PAM sequence is highlighted in green.
Insertions are upper case magenta bases, and deletions as magenta dashes.
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Figure 3.5 Tube foot clip of juvenile sea urchin. Forceps are used to grasp fully extended
tube feet. The animal will react by attempting to retract its tube feet, and gentle pressure in
the opposite direction will liberate a fragment several millimeters long that can be used for

genotyping.
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Table 3.1 Characterization of mutant alleles from F, juvenile adult somatic tissue. At
seven months post metamorphosis 14 crispant juvenile adults were measured, genotyped,
and spawned. The test diameters ranged from 3 to 11 mm. Alleles were categorized as
frameshift (Fs), non-frameshift (Nf), or wild-type (Wt), and animals were ordered by the
number of recovered Fs alleles. 10 to 17 clones were sequenced from each somatic genomic
DNA sample.

Individual (ﬁ:lz“e) Variant Copies Exon 10 Exon 11 C;gt:glje Ml-:_;a:eon
1 10 1 11 -394 0 -394 Fs
2 1 -394 -1 -395 Fs
3 1 -394 -21 -415 Fs
« 1 -5 0 -5 Fs
5 1 -5 -9 -14 Fs
2 6 1 8 -5 -9 -14 Fs
2 4 -5 -3 -8 Fs
3 1 +1 (+4-3) 9 -8 Fs
4 1 -5 (+1-6) -9 -14 Fs
5 1 -5 0 -5 Fs
3 9 1 10 +28 (+30-2) -9 +19 Fs
2 3 -353 (+1-354) -450 -803 Fs
4 11 1 4 -660 -9 -669 Fs
2 3 -5 -18 (+8-26) -23 Fs
3 2 -5 -1 -6 Fs
4 1 -5 -18 (+8-26) -23 Fs
5 1 -345 0 -6 Nf
5 4 1 3 -345 -460 -805 Fs
2 3 -344 -456 -800 Fs
3 2 -103 0 -103 Fs
4 2 +21 (+61-40) 0 +21 Nf
6 5 1 14 -3 -9 -12 Nf
2 2 +2 (+5-3) 0 +2 Fs
7 6 1 14 -6 0 -6 Nf
2 1 -6 0 -6 Nf
3 1 -5 0 -5 Fs
4 1 -344 -459 -803 Fs
8 9 1 17 0 0 0 Wit
2 1 -338 (+9-347) -453 791 Fs
9 5 1 12 -6 -6 -12 Nf
2 1 +40 -6 +34 Fs
10 3 1 10 -6 0 -6 Nf
2 3 -18 0 -18 Nf
3 1 -18 0 -18 Nf
4 1 -3 0 -3 Nf
11 4.5 1 16 0 0 0 Wit
12 5 1 15 0 0 0 Wi
13 4 1 16 0 0 0 Wit
14 5 1 10 0 0 0 Wit
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Individual

Samples # Clones

Exon 10 Target Site

Exon 11 Target Site

Refi F G D F T T A R A A K A M \' G S S G
eterence Tt e o Fim o o T TEE Bt m o BB B e b e o T T — T — Exon Exon
Genome n/a n/a  ttt gga gac ttc acc acg gcc 28§ Gct gca aag gcc atg gtc ggc agc agc ggg 10 1
3/13| ttt gga gac t-- --= --= -o- —-m oo oo oo gcc atg gtc ggc agc age ggg -53 -151
Tube feet 10/13| ttt gga gac ttc acc acA CCT GAT GTG CRA...aag g-- --- --- -gc agc agc ggg +28 -9
18/30[ ttt gga gac ttc acc ac- --- 2@§ fct gca...aag gGC AGC AGt ggt cgg cag cag -4 +4 (-3+7)
#3 3/30| ttt gga gac ttc acc ac- --- afg Gct gea...aag --- -=- --- --- agc agc ggg -4 -12
2/30| ttt gga gac ttc acc acT TCA Cca ctg...aag gGC AGC AGt ggt cgg cag cag +2 (-3+5) +4 (-3+7)
Sperm
6/30| ttt gga gac ttc acc acT TCA Cca §§g ctg...aag --- --- --- --- agc agc ggg +2 (-3+5) -12
1/30Lttt gga gac ttc acc ac- --- TTH Gct gea...aag gGC AGC AGt ggt cgg cag cag -4 (-6+2) +4 (-3+7)
4/10| ttt gga gac ttc acc ac- --- --- --- ---...aag a8 @tc g-- --- --- -gc agc agc ggg -660 -9
3/10] ttt gga gac ttc acc acg g-- --- gct gca --= --= --= --- --- --- -gCc agc agc ggg -5 -18 (-26+8)
Tube feet
2/10| ttt gga gac ttc acc a-- --- ag§ Gct gca...aag a@@ Gtc gc- atg gtc gge age age ggg -5 -1
#4 110| ttt gga gac ttc acc a-- --- a§g Gct gca...--- --- --- --- --- --- -gc agc agc ggg -5 -18 (-26+8)
Sperm 50/50-ttt gga gac ttc acc acg g-- --- Gct gca...aag a@ tc -cc atg gtc gge age age ggg - -5 | K
2;}8 ttt gga gac ttc acc acg --- --- --= --- —== -== -== --- ---= --C ggc agc agc ggg -345 -460
#5 Tube feet 3, | EEE 992 gac tte acc acg g-- --- ---= === --= --- -tg gtc ggc age age ggg -344 -456
2/18 ttt gga gac ttc --- --- == -—- = -——- aag a- ltc gcc atg gtc ggc agc agc ggg -103 -0
-== === === ---= --- --g gcc 2§ @ct gca...aag a8 Gtc gcc atg gtc ggc age age ggg| 421 (+61-40) -0
Sperm 17/17-ttt gga gac ttc acc acg g-- --- --- --- --- --- --- --- -tg gtc ggc agc agc ggg- -344 -456
Tube f t14/16 ttt gga gac ttc acc ac- --c 2@ @ct gca...aag a@8 ftc g-- --- --- -gc agc agc ggg -3 -9
# ubeteel /16| ttt gga gac ttc acc acT TCA Cca §8§ ctg...aag aB@ ftc gcc atg gtc gge age age ggg +2 (-345) 0
Sperm 17/20 [ttt gga gac ttc acc acg gc- --- --t gca...aag a- ltc gcc Cat ggt cgg cag cag cgg -6 +1
1/20| ttt gga gac ttc acc acg ge- --- --t gea...--- --- --- --- --- gtc ggc agc agc ggg -6 -21
1/20 |ttt gga gac ttc acc acg g-- --- --- ---,..--- --- --- --- -tg gtc ggc agc agc ggg -344 -456
1/20|ttt gga gac ttc acc acT TCA Cca §@§ ctg...aag a@@ @tc gcc Cat ggt cgg cag cag cgg| +2(-3+5) -+1
Tube fest 113 |ttt gga gac ttc acc acT TCA CAT TC- ---...--- --- --- -cc atg gtc ggc agc agc ggg -391(-400+9) -399
48 12/13 [ttt gga gac ttc acc acg gec a@g @ct gea...aag a8 Gtc gcc atg gtc gge age age ggg 0 0
Eggs 1/37 |ttt gga gac ttc acc acg gec afd @ct gea...aag a8 Gtc 9GC AGC AGt ggt cgg cag cag 0 +4 (-7+3)
36/37 [ttt gga gac ttc acc acg gcc a2 @ct gca...aag a@@ @tc gcc atg gtc ggc age age ggg 0 0

Figure 3.6: Comparison of recovered mutations from somatic tissue and gametes. Four
males, individuals #3-6, and one female, individual #8, spawned between 7 and 17 months
post fertilization. Between 11 and 18 clones were sequenced from each somatic sample, and
between 17 and 50 clones from each gamete sample. The target sites are indicated as cyan
nucleotides and the PAM sequence is highlighted in green. Insertions are upper case
magenta bases, and deletions as magenta dashes. The total change at each target site is
indicated in the table at the right.
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Figure 3.7 Generation of ABCB1 homozygous F2 larvae. A) Two cultures of F; animals
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resulting in 33 genotyped, sexually mature
heterozygous juveniles. B) Representative PCR alleles obtained from F, incross showing
three distinct genotypes. C) Alignment of sequenced representative PCR bands from part B.
D) Quantification of the genotypes of F2 larvae based on PCR genotyping (n=119, +/+ 1200



Chapter 4
The sea urchin as a heterologous expression system and preliminary experiments
towards insertional mutagenesis
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4.1 Abstract

In the course of this dissertation several different avenues of research relating to
high-resolution imaging or sea urchin transgenesis were undertaken that on their own do not
merit an entire chapter. Some were unsuccessful due to time or experimental constraints,
while others resulted in co-authorships. In general, they represent approaches or study
organisms that were unusual in our lab, and can act as a stepping-stone for future
researchers. Specifically, the data presented in this chapter pertain to studies with coral
membrane transporter localization and strategies for knock-in of fluorescent protein reporters
in both S. purpuratus and L. pictus sea urchins. These strategies included both CRISPR

mediated targeted transgenesis and Tol2 transposase mediated random transgenesis.

4.2 Background

Heterologous expression in animal models. As discussed previously in this
manuscript, certain species have characteristics that make them easy to study, such as
optical clarity or abundance. But this does not mean that other animals don’t deserve or need
to be studied. Heterologous expression is one way to address the imbalance between
animals that researchers wish to study and those that are easy to study. In these approaches
a gene of interest is expressed, either transiently or permanently, in a model organism or cell
line that is used to visualize protein localization, screen chemical effectors, or synthesize the
protein in sufficient quantities for purification(1-4).

Sea urchin blastula stage embryos form a single layer polarized epithelium (5). Our
lab has used this stage extensively to study the subcellular localization of both sea urchin
and human ABC transporters (6—8). In addition to localization, it is also possible to discern

the direction of transport either apically or basolaterally (7,8). Heterologous expression in this
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stage can therefore be a useful tool for studying the localization and function of genes,
particularly if the genes are difficult to study in their native environment.

Sodium/Calcium exchanger and calcification in corals. Coral reefs form over time
from the calcium carbonate skeletons of Scleractinian corals. In the coral body an epithelial
layer, known as the calicoblastic epithelium, forms over a medium, known as the
subcalicoblastic medium, where calcium carbonate deposition onto the skeleton occurs (9).
Numerous parameters, such as dissolved inorganic carbon and pH, must be precisely
regulated in order for calcification to occur, and in large part this is accomplished by different
transporters (10,11). These transporters can differ by species and physiological condition,
such as day/night cycle or temperature, but in general are meant to create conditions
favorable for calcification in the subcalicoblastic medium (12-14). In other words,
transporters on both the apical and basolateral membranes are presumably acting in concert
to facilitate flow into and out of the subcalicoblastic membrane, much like the blood brain
barrier or placental epithelium in humans (15). However, the nature of the calicolastic
epithelium (single layered, following the shape of the skeleton/polyp and in close proximity to
skeleton) makes it difficult to definitively assign subcellular localization to proteins in this cell
type.

The sodium calcium exchanger (NCX) is a member of the Slc8 family of solute carrier
(SLC) membrane transporters (16,17). The SLC superfamily is the second largest membrane
protein family, with around 400 genes in the human genome (18). Slc8 genes encode a
protein with 10 transmembrane domains and localizes mainly to basolateral membranes. In
the model coral Acropora yongei NCX (AyNCX) is localized in the calicoblastic epithelium
(19). This would imply that NCX is involved in the accumulation of calcium ions in the
subcalicoblastic medium, however without knowing the subcellular localization of AyNCX it is

difficult to determine the genes’ true function. The geometry of the calicoblastic epithelium
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makes it difficult to determine the subcellular localization of AyNCX. In the data presented
here | made use of transient heterologous expression of AyNCX in sea urchin embryos to
determine the likely subcellular localization of AyNCX.

Mutagenesis as a biological tool. Transient heterologous expression is a related
approach to permanent insertional mutagenesis (also known as transgenesis). Mutagenesis,
or the altering of genes, is one of the most commonly used techniques in modern biology,
and is closely tied to our understanding of natural variation and genetics. Studying natural
variation has been a staple of biology research since modern biology emerged as a
discipline, exemplified by the natural pea plant variations studied by Mendel. At the turn of
the 1900s genetics was established as a discipline based on understanding the inheritance
of natural variations, such as eye color mutants in Drosophila (20,21). Chemical and
radiological means of inducing random mutations followed in the mid 1900s and were widely
used in model organisms, such as the screens for pattern mutants in Drosophila and
zebrafish (22,23). While random mutagenesis has been a useful tool, the ability to introduce
novel DNA remained elusive outside of microbes until the end of the century. By the year
2000 several transgenesis modalities, such as random DNA integration and homologous
recombination, were in widespread use in animal models. These technologies were
precursors to transposon based random insertions and targeted insertions utilizing CRISPR
and homology directed repair.

Precursors to modern gene editing. Random insertion of a DNA transgene was
first described in the 1980s, when viral gene fragments and the Rabbit $-Globin gene were
injected as linear DNA into mouse oocytes (24,25). This technique was quickly adopted in
sea urchins, which are particularly amenable to microinjection (26,27). These studies found
that linear DNAs form large concatamers that are expressed and replicated in the larvae, but

are rarely passed on to juvenile animals. In sea urchins the adult rudiment forms from the left
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coelomic pouch, and most of the larval cells do not contribute to this structure (28). This
means that low frequency integrations would be infrequent in the juvenile animal post
metamorphosis, and perhaps even more rare in the germline. Given this limitation, random
DNA insertion in sea urchins has been limited to reporter constructs used during
embryogenesis and the larval stages.

In retrospect, one of the most important uses of random DNA insertion for the
development of modern gene editing was the large-scale use of trapping vectors in mice.
The most common of these vectors, the gene trap, contains a splice acceptor site fused with
a marker gene, such as the neomycin resistance gene or LacZ gene, that will only express
when integrated into the intron of an actively transcribed gene (29). Since these vectors
disrupt the endogenous gene function researchers can both localize gene expression and
study a loss of function mutant. However in rare cases these insertions lead to ubiquitous
reporter expression and normal development, such as insertion into the ROSA26 locus of
mouse (30). These loci are known as “safe harbor” regions and can accommodate large
insertions with little discernible effect on the animals (31). For example, many mouse lines
with fluorescent reporters, including complex conditional reporters such as the brainbow
system, use the RosaZ26 locus as the reporter integration site (32). As yet, there have been
no safe harbor sites identified in sea urchins. New chromosome level assemblies in multiple
sea urchin species may make this an achievable goal in the near future.

In contrast to random reporter integration, homologous recombination (HR) was
developed as a method for making targeted mutations or insertions (33). This method
requires long homology arms (~10 kb or larger in total), and these are often generated as
restriction fragments, although even longer homology arms (~100 kb total) are sometimes
generated using bacterial artificial chromosomes (BACs) (34,35). A similar approach, known

as homology directed repair (HDR) is commonly applied now with short homology arms
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(1000 bp or less). HR and HDR both work because double strand breaks trigger a homology
based DNA repair pathway (36,37). However, HR is predicated on random double strand
breaks triggering recombination, whereas HDR depends on targeted breaks from guided
nucleases.

Despite the widespread use of BAC reporters in sea urchins there have not been any
reports of transgenic mutants generated using this approach (38). In sea urchins HDR has
been demonstrated using zinc finger nucleases, a protein-guided programmable nuclease
(39,40). However, as is detailed in Chapter 3, the combination of the RNA-guided nuclease
Cas9 and lab culture of Lytechinus pictus has made creating precise double stranded breaks
feasible, which raises the possibility that HDR could be used for insertional transgenesis in
sea urchins.

Transposon based DNA insertions. As discussed above, foreign DNA can form
concatamers and randomly integrate into the host genome. While targeted insertion with
HDR can be useful, certain applications, such as transcriptionally self-sufficient fluorescent
reporters, don’t necessarily need to integrate into specific loci to be functional. In fact, as
noted above, there are no defined safe harbor sites in the sea urchin genome, so it is unclear
where these types of insertions would even be targeted to in the genome using HDR. But
random integration of foreign DNA does not persist past metamorphosis in great frequency
(27). One approach to increase the frequency of random DNA integration is to employ a
transposon integration system.

Transposons are selfish genetic elements that were first described by Barbara
McClintock in maize, where transposon activity leads to chromosome breakage (41). There
are many types of transposons that have important roles in evolution, there are at least
several dozen eukaryotic transposon derived genes for example, but for genetic engineering

the most relevant transposons are cut-and-paste DNA transposons (42). In these systems
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the transposase excises DNA flanked by repetitive sequences known as inverted terminal
repeats (ITRs) and then pastes that DNA into a new location (42). The integration site
preference, composition of the ITRs, and the size of the insert that can be handled by the
transposase are dependent on the particular transposon system employed. One of the most
commonly used transposon systems for transgenesis is the Tol2 transposon, an autonomous
transposable element isolated from Medaka, that does not have a defined integration site
and can handle inserts of approximately 10 kb without a reduction in efficiency (43,44). Tol2
is widely used in zebrafish and has been used in human cells, mice, frogs and chicks
(45,46). While use of Tol2 has never been reported in sea urchins, activity of other cut-and-
paste transposons has been reported in sea urchin embryos (47).

Experiments included in this chapter. This chapter includes three sets of
experiments. In the first, sea urchin embryos are used as a heterologous expression system
for a coral transmembrane protein, the sodium/calcium exchanger. In the second set of
experiments, | attempted to use CRISPR guided homology directed repair to insert foreign
DNA into the genomes of Strongylocentrotus purpuratus and Lytechinus pictus. Finally, in the
third set of experiments, | describe the use of Tol2 transposase as a method for integrating
reporter constructs into Lytechinus pictus. The first experiment was published as apart of “A
vesicular Na*/Ca®* exchanger in coral calcifying cells” in PLoS ONE and has been

reformatted for this dissertation.

4.3 Materials and Methods

Sea urchin husbandry and gamete collection. Adult Strongylocentrotus purpuratus
and Lytechinus pictus were collected in San Diego, California, and held in 16°C or 18°C,
respectively, in flowing seawater aquaria. Animals were spawned by intra-coelomic injection

of 0.55 M KCI. Gametes were prepared for injection as previously described (6,48).
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Heterologous expression of Ay-NCX in sea urchin embryos. The plasmids
encoding N and C terminal mCherry and mCerulean fusions of Ay-NCX were prepared by Dr.
Megan Barron, who also synthesized the mRNA (19). Sp-ABCC9a and LCK (membrane
anchoring domain of lymphocyte tyrosine kinase, LCK) fusion protein mRNAs were
synthesized using the SP6 mMessage mMachine kit (Thermo Fisher) as previously
described (7,49,50). For injections, 100 ng/puL Ay-NCX and 50 ng/pL LCK or 500 ng/uL Sp-
ABCC9a were injected in S. purpuratus.

Cloning of homology directed repair (HDR) donors. In general, the homology
arms for the various HDR donors attested to in this section were cloned out of purified
genomic DNA. In both S. purpuratus and L. pictus these genomic DNAs were purified
according to the genomic DNA extraction protocol described in Chapter 3. Several primer
pairs were ordered for each gene, and fragments between 2 and 4 kb were amplified using a
high fidelity polymerase, either Phusion (NEB) or PrimeSTAR (Takara), and cloned into the
pMiniT-2.0 plasmid using the NEB PCR cloning kit. These fragments were then Sanger
sequenced using a commercial service. These verified sequences were used to design
CRISPR guide RNAs in ChopChop (51). Finally, desired homology arms were subcloned into
PCS2+8 using In-Fusion cloning (Takara), in frame with a mCitrine or mCherry fluorescent
protein. Single guide RNAs (sgRNAs) were generated using the EnGen sgRNA synthesis kit
(NEB).

In a few cases different cloning approaches were used. The donors for S. purpuratus
ABCB1a and B-catenin were ordered as synthesized as gBlocks DNA fragments (IDT). In the
case of ABCB1a only the homology arms were ordered, while the entire donor (homology
arms plus fluorescent protein) were ordered for B-catenin. The donors for L. pictus
metallothionein were designed using the HITI approach, which relies on non homologous

end joining to essentially blunt end ligate the donor into the target locus (52). Briefly, short
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oligos containing the Cas9 target sites were subcloned 5 and 3’ of the fluorescent protein
donor, creating a donor cassette that is excisable from the plasmid with the same gRNA that
targets the genome.

Injection of HDR donors. In all experiments Cas9 mRNA was injected at 750 ng/uL
along with sgRNAs at 150 ng/puL, 120 mM KCI to promote DNA stability, and either 1.2 ug/mL
tetramethylrhodamine (TRITC) or 25 ng/puL LCK (either mCherry or mCitrine) as an injection
marker. Donors were prepared as circular plasmids (10-100 ng/uL), linear purified PCR
products (50-200 ng/uL), or long single strand DNA (ssDNA) prepared using the Guide-IT
ssDNA kit (Takara, 100-500 ng/uL).

Tol2 donors and injections.The plasmid containing the minimal Tol2 inverted
terminal repeats (ITRs) and the plasmid containing the Tol2 transposase were gifts from Dr.
Vanessa Barone. Early histone H3 (ehH3) and the metallothionein promoter were cloned
from L. pictus gDNA using reported sequences from the literature and Genbank (53-55). The
S. purpuratus Hatching Enzyme promoter was subcloned from the SpHE-eGFP reporter (56).
Similarly, the 2.5 kb SpPKS1 promoter was subcloned from the plasmid described by
Calestani and Rogers (57). The pleckstrin homology (PH) domain from Human ATK1 eGFP
fusion was sublconed from Addgene plasmid #18836 (58). All other fluorescent protein
markers were subcloned from plasmids previously reported from our lab (6,49,59).

Injection mixes contained Tol2 mRNA at 500 ng/uL, 120 mM KCI, and 10-100 ng/uL
of plasmid DNA, and were injected in one-cell zygotes. In most experiments 25 ng/uL LCK
mCherry was also injected as an injection marker, however this was omitted from
experiments with donors that express membrane markers (i.e., LCK and PH domain donors).

For the Tol2 excision assay, embryos were injected as described above, and then

genomic DNA from ~10 embryos was extracted. PCR was first performed using the standard
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m13 forward and reverse primers, followed by a second nested PCR with primers to the
ITRs. Samples were analyzed using gel electrophoresis with a 1% agarose gel.

Microscopy of sea urchin embryos. Embryos were screened for fluorescence on a
Leica fluorescent dissection microscope (Wetzlar, Germany). Confocal images were
acquired on a Zeiss LSM 700 (Jena, Germany) or Leica Sp8 confocal microscope and

images were processed using Imaged (60).

4.4 Results

Co-Expression of Ay-NCX and LCK or Sp-ABCC9a in sea urchin embryos. In
initial experiments the fluorescence of Ay-NCX appeared to be localized in small vesicles
near the plasma membrane (data not shown). In order to further investigate this two markers,
the general membrane marker LCK and the vesicle specific Sp-ABCC9a (Fig4.1 A, C, D),
were separately co-injected with Ay-NCX. Sea urchin embryos at the blastula stage form a
spherical epithelium (Fig4.1 B). Ay-NCX does not colocalize with LCK, but is distributed near
the apical plasma membrane in small vesicles (Fig4.1 C). In embryos co-expressing Sp-
ABCC9a and Ay-NCX there are many times more ABCC9 positive vesicles than NCX
positive vesicles, however all observed NCX vesicles were ABCC9 positive as well (Fig4.1
E).

Design and injection of CRISPR HDR donors. A total of 20 different HDR donors
targeting eight genes (1-6 donors/gene) were generated (Table 4.1). Between 1 and 4
sgRNA target sites were selected from each gene, and each target had a single HDR donor
designed for the target site (Table 4.1). In 15 of the donors a traditional HDR approach was
used. The approach for Sp-ABCB1a is outlined in Figure 4.2. The Sp-ABCB1a locus covers
~38 kb of sequence in 27 exons (Fig4.2 A). A guide RNA target site beginning at base 9 of

the first exon (ABCB1a1.9) had previously been identified by the lab (target sequence and
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position relative to the start codon shown in the upper portion of Fig4.2 B). Two homology
arms were ordered as synthesized double stranded DNA from IDT, and together with the
DNA encoding an mCherry fluorescent protein and a flexible linker region compose the donor
cassette (Fig4.2 B). The 5 homology arm is 728 bp long and covers part of exon 1, the 5
untranslated region, and ~600 bp of the upstream noncoding region. The 3’ homology arm
covers the remainder of exon 1 and most of intron 1. This donor took ~3 weeks to construct;
a few days to finalize a design for the in-frame donor, ~10 days to order and receive the
homology arms, and another 4-5 days to clone, maxiprep, and sequence the donor.

A total of 49 crosses with different target sites and donor preparations were made,
including 18 with the ABCB1a donor. In all, fluorescence was only observed in the
promoter/reporter HDR donors designed for S. purpuratus Nodal. However, injections of the
plasmid donors without Cas9 or sgRNAs resulted in similar levels of expression (data not
shown). In no experiments involving donors without promoters was fluorescence observed.

Design and injection of Tol2 donors. Tol2 donors were constructed by subcloning
the promoter of interest and the reporter/fluorescent protein fusion in between the minimal
Tol2 inverted terminal repeats (Fig4.3 A). The majority of the donors constructed for this
project contain the Sp-Hatching Enzyme promoter (Table 4.2). The Sp-Hatching Enzyme
donor variants were rapidly constructed in parallel using the same restriction sites. When
injected at 25 ng/uL each donor strongly expressed in gastrula stage L. pictus embryos
(Fig4.3 B).

Injection of Tol2 mMRNA and the Lp-Metallothionein-mCherry-ehH3 donor at low (10
ng/uL) and high (25 ng/uL) levels of DNA both resulted in large, clonal mCherry-ehH3
expression, particularly in the ectoderm (Fig4.3 C). However, this expression disappeared by

4 days post fertilization (data not shown). A DNA excision assay was used on both the high
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and low donor amount samples, and in both cases the major product band shifted from

~3000 bp to ~200 bp, indicating active excision of the donor cassette (Fig4.3 D).

4.5 Discussion

Heterologous expression of coral Ay-NCX in sea urchin embryos. One of the
main arguments for model organism research is that problems can be addressed in systems
that are best suited for measuring the answer. In this case, the calicoblastic epithelium, due
to its structure, cannot be imaged in living organisms and is generally a difficult tissue to
study by light microscopy. In contrast, blastula stage sea urchin embryos are well suited to
assaying subcellular localization of membrane proteins, and fluorescent protein techniques
have been in use for nearly a quarter of a century (7,61).

In the present study, it was known that the sodium/calcium exchanger was part of the
calcifying machinery in the calicoblastic epithelium, but its exact role was unknown. Does
NCX import calcium from the overlying layers, or does NCX export calcium into the
subcalicoblastic medium? In order to answer this question we overexpressed Ay-NCX in
purple sea urchin embryos, and initial experiments seemed to indicate that Ay-NCX localized
in spherical vesicles (data not shown). Sp-ABCC9a is similarly expressed in vesicles, while
LCK only localizes in the plasma membrane (Fig4.1B, D). Accordingly, we co-expressed LCK
or Sp-ABCC9a with Ay-NCX, and found that Ay-NCX localizes to Sp-ABCC9a positive
vesicles near the apical membrane (Fig4.1 C, E). These results informed further experiments
in Acropora, particularly immunofluorescence and electron microscopy examining vesicles in
the calicoblastic epithelium (19).

This study highlights some of the advantages of the sea urchin as a model organism.
The main advantages for this study were the ease and accuracy of heterologous expression,

and the background of sea urchin specific research. The first of these is useful, in that one
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can generally expect exogenous proteins, either transients as in this case or permanent
transgenes, to maintain their characteristics in sea urchin embryos. Vesicular Ay-NCX and
membrane associated LCK both localize in a reproducible manner. The second advantage, a
deep knowledge base, is evident in the fact that a plasma membrane marker and vesicle
marker that were vetted in sea urchins were ready to “pull off the shelf’ for these
experiments. More generally, the wealth of sea urchin studies should translate into opening
more avenues of research with new genetic tools.

Challenges in CRISPR mediated DNA insertions. The newest tool transforming
biological research is CRISPR RNA guided gene editing. As outlined in Chapter 3, we have
successfully used CRISPR to generate ABCB1 homozygous mutants in Lytechinus pictus. In
this chapter | attempted to use CRISPR mediated DNA insertion using a homology directed
repair (HDR) strategy. HDR is an accurate method for precise insertion, however the tradeoff
is that HDR happens infrequently (62). Target choice, cell type, cell cycle stage, and format
of the donor and Cas9 all influence the rate of HDR (63—65). There are no reliable methods,
at least in a marine model, to predict the efficiency of HDR at a specific locus.

Given these limitations, | chose to use S. purpuratus for most of the donors in this
study and chose multiple guide RNA targets for most genes. The benefit of S. purpuratus
was the quality of the purple urchin genome, but the tradeoff to this choice was that we
couldn’t reasonably expect to grow multiple generations of transgenic animals. In other
words, we could accurately design donors but we had to select targets that would be easy to
observe in the larval stages. Cylllb, Sic25a4, and Mt1 are some of the most highly expressed
genes in the larval stages (66), whereas fB-catenin and Cpa2l have very specific
localizations to the vegetal pole or gut, respectively (67,68). ABCB1a is well studied in our
lab, and would have had the most benefit to the lab group. In addition, a gRNA target site in

the first exon of ABCB1a had been shown to work with what seemed like high efficiency by

96



other members of the lab. However subsequent investigation revealed that ABCB1a1.9 was
the least consistent of the tested gRNAs against ABCB7a (69).

Suspecting that gRNA inefficiency may have been a factor, | also designed donors to
a gRNA target site in the Nodal gene that had previously been demonstrated to work
efficiently (70). Disrupting Nodal results in a radially symmetric embryo due to failed left-right
patterning (71). There should therefore be a double signal: a radialized embryo indicating
gRNA cutting, and the fluorescent protein marker of the promoter-reporter fusion in the
donor. In practice, the nodal donors fluoresced regardless of whether they were co-injected
with Cas9 and gRNA.

Given the limited scope of these experiments it is impossible to say exactly why |
never saw evidence of integration. However, three things are apparent for future students
attempting to use this technique. Firstly, screening in the crispant generation doesn’t appear
to be a viable strategy. Using L. pictus and screening for fluorescent F1s would be the
natural method to try. Secondly, gRNAs should be thoroughly vetted in vivo prior to use for
HDR experiments. All of the gRNAs | used scored high according to the metrics of the design
software (in this case ChopChop v2.0), however we have seen variability even amongst
similar gNRA (69). More vetting in vivo for high efficiency guides should reduce the amount
of cloning (i.e. only clone donors for the best target site) and increase the number of DNA
cleavage events, which should in turn increase the rate of HDR. Finally, more screening
should be done with PCR or other molecular based approaches. Integration of fluorescent
proteins may not occur in very many cells, and most likely only needs to happen in one of the
primordial germ cells in order for the integration to be inherited. Additionally, some genes
may not have high enough expression to see fluorescence in heterozygous F1 animals.
Molecular methods, such as PCR with primers inside and outside of the donor cassette,

could more accurately screen animals for evidence of integration.
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Tol2 Insertional mutagenesis. Based on the findings above, i.e. good expression of
reporters and little to no evidence of integration, | pursued a transposon-based method for
DNA integration in L. pictus. Transposons have higher rates of integration as compared to
homology based methods, and can insert large sequences (up to ~10 kb for Tol2) without a
significant drop in efficiency (72). However, the integration site is random. Therefore, |
decided the most practical approach would be to use a constitutive, highly expressing
promoter-reporter donor.

The S. purpuratus hatching enzyme promoter proved to be effective at producing high
levels of expression with several fluorescent protein reporter combinations (Fig4.3-B).
However, none of these constructs had visible fluorescence after 4 days post fertilization
(data not shown). To determine if this was the result of using the S. purpuratus promoter in L.
pictus | cloned out a previously reported Lp-Metallothionein promoter fragment with strong,
constitutive expression during early development (53,54), and coupled it with a UTR-to-UTR
Lp-ehH3-mCherry reporter (Fig4.3 C). This donor was highly expressed out to the early
larvae stages, however visible fluorescence was gone by day 4. Interestingly, an excision
assay, which measures the relative amount of Tol2 activity, indicated that the donor had
been excised from the injected plasmid (Fig4.3 D). Both the Hatching Enzyme and
Metallothionein promoters are small segments of larger cis-regulatory regions controlling
gene regulation. One likely scenario is that the embryo specific regulatory elements in the
promoters are no longer activated around day 4, possibly due to the accelerated growth of L.
pictus embryos relative to S. purpuratus embryos. From each batch of injected embryos |
saved as many injected larvae as possible after imaging, typically the majority of the injected
embryos, and raised these as described in Chapter 3. Only five of these animals reached

metamorphosis, and those died within a few days. These animals were spawned in late fall
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(October-December) well after the peak breeding season, which may explain the failure of
the cultures.

In general, Tol2 mediated insertions seem like a promising future direction. The
donors, at least in these early stages, are easy to design and clone. There appears to be
Tol2 activity in L. pictus. As with HDR insertions, the best path forward is likely injection
followed by long term culturing and retrieval of heterozygous F1 animals. One interesting
challenge for future investigators will be attempting to discover L. pictus safe harbor sites.
Safe harbor sites are commonly used to create complex transgenic lines, i.e. conditional or
stochastic mosaic lines such as the brainbow lineage tracing system (32). Indeed, whether
techniques like Cre-Lox recombination, the basis of brainbow, will work in L. pictus remains
to be seen. These data will hopefully support the establishment of fluorescent reporter sea
urchin lines in the near future, and with them the expansion of L. pictus into a fully realized

genetic model system.
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4.8 Chapter Four Figures

Figure 4.1 AyNCX localizes in intracellular vesicles in sea urchin embryos. Schematic
of the fluorescent protein fusions used in these experiments (A). Protein colors match the
fluorescence in micrographs B-D. The sea urchin embryo at ~20 hours post fertilization is a
hollow, spherical, epithelial ball approximately 80 ym wide, and LCK is a cell plasma
membrane marker (B). Two representative embryos expressing AyNCX and LCK (C). Upper
row: an equatorial cross section showing AyNCX vesicles towards the apical surface of the
cells. Lower row: Tangential section showing AyNCX vesicles predominantly at the apical
vertices between cells. An example of an ABCC9 expressing embryo (surface projection)
and a zoomed in cross-section with vesicles labeled with white arrows (D). ABCC9 localizes
to vesicles, which colocalize with AyNCX (white arrowhead, E).

106



Sp-ABCC9
NN NN

LCK
Anchoring
Domain

In VUUVUV AV VU
O Fluorescent | Transmembrane — — _ Lipid
Protein Domain — Bilayer
LCK LCK

~

Surface
Projection

Cc

~

Surface
Projection

Surface
Projection

D)

Surface
Projection

Surface

LCK

Sp-ABCC9

Sp-ABCC9/Ay-NCX

Projection

Cross Section

Cross Section

Cross Section

Cross Section

Cross Section

Sp-ABCC9

Sp-ABCC9

107

S




Table 4.1 Description of homology directed repair donors for CRISPR mediated
insertional mutagenesis. A total of 8 gene loci were targeted with 1-4 gRNAs and 1-6 donor
plasmids. Six of the eight loci were in S. purpuratus and two in L. pictus. Genes were chosen
based on expression level, expression pattern, and/or subcellular localization. 49 different
batches of embryos were injected, the majority with plasmid DNA as the donor. HDR,
homology directed repair; TF, transcription factor; NHEJ, non-homologous end joining.

Gene Common sgRNA Species Embryonic Subcellular Methods N (Injected Donors
name Name Targets pecie Localization Localization Used Crosses) Made
. HDR with plasmid/
Ectoderm and Apical .
ABCB1a ABCB1a 1 S. Purp. Gut e long ssDNA/oligo 18 1
ssDNA
. Vegetal Pole Nuclei (TF) HDR with plasmid
Ctnnb B-Catenin L S. Purp. Domain Junctions and long ssDNA . 1
Right Lateral HDR of Promoter/
Nodal Nodal 1 S. Purp. 9 Nuclear Reporter with 7 5
Ectoderm .
plasmid, ssDNA
Ciliary Band - Actin . .
CylliB Actin 2 S. Purp. Ciliary Band Filaments HDR with plasmid 2 2
Adenine
Slc25a4 nucleotide 2 S. Purp. Ubiquitous Mitochondria  HDR with plasmid 2 2
translocator
Carboxy- Stomach . .
Cp2al peptidase A2 2 S. Purp. (midgut) Secreted HDR with plasmid 2 2
. , . Golgi HDR with plasmid,
Mmt1 Metallothioein 4 L. pictus  Cytoplasmic Apparatus NHEJ insertion, 4 6
EnH3 ~ Early Stage 1 Lpictus  Alcells Nuclei HDR with plasmid 4 1
Histone 3
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Figure 4.2 Homology directed repair donor design for the S. purpuratus ABCB1a
locus. Sp-ABCB1a consists of 27 exons spanning 38 kb, with a short 5 UTR (A). N-terminal
fluorescent protein fusions recapitulate Sp-ABCB7a subcellular localization and function. A
guide RNA targeting the 5’ end of the first exon (ABCB1a1.9) is the optimal predicted guide
RNA for making an N-terminal fusion with HDR (B). The donor is constructed to cover ~725
bp on either side of the target site, delivering an in-frame mCherry coding sequence and
flexible linker.
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Table 4.2 Summary of Tol2 donors used in L. pictus embryos. Tol2 donors were all
promoter-reporter constructs flanked with minimal Tol2 recognition sites, subcloned into the
PCS2+8 plasmid backbone. Seven S. purpuratus Hatching Enzyme promoter constructs
expressing different membrane or nuclear markers were cloned, along with one L. pictus
Metallothionein donor, one S. purpuratus Polyketide Synthase 1 donor, and one gene trap
donor. Donors ranged in size from 2-3kb. UTR, untranslated region; CDS, coding DNA

sequence; pA, polyadenylation sequence.

Promoter Species Reporter Fusion Expected signal Insert size
Hatching Enzyme S. purp. mCheérggﬁ.gA-ehHS Ubiquitous red nuclei 2754 bp
Hatching Enzyme S. purp. mCheg;ﬂ%g;E “Lp- Ubiquitous red nuclei 2835 bp
Hatching Enzyme S. purp. LCK::mCherry::pA U?;%l::g::n;ed 2306 bp
Hatching Enzyme  S. purp. LCK::mCitrine::pA Ubigtgiggfa%;een 2315 bp
VARG TS Domali:nl-::cr:'r?c-;’t:r-\e::pA U?rgl:':grasn;ed iy
Hatching Enzyme  S. purp. AKT-PH::eGFP::pA Ubiglgiggfa%;een 2757 bp
Hatching Enzyme S. purp. 2xNLS::mCerulean::;pA  Ubiquitous blue nuclei 2412 bp

Metallothionein L. pictus ~ ° ’UTeRr; ,;':‘,,Cged'TyRLp uggq;:]?:; rffng.‘ifv'ﬁ' 2252 bp
sP }‘,”?t',’,‘:gg‘; S. purp. GFP::pA Cytgi’;'f;“if CSI'I:SP N 3128 bp
n.a n.a. SAIRES::mCherry:L.p- Gene trap, red nuclei 2078 bp

ehH3::pA
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Figure 4.3 Expression of Tol2 donor constructs in L. pictus embryos. The Tol2 donors
used in these experiments consist of a promoter from S. purpuratus or L. pictus directly 5’ of
a fluorescent protein reporter and 3° UTR or polyadenylation site, and this cassette is flanked
on either end by minimal Tol2 inverted terminal repeats (A). The S. purpuratus Hatching
Enzyme promoter drives ubiquitous expression of membrane and nuclear reporters during
gastrulation (B). The L. pictus Metallothionein promoter drives similar expression of Lp-ehH3-
mCherry reporter at low (10 ng/uL) or high (25 ng/uL) concentrations of donor plasmid (C).
DNA recovered from injected embryos at both levels of donor injection shows excised
plasmid (200 bp band) indicative of Tol2 activity, as opposed to the plasmid only control (D).
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Concluding Remarks
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5.1 Concluding Remarks

As | have demonstrated above, the advent of easy and economical genome editing
changed the course of my dissertation and the field of biology writ large. Biologists will be
grappling with the implications of CRISPR for years to come, but this body of work
demonstrates just how disruptive the advent of CRISPR has been for developmental biology
in particular.

This thesis begins with an investigation of lipid phosphate phosphatases (LPPs) as
possible regulators of primordial germ cell migration in Strongylocentrotus purpuratus
(Chapter 2). | found that the main LPP expressed during the migration period is actually
expressed in the skeletal cells, and chemical inhibition supports a role for this gene in
skeleton formation.

At this point my research focus shifted to adapting CRISPR gene editing for use in
sea urchins (Chapter 3). | primarily used this technique to create a line of Lytechinus pictus
with mutant ABCB1. These animals developed normally and had normal fecundity, however
homozygous ABCB1 knockouts were more sensitive to ABC transporter substrates.

Finally, | used CRISPR and the Tol2 transposon system to attempt insertional
mutagenesis (Chapter 4). While neither approach produced adult transgenic animals, there is
evidence that the Tol2 transposase was active in L. pictus embryos.

The experiments described in this dissertation have set up a number of research
avenues for future trainees. How does loss of ABCB1 affect tolerance of environmental
chemicals? Can safe-harbor sites be identified in L. pictus using Tol2, given the current
resolution of the genome? More fundamentally, how will new methods of transgenesis
change types of research that can be done in the sea urchin? Answering these questions will
build on over a century of research sea urchin research and may keep sea urchins relevant

for another hundred years.
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