REGULATORY ROLES OF MICRORNAS DURING EARLY

DEVELOPMENT

by

Kalin Diane Konrad

A dissertation submitted to the Faculty of the University of Delaware in partial
fulfillment of the
requirements for the degree@bctor of Philosophy in Biological
Sciences

Winter 203

© 2023 Kalin DianeKonrad
All Rights Reserved



REGULATORY ROLES OF MICRORNAS DURING EARLY

DEVELOPMENT

by

Kalin Diane Konrad

Approved:

Velia M. Fowler, Ph.D.
Chair of the Department of Biological Sciences

Approved:

John A. Pelesko, Ph.D.
Dean of the College of College Arts and Sciences

Approved:

Louis F. Rossi, Ph.D.
Vice Provost for Graduate and Professional Education and
Dean of the Graduateoege



Signed:

Signed:

Signed:

Signed:

| certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Jia L. Song, Ph.D.
Professor in charge of dissertation

| certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Melinda K. Duncan, Ph.D., FARVO
Member of dissertation committee

| certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of DoctorRifilosophy.

Deni S. Galileo, Ph.D.
Member of dissertation committee

| certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for theegree of Doctor of Philosophy.

Shuo Wei, Ph.D.
Member of dissertation committee



| certify that | have read this dissertation and that in my opinion it meets
the academic and professional standard required by the University as a
dissertation for the degree of Doctor of Philosophy.

Signed:

Soonmoon Yoo, Ph.D.
Member of dissertation committee



ACKNOWLEDGMENTS

| would first like to express my deepest appreciation for Dr. Jia L. Song for her
dedication to my groth and development to become the researcher | am today. When
| started the program, | only had a semester of conducting research during my
undergraduate career and | knew | would need more kandsining, which Jia so
generously gave me. When | first ndga, | expressed interests in neuroscience, and |
was impressed that she was willing to give me a neuroscience project even though that
was not her expertise, and this was one of the deciding factors that made me chose her
lab. | know professors are egimely busy but somehow Jia can take time out of her
week to help improve my writing and experimental design. Previously | was not sure if
someone like me could get a doctoral degree in science. But with Jia mentoring me she
has allowed me to see my fullgeatial and mold me into the person | am today. | would
like to thank my committee members, Dr. Melinda Duncan, Dr. Deni Galileo, Dr. Shuo
Wei, and Dr. Soonmoon Yoo, for all of their time and helpful insights that advanced my
research and helped develoy stientific thinking.

| also need to extend my gratitude to the past lab members: Dr. Nadia
Stepicheva, Alex George, Chelsea Lee, Jacob Duggan, Elizabeth McCulla, Cullen
Kisner, and Dr. Nina Faye Sampilo. Thank you for your support and not only being my
lab mate but also my friend. All the past lab members not only helped me with my
research but also most of the previous students also helped me become a better mentor.
| especially want to thank the current lab members: Jessica Benito, Kayla Hammond,

Michael Testa, and Carolyn Remsburg. Thank you all for the personal as well as



academic support along with all the amazing memories. | want to personally thank
Kayla for being such a good friend and giving me the emotional support when | needed
it the most. | ppreciate Michael for being my friend and allowing me to give him
feedback on his scientific thinking which in the end made me a better mentor. | really
need to give a huge thank you to Carrie. Carrie and | started at the same time and what
we have togethas invaluable as we have grown to be such great friends and colleagues.
| really do not know what kind of scientist | would be today if it was not for Carrie. She
developed my scientific thinking and took the time to help me understand things even
when tey did not relate to her own project. | wish all the best for my lab mates and look
forward to hearing about all the great things they end up doing.

| would also like to thank my good friend and colleague Brielle Hayward
Piatkovskyi. Brielle is an amaainscientist and has given me fantastic advice on my
own research even though her research is in a completely different field. She has also
been a wonderful friend and has encouraged me throughout the years, especially when
times were hard. | know Brielles igoing to do great wherever she ends up and | look
forward to the years ahead as great friends. | also need to thank Christine Rourke who
is not only my good friend but has also helped me advance my scientific writing and
thinking by letting me read herask and having her give me comments on my own. |
need to extend a special thanks to all the people behind the scenes including Betty
Cowqgill, Jim Farmer, Jamie Quesenberry, and Abayron(part of the custodial staff)
for always being kind and taking tinbe help in any way they can.

Lastly, but certainly not least, | need to thank my mom, dad, my brother Alex,
and my husband Anthony for the undeniable support and love. My mom and dad have

taught me that | can get anyway | want if | just work hard enouglkhahas been a

Vi



pivotal point in becoming the person | am today. They have taught me how to persevere
through any hardship which has enabled me to finish with my doctorate degree. They
have always supported my academic career and believed in me that &cbigve my
dreams. | also need to thank my husband, Anthony, who has been there for me every
day since | started undergrad. Over the last nine years of school there were some really
hard times, and | was unsure if | could get through it but having Antwdh me gave

me the confidence to push through and obtain my degrees. | would not be graduating
with my doctoral degree if it was not for my incredible support system, and | cannot

thankall these people enough.

vii



TABLE OF CONTENTS

LIST OF TABLES . ...t et e e e e e e e s senre s Xi

LIST OF FIGURES........uuitiiiiiiiiiiiiiesceestiiieeeeee e aa e e e e e e e e e s smmmr e e e e e e e e e e e e e e s s s s e s nnnn s Xii

AB ST RA C T ettt e et e e e e e e e e eat e e e e e e e as XV

Chapte

1 INTRODUCTION.....cciiiiiiiiiiiitiiieesieeeseeeeeeeeeeeeeraeaaaaeeesamareaaaaaaaaaaaaaaeasnnnns 1
Biogenesis of microRNAS in animal Cells..............cccvvviiiieemiiiiiiiiiieeeee, 1
The seaurchinas a model...............ooo i 4
Neurogenesis during sea urchin development............cccovvvvveeenee e 6
Sea urchin uses conserved TFs and signaling pathways during neuragénesis
Mesodermal development in sea urcBMbIyos.............ooooeiiivviiinnnn s 10
Similarities between sea urchin immune cells and vertebrate cell.typesl8
mMiR-124 has a conserved role during NeurogenesIs.............ooevvvveeennnn. 19
miR-124 potential role during mesodermal development...................... 21
Known functions of MIRBL..........oooviiiiiiiiiiiicr e 21
Mitosis and the cell cycle durireprly cleavage stage............cccccvvvnnnneee.. 22
Subcellular localization of RNA and local translation................ccccouv e, 24
2 MATERIALS AND METHODS.......cuutiiiiiiiiiiiiiiie ettt 26

ANIMAIS . et 26
Y ol {0 ] ] ] [=Tox (o] o PP PP PPPPPRPP 26
Realtime, quantitative polymerase chain reaction (QPCR).................... 28
Fluorescence RN#An situ hybridization (FISH) and whole noat RNAIn
situ hybridization (WMISH)..........ooiiiiii e 30
Immunolabeling ProCedUres..........ccccvvieiiiiiiieee e 34
Cloning for luciferase reporter CONStrUCES..........cocuvviiieiiiieene e, 37
(@ T = T o] 1] 1= i [ o 38
WeESEEIN DIOL.... .. 41
Preadsorption assay of NeuroDL..............ocovvvviiiimmmeeeeieeeeeeeci e 43
TUNEI @SSAY. .ttt ettt eeenee 43
Drug treatMentS.......cccuoiiiiiiiiieiis e e eeenn A

viii



MIRNA QPCR ..ot 44

MICRORNA-124 REGULATESNOTCHAND NEURODI1TO MEDIATE

TRANSITION STATES OF NEURONAL DEVELOPMENT........ccevo..... 46
INEFOAUCTION. ..o e e e e aenmens 46
R ESUIS ..o e e e 49

NeuroD1 localizes to the presumptive ganglia and gut of the sea

UFCHIN JAIVAE. ... .uuiiiiiiiiiiiiic e 49
NeuroD1 influenceS$oxC, Delta, Brnl/2/ndElav transcript
[EVEIS .. - 54

MiR-124 is enriched in the ciliary band where neurons reside...56
Inhibition of miR-124 leads to endodermal and mesodermal

development defeCtS.........c.uuuiiiiiiiii e 57
Inhibition of miR-124 results in defects in gut contractions and
Cardiac SPINCIEL..........uiiiiiiiiiii it 59
MiR-124 regulates larval SWimming.............cceeevvviiiiieenneeeeeeeeeeen) 61
Inhibition of miR-124 leads to decreased mature neurans.......... 63
MiR-124 modulates neuronal GRN to regulate specification,
differentiation, and maturation of NeUraNS...........cccceeeeeeerieeeennnn 64

MiR-124 directly suppresses components of neuronal GRN......68
Removing miR124's direct suppression NeuroD1results in gut

contraction and swimming defects.............ccccvvvviiiemeeeeveeeeeeen 41
Blocking miR-124's suppression dfeuroD1results in fewer
functional neurons and moEdav-expressing cells.............c........... 71
MiR-124 regulatedlotchandNeuroD1in the reuronal GRN...........75
[ o U 1] o] o PRSP TTTRRRTTPIN 76
U0 (=0 [ = Tox 1o 1 85

MICRORNA-124 DIRECTLY SUPPRESSES NODAL AND NOTCH TO

REGULATE MESODERMAL DEVELOPMENT........coiviiiiieeeeeerceaan 87
INEFOAUCTION. ... e e s 87
=TS U1 £ 90

MiR-124 inhibition results in normal skeletal development......... 90



Blastocoelar cells argpecified before pigment cells.................... Q0
MiR-124 is expressed during Nodal signaling and before the second

wave ofNotchsignaling.......cccoooeeeeeiiiiiieeeee e 92
MiR-124 inhibition results in decreased number of pigment cells and
increased number of blastocoelar cells...........ccuvveiiiiieeeiiiinnnnee. 93
MiR-124 directly sppresse®Nodaland effectdNotexpression........ 95
MiR-124 directly suppressétodalto regulate immune cell
JEVEIOPIMENL. ...t 97
MiR-124 directly suppressé&odalduring the time BCs/PCs are
DeING SPECITIEU. ....euiiiiiiiiiiiii s 99
MiR-124 directly suppresséotchto regulate immune cell
JEVEIOPIMENL. ...ttt 101
Removing miR124 suppression dotchresults in increaseid
blastocoelar and pigment cellsth some hybrid cells.................. 104
Removing miR124's suppression dfotchresults in increased
proliferating BCS/PCS.........ccooiiiiiiiiiiiieeeeee e 106
D Yo U L1 (o o TSP PPRRRT 107
FULUrE Ir€CHIONS....coi it eerr e e e e e e e e e e e 113
5 DYNAMIC LOCALIZATION OF MICRO-31 DURING MITOSIS.......... 115
0o [ [ 1o ] IS PPPURRPRPRN 115
RESUIS ..ot e e e e e e e e e e e 118
MiR-31 along with its targets docalize to the mitotic spindle.....118
Fascinrequire microtubules for their localization to timéotic
SPINAIE.....e e 122
MiR-31 inhibition results in embryonic lethality, microtubule
defects, and increased actin during mitQsis............cccceeeeeveeeennn. 122
Discussion/Future direCtioNS.............ovvevuvuiiiiimmmre e eeeeennnes 125
REFERENCES. ... eees st eeeesa bbb e e e e e e e e e e e emnreeeees 127
Appendix
PERMISSIONS . ... .ottt ceestiie ettt e e e e e s e e e e e e e e e e e e e e e s e 146



LIST OF TABLES

Table 2.1 List of the sequences of the TPs and LNAS...........coovvvviiiieeeeeeeeeeeen, 28
Table 2.2 List of primers used for quantitative polymerase chain reaction (gRZR)

Table 2.3 List of primers and enzymes used for amplification of target genes to
mMake RNA Probes........uuiiee 31

Table 2.4 List of primers for cloning constructs iRbUCand for mutagenesis....38

Table 4.1 Predicted miR24 targets enriched in Nodal aNdtchsignalirg and
mesodermally derived immune CellS........cccoooeiiiiiiiiiceeiiii 89

Table 51 Predicted miR31 targets are related to actin and cytoskeletal dynarits

Xi



LIST OF FIGURES

Figure 1.1 MicroRNA biogenesis in an animal cell...........ccccoooiiiiiiceeiiiiiiiiieee e, 3
Figure 1.2 Sea urchin developmeNnt...............uuuiiiiiicceeeeieiieee e e 5
Figure 1.3 Sea urchin embryo is comgo®f three different neural domains........ 6
Figure 1.4 Sea urchin embryo contains three neural domains................ccccee.... 8
Figure 1.5 SimplifiedNotchsignaling pathway..............coovvvviiiiiie e, 12
Figure 1.6 Simplified schematic of Nodal signaling pathway...................c...c... 13

Figure 1.7 The first wave Motchand Nodal Signaling specify BCs from

Figure 1.8 The celtycleis different depending on the stage of development....23
Figure 3.1 Simplified modedf the sea urchin neural GRN................ccooiiieeennnn 49
Figure 3.2 NeuroDL1 is conserved between human and sea.urchin................. 50

Figure 3.3 Human NeuroD1 antibody recognizes sea urchin NeuroD1 on a western

BIOTS ... 51
Figure 3.4 NeuroD1 immunolabeling reveal similar strucuhat has been

previously observed in vertebrates..........ccccceeeiiiiiiceccciiiiiieee e, 53
Figure 3.5 NeuroD1 regulates transcripts involved in the neuronal.GRN......... 55
Figure 3.6 miR124 is enriched in ciliary band................ooiiiiiii e, 57
Figure 3.7 Inhibition of miRL24 leads to endodermal ametsodermal

developmental defecCts. ..o 58
Figure 3.8 miR124 inhibition leads to gut defecCtS..........cooeeeiiiiiiiieeni 59

Xii



Figure 3.9 miR124 inhibition leads to gut and sphincter defects...................... 60

Figure 3.10 miRL24 inhibition results in decreased larval swimming velocity....62

Figure 3.11 miRL24 regulates NEUIrOgENESIS..........ceevvevrrrvurimmmrereeeeeeenrrrinnnd 64
Figure 3.12 miR124 regulates neurogenesis during early developmet............. 66
Figure 3.B miR-124 regulates neurogenesis during the gastrula stage............ 67
Figure 3.14 miRL24 regulates neurogenesis duringltreal stage....................... 68

Figure 3.15 miR124 directly suppressé&seuroD1to regulate gut contractions and
SWIMIMING. . eeee e e e eeeenss bbb e e e e e e eeeeeeeeeeeenn 70

Figure 3.16 miRL24's direct regulation ddeuroD1is important for neurogenesis/2

Figure 3.17 miRL24's direct regulation ddeuroD1is important for neurogenesis
during the gastrula stage.............ccccceeiiiiiceceviiiicccce e eeeeee 3

Figure 3.18 miR124's direct regulation deuroD1is important for neurogenesis
during the larval Stage.............uuuuiiiiiiiiiieeeiiii e 74

Figure 3.19 Removalf miR-124's inhibition oNotchand/orNeuroD1results in
decreased mature neurons and increased apoptosis...................... 75

Figure 3.20 Working model of pestanscriptional control mediated by miR24 in
MOdUlating NEUIOGENESIS .....cviiiiiiieeieiieie e 34

Figure 41 Blastacoelar cells are specified before pigment cells...........ovvveeeeeee. 91

Figure 42 Inhibition of miR-124 results in increased BCs at the expense of
differentiated PCS........uuuiiiii e 92

Figure 43 Inhibition of miR-124 results in decreased differentiated.PC............ 94

Figure 44 Nodalis a direct target of miR24 and miR124 does not regulate
Nodal during dorsal/ventral axis formation..............cccevvvvvieeeeeeeeeeeenn. 96
Figure 45 Removing miR124's direct suppression Nbdalresults in increased

Figure 46 Removing miR124's direct suppression Mbdalresults in decrease in

Xiii



differentiated PCS.......ccooiiiiiiiiiiie e 98
Figure 47 miR-124 directly suppressé&®dalduring BC and PC specification...100

Figure 48 Removalof miR1L 2 4 6 s s u pNoticheesudts imintreasd &C-
SPECITIC GENE EXPIrESSIONS .. .uiiii i e e eeeeeeiieeee e e nnne e 101

Figure 499 Removalof miR1L 2 4 6 s s u pNwotcheesudts imintreasd of RC
SPECIfIC gENE EXPIrESSIAN.....cevvviiiiriiiiie e s et e e e e e e e e e emeerae s 102

Figure 4. DRemoval of miRL 2 4 6 s s u pNotcheesudis inoan incoefised
number of botlBCs and PCS.........ccoovviiiiiiieeee e 104

Figure 4.1 RemovingmiR1 2 4 6 s s u pNotcheesults iminctreased
proliferating pigment CellS............oovviiiiiiiiiiicre e 106

Figure 4.2 Model of regulatory mechanism of miR24 of BC and PC
JEVEIOPIMENL. ... 112

Figure 4.B miR-124 directly suppressé&seand overexpression é&seresults in
increased BCs and decreased PCS...........cccoevvvvveeee e, 114

Figure 5.1 High througiput methods to determine potential i8R targets......... 115

Figure52miR-31 and some of its predictetl9t arget

Figure 53 Fascintranscriptgequires microtubules for localization..................... 121
Figure 54 miR-31 is functional inhibited when we inject miB inhibitor............ 123

Figure 55 miR-31 inhibition results in embryonic lethality, microtubule defects,
and INCreased ACHIN.........uuuuuiiii e e e e e e e e e e errrr e e e e e e e e e eees 124

Xiv



ABSTRACT

MicroRNAs (miRNAs) are a type of nogoding RN/As that destabilze target
transcriptsaand/or inhibit translation in animal celldicroRNAs have been observed to
be vital for development across phylogetjsing the sea urchin embryo, we take
advantage of the manipulability of the embryo and its-detlumented gene regulatory
netwaks (GRNS). In addition, sea urchins only have ~50 miRNAs ewetbto ~500
2,000miRNAs observed in humansiaking the sea urchin a more simplified model to
study miRNAfunction We have identifiedwo microRNAs (miR124and miR31) to
have multifaceted roles during embryonic developm@re. examind the conserved
function of miR-124 in neurogenesignd its novel role in regulating mesodermal
developmentWe mechanistically disseetimiR-1 2 46s function during
differentiation, and maturation of neuro’e observed that inhibition of mik24
resulted in decreased larval gut contractions and swimming velocity, indicating
potential neuronal defects. Inhibition of miRR4 resulted in an increased number of
cells expressing transcription factors associateth varogenitor neurons and a
concurrent decrease of mature and functional neurons. In the late gastrula/larval stages,
miR-124 regulatesNotch and NeuroD1 during the transition between neuronal
differentiation and maturation/Ve also observed that miR24 ras a novel role in
regulating the differentiation of mesodermatlgrived immune cells, by targeting both
Nodal and Ndch signaling pathwaysThe sea urchin immune cells consist of
blastocoelar cells (BCs) and pigment cells (PCs), which are derived femathe
progenitor cells. Inhibition of miL24 resulted in an increasaumber of maturBCs
and a concurrent decrease in differentiated PCs. Removindlm2R 6 s suppr essi
Nodal leads to increased BCs and decreased PCs, while removingl @iR 6 s

suppresion of Notchleads toincreaseof bothBCs andPCs.We identifiedthat post

XV



transcriptional regulation by miR24 impacts differentiation of BCs and PCs by
temporally regulating the Nodal signaling pathway first, then the first wave of Notch
signaling We concludel that miR124 directly suppressdsodal and thenNotchto
mediate proper specification and then differentiation of B8l PCs. Another
ewlutionary conserved miRNA we examinedniR-31.We identified a novel function

of miR-31 during early cleavage stage when the embryo is undergoing rapid rounds of
cell division. Interestingly, wediscovered that mil81 has a cell cycldependent
dynamic distribution: miRB31 is enriched on the spindle drbne individing cells and

in the perinuclear region obondividing cells in sea urchin embryo#/e observed that
miR-31 inhibition resulted in early developmental defects, with blastomeres with
increased filamentous actin and microtubules. These résdltss to hypothesize that
miR-31 regulates cytoskeletal modulating transcripts to ensure proper segregation of
chromosomeswhich is dependent on accuratesambly ofthe mitotic apparatus
consising of microtubules, actin, and proteiris summarywe identifiedthatmiR-124
regulates neurogenesis by targetMgtch and NeuroD1and regulatesmmune cell
differentiation by targeting Nodal and Notch signaling pathwadditionally, we
identified a cellcycle dependent localization of miB and observedearly
developmental efectsinduced bymiR-31 inhibition. Overall, we have improved the
neuronal GRN and identified miR24 to play a prolific role in regulating various
transitions of neuronal developmeas well as identified its novel role regulating
mesodermal developmenin addition, we discovered that the striking oscillating
localization of miR31 during different phases of mitosis to be vital for proper

development.
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Chapter

INTRODUCTION

Biogenesionf microRNAs in animal cells

Only asmall percentage of the genomeasling forproteirs and the rest dhe
genome is referred to as roadingDNA. It turned out that many necodingelements
play aprolific role in regulating the expressiaf protein coding genedaek et al.,
2008; Bartel, 20042009, 2018; Lewis et al., 200 bout 25% of the total nenoding
RNAs in humans are iitoRNAs (miRNAs) which are aype of regulatory short nen
codingRNAs of ~22 nucleotideg¢O'Leary et al., 2016; Seal et al., 2020; Stelzer et al.,
2016; Zerbino et al., 2@). MiRNAs posttranscriptionally regulate gene expression by
usuallybi nding to the 306untransl ated region (
(mRNA) to induce target transcript degradation and/or inhiitslation in animal cells
(Bartel, 2004; Bhaskaran and Mohan, 20Bteviously it has been observed teaén
though mi RNA binding sites are usually f ol
parts of the transcript, including the coding sequg@®akraborty and Nath, 2022;
Hausser et al., 20L3miRNAs are involved in a variety of different biological
processes, including cell specification, cell differentiation, cell proliferation, apoptosis,
and oncogenesi@lberti and Cochella, 2017; Anglicheau et al., 2010; Bartel, 2009;
Yang aml Qi, 2020) Most miRNAs are transcribed by RNA polymerase Il and undergo
sequential procesginHa and Kim, 2014; O'Brien et al., 2018; Stelzer et al., 2016)

Some miRNAshowever, are spliced out of introns from other genes, instead of being



transcribed themselve@artel, 2018; Mattick and Makunin, 2006n canonical
mMiRNA biogenesispathway of animal cells the prmary miRNA transcript (pri-
MIiRNA) is cleaved byDGCR8 and Droshato the precursor miRNA gre-miRNA)
hairpin structurgBartel, 2018; O'Brien et al., 2018; Saraiva et al., 2017; Yao, 2016)
The premiRNA is exported to the cytoplasm Bxportin5/RanGTP complehor further
processing in the cytoplasm by RNase Ill endonuclease Dicer, resulting in the mature
miRNA (Ha and Kim, 2014; Yao, 2016)he mature miRNA sequenc¢gloaded into

the RNA Induced SilencinGomplex (RISCWwhere the miRNAindsto specific target
MRNA in a sequencspecific manne(Grimson et al., 2007; Ha and Kim, 2014;
Michlewski and Caceres, 2019he binding of miRNA to the target mMRNA leads to
eithe thedegradation of transcripts viacruitment of deadenydas ortheranslatioml
inhibition of the transcript(Fig. 11) (Bartel, 2018; Michlewski and Céaceres, 2019;
O'Brien et al., 2018)



Across vertebrate/invertebrate speci@siRNAs are important for early

developmental process(Alberti and Cochella, 2017; Cao et al., 2007; Fan et al., 2013;

Kobayashi et al., 2015; Sampilo et al.,

Stepicheva and Song016) Forexample knockdownof Drosha in thenouse leads to

2021; Sampilo et al., 2018; Song et al.,
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Figure 1.1 MicroRNA biogenesis in an animal cellmiRNAs are encoded in th
genome andre matly transcribed by RNA Polymerase Il. The primary transcr
(pri-miRNA) undergo sequential processing to make a mature/functional mif
The functional strand of the miRNA duplex is then loaded to tNé& Rnduced
Silencing Complex (RISC) which leads to the translational repression ang
degradation of the target mRNBartel, 2004)
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embryonic lethality defects in skeletogeneserd vasculargenesigFan et al., 2013;
Kobayashi et al., 2015%imilarity, in an invertebrate animahe Song Lalhasobserved
that Droslainhibition in the sea urchin ebpnyo resutsin embryonidethality.
The sea urchin as a model

The Song lalstudes evolutionarily conserved developmental processes using
the purple sea urchin embry&tfongylocentrotus purpuratugFig. 1.2) (McClay,
2011a) The sea urchin is an ideal model because its genome is fully sequenced and each
adult sheds millions of gametes that undergo external feridizaresulting in
transparent embryos that will go through a predictable life ¢ud€lay, 2011b)Fig.
1.2A). The purple sea urchin has one of the most-detiumented gene regulatory
networks (GRN), allowing us to integrate the function of N#8 into the
endomesodermal GRDavidson et al., 2002; Sodergren et al., 20@8)ring early
developmentthe primary and secondarpody axes are establishedand different
regions of the sea urchin will start to express tissue specific transcription factors to
differentiate from one another (Fi§.2B) (Ettensohn and McClay, 1988; Logan and
McClay, 1997; Molina and Lepage, 2020)



Importantly, the sea urchin contains ~50 miRNAs comp#oete hundreds to
thousands of miRNAs identified in other organisms, including three differentl@dR
andtwo miR-31 isoforms identified in mice and huma(Baek et al., 2008; Bartel,
2009; GriffithsJones et al., 2006; Kozuka et,#019; Lagofuintana et al., 2001;
Landgraf et al., 2007; Lewis et al., 2005; Song et al., 2012; Zou et al.,. 20#2)ow
complexity of miRNAs with a singleniR-31 andmiR-124 makes the sea urchin a

tractable model to studgmiRNA function. We specifically wanted t@xaminethe
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functional role oimiR-31and miR124, because these are highly conserved miRNAS in
metazoansThe goal is to use the simplified sea urchin model to understand conserved
fundamental mechanisms used in many organisms during development.
Neurogenesis during sea urchin development

The nervous system in the sea urchin larva contares theuronal centers: the
apical organ and ganglionic organization analogous to the vertebrate central nervous
system since it assists in controlling behavitine ciliary band that coordinates larval
swimming, analogous to the peripheral nervous systemd; enteric neurons that
mediate gut contraction@-ig. 1.3) (Krupke and Burke, 2014; Otim et al., 2004)
Initiation of specification starts early invEopment, where SoxB1 activatésxg2and
SoxG which are both TFs expressedthe apical domaiMcClay et al., 2018)The
expression ofFoxg2 in the anterior neuroectoderm is restricted daynonical Wnt
signaling pathway (Wnt6) early in blastula and is critical in proper development of
serotonergic neurori@&ngerer et al., 2011; McClay et al., 2018; Yaguchi et al., 2016;
Yaguchi et al., 2008)0Once the neuron@oxCpositive progenita undergo their last
mitotic division, the two daughter cells contain varying levels of Delta and Notch

proteins(Garner et al., 2016; Mellott et al., 201 There will be some callduring the

Larvae(72hpf

Blastula(24hpf) Gastrula(48hpf)

Mature neurons and
Serotonin neurons

Endomesoderm neurons-

Mature neurons and
Serotonin neurons

Mature neurons

Figure 1.3 Sea urchin embrye is composed of three different neural domains
During the blastula stage the embryos starts expressing neural specific TFs @
at the gastrula stage the embryo initiates dbffiéiation of neurons and then durir
the larval stage is when the embryo has mature/functional ne(Bonise et al.,
2006a) Made with Biorender.com with the help from Carolyn Remsburg.




late gastrula to the early larval stage wheedta will co-express wittBrn1/2/4 while

the other daughter cell with more Notch undergoes apop{Gsimer et al., 2016;
Mellott et al., 2017; Torii, 2012; Truman et al., 2010he mechanism that activates
Notch signaling in the neneuronal cell is unclegMellott et al., 2017)During the
larval stage, the neurons will eventually stop expresBialja as the differentiated
neuron becomes a mature/functional ney®arner et al., 2016; Mellott et al., 2017,
Torii, 2012; Truman et al., 2010Thus, there will be some neurons that initially co
expressDelta and Brn1/2/4 then as differentiation proceeds, the neurons will only
expressBrnl/2/4 Differentiated, mature neurons in the ciliary band and apical organ
expressElav (Garner et al., 2016which is an RNA bindingrotein that stabilizes
transcripts regulating axonal guidance and synaptic grquithng et al., 2015;
Zaharieva et al., 2015)The mature and functional neurons will alsopress
Synaptotagmin B (SynB), whicls part of the SNARE family mediating synaptic
release of neurotransmitte(Big. 1.4) (Burke et al., 2006b; DeBello et al., 1993)
Serotonergic neurons in the neuroectoderm also express serotdnich is a
neurotransmitter important for mediating larval gut contractions, early swimming, and

feeding behaviofWei et al., 2016; Yaguchi and Katow, 2003)
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Figure 14. Sea urchin embryo contairs three neural domains. Sea urchin
zygotes initiate specification of neurogenesis throdght signaling and late
Delta/Notch signaling wilkrigger differentiaion of neuronal progenitors. Lastly
neuronal cells will expression the SNARE protein SynB to perform syn
activity. The simplified GRNlepicted herés based prior workMcClay et al., 2018;
Slota et al., 2019a; Slota et al., 2019b)o0 embryoschematics are depictddr
each development stagéhe embryos on the left are to show the regions of
embryos hat will become three different neural cent@itse embryo on the right i
to show the stages of neural progeniired) to become a fully functional neurg
(red) The expression of each of the major genes is activated at diff
developmental milestoneslade with Biorender.com.

The monociliated epithelial cells that reside in the ciliaand (Krupke and
Burke, 2014)are formed from a ventraorsal boundary where Nodal and BMP2/4
signaling pathways are inactiv@necut (Hnf6)s expressed in the ciliary band where it
enables the formation of neuronal connections and it is expressed juxtaposed to where
neurons residgOtim et al., 2004; van der Raadt et al., 2019)ther systems, Onecut
is important for neuronal differentiation as well as in promoting neuromuscular
junctions(Audouard et al., 2012; Toch et al., 2020)

The third domain of neurons resides in the tripartite gut to mediate muscular

contractions for feeding (Fid..4) (Wei et al., 2011)The compartments of the gut are



separated by mesodermadtlgrived sphincters: the cardiac sphincter separates the
foregut and the midgut; the pyloric sphincter separates the midgut and the hindgut and
the anal sphincteat the blastopor@Vesseland Wikramanayake, 1999Jhe neurons
that reside in the mid/foregut are endodermdbyived (Wei et al., 2011)Less is
known about the enter neurons; howeverSoxB1 SoxG Six3, Delta, and Nkx23
expression in the endomesoderm could specify the neuroendoderm but remains unclear
(McClay et al., 2018; Wei et al., 2011Recently, it has beeshown that the opening
of the pyloric sphincter is responsive to light, resulting from released serotonin that
binds to receptors in the midgut to mediate contradtf@guchi and Yaguchi, 2021)
During the larval stage, in response to calcium infand release of different
neurotransmitters, neurons in these three neuronal domains mediate swimming and
feeding behavio(Katow et al., 2007)
Sea urchinuses conserved TFs and signaling pathwawgsiring neurogenesis

Although the body plan and neuronal organization of deuterostomes are diverse,
developmental mechanisms that mediate the specification and differentiation of their
nervous systems share striking similarities at the molecular level. It has been observed
tha sea urchin neuronalpecificPou4f2(Brn) can functionally replacBou4f2in mice,
revealing a strong level of conservation in neuronal development across the species
(Mao et al., 2016)Both vertebrate and sea urchin embryos use the FGF signaling
pathway to initiate neurogenegiGarner et al., 2016; Kengaku and Okamoto, 1993;
Rentzsch et al.2008) Nodal and BMP pathways to restrict dorgahtral neuronal
regions(Litsiou et al., 2005; Yaguchi et al., 2008Ynt signaling to suppress neuronal
development(Braun et al., 2003; Range, 2018nd the Notch pathway to mediate

classical lateral inhibition, resuli in Deltaexpressing differentiated neuraofiellott



et al., 2017; Siebel and Lendahl, 201&ditionally, Sox transcription factors (TFs),
Pou/Brn, and Elav are all conserved proteins driving specification, differentiation, and
maturation of neurons, respectivéMao et al., 2016; McClay et ak018; Zaharieva
et al., 2015) Thus, the sea urchin embryo uses evolutionarily conserved TFs and
signaling pathways to set up the nervous system.
Mesodermal development in sea urdh embryos

During early developmerafter the fourth divisioyb-cateninis expressed in the
posterior end of the embryo at-82ll stage where it activate Pmarlin the most
posterior cells called micromer@Revilla-i-Domingo et al., 2007; Sampilo et al., 2018;
Weitzel et al., 2004Pmarl will inhibitHesG which is a TF that is zygotically activated
and is expressed ubiquitoudlgroughout the embry@Smith and Davidson, 2009)
Removal of HesC repression in the posterior end of the embryo in the micromeres
allows for the transcription activatiorof alx1, tbr, etsl anddelta This leads to the
activation ofthe firstof two waves of Notch signalingn thelarge micromeresvhich
give rise to theskeletogeniccells (Croce and McClay, 2010; Ettensohn and Ruffins,
1993 Peterson and McClay, 2005; Range et al., 2008; Revidlamingo et al., 2007;
Ruffins and Ettensohn, 1996; Sharma and Ettensohn, 2011; Sherwood and McClay,
1999; Weitzel et al., 2004The different waves of Notch signaling is referring to the
different types of cells they are regulating at a giverepoint(Peterson and McClay,
2005; Range et al., 200&otch signaling is aotated to specify alimesodermal cell
lineage includingskeletogenicmultipotent cells, muscle cells, BCs, and RMaterna
and Davidson, 2012; Ohguro et al., 2011)

Notch signaling is a type of juxtacrine signaling pathwagiNotchis a highly

conserved transmembrane profeas it transduces a signal by deHlcell contact

1C



(Hunter et al., 2016; Steinbuck and Winandy, 20D&pending onthetype of Notch
ligand (e.g. Delta) one of the types diotch recept® (e.g. Notch 1, 2, 3, or 4ill

form a complex and unfold a region of thitch protein called the juxtamembrane
negative control regiofHori et al., 2013; Kopan, 2012; Lai, 200Zhis change in the
Notch receptor willsignal to activae ADAM 10 protein in mammalian cell§&a
disintegrin andnetalloproteinases 1@ cleaveNotch at the second site to reledise

Notch extracellular domain (NEXT followed by anothercleavageat the third site
conducted by gamrsecretase to release the Notdnacellular domain (NICD§Hori

et al., 2013; Hunter et al., 2016; Kopan, 2012; Lai, 2004; Siebel and Lendahl, 2017
Steinbuck and Winandy, 2018)ICD migratesinto the nucleus to bind to TFs.§.
Suppressor of Hairless) to activate Notch tard€ig. 1.5 (Hunter et al., 2016;
Steinbuck and Winandy, 2018Notch signaling regulates specification across
organisms in an array of cell typesttelp maintain cell homeostagidori et al., 2013;
Schwanbeck, 2015; Siebel and Lendahl, 2017; Steinbuck and Winandy, E018)
example, Notchignaling regulates the balance between neurogenesis and gliogenesis
in the nervous system, while also activating proliferation of muscle cells in the
mesodernfAnderssonetal.,20lIf her e ar e al so some studies
role in regulating cell proliferatio(Baonza and Freeman, 2005; Denuk&t al., 2017,

Joshi et al., 2009; Nussé&tein et al., 2012; Steinbuck and Winandy, 20Lg)on Notch
inhibitions there is a decrease in cell proliferatiaonza and Freeman, 2005;
Demitrack et al., 2017)This may be due to Notch signaling activating myc and p21 to

control cell proliferatior(Kopan, 2012)
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The first wave of Notch signaling is initiated by Pmarl represkiegCand

allowing for the expressioof Delta, alx1, tbr andetsl (Revilla-i-Domingo et al.,

2007) Deltawill be expressed in the presumptive mesodermally derived skeletogenic

cellsalong withalx1, tbr,andetdl to activate Notch in the neighboring presumptive

mesodermally derived immune cells where Notch acts/&GitEm (Croce and McClay,

2010; Peterson and McClay, 2005; Range et al., 2008; Sherwood and McClay, 1999)

At the same time, Notch will also inhibit endodermal genes in the presumptive

mesodermal cells, to sep uhe boundary between the endoderm from the mesoderm

(Oliveri et al., 2006; Peterson and McClay, 2005)

Delta &=

|
=- %:.

o
Notch &2 ADAM 10 \ y secretase ﬂ‘

& (
% S2 cleavage % S3 cleavage %
— >

Activated Notch Signaling

Target
genes

Figure 1.5 Simplified Notch signaling pathway. Notch signaling requires cetb-
cell contact and once the Delta ligand binds to the Notch receptor Notch
cleavage twice and undergoes endocytosis to get transported into the nucleu
it binds to proteinssuch assuppressor of hairless (Su(HY) activate target gene
(Andersson et al., 2011; Lai, 200Mfade with Biorender.corwith the help from
Carolyn Remsburg.

Endocytosis
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Nodal signalingis part of the transforming growth factor betaG(F b )

superfamily anduses serine/threonine kinase complexes to undergo its signaling

pathway (Shen, 2007) Nodal signalingplays several conservedroles in during

developmentincludingestablishing dorsal/ventral axis formation, Jeffht symmetry

andspecification of endoderm/mesodermal cedisdneural developmer{Duboc and

Lepage, 2008; Erkenbrack, 2016b; Li et al., 2012; Materna et al., 2013; Ohguro et al.,

2011) There are two receptors that will activate when Nodal binds to the receptors, type

| and type Il receptofHill, 2018; Shen, 2007)Type Il receptor will phosphorylate and

acivate type | receptor which will then péphorylate SMAD2 and SMAD®ill, 2018;

TGFB

Receptor | Receptor Il

SMAD2/3

Figure 1.6 Simplified schematic oNodal signaling pathway.Nodal is a type of
transforming growth factor b (TGFb
the receptor it will phosphorylate SMAD2/3 and go into the nucleus to activats
target genefDuboc and Lepage, 2008; Shen, 200ade with Biorender.com
with the help from Carolyn Remsburg.
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Shen, 2007)The SMAD2/SMAD3complex will then bind to SMAD4 and translocate
into the nucleus to bind to different TFs to activate transcription of target genes (Fig.
1.6) (Hill, 2018; Shen, 2007)

A little later afterthe first wave ofNotchsignaling,Nodal expression become
restrictedto the ectoderm on the ventral (oral) side of the embry@dtablishthe
dorsal/ventral axis where it will activate gerseeh assGscto define the ventral (oral)
side of the embryo and@bx2/3to specify the dorsal (aboral) sidé the embryo
(Cavalieri and Spinelli, 2014; Duboc et al., 2010; Floc'hlay et al., 202has been
proposed thagxpression oNodal expression iestrictedoy TGRFb | i gand Panda
restricted ¢ the dorsal side of the embryo and will inhibit Nodal expression to the
ventral sidéMolina et al., 2018)LaterNodalsignaling will then activate TRot, which
expands its expression from the ventral ectoderm into the endomesoderm to
subsequently activate B§pecific TFs, which includdsseandScl andinactivate<scm
on the ventral side of the embrgfeig. 1.7)(Materna et al., 2013; Ohguro et al., 2011)
This results irGecmexpression restricted to the dorsal of the embryo in presumptive PCs
and at this point the BCs are now spedifimm the PC¢Bessodes et al., 2012; Croce
and McClay, 2010; Duboc et al., 2010; Materna and Davidson, 2012; Materna et al.,
2013; Ohguro et al., 2011puring early mesenchyme blastula stage ~17 hpf before the
specified skeletogenic cells ingress into the blastodbely will expressDelta and
continue to signal to Notch in the neighboring BCs and PCs, whishiget feedback
loop in the PCdo help further specify PCs to express geswsh asPks1(Fig. 1.7)
(Croce and McClay, 2010; Range et al., 2008)

The second wave dotchis initiatedwhen the skeletogenic cells ingress into

the blastocoel ~22 hpd inhibitexpresson of Delta(Croce and McClay, 2010; Materna
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et al., 2013; Ohguro et al., 201 Right before skeletogenic cell ingression-@2hpf)
activated by Notch, thepecified BCs and PCs wilifferentiate further by expression
more cell specific TF§Materna and Davidson, 2012; Range et al., 200Bgn once
the skeletogenic cells ingress into the blastocoel, BCs/PCaxpiiesDeltaligand that
bindsto Notchreceptor expressed biye small micromeres to form the multipotent cells
(Fig.1.7) (Li et al., 2013; Materna et a013; Range et al., 2008)

Fully differentiatedPCs will be the first immune cell type to ingress into the
blastocoel at the mesenchyme blastula s{@eHo et al., 2016)and at the gastrula
stage, they migrate to the outer edges of the ectoderm to perform immune functions,
such as phagocytosing invading bacteria and promoting wound héalingley and
Rast, 2017) BCs ingress after PCs and stay in the blastocoel close to the gut and
multipotent stem cells to perform their immune funct{@h Ho et al., 2016; Ruffins
and Ettensohn, 1996; Sherwood and McClay, 19P&viously it has been examined
thatPCs divideat leastwice after they ingress into the blasto¢aekulting inmitotic
and noAmitotic mature PCat the larval stag@erillo et al., 2020)our typesof mature
BCshave been characterized by their shape, including globular, filapodial, ovoid, and
amoeboidCh Ho et al., 2016; Nair et al., 200%Yithin the four types of BCs85/333
has been used to detect mature differentiated filapodial cellslacpfA2can be used
to detect globular cell&Ch Ho etal., 2016)

In summary, BCand PCs originate from the same progenitor cells and must
make a binary cell fate decision to differentiate from one an¢@reice and McClay,
2010; Duboc et al., 2010; Erkenbrack, 2016a; Materna and Davidson, 2012; Materna et
al., 2013; Ohguro et al., 2011; Ransick and Davidson, 2012; Rizzo et al., R@@8)y,

both BCs and PCs expreG&em (glial cells missing), and later differentiate from one
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another(Materna and Davidson, 2012; Materna et al., 2013; Ohguro et al., 2011;
Ransick and Davidson, 2012hisinterplay between Nodal amébtchsignaling results

in specified and differentiated PCs and BElg. 1.7)
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Figure 1.7 The first wave ofNotch and Nodal Signaling specify BCs from PCs
Mesodermal development is initiated by the activatioRmiarin the presumptive
skeletogenic cells also called primary mesenchymal cells (PMCs). There is al
wave ofNotch signaling that will initiate expreson of the presumptive NSM an
then a wave of Nodal signaling that will first set up dorsal/ventral axis formatiot
then activatedNot to allow BCs to be specified from PCs. Lastly, before
skeletogenic cells ingress into the blastocoel, Deltasighal to Notch in the BC:
and PCs to further activate genes important for differentiation before these
ingress into the blastocoel to perform their immune funct{@uboc et al., 2010
Range et al., 2008; RevitlaDomingo et al., 2007)
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Similarities between sea urchin immune cells and vertebrate cell types

Drawing similarities between sea umté and vertebrates can add to our
understanding of developmental and evolutionary immunology. The sea urchin situates
at a unique phylogenetic position, where it's at the basal position of the deuterostome
(McClay, 2011b) The sea urchin is part of the group Echirratgta which branches
off the phylogenetic tree from Chordata at ~530 million years(Bgokley and Rast,
2017) Even though a huge evolutionary gap exists between these classes, the purple
sea urchin contains several orthologous of TFs and receptors that are vital foatertebr
immunity (Buckley andRast, 2017)making them an applicable model to understand
immune cell specification and development. Vertebrates contain melanocytes and
macrophages, which are derived from the neural crest cells and the mesoderm,
respectivelfEssandoh et al., 2016; Gasque and J&ftardjee, 2015; Hong et al., 2015;
Kim et al., 2013; Mort et al., 2015; Prasad et al., 2019; Varol et al., 2Bibijarities
exist between sea urchin BCs/PCs #ralvertebrate melanocytes and macrophages; in
that, they perform similar developmental patterns and immune function. During
melanocyte and BC/PC development, both cell types receive Notch signaling during the
onset of specificationCroce and McClay, 2010; Ransick and Davidson, 2006;
Sherwood and McClay, 1999; Shyamala et al., 20B&)s/PCs will receive Notch
signaling before the onset of differentiati@roce and McClay, 2010; Range et al.,
2008; Sherwood and McClay, 1998hd melanoytes will receive Notch signaling
during the initiation of specification and later to maintain its population of stem cells
(Kim et al., 2013; Moriyama et al., 2006; Schouwey et al., 2@aMing differentiation,
melanocytes and PCs have to delaminate from a sheet of cells by undergoing epithelial

to mesenchymal transition and migrate over extended distances to perform
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mesenchymal to epithelial transition to insert betwggthelial cells in the ectoderm
(Bhatt etal., 2013; Buckley and Rast, 2017; Mort et al., 201B{s/PCs, melanoags,

and macrophages all resemble a similar cell shape, by exhibiting dendritic extensions
protruding from their cell bod{Buckley and Rast, 2017; Gasque and JBfamndjee,
2015) Lastly, all of these cells respond to bacterial infection through the activation of
interleukin and toHike receptorgBuckley and Rast, 2017; Hari et al., 2010; Hibino et
al., 2006; Pancer et al., 1999; Rauta et al., 2014; Yu et al., .2088)sea urchin
interleukin receptorsxpressed during the larval stage exhibit similar protein structures
compared to vertebratgslibino et al., 2006; Rauta et al., 2014)hus, the shape,
migration pattern, and receptors of the sea urchin BCsARCsImilar to melanocytes
and macrophages. Thereforean potentially apply the knowledgavefrom the sea
urchin model toward evolutionary immunobiology in other species.

The importance of proper specification of these immune cells is the ability to
perform an infallible immune functiothat is critical to the overall health of the
embryos. After differentiation and in the presence of a bacterial infection, PCs/BCs will
become highly mobile and can move to the infected g@askley and Rast, 2017;
Hibino et al., 2006; Ho et al., 2017/ ven with sea urchins being a relatively simple
model, they embody a highly complex innate immunity that is homologous to vertebrate
speciegBuckley and Rast, 2017; Hibino et al., 2006; Ho et al., 2017)

miR-124 has a conserved role during neurogenesis

From vertebrates to invertebrates, rRiiR4 is expressed in neuronal tissues and
plays an evolutionarily conserved function regulating the balance between neuronal
cell proliferation and differentiatio(Chen et al., 2011; Makeyev et al., 2007;
Rajasethupathy et al., 2009; Weng and Cohen, 200#R-124 regulatesSRY
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transcription factor, Polypyrimidine TractBinding Protén 1, Notch,andNeuroD] to
name a few; human miR241 deletions have been shown to be associated with
psychiatric disorders, and mice with miR4-1 deficiency resulted in central nervous
system abnormalitig@mbasudhan et al., 2011; Chen et al., 2011; Kozuka et al., 2019;
Liu et al., 2011; Makeyev et al., 200Although the function of miR24 has been
examined previouslyLiu et al., 2011; Weng and Cohen, 2012; Yu et al., 2088)
sydematic and comprehensive understanding of -a#R's role in neuronal
specification, differentiation, and maturation in a developing embryo is still lacking.
The sea urchin embryo serves as a powerful model to integratérgrustriptional
regulation of eurogenesis, because neurogenesis can be closely followed throughout
developmentAngerer et al., 2011; Garner et al., 201&)lditionally, the ability to test
the impact of selectively blocking miR 2 4sppression of its specific targets enables
ustodissectmiR 2406s rol e i n n(Remsborgetdl, 2018)v el op ment
A more recent role of miR24 has been observed during early development in
Xenopus laeviembryos to inhibitNeuroD1in the forebrair(Liu et al., 2011)miR-124
was also observed in neural crest cells derived from rats to ifkdich in the
subventricular zoneg(Jiao et al., 2017)Both NeuroD1 and Notch inhibit cell
proliferation(Jiao et al., 2017; Liu et al., 2011yhich means that m#224 inhibition
on NeuroD1 and Notch is subsequently promoting neuronal Igevation. A more
conventional role of miRL24 is to promote differentiation of progenitor neurons by
inhibiting PTBP1and Sox9(Lang and Shi, 2012PTBP1 is an RNA binding protein
that inhibits neurorspecific splicing transcripts, indicating that miRR4 indirectly
regulates alternative splicing machinemyhich provides another layer of pest

transcriptional control fogene expression by a miRNgALang and Shi, 2012)
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Interestingly, PTBP1 haaslso been observed to inhibit the prodaetof primiR-124,
suggesting a negative regulatory feedback loop betweernl@4Rand PTBPILang
and Shi, 2012)Even though there has been extensive research onl24R sole
throughout neurogenesithere has yet been a model that follows R function
during specification, differentiation, and maturation within a single system busthis
possible to do within the sea urchin.
miR-124 potential role during mesodermal development

Most of the research conducted on RiP4 has been in the context of
neurogenesis, neural homeostasis, and cg@aret al., 2018; GhafouFRard et al.,
2021; Hou et al., 2015)To date, relatively little is known abiothe regulatory role of
miR-124 in early mesodermal specification in the embryo. Previously, it has been
observed inCiona (sea squirt) that miR24 suppressedachol (major TF that
promotes muscle development) in the ectoderm to help ensure that onbnaieu
transcripts are expressed in the ectodé@imen et al., 2011)miR-124 has also been
found to inhibit myogenic differentiation partially through targeting DIx5 (TF that
promotes osteoblast development) expresé@adir et al., 2014)This provided us
motivation to investigate the potential role of FiR4 in mesodermal cell specification.

Known functions of miR-31

The other miRNA examineds miR-31.miR-31is a highly conserved miRNA
that has been mostly studied in the contextieérse types of cancers, including breast
ovarian, lungcolon and melanom@namura, 2017; Kim et al., 2015; Stepicheva and
Song, 2016; Viré et al., 2014niR-:316s function in several
context dependent as it functions as eitheemaorsuppressive or oncogenic functions,

depending otthe type of cancgHe et al., 2016; Inamura, 201 MiR-31 is also known
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to target transcripts that are important in differentiation, proliferation, migration, and
apoptosis which can lead to different cancers as well as osteoporossle mu
regeneration and many more disegseset al., 2016; King and Yi2016; Tang et al.,
2012; Viré et al., 2014)

Some research has been conducted on3tiRuring develpment. Inhibition
of miR-31 in the sea urchin embryos resulted in a range ofdieigendent phenotypes,
including the formation of extra cells and cell clumps in the blastocoel of the embryo,
gut widening anaverallreduction of the embryo size, as wedlskeletogenesis defects
(Sampilo et al., 2021; Stepicheva and Song, 20h#3-31 is expressedbiquitously
duringthese later stages of development (blliastgastrula, and larvaéjtepicheva and
Song, 2015)Currently there are no studies of B8R expression early in development
during cleavage stage. Our data indicate that-&lifkas a dynamic localization that is
dependent on the cell cycle where it is enriched perinuclearly in cells that are not
dividing and it is enriched on the mitotic spindles in dividing cells. This leads us to
hypothesize that mi#31 regulates mitosis in the early cleavage stage.

Mitosis and the cell cycleduring early cleavage stage

Following DNA synthesis, the cell wilindergo ntosis to divide into two
identical daughtecells Mitosis requires tight regulation to ensure propegregation
of the chromosome@-ig. 18A) (Kumar et al., 2015; Mitchison, 1983)uring early
cleavage stagehe embryo will have a slightly different cell cycle where it has short
gap phases (G1 and G2) and will be cycling more rapidly though DNA syn{B@sis
and mitosis(M) (Fig. 1.8B) (Vidwans and Su, 2001)The first phase of mitosis is
prophasewhich is when thONA condensesto chromosomegfChalla et al., 2019;

Hixon and Gualberto, 2000Next the microtubules will bind to the kinetochore and
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line up the chromosomes during metaphés& o | i [. After2his th8 ¢hromosomes

will start to segregate during anaphase and during telopfadesved by cytokinesis
during whichthe celldividesinto two identical daughter cellfAfonso et al., 2014)

Array of different cell typesccompliskesmitosis in a relatively constant time frame of
between 360 mirutes suggestinghat there needs to latight regulation of mitosis

to ensure a timely completiqAraujo et al, 2016) Prolonged mitosis has been shown

to result in cell death, cell arrest, or DNA damégeder and Palazzo, 1992; Lanni and
Jacks, 1998; Quignoet al, 2007; Uetake and Sluder, 2010; Osh al, 2012)
Microtubules and actin are the two main cytoskeletal proteins that make up the mitotic
spindle and they work together to help choreograph mifoswi t c hi s on, 1989;
2018)

® G,

G

Figure 1.8. The cell cycle s different depending on the stage of developmen
(A) Normal somatic cells will undergo the cell cycle containing a gap phases
synthesis phase (S), another gap phases (G2), and mitosMi{bbis consists of
prophase, metaphase, anaphase, telephasd cytokinesis. (B) WDing early
cleavage stage, the embryo has short gap phases and instead cycles rapidly
mitosis (M) and synthesis (SThis requires a tight regulation of cytoskele
dynamics to mediate proper chromosome segregéiiballa et al., 2019; Hixor
and Gual berto, 2000; Kumar e t.Madewith
Biorender.com with the help from Carolyn Remsburg.
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Subcellular localization of RNAand local translation

Several types of transcripts have been observed to localize to mitotic spindles
usingbiochemical assay@lower et al, 2007; Sharet al, 2011; Pascuadt al, 2021)

There are also some studies thatehalso visualized subcellular localizatiasing
microsopy ofa subset of RNAs at the mitotic spindle including¢lin B1, Staufen
Xkid, TPX2 mosandPCNT, to name a fewWEliscovich et al., 2008; Hassine et al., 2020;
Sepulveda et al., 2018previously the dogma was that translation was globally shut
down during mitosis. But more recently it has been reported that using the drug
Nocodazole to destabilize microtubulessiochronize the cells leads to inhibition of
translation(Cheng and Brar, 2019; Stonyte et al., 2018; Tanenbaum et al., P3irtg
different methodssuch asdouble methionire block to synchronize cell&a ~35%
reduction in translatiohad been observd@oldwell et al., 2013; Stonyte et al., 2018;
Tanenbaum et al., 2015[videnceof translational machinery #tie mitotic spindlehas
also been observedihesea urchirembryo(Chassé etl., 2019; Eremenko and Volpe,
1975; Waldron and Yajima, 2020)

In general, the subcellular localization of RNA molecules to specific
compartmentfias been observed to be important for different biological processes
spatiotemporally regulate gene expresdigngel et al., 2020; Mohr, 199%nother
example of a situation that requires tight regulation and rapid respandéescontext
of neurongHolt et al., 2019; Mofatteh, 2020; Sertel et al., 20&1)as been speculate
that since the axons of neurons can be as longnasmeterRNA transcripts are
transported along the axon and then due to certain environmental ques the RNA can be

translated right where it is needed for the (i@lis et al., 2019; Liao et al., 2019; Sahoo
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et al., 2018) This is especially critical when there is a need for a rapid response in the
case of an action potentidleal et al., 2014)in summarytranscriptsand translational
machineryat the mitotic spindlsuggest that these transcripts may be transthtgdg
mitosis Taken togethemve propose thaposttranscriptional regulatiomediated by
miRNAs may playa critical role during mitosis

Overall, my gohwas to characterize mi240 sole throughout neurogenesis
andrevealmiR-1246 sovel function ifmesodermal developmenmn addition, oumwork
examinesmRBL 6 s potential role to mediate prope
to faithful segregatio of sister chromosomek Chapter 3, | will demonstrate miR
1246 zonserved role in neurogenesisand more importantly miR-124 regulates
severaltranscripts during specification, differentiation, and maturation of neurons
using a single model organisnin Chapter 4, | will demonstrate that miR24 has a
novel role in regulating specification and differentiation of mesodermally derived
immune cells. In Chapter 5, | will demonstrate miR1 6s nov el | ocal i za
different phases of mitosis and eval@athe impact of miR31 a the cytoskeleton.
Overall, | proposea comprehensive model of mil246 multifaceted role during

developmentandmi816s regul atory role during mito!
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Chapter .

MATERIALS AND METHODS
Animals

Adult Strongylocentrotus purpuratusas collected from the California coast
(Pt. Loma Marine Invertebrate Ladarinus Scientific, LLC,. or TheCultured Abalone
Farm, Santa Barbara, GAAll animals and cultures were incubated at 157 @eutral
sea water.

Micr oinjections

Microinjections were performed as previously described with modifications
(Stepicheva and Song, 2014 samiR-124-3p Locked Nucleic Acid (LNA) power
inhibitor andHsa-miR-124-3p MIRCURYLNA miRNA mimic (Qiagen, Germantown,
MD) were resuspended with RNaker ee water to 100eM. Al S
Table21.Embr yos were injected with the differ
20e M) dl24 LNA ifhibitor and collected at gasiia stage to phenotype for
developmental defects. Based on the desponse results, we used 15uM of e
miR-124-3p LNA power inhibitor for subsequent experiments. HeamiR-124-3p
MIRCURY LNA miRNA mimic (Qiagen, Germantown, MD) was used at 15uhwi
mMiR-124 inhibitoras well as the miIRCURY LNA control miRNA mimic (Qiagen,
Germantown, MD) The HsamiR-31-3p wasalso diluted in RIAsefree water to a
100uM soliton and wamjectedat different concentrations includint0 pM, 25 M,
and 30 uM. We detemnined that 25 uM resulted in developmental delay and percentage

of embryonic lethaty so we used 25 pM for subsequent experiments. For the3miR
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inhibitor injected embryos we used miRR4 power inhibitor as a negative control since
it is expressedt vel low levelsduring early developmeriSong et al., 2012)or the
miR-124 inhibitor experimest we used FITC dextran as injectioncontrol. Using
FITC as control igestingfor traumainduced by injections

To block miR1 2 4 06 s bi ndi ng [deardD] we designedta o n of
NeuroD1morpholinebased target protector (TR)ASO against theniR-124 binding
site withinthe coding sequen¢€DS)of NeuroD1(GeneTools, LLC, Philomath, OR)
(Remsburg et al., 201NeuroD1TP and control P wereresuspended to a 5 mM stock
solution with RNAsef r ee water and diluted to 15&M,
microinjections.The negative condl TP is against the humdmglobin gene.Zygotes
were injected with different concentrations of TPs and were phenotyped for defects.
Based on the dosesponseesults oNeuroD1TP experimentssherewe observed that
over 50% of embryos survived to thasfrula stagewe used 30uM of TPs for
subsequent experiments. In addition, we designedQGwairol NotchTPs and two
Control NeuroDITPs against different regions of the transcripts that did not contain the
validated miR124 binding sites. We injectetlotch and/or NeuroD1 wild type
luciferase construct with either of these three negative control$otch TP and
NeuroD1TP that specifically block the validated miRR4 binding sites. Translational
blocking MASO againsgNeuroD1(GeneTools, LLC, Philomath, QRvas resuspended
to a 5 mM stock solution with RNAder ee water and diluted to
eM t o p e-offfuactiomstudiess Based on the dassponse results, we used 30
MM of the NeuroD1MASO, which resulted irsurvival of~50% ofinjected blastulae
30 uM of theNeuroDIMASO wasusedfor subsequent experiments (Sequences of TPs

andLNAs are listed in Tabld).
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Table 2.1 List of the sequences of the TPs and LNAs

MASOs and LNAs Sequencb 6 t o 36
miR-124 inhibitor GCATTCACCGCGTGCCTTA
miR-124 mimic UAAGGCACGCGGUGAAUGC

miR-31 inhibitor

AGGCAAGAUGUUGGCAUAGCU

Negative control
mimic

UCACCGGGUGUAAAUCAGCUUG

NeuroD1 Target
protector

GGCCAGGCACTGTACGGTGATGTCT

NeuroD1 control TP
#1

TCGGCGCTCGACGTCAGGCAAGATG

NeuroD1 control TP
#2

CCATCGCTGCATTAAGACCATAGTG

Notch Target
protector

GAACAAGGCACAATTTCATAATTTA

Notch control TP #1

CCCGACAGCTACGTCGTGTACTGGA

Notch control TP #2

ATGCACATTATCAATGCACATACAT

Nodal Target
protector

CAAAAAAGGCACTCACTGATGTGAC

Injection solutions contained 20% sterile glycerol, 2 mg/mL 10,000 MW Texas
Red or FITC lysine charged dextran (ThermoFisBeientific, Waltham, MA), and
various concentrations of milR24 inhibitor, miR124 mimic,NeuroD1translational
blocking MASO,NotchTP, NeuroD1TP, or Control TPs. Injections were performed
using the Pneumatic PicoPump with a vacuum (World Precisiominshts; Sarasota,
FL). A vertical needle puller RLO (Narishige International, USA, INC., Amityville,
NY) was used to pull the injection needles (1 mm glass capillaries with filaments)
(World Precision Instruments; Sarasota).FL

Reakltime, quantitative polymerase chain reaction (QPCR)

To assess the relative quantityNguroD1transcripts throughout development,

we collected 200 embryos at different development stages and extracted total RNA with

an RNA XS kit (MachereyNagel, Allentown, PA). FoNeuroD1MASO, miR-124
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inhibitor, and NeuroD1 morpholinebased target protector (Tijected embryos
(Remsburg et al., 2019; Staton and Giraldez, 20109 embryos were collected, and
RNA extracted. cDNA was synthesized using the iScript cDNA Synthesis KHR B
Philadelphia, PA). gPCR was performed using two emieuavalents for each
reaction using Power SYBR Green PCR Master Mix (Invitrogenih&al, MA) in the
Quantstudio6 Redlme PCR machine (Applied Biosystems, Waltham, MA) as

previously describedStepicheva and Song, 201®rimers were designed using the

Primer3 program (Tabl2.2) (Rozen and Skaletsky, 200@rimer3.

Table 2.2 List of primers used for quantitative poéyase chain reaction

Primers for Forward (5' to 3") Reverse (5'to 3)

gPCR

Ubiquitin CACAGGCCAAGACCATCA | GAGAGAGTGCGACCATCC
CAC TC

Wnt6 AGACATCTGCCTCCGTGAA | ATGATGCCTCAGCTGGAAC
C T

Foxq2 TCTCTCCCTCAACGAGTGC | TCTTCAAGGTTAGCGGGAT
T G

SoxB2 GAAGGAGCATCCCGACTA | GAATACAGGGGATCGGGA
CA AT

SoxB1 TGTGAACGTCATGGCAAGT | GGGGTTGCTGTTGTTCTTG
T T

Brn1/2/4 GCTAACAGGCCAATCTCTG | CATTGAAGACGCAATCCAT
G TT

NeuroD1 CGGACTGAATGATGCACTT | TTCTTTGCGAGGCGTAGAG
G T

SoxC GTACGTCGAGGAGGCAGA | TGGCTTAGTGGTAGGCTTG
GA G

FGFA CTTGGGAGAGAGGGAAAA | GTGTCGTGAATGACAGAC
GG GTG

Synaptotagmi| CCCAGTTCCAACTTCCTG | AGTGAAGAAGAGATCGGC

n B (SynB) CA

Elav TGATGAGGACAGCAAGAC | TGACCAGTTTGCAGGATTC
CA A

Delta ACGGAGCTACATGCCTGAA| TCACAATGGACCGAATCA
C GA
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Notch ACGGAGCCAAGCCTAAGA | TCGTCACAGGCAACGAAT
A AA

Onecut (Hnf6)] CAAGAACCCGAGTTCCAG | TCTTGATGTGGCTGTTCTG
AG C

Fluorescence RNA in situ Hybridization (FISH) and Whole Mount RNA in situ
Hybridization (WMISH)

The steps p#ormed for fluorescence RNA situ hybridization (FISH) are
described previously with modifications (Sethi, Angerer, & Angerer, 2014). All
sequences are listed in Tal#d. The HsamiR-124-3p miRCURY LNA detection
probe (GGCATTCACCGCGTGCCTTA and HsamiR-31-3P detection probe
(TGCTATGCCAACATATTGCCAT) (Qiagen, Germantown, MD) eve used to
visualize sea urchin mi®24and miR31, respectivelyat 0.5 ng/uL) The probes were
incubated with embryas hybridization buffefor five days ab0°C.The miR31 probe
was designedtohal@l G conjugated to tmhmiR125hasoaend 30
DIG. The scramblegniR miIRCURY LNA detection probe was used as a negative
control (GTGTAACACGTCTATACGCCCA (Qiagen, Germantown, MD, cat#
YDO00699004) at theasne concentration &sther themiR-124or mR-31 probe
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Table 2.3 List of primers of genes cloned ifositu hybridization

Gen | Forward (5' to 3" Reverse (5'to 3') Enzy | Polym

es mes | erase

SoxB | ACGAACCGGAGTTGAAG | ATTTAGGTGACACTATAGCAGC | BamH | T7

1 CTGTTGCATAGCATGT |

Foxq | GATTTAGGTGACACTAT | ATTTAGGTGACACTATAGTGCAT | BamH | T7

2 AGTTGAAAACCT CGCTGGTGGTAGTAG |

Onec | GTTTGGAGGCATGTTGG | ATTTAGGTGACACTATAGTTTGA | Xbal | Sp6

ut AGT GATCCGGCCATACAC

SoxC | GTTCCTCAGAAGAGCTT | ATTTAGGTGACACTATAGGTCG | Sacl | T7
CGC ACATGGACGATTGCT

Brnl/ | ATCAGAAATTGGGCAAC | ATTTAGGTGACACTATAGTGAAT | BamH | T7

2/4 GAG CAGCGCTTTGCATAC |

Elav | GCTAACAGGCCAATCTC | ATTTAGGTGACACTATAGAGCTC | Apal | Sp6
TGG GTCATGGGATTGAAC

Delta | TGGATGCGACTTTTGTA | ATTTAGGTGACACTATAGTGTCA | Sacl | T7
TGC AGCCTTCTGTGGATG

Gecm | GGCGGCTACGTCATCGG| GATTTAGGTGACACTATAGGTC | EcoRl | Sp6
GTG GCGTCGGTCGTGCAGA

Pksl | GCGTCGAGTTCATGAGA | ATTTAGGTGACTAGGCAGCAGA | Notl SP6
ACA GTCCTTGGT

Ese | CCATCATGCACACCATC | ATTTAGGTGACACTATAGATAG | Sacl | T7
AAT GTCATCTGCGGGTTGT

Scl CCCATGCTGTCGCTTAA | ATTTAGGTGACAGTGTCACCGG | Apal | Sp6
ACT AACAGAGGTT

Not | GTGCTACCCAATCCTTG | CACTATAGGAAGCATGGCAGTG | Xbal | Sp6
GAA GCAGAGGAAAAG

Macp | CCTCGATACCTGGGGAA | ATTTAGGTGACATGAAACAGTC | Xbal | Sp6

fA2 | CTC ATCCCGTCCA

Tbx2/ | CTAGTGTTGAATTCGCC | ATTTAGGTGACAGGCAACTGTC | BamH | T7

3 GCA ACCGTACTTG |

Gsc | TCCAGTTATGCCGA | ATTTAGGTGACATCCACTT | Sacl | T7
GAAGCT CGATCGCTCATCA
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To generate RNA probes against proteadling transcripts, we used PCR to
amplify SoxB1 Foxqg2 Onecut(Hnf6), SoxG Brnl1/2/4 Elav, Delta, Gcm Pks] Ese
SclandMacpfA2 from sea urchin egg and embryonic cDNA of 24 hpf, 48 hpf, 72 hpf
PCR primers and enzymes used to linearize and make antisense probes are listed in
Table2.3 (SpBase Strongylocentrotus purpuratuthe Sea Urchin Genome Database
Other probes includingoxA Krl, Lefty, andBMP2/4 and Vasa were previously cloned
(N. Stepicheva, Nigam, Siddam, Peng, & Song, 2018%/333is a gene that can be
used to recognize a filopodial type of blastocoelar ¢€lls Ho et al., 2016andwas
synthesized antieated with restriction enzynkecoRE the RNA probe was synthesized
with usingDIG labeing kit using SpRNA polymeraséTwist BiosciencesSouth San
Francisco, CA).

For double FISH, we incubateédnecut(fluoresceinlabeled) with miR124
(DIG-labeled) togetheThe scrambled miIRCURY LNA detection probe was used as a
negative control with miRB1 FISH. The scrambled miRCURY LNA detection probe
was used as a negative control with priiRland miR31 FISH. For the miR31 double
FISH, we used DNHabeled probes includindrascin Rab35 Gelsolin The negative
control for the fluorescetabeled probavas from thenegativecontrol pSPT18Neo
plasmidincluded in the RNA DIG labeling kit (MilliporeSigma, St. Louis, MO), using
the fluorescein RNA labeling mix (MilliporeSigma, St. Louis, M@)using the DNP
RNA labeling mix (MilliporeSigma, St. Louis, MQ)AIl probes were added at 0.5
ng/uL. We incubated embryos with the afitioresceinHRP antibody first overnight
at 1:250 concentration at RT and labeled them with fluoresgeamide using tyramide

signal amplification (TSAJor a 6-minuteexposurgAkoya BioscienceMarlborough,
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MA). Then the reactiorwas quenchedith 3% hydrogen peroxide in MOPS buffer for

1 h at RT.Subsequentlythe embryoswere incubatedavith DIG antibody at 1:1,000
concentration overnight at 4°C and labeled them with Cy5.5 tgesing TSAor 6
minutes as wel{Akoya Biosciences, Marlborough, MAlror the double FISH with
DNP and DIG we incubated embryos with the abiiG-HRP antibody first overnight

at 11,000concentration a4°C and labeled them with fluoresceiyramide ushg TSA.

Then we quenched the reaction with 3% hydrogen peroxide in MOPS buffer for 1 h at
RT. Then we incubated embryos WiliNP antibody at 1250 concentrationn blocking
(MOPs buffer with 5% sheep serumyernight at 4°C and labeled them with Cy5.5
tyramide using TSA (Akoya Biosciences, Marlborough, MA).

For single FISH, we incubated the embryos with the 1:1,000da&yakigenin
(DIG)-POD antibody overnight at 4°C and amplified with Tyramide Amplification
working solution and exposed with fluoresceinl80 dilution of TSA stock with 1x
Plus Amplification Diluerdfluorescein) Akoya Biosciences, Marlborough, MA§or
FISH all the probes were added at 0.5 ng/uL. All FISH embryos were mounted in MOPS
buffer and NucBlue (Thermo Fisher Scientific, WalthamA)MImages were taken
using the Zeiss LSM 880 scanning confocal microscope (Carl Zeiss Incorporation,
White Plains, NY) (Zeiss LSM 880 with Airyscan Confocal Laser Scanning
Microscope The maximum intensity projections ofsfack images were acquired with
Zen software and processed with Adobe Photoshop and Adobe lllustrator (Adobe, San
Jose, CA)

The steps performed for colorimetric WMISH aas previously described
(ArenasMena, Cameron, & Davidson, 2000; Minokawa, Rast, Ardflesa, Franco,

& Davidson, 2@4). Negative controls were transcribed off plasmid pSPVYé8 or
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pSPT19Neo provided in the DIG RNA Labeling kit (MilliporeSigma, St. Louis, MO).
All probes were added at 0.5 ng/pL. Embryos were incubated at 1:1500 anti
digoxigeninalkaline phosphatase t#ody overnight at RT. Embryos were imaged
using the Observer Z.1 microscope (Carl Zeiss Incorporation, White Plains, NY) (Zeiss
Axio Observe). The Zstack slice at the equatorial plane was taken and processed with
Adobe Photoshop and Adobe lllustratddpbe, San Jose, CA).
Immunolabeling procedures

To assess inhibitenduced phenotypes, we used antibodies against various cell
types. We used Endol to detect mahd hindgut(Wessel and McClay, 19857
(Developmental Studies Hybridoma Bank (DSHBot#2/13/2054 pg/mL)
(Schneider, 2012)o detectbetatubulin during mitosis and tubulin in cilia, 1E11
(DSHB, Lot #3/26/1430 pg/mL) and SynB (from Dr. Gary Wessel, Brown University)
to dekct sea urchin SynBxpressing neuror(Burke et al., 2006b; Leguia et al., 2006;
Yaguchi et al., 2012; Yaguchi et al., 2014¢rotonin (MilliporeSigma, St. Louis, MO
cat# S5545)(Buznikov et al., 2005; Squirest al., 2010) NeuroD1 (ABclonal,
Woodburn, MA cat# A1147)1D5 (McClay D. R., 1983}o detect PMCs, and Spl
(DSHB, Lot #3/9/1232 pg/mL) (Gibson and Burke, 1985p detect pigment cells
Embryos were fixed id% paraformaldehyde (PFA) (20% stock; EMS, Hatfield, PA)
in artificial sea water overnight at 4°C. Three-rhh Phosphate Buffered Saline
Tween20 0.05% (PBST) (10X PBS; Bigad, Hercules, CA) washes were performed.
Embryos were blocked with 4%heepserum(MilliporeSigma, St. Louis, MO) for h
at RT. For 1E11 and NeuroD1, the embryos were fixed in 4% PFA for 10 min and post
fixed with 100% acetone for 1 min and washed with PBST containing 0.1% Triton X

100 (Thermo Fisher Scientific, Waltham, MA), and ibated with the antibody for two

34



nights at 4°C in blocking buffeb6¢ Bovine serum albumin (MilliporeSigma, St. Louis,
MO) in PBST0.1% Triton %X100). For SynB antibody, we fixed embryos with 3.7%
formaldehyde in filteredhaturalsea water (FSW) for 20 miat RT and 1 min post fix
with ice-cold methanol and washed with PB81L% Triton X100 and incubated
overnight. Primary antibody incubation was performed with Endol, 1E11, SynB,
serotonin, NeuroD11D5, and Spht 1:50, 1:2, 1:200, 1:500, 1:25050, andl:20Q
respectively. Corresponding negative controls were set up the same way without the
primary antibody. Embryos were washed three times fanib5with PBST followed
by incubation with secondary antibodies goat-amuse (for Endo11E11 E7, 1D5,
Spl) and goat antrabbit (SynB, Serotonin, NeuroD1) Alexa 488 or Alexa 647 at 1:300
for 1 houratroom temperatur€rhermo Fisher Scientific, Waltham, MA). Hoitubulin
immunolabeling, control embryos were injected with a-fisable FITC and the miR
124 irhibitor-injected embryos were injected with fixable Texas Rahtrol and miR
124 inhibitorinjected embryos were immunolabeled with tubulin in both separate and
the same wells to make sure the differences observed were not due to potential technical
differences.

The Phalloidin conjugated talexa 488 (Thermo Fisher Scientific, Waltham,
MA) was resuspended in 100% methanol to make 200 U/ml stocks and then lyophilized
and resuspended in PBET1% TritonX-100 to make a final concentration of 10 U/ml,
whichwas added to the embryasrval stage embryosere fixed in 4% PFA in 1XPBS
for 5 min on ice and then placed at RT for 15 min. They werefp@st in 100% acetone
for 10 min on ice and washed with PB8TL% TritonnX-100, followed by incubation
with Phaloidin for 1 h at RT and three washes with PBST and then 1XP&Searly

cleavage stagembryos,we followed a fixation and washing protocol with some
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modifications(Kita et al., 2019) The embryos were fixed
(100mM KCI, 3mM MgCl, 10mM HEPES, 150nM sucrose, pH 7.4yith 1mL 37%
formaldehyde, InL DMSO, 200uL 100 mM ethylene glyceb i safhiboethylether)

N, N, Ntétraaddiic acid (EGTA), 1@uL 50% glutaraldehyde Thermo Fisher
Scientific, Waltham, M\), 1 pL 2 mM Taxol (MilliporeSigma, St. Louis, MO)The
embryos were fixed for 20 minutes at room temperature and then washed twice with
1XPBSand left overnight at room temperature in 1XPBS. The next day we added 2
U/mL of phalloidin in 1XPBS to the embryos and left it aimotemperature for 2 hours.
Then we counterstained the embryos with DARUcBIue; Thermo Fisher Scientific,
Waltham, MA)and imaged them.

All immunolabeled embryos were imaged using a Zeiss LSM 880 scanning
confocal microscope (Carl Zeiss Incorporatidrhite Plains, NY). All immunolabeled
embryos were mounted using DAPI in PBST buffer (NucBlue; Thermo Fisher
Scientific, Waltham, MA). The maximum intensity projections edtack images were
acquired with Zen software (Carl Zeiss Incorporation, White BJ&iY) and processed
with Adobe Photoshop and Adobe lllustrator (Adobe, San Jose, CA).

The 1D5 immunolabeled embryosere imaged using an Observer Z.1
microscope (Zeiss, White Plains, NY). All immunolabeled embryos were mounted
using DAPI in PBST buffer (NcBlue; Thermo Fisher Scientific, Waltham, MA). The
maximum intensity projections of-g&ack of images were acquired with Zen software
(Zeiss, White Plains, NY) and exported into Adobe Photoshop (Adobe, San Jose, CA)

for further processing.
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Cloning for luciferase reporter constructs

The CDS ofNeuroDL andNodala n d 3 6 NatcRwere fcloned using sea
urchin cDNA into Zeroblunt vector (Tabl&4) (Thermo Fisher Scientific, Waltham,
MA). Plasmids containing potential cloned DNA inserts weubjected to DNA
sequencing (Genewiz Services, South Plainfield, NéuroD1CDS, Nodal CDS and
Notch30UTR wer e subcl on eRenillalocienaset RLEG) a8 o f
described previousl{Stepicheva et al., 2015niIR-1 24 s eed -SEGLCCTEFN C e
3Nj) was dteelNeuwro®HCDS$ anddNwmdal CDS, by using the QuikChange
Lightning Kit (Agilent Technologies, San Jose, CA). The iR binding sites within
t he 3 0NbicliRvere mmutagenized at the third and fifth binding s{&tston and
Giraldez, 2011)The sequence of the mutagenesis primers used is listed in3[4ble
Clones were sequenced to check for the deleted or mutated 24iRinding site
(Genewiz Services, SouRMainfield, NJ)RLUCreporter constructs primers, restriction
enzymes, and RNA polymerases usediated in Table2.3. Firefly construct EF) was
linearized usingpelandin vitro transcribed with SP6 RNA polymera&tepicheva et
al., 2015) Transcripts were purifieduising the RNA Nucleospin Cleap kit
(MachereyNagel, Bethlehem, PAFF and reporteRLUC constructs were emjected
at 50 ng/pL. 50 embryos at theesenchyme blastula stage (24 hpf) were collected in
25 pL of 1X Promega passive lydisffer and vortezd atroom temperature and then
frozen overnight at80°C. Duaktluciferase assays were performed using the Prohega
DuakLuciferasé& Reporter (DLFE ) Assay Systems with the PromégaGloMaxE
20/20 Luminometry System (Promega, Madison, WI). The rest of thay asas

performed as previously describgtepicheva et al., 2015)
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Table2.4 List of primers for cloning constructs inRLUC and for mutagenesis

Primers for Forward (56to 39 Reverse (Bto 39

cloning and

mutagenesis

NeuroD1 CDS | CTCGAGCAAGTACAGTCC | GCGGCCGCCCGCGGTATA
AGCCGACA AATCTTGTCC

NeruoD1 Seed| GCACTGCTTGGCTGTACG | CAGACGTCACCGTACAGC

1 deletion GTGACGTCTG CAAGCAGTGC

Not ch 3| AAGCTTAAAACAAACAAA | GCGGCCGCGACTTTCCAG
CATGCTTATTG GGGCATTTCT

Notch Seed 1 | ACCTTAATCCCTCGAGAA | GAAACTTTTATGTGTAAAT

mutation CAATGCGCAATTTGATAA | TATCAAATTGCGCATTGTT
TTTACACATAAAAGTTTC CTCGAGGGATTAAGGT

Notch Seed 2 | TACAAGGTATATTGGCAG | GCAAACTGAAAACTTTCA

mutation TGAATGCGCGTTTGAAAG | AACGCGCATTCACTGCCA
TTTTCAGTTTGC ATATACCTTGTA

Nodal CDS CTCGAGATGCATCGTTCAT | ATGCATCGTTCATCGGATC
CGGATCTC TC

Nodal Seed 1 | TTGTTTTTTGTCACATCAG | CTCATGTAGGAATGGAGC

deletion TGATTTTGCTCCATTCCTA | AAAATCACTGATGTGACA
CATGAG AAAAACAA

Quantification

To image miR124 FISH, 1E11/SynB, serotonin and tubp@ took images at
the Zeiss LSM 880 scanning confocal microscope (Carl Zeiss Incorporation, White
Plains, NY)using a 40X water lens with a numerical aperture ofabh® was imaging
using a bit depth of 160f note the gain used for each channel was the same for the
control compared to the experimentdlo measure the levels of miRR4, 1E11,
serotonin, and tubulirRNA andprotein) in each embryo, we took maximum intensity
projectionsof confocal imageandexported them into Image$TIFF files (Schneider,
2012) Each Zstack was taken using 1um intervals and each 25 slices were imaged.
The serotonin and 1E11 containing region in the ciliary band was measured with the

background(outside of the embryddubtractedThe background was an area on the
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image that wasiot the embryoFor tubulin, we measured the whole embryo and
subtracted the background from it. For niiR4 levels, that average fluorescent
intensity was calculated by measuring the area of the embryo of interest and subtracting
the average fluorescentadkground. All the embryos were measured in the same
orientation for consistency. Colorimetric abifferential Interference ContragbIC)

images are single sliced confocal imagesUnless stated otherwise, SEM is graphed,
and Student-test was usedsstatistical analyse®r all experiments.

To measure gut contraction, we mounted the embryos on protamine sulfate
(MilliporeSigma, St. Louis, MOgoverslips in FSW. The sides of the coverslip were
sealed with melted petroleum jelly. Each embryo was decbfor four mimites taking
one image every secongsing Observer Z.1 microscope (Carl Zeiss Incorporation,
White Plains, NY) 40Xair lenswith a numerical aperture &.85 the images were
obtained using Axiocam 305 col(Carl Zeiss Incorporation, Whitelains, NY)in DIC
using 12 bitand the number of contractions were counidte gut contraction was
determined by the foregut opening into the midgut as a full contraction. Each video is
composed of four frames per sec. Still frame images of embryogdyuirtontractions
are depicted in the figures.

To track swimming movementye used Observer Z.1 microscoparl Zeiss
Incorporation, White Plains, NY20X air lenswith a numerical aperture 0.8 and an
image was takeavery second for one minute. The camee used wadxiocam 305
color (Carl Zeiss Incorporation, White Plains, NYjnages were taken in DIGVe
exported the image from Zen to ImageJ as a JPEG since we were not measuring any
fluorescence. Once in Image& wsed the manual tracking plugmobtain velocity

(Schneider, 2012)We set the time interVat 60 sec and the x/y calibration at 0.645
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pm. Each movie was imaged for 60 sedsand only embryos that stayed in the field
of view were analyzed. We tracked the leading edge of the larvae (the top of the mouth)
and followed it through the entire movi€o compose the moviewe used ImageJ
(Schneider, 2012we used four frames per second, cdirgysof a total of 60 frames
for a 15seond video. Still frame images of embryos during gut contractions are
depicted in the figures.

To assess the beating of the ciRPalybea® we used Observer Z.1 microscope
(Carl Zeiss Incorporation, White Plains, INXOX air lenswith a numerical aperture 0.8
and an image was taken every second for two minutes. The camera we used was
Axiocam 305 colofCarl Zeiss Incorporation, White Plains, NYhages were taken in
DIC. The polybead dyed blue 1um microspheres wersed (Polyscience Inc,
Warrington, PA). Embryos were injected with either FITC or Texas Red dextrans and
mounted on the same coverslip to limit the variability of beads between control and
perturbed embryos. The polybeads were used at 1:500 in sea wiateto Rs use, the
beads were sonicated in a water bath for 20 min. We mounted the control and
experimentally treated embryos widiiuted polybeadsWe exported the image from
Zen to ImageJ as a JPEG since we were not measuring any fluoreJeegoeutify
the ciliary beating flow videos, we drew a rectangle 15um x 60um positioned 15pum
away from the mouth of the embryo. The beads were counted as they entered the
imaging area, and the number of beads was normalized to the control. To subtract
backgroundflow, embryos were deciliated with 2Xoncentratedsea water fors
minutes then washed with normal sea water, then imaged with diluted polybeads as

described above. Before normalization, the average number of beads entering the region
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of interest of the eciliated larvae was subtracted from the average number of beads
entering the region of interest of the control and experimentally treated embryos.

To count the number of blastagdar cellswe used Observer Z.1 microscope
(Carl Zeiss Incorporation, Whitelains, NY) 20X air lens with a numerical aperture 0.8
and Zstacks were taken in 1um intervals with 60 slices to get the whole embryo from
top to bottom. Of note the exposure time was the same for the control compared to the
experimentalThe camera we esl was Axiocam 305 color (Carl Zeiss Incorporation,
White Plains, NY) To count the cells, we went through thatdck and made sure that
the green fluorescence was within a region containing DAPI to indicate the nucleus. We
also check with DIC images tdoserve the outline of the cell containing the DAPI and
fluorescence green signal. This was to ensure that we did not end up double counting
any one cell. We did the same when we counted the pigment cells labeled with Sp1 and
when we performed double FISHo count pigment cells in brightfield wmunted the
cells that were pigmented as we carefully went through the slices. Since we observed
similar numbers counting pigment cells using the Sp1 antibody and using brightfield we
can confirm that we were coungj the number of pigment cells correctly.

Western blot

To test if the NeuroD1 antibody developed against the human antigen would
crossreact with the sea urchin NeuroD1, we first cloned the sea urchin NeuroD1 into
an expression vector pNOTA[Nagahara et al.,, 1998) si ng f or ward pri
GGATCCATGGGCCCCACCCTACATGA 30 and rever :
CTCGAGT TAACCGCGGTATAAATCTTGTC 3606. Forward pr
restriction ge (underlined), and the reverse primer contains Xhol restriction site

(underlined). Plasmids cloned with NeuroD1 were validated through DNA sequencing
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(University of Delaware DNA Sequencing and Genotyping Center, Newark, DE and
Genewiz, South PlainfieldNJ). NeuroDipNOTAT was transformed into C41
competent cells (Lucigen, Middleton, WI) and induced with IPTG at 1mM for protein
expression. Lysates from bacteria transformed with pNOTAT vector (negative control)
and lysates from bacteria transformed wiie sea urchin NeuroD1 with or without 1
mM IPTG induction were run on a 12% SIPAGE gel made by following instructions
from the manufacturer (BioRad, Philadelphia, PA). The protein gel was transferred to
the PVDF membrane (BioRad, Philadelphia, PA) usinget transfer system (BioRad,
Philadelphia, PA). The blot was blocked in 3% bovine serum albumin (BSA) (Research
Products International, Mount Prospect, IL) in TBST (Tris 50 mM, pH 7.5, NaCl 184
mM, Tween20 0.05%) (Fisher Chemical, Hampton, NH) for 1 hat room
temperature.

For the sea urchin lysate, we collected embryos at different developmental
stages. The embryos were lysed using a based buffecontainingTris 75mM, pH
7.8, NaCl 150mM (Fisher Chemical, Hampton, NH), and 1x protease inhibito
(Promega, Madison, WI). Total protein was measured using Bradford protein assay and
obtaining the absorbance using biophotometer (Eppendorf, Enfield, @i§)obtotal
protein from each developmental stage was loaded in each well of the /565 gel.
Then NeuroD1 antibody (ABclonal company cat# A1147, Woburn, MA) was incubated
in 3% BSA in TBST overnight at 4°C at 1:1,000. The blot was exposed with
SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific,
Waltham, MA) and imaged with BRad Chemidoc Gel Imager (BioRad, Philadelphia,

PA). We used Pageruler Multicolor ladder for the western blot with the bacterial lysate
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(Thermo Fisher Scientific, Waltham, MA), and we used MagicMark ladder for the time
course western blot (Thermo Fisheredtific, Waltham, MA).
Pre-adsorption assay of NeuroD1

A pre-adsorption assay was performed to test the specificity of the NeuroD1
antibody, by incubating the NeuroD1 antibody with bacterial lysate expressing the sea
urchin NeuroD1 protein. First, 50 pLf prepared bacterial lysate was incubated with
the PVDF (BioRad, Philadelphia, PA) membranes (0.5 cm x 0.5 cm) in Eppendorf tubes
and rocked for two nights at 4°C. Then the NeuroD1 antibody was added at 1:250 in
blocking buffer (PBST0.1% Triton in 4% shep serum) and incubated with the PVDF
containing the blocking buffer or the sea urchin NeuroD1 for two nights at 4°C.
NeuroD1 antibody pradsorbed with bacterial lysate with or without sea urchin
NeuroD1 was used in immunolabeling experiments. Embryos washed with PBST
and exposed with goat asmibbit 488 in blocking buffer for 1 hour at room temperature
counterstained with DAPI. Images were acquired with Zeiss LSM 880 scanning
confocal microscope (Carl Zeiss Incorporation, White Plains, NY).

Tunel assay

The steps performed for Tunel assay are described previously with
modifications(Vega Thurber and Epel, 2007njected embryos wefixed in 4% PFA,
100mM HEPES in FSW for 15 minutes at room temperature and themanl@e post
fix at room temperature with 2:1 ethanol: glacial acidic acid. Embryos were then washed
with 1XPBS three times are room temperature and incubated for 1 libuil unel
labeling mix at 37°C in a humid chamber. Tunel labeling mix was made as described in
manifactor protocol (MilliporeSigma, St. Louis, MO). The embryos were washed with

3 times with 1XPBS at room temperature and DAPI was added before they were
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mourted and imaged (NucBlue; Thermo Fisher Scientific, Waltham, MA). The embryos

were imaged using a Zeiss LSM 880 scanning confocal microscope (Carl Zeiss

Incorporation, White Plains, NY). The maximum intensity projections -@tack

images were acquired witen software (Carl Zeiss Incorporation, White Plains, NY)

and processed with Adobe Photoshop and Adobe lllustrator (Adobe, San Jose, CA).
Drug treatments

Nodal inhibitor (SB431542) (Selleckchem, Huston, TX) was diluted from its
original stock at 10 mM t@ pM in DMSO (Thermo Fisher Scientific, Waltham, MA).
After the embryos were injected with control or riiR4 inhibitor, the embryos were
treated with DMSO or the Nodal inhibitor @itpf, when Nodal signaling is predicted to
be activated (Materna et alQ23).

Physiological embryos were subjected to either Nocodo86igM), Hexylene
glycol (3%), Taxol $0uM) or DMSO at the equivalent concentratiansneuralsea
water atl2°Cright after fertilization and were cultured to the taall stage to be fixed
with FISH fixative. We then followed the embryos with FISH as described eallier.
the drugs werebtainedfrom MilliporeSigma St. Louis, MQ.

MIRNA gqPCR

500 embryos were collected at various time points (eggll232cell, 12hpf,

18 hpf, 24 hpf, 30 hf, 48 hpf, 72 hpf). RNA was extracted from the samples using
miRNeasy Mini Kit (Qiagen Hilden, Germany) and was used to make cDNA with
MIRCURY LNA reverse transcription Kit (Qiagen Hilden, Germany). gPCR was
preformed using cbmiR-124a miRCURY LNA miRNAPCR Assay and SRbiR-
200-3p miIRCURY LNA miRNA PCR Assay (Qiagen Hilden, Germany).pl0total

volume with a concentration of I@/uL of each of the developmental stagesR-124
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levels were normalized to the mi®0 which is relatively constant througtou
development (Song et al., 2012a). riiR4 levels were then normalized to the egg using

the opCt met hod previously described (Sterg
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Chapter .

MICRORNA -124 REGULATES NOTCH AND NEUROD1TO MEDIATE
TRANSITION STATES OF NEURONAL DEVELOPMENT

Introduction

Although the function of miR-124 hasbeenexaminedpreviously(Liu et al.,
2011; Weng and Cohen,2012; Yu et al., 2008) a systematicand comprehensive
understandingof miR-124& role in neuronal specification, differentiation, and
maturationin a developingembryois still lacking. The sea urchin embryo serves as a
powerful model to integrate pesanscriptional regulation of neurogenesis, because
neurogenesis can be closely followed throughout develop(egerer et al., 2011;
Garner et al., 2016Vith a singleseaurchinmiR-124,comparedo thethreedifferent
copiesin themousethe seaurchinembryois atractablemodelto examineits function
(Kozukaetal., 2019;Songet al., 2012) Additionally, the ability to testthe impactof
selectivelyblockingmiR-1 2 4sGppressiomnf its specifictargetsenableausto dissect
miR-1 2 4rd@esn neuronaldevelopmen{Remsburgetal., 2019)

The purple sea urchin has one of the most cehgmsive gene regulatory
network. We first sought to construct a more complete neuronal GRN by incorporating
the function of NeuroD1 into the existing neuronal GRN, since it is akmellvn
transcription factor involved in vertebrate neurogen@aidigilla et al., 2010; Tutukova

et al., 2021)Out of all the conservegroteins,none of the family members dfeuroD
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have been incorporated into the sea urchin neuronal gene regulatorykn@bRiN).
NeuroD (NeuroD1, NeuroD2, and NeuroD6) TFs are members of the neuronal lineage
basic helixloop-helix family that regulate the transition from neuronal differentiation

to maturationin vertebrate/invertebrate syste(@gnadorArjona et al., 2015; Aquino

Nunez et al., 2020; Cho and Tsai, 2004; Huang et al., 2011; Liu et al., 2011; Masoudi
etal., 2018; Matsudet al., 2019; Pataskar et al., 2016also has an additional function
inthepancreasvher e it regul at es .NeuraDg, kpecificallyusc o s e
expressed early in mammalian embryos to regulate neuronal development, suggesting
that it is a good candidate to be incorporated into the sea urchin neurong@MaiRNda

et al., 2019; Pataskar et al., 2016; Tutukova et al., 20®&) aim to make a more
comprehensive GRN by incorporating the function of NeuroD1 into the network.

In the sea urchin embrydleuroD1transcript is expressed in the ectoderm on
the anterior end of the embryo as well as some expressithe gastrula gut (4&of)
(Perillo et al., 2018)It has been previously proposed that the sea utahwal gut
contains pancreatic endocrine cells thmaty have cappted some neuronal regulatory
factors from an ancestral neur@®erillo et al., 2018)During the larval stag&’2 hpf)
NeuroD1co-expresses with TFs in the ciliary band, such as neuronal differentiation
factor,Brn1/2/4,and TFs with a pancreatiike signature, such dseurogenirandlislet
(Perillo et al., 2018)In addition, it has been observed in mouse that NeuroD1 protein
is localized in thentestine(Andrali et al., 2007; Li et al., 2019)

Results indicate that perbation ofthe sea urchin NeuroOéads to expression
changes o650xC Delta, Brn1/2/4 andElav. With this updated network, our goal is to
discover miR1 2 4 6 strarpavigidnal regulation within the neuronal GRN. First, we

examined how miRL24 posttranscriptionallyregulates development at the whole
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embryo level, with the focus on neural development. We dissected1i2i® 6 s
regulatory role during neurogenesis, by using neuronal progenitor markers to follow the
specification (Foxg2),differentiation (SoxC, Brnl/2/4, NeuroD1), maturation of
neurons (Elav), and functional neurons (SynB) to examine the impact el 2R 0 s
regulatory role at each of these stages. Results indicate that inhibition-G#iRsults

in an increased number oélls expressing TFs associated with progenitor neurons, such
as FoxQ2, SoxCandBrnl/2/4 and a concomitant decrease of serot@xpressing
neurons and SynPositive functional neurons. Then, we used bioinformatics and
reporter constructs and identdi¢hat miR124 directly suppresséotchandNeuroD1

We examined the impact of blockingmiR2 4 6 s s u pNeuro® $asdifoond this f
regulation to be important for differentiation of neurons. Furthermore, we found that
mMiR-1 2 4 6 s s u pNotchars NeuroDiphenbcopiesiR-124 inhibitorinduced
defects, indicating that mi#R24 finetunes these factors to control neuronal
developmentOverall, we integrateNeuroD1into the seaurchin neuronalGRN and
systematicallydefinemiR-1 2 4ré@guslatoryrole throughoutheurogenesiBy identifying

its regulatoryrole within the neuronalGRN.

This chapterfocuses ora deepemunderstandingof miR-1246 sole throughout
neurogenesis from specification to differentiatipmimaturation, and functionality.
Additionally, we have alsancorporated NeuroD® &unction into the sea urchin GRN
as well as identifying a human NeuroD1 antibody that cross reacts with sea urchin
NeuroD1. The work presented on milR24 regulation of Notch and NeuroD1 and the
function of NeuroD1l during sea urchin development has beeacceptedin

Developmental NeurobiologgKonrad and Song, 2022bYhe work presented on the
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human NeuroD1 antibody to croseact with sea urchin NeuroD1 has be@tcepted

in Micropublications (Konrad and Song, 2022a)
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Figure 3.1 Simplified model of sea urchin neural GRN.Sea urchin zygote
initiate specification of neurogenesis through wnt signaling and Idtéch
signaling will differetiate neuronal progenitors. Lastly, neuronal cells \
expression the SNARE protein SynB to perform synaptic activity. The simp
GRN is made up of a compile of wo(kicClay et al., 2018; Slota et al., 2019
Slota et al., 2019b)There are two embryos for each development stage. For
developmental timepoint the embryos on the left are to show the regions
embryos that will become three different neural centegle wth Biorender.com
with the help from Carolyn Remsburg.

Results
NeuroD1 localizes to the presumptive ganglia and gut of the sea urchin larvae
We first aimed to identifya NeuroD1 antibody thatrossreacts with the sea
urchin NeuroDby reveaing its protein localization within the sea urchin embrjbe
NeuroD1 polyclonal antibody used for this study was developed against 197 amino acid

sequence of the human NeuroD1 (total of 356 amino aditls .portion of the antigen
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excludes the DNA binding domain since
membergBerger et al., 2006; Grove et al.,0®) Reuter et al., 2022)Ve determined

that human and sea urchin NeuroD1 proteins share an overall of 33.7% identify and
their DNA binding domain share an 85.1% identity (B4, DNA binding domain in

yellow) (Letunic and Bork, 2018; Letunic et al., 202H8lignment of the human

urchin 1 Semssssn s MGPTL---=--=-=-=-=--- HELD---DVMLEFTPDT 19
Human 1 MTKSYSESGLMGEPQP{)VELi*:.S‘/l'l‘UECLSSQL)ElillHL]'\Ll\KKELl)bI.Jl;'i‘b.‘H:l;\LTZI; 50
urchin 20 ES----GDEADIEGALEEKPSTVQPTTKGGKKGRKNAKANVGENGEKPPP 65
2] I IS sl s)amgawal
Human 51 DSLRNGGEEEDEDEDLEEEEEE---------==--———--—- EEEDDDQKP 81
urchin 66 KKRGPKKKKMTKARVQKFKVRRVKANTRERNRMHGLNDALDLLRKVVPCY 115
sl Il Isss el ls =00 B s i
52 KRRGPKKKKMTKARLERFKLRRUKANARERNRMHGLNAALDNLRKVVECY 131
urchin 116 SSTQKLSKIETLRLAKNYIHALADILRTENNEDNISERORISRGESORIN 165
Lol BbLRrrrrrrrrrrrrtattestbilbelaatbasitatilacstiiiilll
Human 132 SKTQKLSKIETLRLAKNYIWALSEILRSERSEDINSEVOINCRGNSORN 181
urchin 10+ NLVAGAMOLNPRTLLPD-DOTSPYSAWPSSA--PMNGMTDSYGYDLSNTS 1.
TRl becstbbillalls slaaleceaacll | g2 siliia lio
Human 1+ NLVAGCLOLNPRTFLPEQNODMPPHLPTASASFPVH----PYSYQ---== ..~
- SHHRLGENMTSTGISN---GGPSSTHQLFLPSDGYCSSPPDLYHROYDP-
[ B | [ P AP ) I ——
Human | ==--------SPGLPSPPYGIMDSSHVF------HVKPPPHAYSAALEPF -
urchin 24 -SSATAPTSSPSSTFSCOFQOTSPPPPSCLTSSAEKFSQRTLAFPHHDSL, '/
o R e M | R | {5 A ceaeslalesi]a
Human © FESPLTDCTSPS------FDGPLSPPLSI---------NGNFSFKHEPSA -
urchin © AFPTGNPVYTPYSDISVGVNDVISTSSLYSNTVGATPE-------=-===
sleoe Jeoen|esesese sesesileslselelsacas |
Human | EFEK-NYAFTMHYPAAT-LAGAQSHGSTFSGTAAPRCEIPIDNIMSFDSH -
urchin 346 IS EEGENAREAD | G YRNLGLIGCNGQDLYRG 374
Human 340 ﬁ ------------------- 356
Figure 3.2NeuroD1 is conserved between human and sea urchidsing Clustal
Omega (Clustal Omega, RRID:SCR_001591), we aligned the protein sequ
from the sea urchin and human NeuroD1. Using National Center for Biotechn
Information protein alignment, we determined that there was a 33.7% id
between human and sea urchin NeuroD1 protein sequence and an 85.1%
within the DNA binding domain. SMART was used to identify DNA binding dom
which is highlighted in yébw. The area in which the NeuroD1 antibody recogi
is in green with an identity of 31.4% (Letunic & Bork, 2018; Letunic, Khedka
Bork, 2021).
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NeuroD1 antigenic sequence that of the sea urchin NeuroD1 indicates a 31.4%
identity (62 amino acids out of 197 amino acids aligned) @highlighted in green).

We observed that the human NeuroD1 antibody was able to recognize the sea
urchin NeuroD1 recombinant protein (Fi§.3A). The human NeuroD1 antibody
recognizes a ~4@5kDa protein in sea urchin lysates from different developate
stages (Fig3.3B). This is close to the predicted size of the sea urchin NeuroD1 at 42kDa
(Stothard, 2000)in addition, we observed that the strongest expres$ideuroD1 was
during the larval stage (78pf) (Fig. 3.3B). The ~4645kDa size of the detected
NeuroD1 protein is similar to the predicted size of human NeuroD1 at 40kDa and what
has been observed on westerns blot using mouse and human cell(Kmsdtes et al.,

2007; Coordinator2013; Gao et al., 2011; Kitazono et al., 2020)

5 5 c 2
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Figure 3.3 Human NeuroD1 antibody recognizes sea urchin NeuroD1 o
western blot (A) Western blotanalysis of NeuroD1 is depicted. Bacte
transformed with vector alone or NeuroD1 expression vector were cultured w
without IPTG. These bacterial lysates were collected and ran on af?A0E gel.

Human NeuroD1 recognizes the sea urchin NeuroDImbownt protein, with the
expected size of ~405kDa. B) Western blot analysis of NeuroD1 indicates t
NeuroD1 is expressed in various developmental stages of the sea urchin em
dpf = 5 days posfertilization. Arrow points to expected size of 2kda for

NeuroD1.
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Usingthis human NeuroD1 antibody, we determined that NeuroD1 is expressed
in the presumptive ganglia and neurofilament structures in the ciliary band which is
where neurons reside within the sea urchin larva.(Bg). Based on prior
immunolabeling with Synaptagmin B (SynB), whichs part of the SNARE family
mediating synaptic release of neurotransmitters, NeuroD1 seems to be expressed where
SynB is localizedHowever, without communolabel NeuroD1 with a neurofilament
antibody, we cannot conclude that thase neurofilaments. Even though NeuroD1 is a
TF, it has been previously observed that mouse NeuroD1 protein is also diffusely
expressed in the cytoplasm in pancreatic cells as well as in the cytoplasm of neurons
(Andrali et al., 2007; Armelloni etla2018; Gu et al., 2010; Puligilla et al., 2011®)
the pancreatic beteell line (MIN6), NeuroD1 is normally perinuclearly localized
(Andrali et al., 2007)In response to glucose, NeuroD1 enters the nucleus to activate
insulin expression, to maintain homeassain the kidneygAndrali et al., 2007,
Armelloni et al., 2018)This may explain our observation of NeuroD1 in the perinuclear
region in the sea urchin gut cells which would be analogous to the mammalian pancreas,
suggesting that NeuroD1 may act like a pancrdétc TF similar to the vertebrate
NeuroD1(Fig. 3.4AB).

To determine the specificity of the NeuroD1 antibody, we performed -a pre
adsorption assay. Rezlsorption of the human NeuroD1 antibody with or without
bacterial lysate expressing the sea urchin NeuroDdmbmant protein was used in
immunolabeling experiments (Fi§.40. We observed that pr@dsorbed NeuroD1
antibody failed to detect th@esumptive gangliand neurofilamentous structures in sea

urchin larvae, compared to the npre-adsorbed NeuroD1 abtdy (Fig.3.40). These
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dataindicatesthat the human NeuroD1 antibody specifically recognizes sea urchin
structures expressing NeuroD1.
To further test the specificity of the antibody, we performed-¢dgsnction

studies ofNeuroD1with a translatiorblocking morpholino (NeuroD1 MASO) (Fig.

@ (B)
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Figure 3.4 NeuroD1 immunolabeling reveals similar structures that has beer
previously observed in vertebrates(A) Schematic of the different views of a s
urchin larva. B) Sea urchin larvae were immunolabeled with NeuroD1 (green
counterstained with DAPI to suwalize DNA (blue). NeuroD1 is localized 1
presumptive ganglia (indicated by white arrows), neurofilaments (indicated b
arrows), and perinuclearly in cells of the gut. Five biological replicates. AO=a
organ. C) The specificity of the NeuroD1 #@bhody is tested with pradsorption
assay. Larvae were immunolabeled with-adsorbed or nepre-adsorbed NeuroD]
antibody (green) and counterstained with DAPI (bluB). Embryos injected with
NeuroD1 MASO had less NeuroD1 protein (green) compared bvyes injected
with the control MASO, indicating antibody specificity and efficacy of
knockdown. Perinuclear localization of NeuroD1 in the gut (indicated by ye
arrows), presumptive ganglia (indicated by white arrows), neurofilaments (indi
by red arrows). All scale bars correspond to 50 um. 3 biological replicates for &
experiments unless specified otherwise. Maximum intensity projectionstdck
confocal images is presented.

/DNA
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3.4D). Zygotes were microinjected with control MASO or NeuroD1 MASO and
incubated to the larval ae. Results indicate that NeuroD1 protein was reduced in
NeuroD1 MASQinjected embryos compared to the control MAB{&cted embryos.
Specifically, we did not observe the neurofilament structures in the ciliary band
(indicated by red arrows), the gang$tuctures (indicated by white arrows), and the
perinuclear localization of NeuroD1 in the larval gut (indicated by yellow arrows) in the
NeuroD1 MASQinjected embryos (Fig3.4D), indicating the efficacy of NeuroD1
knockdown and specificity of the Neuro@htibody.

NeuroD1linfluencesSoxC,Delta, Brn1/2/4,and Elav transcript levels

NeuroD1 has been shown to play an evolutionarily conservedrole in
neurogenesidy promoting neuronaldifferentiation, as well as in reprogramming
differentiatednon-neuronalcells into neurons(Morrow, Furukawa,Lee, & Cepko,
1999; Tutukovaet al., 2021). We bioinformatically identified NeuroD1 transcriptto
containone miR-124 binding site. Prior to examiningmiR-1 2 4pdsttranscriptional
regulationof neurogenesisye first examinedhefunctionof NeuroD1.We determined
that the expressionof NeuroD1is low in early developingembryosand peaksat
gastrulationfollowed by decreaseéxpressiorduringthelarval stage(Fig. 3.5A).

To test the function of NeuroD1, we performedlossof-function studiesof
NeuroD1with atranslatiorblockingmorpholino(NeuroD1MASO). To determinghe
role of NeuroD1duringneurogenesisye assayedranscriptevelsof geneghatencode
key TFsandsignalingcomponentsf theneuronalGRNin NeuroDIMASO andcontrol
MASO-injectedembryosin gastrulaand larval stagesat the time when NeuroD1is
expressedWe observedthat during the gastrulastage,the expressiornof Delta was

increased?-fold (Fig. 3.5B). During the larval stage,the expressiorievels of SoxC,
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Delta, Brn1/2/4, and Elav were decreasedt least 2-fold (Fig. 3.5B). To further
understandN e u r o redulétisnof Delta, we examinedthe temporalexpressiorof
Deltain control and NeuroD1MASO-injectedembryos.We observedhat NeuroD1
MASO-injectedgastrulaénavemoreDelta-expressingells,whereadNeuroD1IMASO-
injectedlarvaehavelessDelta-expressingells (AppendixB1). Thus,the Delta FISH
datarecapitulatedhe gPCRdata,with theassumptiorthateachcell expressea similar

numberof DeltatranscriptFigs.3.5andAppendixB1l).
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Figure 3.5 NeuroD1 regulates transcripts involved in the neuronal GRN(A)

Physiological embryos were collected (Egg (0 hpf), morula (14 bfstula (24
hpf), gastrula (48 hpf), larval (72 hpf), and five days post fertilization (120

Three biological replicates.Bf Control MASO or NeuroD1 MASG@njected
embryos were collected for g°PCR at gastrula and larval stages. Transcripts o
that encode factors involved in neuronal development are examined. Four bio
replicates. Purple=neurarstricted progenitor gene marker, blue=po#btic

neuronal gene marker, grey=mature neuronal gene marker, yellow=matuf
functional neuronal gee marker, white=ciliary band gene markgnese graphs ar
in log scale of 2(C) Control MASO or NeuroD1 MAS@njected larvae were
immunolabeled with SynB (green) and counterstained with DAPI. Three biolg
replicates.
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We also examinedthe mature neuronalnetwork with the seaurchin SynB
antibody,which recognizesnature,functionalneurons(Burke et al., 2006; Leguia et
al., 2006). NeuroD1inhibition resultedin a significant decreasen SynB-expressing
neuronsalongtheciliary bandandthe mouth(Fig. 3.50.

miR-124is enrichedin the ciliary band where neuronsreside

With NeuroD1 integratedinto the neuronalGRN, we then investigatedthe
expressiorpatternof miR-124throughoutdevelopmentResultsindicatethatmiR-124
is not detectablauntil the morulastage(Fig. 3.6A). In the blastulaandgastrulastages,
miR-124isexpressedbiquitously.Laterin thelarval stagemiR-124is enrichedwithin
theciliary bandonthelip region(Fig. 3.6A). Specifically,miR-124is expresseth basal
epithelialcells,similarto whereSynB-positiveneuronsrelocalized juxtaposedo cells

thatexpresOnecut(Fig. 3.6B) (Burke,Moller, Krupke,& Taylor,2014).
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Figure 3.6miR-124 is enriched in ciliary band (A) Embryos were hybridized with
miR-124 probe or a scrambled control probe (green) using FISH. Three biol
replicates. (B) Double FISH was performed with BBeled miR124 probe (green
and fluoresceilabeledOnecut(magenta) and counterstainedDAPI to visualize
DNA (blue). miR124 is expressed in basal side of epithelial cells (white arr
where neurons reside, juxtaposed to epithelial cells that express Onecut exp
on the apical side (yellow arrow). Two biological replicates.

Larva (72 hpf)

Negative control

Inhi bition of miR-124leadsto endodermaland mesodermaldevelopmental
defects
To testthe lossof-function of miR-124, we microinjectedmiR-124 inhibitor

into zygotes Embryosinjectedwith the miR-124inhibitor havea significantreduction
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of miR-124 levels,comparedo injectedcontrol embryos,ndicatingthe effectiveness
of the inhibitor (Fig. 3.7A). We observeda dosedependentseverity of miR-124
inhibitor-induced phenotypesranging from a developmentaldelay, endodermally
derived gut morphologicaldefects,or delayedformation of mesodermallyderived
coelomic pouches(with Vasaexpressingcells in the archenteronAppendix B2A),
clustersof cellsin the blastocoelbf gastrulaeand combinationsof thesedefects(Fig.
3.7B). Of noteis that coelomicpoucheswith Vasaexpressingells are presentat the
larvalstagg72 hpf), indicatingthatmiR-124depletioninducedatransiendelayin their
formation(AppendixB2B).
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Figure 3.7 Inhibition of miR -124 leads to endodermal and mesoderma
developmentaddefects.(A) miR-124 inhibitor or control were injected into zygot
and cultured to blastulae (24 hpf), followed by rii4 FISH (green). Embryo
were counterstained with DAPI (blue). Average fluorescence intensity
calculated. Studenttest was usk Three biological replicates. (B) Developmen
defects in miRL24 inhibitorinjected embryos are indicated by the white arro
CochranMantelHaenszel statistical test was used. Four biological replicates
all the graphs, C=Control, Inh=miR24 inhbitor-injected embryos, N= totg
number of embryos, SEM is graphed.
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Inhibition of miR-124resultsin defectsin gut contractions and cardiac sphincter
Oneof the morphologicalchangesve observedn miR-124 inhibitor-injected
gastrulaes that they had a wider gut comparedto the control (Fig. 3.7B). miR-124
inhibitor-injected gastrulaehad delayed expressionof Endol, which is expressed
specifically in the midgut and hindgut, and recoveredby the larval stage(Fig. 3.8
(Wessel&k McClay, 1985).Thesegastrulagut defectswererescuedvith a co-injection
of the miR-124 inhibitor and a miR-124 mimic, indicating that thesedefectsare

specificallyinducedby themiR-124inhibitor atthegastrulastageln addition,wefound

(A) Control+ miR-124 inh+ miR-124 inh+ (B)
Control mimic Control mimic miR-124 mimic

Control miR-124 inhibitor

Figure 3.8 miR-124 inhibition leads to gut defects(A) miR-124 inhibitorinjected
gastrulae were collected at 48 hpf and immunolabeled with Endol (greer
counterstained with DAPI (blue). Control N=12, milR4 inhibitorinjected
embryos N=10, and mi#&24 inhibitor+miR124 mimic N=7. White arrows poita
the width of the midgut. (B) Larvae were immunolabeled with Endol
counterstained with DAPI. N=10 for both control and inhibitdfhite arrows
delineate the width of the cardiac sphincter. Three biological replicates ft
experiments. For all thenages, FG=Foregut, MG=Midgut, and HG=Hindgut.
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that miR-124 inhibition resultsin decreasedut contractionscomparedo the control
larvae(Fig. 3.9A).

To elucidate potential mechanismsof the gut defects, we examinedthe
expressionof FoxA and Krl, which are TFs importantfor endodermalspecification
(Oliveri, Walton, Davidson,& McClay, 2006;Yamazakiet al., 2008).Resuls indicate
that the expressiorof FoxA and Krl doesnot changesignificantly, AppendixB3). In
addition,we foundthatdifferencesn gut contractionsarenotlikely dueto filamentous
actinstructure®of thecircumpharyngeahusclesasoverallthefilamerts appearedo be
organizedFig. 3.9B). However,miR-124inhibitor-injectedlarvaehavea significantly

wider cardiac sphinctercomparedto the control (Fig. 3.9B). Thus, defectsin gut
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Figure 39 miR-124 inhibition leads to gut and sphincter defects(A) Gut
contractions were counted from living larvaB) Phalloidin stain (green) indicate
that miR124 inhibitorinjected larvae had a wider cardiac sphincter. White arr
delineate the width of the cardiac sphincter. Three biological replicates fq
experiments. For all the images, FG=Foregut, MG=Midgntl HG=Hindgut.
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contractionsof miR-124 inhibitor-injected larvae may be partially due to cardiac
sphincterdefectsand/or neuronalnetwork of the gut. The mechanismof miR-124
inhibitor-inducedgut defectsstill needgo beelucidated.
miR-124regulateslarval swimming

Seaurchinlarval swimmingis driven by the beatingof thecilia in cells of the
ciliary band and is regulated by several neurotransmittersjncluding serotonin,
dopamine,and o-aminobutyricacid (Devlin, 2001; Squireset al., 2010; Yoshihiro,
Keiko, Chiekg Akemi, & Baba, 1992). We observeda significant decreasan the
swimmingvelocity (distance/time)n the miR-124 inhibitor-injectedlarvaecompared
to the control (Fig. 3.10A). The swimmingdefectin miR-124inhibitor-injectedlarvae
wasrescuedvith a miR-124 mimic co-injection, indicatingthat this swimmingdefect
is specificallyinducedby miR-124inhibition (Fig. 3.10A). Of noteis thatalthoughthe
larvaehavenot fully developedheir pre- andpostoral armsin both controlandmiR-
124 inhibitor-injectedlarvae, the control larvae still swamwith significantly higher

velocity thanthe miR-124 perturbedarvae.
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We furtherassessethe effectivenes®f ciliary beatingby countingthe number
of polybeadspropelledby the larval cilia in the anteriorregionof the control or miR-

124inhibitor-injectedlarvae ResultandicatethatmiR-124inhibitor-injectedlarvaeare

(A) miR-124 inh+ miR-124 inh+ (B)
Control mimic Control mimic miR-124 mimic
~ ® 15
{"j‘ §§ 1 p<0.0001
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8205 <
:
g O C Inh

(C) Control

o
o

p<0.05

Mean fluorescent intensity
- N w B
o o o o

o

(D) Control miR-124 inhibitor

Figure 3.10 miR-124 inhibition results in decreased larval swimming velocity
(A) miR-124 inhibitorinjected embryos exhibited a significant decrease
swimming velocity. These defects were rescued with -njeation of miR124
inhibitor and miR124 mimic. Three biogical replicates. (B) Embryos were imag
live to assess cilia beating for 120 sec with polybeads. Three biological repli
(C) Control and miRL24 inhibitorinjected embryos were immunolabeled w
tubulin antibody (green) and counterstained withADAblue). Three biologica
replicates. (D) miRL24 inhibitorinjected larvae exhibited a decrease in Ong
(green) expression and counterstained with DAPI. Four biological replig
Control=51 and miRL24 inhibitor=52. For all the graphs, C=Controh4miR-124
inhibitor-injected embryos, N= total number of embryos.
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lesseffectiveatciliary beating(Fig. 3.10B). Usingtubulinimmunolabelingwe did not
observedifferencesin the morphologyof the cilia betweenthe miR-124 inhibitor-
injectedandthe control larvae.However,a significantincreasean tubulin levelswas
consistentlyobservedn the miR-124 inhibitor-injectedlarvaecomparedo the control
(Fig. 3.10Q. We also observedthat the expressionof Onecut was dramatically
decreaseth miR-124inhibitor-injectedlarvae(Fig. 3.10D).

Inhibition of miR-124l|eadsto decreasedmature neurons
Serotoninhasbeenfoundto mediateseaurchin gut contractionsandlarval swimming
(Wada,Mogami,& Baba,1997;JunkoYaguchi& Yaguchi,2021).Sincewe observed
gut contractionand swimming defects,we examinedserotonin.Resultsindicate that
while thenumberof serotonergiceuronstayedhesaman miR-124inhibitor-injected
larvaecomparedo the control,the overalllevel of serotoninin the miR-124 inhibitor-
injected larvae was significantly decreasedand serotonergicneurons had fewer
dendriticspineqFig. 3.11A). Additionally, miR-124inhibition resultedn asignificant
decreasen SynB-expressingieuronsalongtheciliary bandandthemouth(Fig. 3.11B).

This decreasén matureneuronsvasrescuedvith a co-injection of miR-124 inhibitor
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with a miR-124 mimic, indicating that the observedneuronaldefectsare specifically
inducedby the miR-124inhibitor.
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Figure 3.11 miR-124 regulates neurogenesis.(A) Oral view of serotonin
containing neurons (magenta) with a clogeview (shown by the inset delineat
by the white dashed lines) and counterstained with DAPI (blue). The arrows in
dendritic spines. (B) miR24 nhibitor-injected larvae were immunolabeled wi
sea urchin neuronal antibody 1E11 that detects SypBessing neurons (gree
and counterstained with DAPI. @ojection of miR124 inhibitor with miR124
mimic resulted in a rescue of Sys&pressing neurs. Three biological replicate
for all experiments. C=Control. Inh=miR24 inhibitorinjected embryos. N=tota
number of embryos.

miR-124 modulatesneuronal GRN to regulate specification, differentiation, and
maturation of neurons
To systematicallyexamine the function of miR-124 on the specification,
differentiation,andmaturationof neuronsyve testedhe spatial,temporal and/orlevels
of expressiorof neuronalGRN componentsn controlandmiR-124 inhibitor-injected

embryos.Wnt6 and FGFA transcriptswere 2-fold decreasedn miR-124 inhibitor-
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injectedembryoscomparedo the control (Fig. 3.12A). SoxBlis a TF atthetop of the
neuronalGRN hierarchy regulatingall threedomainsof the nervoussystem(Lynne M.
Angerer, Newman,& Angerer, 2005). miR-124 inhibitor-injected blastulaehad no
changein SoxBlexpressiorcomparedo the control (Figs. 3.12A-B). Downstreanof
SoxB1lis Foxqg2, which is importantfor early establishmenbf the neuronalapical
domain and serotonergicneurondevelopmentLynne M. Angerer et al., 2005). A
significant expansionof Foxq2 expressionwas observedin the miR-124 inhibitor-
injected embryoscomparedto the control (Fig. 3.12Q, while the level of Foxg2
transcripts did not significantly change (Fig. 3.12A). The expansionof Foxq2
expressions aresultof theincreasechumberof Foxg2expressingellsin themiR-124
inhibitor-injected embryos.On average the Foxg2expressingecells in the miR-124
inhibitor-injectedembryoshavelessintensity of fluorescence&omparedo the Foxq2
expressingells of the control (Fig. 3.12Q. This resultsuggestshatwhile the number
of Foxg2expressingellsareincreasedn miR-124inhibitor-injectedembryos gachof
the cell potentiallyexpressesessFoxg2transcript,sincethe overall level of Foxqg2is
decreaseth miR-124inhibitor-injectedembryoscomparedo the control (Fig. 3.12C).
Downstreanof Foxg2is SoxC,which is importantfor the developmenbf neuronsn
theapicaldomainandexpressedh theendomesoderrBurkeetal.,2014;L. A. Slota,
Miranda, & McClay, 2019). The miR-124 inhibitor-injectedlarvae had a significant
increasen SoxCexpressionn theendomesodermegioncomparedo the controlatthe
blastulastagebut did not changein the apicaldomain,suggestinghat miR-124 may
havean additionalfunctionin the endomesoderr(Fig. 3.12D) (Perilloetal., 2018;Z.
Wei etal.,2011).Overall,thelevel of SoxCin the blastulawasnot significantlyaltered

by miR-124 perturbation(Fig. 3.12D). Later, the SoxGpositive neuronalprogenitor
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Figure 3.12miR-124 regulatesneurogenesis early in developmentA) Neuronal
transcripts were assessed in control and -@#R inhibitorinjected blastulae
Green=neural stem cell gene marker, purple=netgstricted progenitor gen
marker, blue=posmitotic neuronal gene markeB)Y SoxB1 expression domains
the blastula stage were examingd) To examine the change in Foxg2 express
we used FISH. We observed an expanded expression domain-i2iiRhibitor
injected embryos compared to the control. The number of Fexp&seg cells
and the fluorescent intensity were measured in the control compared to t#i@4n
inhibitor-injected embryos ) SoxC expression domains at the blastula stage
examined. EM=Endomesoderm. AD=Apical domain. Blastula schematic indi
AD and EM expression in wildtype (left) and milR4 inhibitorinjected embryo
(right) of the red line. Three biological replicates for all experiments. C=Cor
Inh=miR-124 inhibitorinjected embryos. N=total number of embryos.

cellsalsoexpresBrnl/2/4(Ganeret al., 2016).miR-124 inhibitor-injectedgastrulae
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haveanincreasediumberof SoxCandBrnl/2/4expressingells (Fig. 3.13. Oncethe
neuronalSoxGpositiveprogenitoraindergaheirlastmitotic division, thetwo daughter
cellscontainvaryinglevelsof DeltaandNotch proteins(Garneretal., 2016;Mellott et
al., 2017). The differentiatedneuronsbecomeDelta and Brn1/2/4positive while the
otherdaughtercell containingmoreNotchwill becomeapoptotic(Burke etal., 2014).
We did not observeany changan the numberof Delta-expressingells at the gastrula
stage(Fig. 3.13. However,miR-124 inhibition resultedin anincreaseof SoxCand
Brnl/2/4positivecellsin thegastrulaghatpersistedo thelarvae,indicatingthatmiR-
124 hasa broadimpacton severalT Fs regulatingthe neuronaldifferentiationprocess
(Figs. 3.12-3.13. We further testedthe numberof Elav-expressingcells to examine
neuronalmaturation(Garneret al., 2016). We observedthat the numberof Elav-

expressingcells is significantly fewer in the miR-124 inhibitor-injected larvae
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Figure 3.13miR-124 regulates neurogenesduring the gastrula stage Neuronal
transcripts (green) in control and miRR4 inhibitorinjected gastrulae were assess
with RNA probes using FISH and counterstained with DARiree biological

replicates ér all experiments. C=Control. Inh=miR24 inhibitorinjected embryos
N=total number of embryos.




comparedto the control (Fig. 3.14). Overall, theseresults indicate that miR-124

inhibition led to an increasechumberof cells expressingneuronalspecificationand

differentiationfactorsanda concomitantdecreas®f matureandfunctionalneuons.
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Figure 3.14 miR-124 regulates neurogenesiduring the larval stage Neuronal
transcripts (green) in control and miR4 inhibitor-injected larvae were assess
with RNA probes using FISH and counterstained with DARIControl. Inh=miR

124 inhibitorinjected embryos. N=total number of embryos.

miR-124directly suppressesomponentsof neuronal GRN
To determinghemoleculamechanisnof miR-1 2 4reégglationof neurogenesis
andlarval behaviorwe bioinformaticallyidentifiedtwo miR-124bindingsites(or seed

sequencesyithin the3 ®&TR of NotchandonemiR-124bindingsitewithin the coding



sequene of NeuroD1l. We cloned Notch and NeuroD1 downstreamof Renilla
Luciferase(RLUC) reporterconstruct.Site-directedmutagenesisvas usedto disrupt
miR-124 binding at predictedsites within Notch and NeuroD1 The duatluciferase
assayresultsindicatetha miR-124 directly suppressethe first binding site of Notch
andNeuroD1(Fig. 3.15A).

To determingheimpactof removingmiR-1 2 4s@ppressioonf NeuroDland/or
Notch we injecteda morpholinebasedtargetprotector(TP) (Remsburget al., 2019;
Staton& Giraldez,2011)thatis complementaryo the validatedmiR-124 binding site
andflanking sequencewvithin NeuroD1and/orNotch We alsodesignedcontrol TPs
that do not bind to the miR-124 binding site but in anotherregion of eitherNotchor
NeuroD1transcript.Of noteis thatall the designedTPswere blastedagainstthe sea
urchingenomeandarehomologousnly to the siteswe designedagainst.To determine
thespecifcity of our NotchTP andNeuroD1TP, we injectedeitherNotchor NeuroD1
wild type RLUC reporterconstructwith or withoutthe Notchor NeuroD1TPs(against
miR-124 binding site), aswell asthe negativecontrol againsthumanb-globin, control
NotchTPsor control NeuroD1TPs.We determinedhatembryosinjectedwith Notch
or NeumD1 TPsagainsthemiR-124sites haveasignificantlyhigherluciferasereadout
comparedo all control TPs.Embryosinjectedwith Notchor NeuroD1wild typeRLUC
reporterconstructaith the ControlNotchor NeuroD1TPsthatbind Notchor NeuroD1

transcriptgbut not miR-124 binding site) havea similar basalluciferasg signalasthe
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Figure 3.15 miR-124 directly suppresse®euroD1to regulate gut contractions
and swimming. (A) Dualluciferase assays indicated that nriiR4 directly
suppresses Notch at binding site seed 1 (S1) and NeuroD1 seed. Each big
replicate contained 25 embryos. (B) Blocking riR2 4 6 s suppr es
using NeuroD1 TP resulted in decreadmat not significant gut contraction
Representative images of gut contractions are depicted. FG=foregut, MG=n
HG=hindgut. (C) Larvae were imaged live to obtain the swimming velocity.
Embryos were imaged live for cilia beating. (E) NeuroDIl-ifjected larvae
exhibited an increase in tubulin (green). Larvae were counterstained with
(blue). Three biological replicates for all experiments. CTP=Control Tg
Protector, NTP=NeuroD1 Target Protectgr; total number of embryos.

negativecontrolb-globin control TP-injectedembryos (AppendixB4A). Theseresults
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indicatethatour NotchandNeuroD1TPsarespecificallyblocking the validatedmiR-
124 bindingsites.
RemovingmiR-1 2 4ddest suppressionof NeuroD1resultsin gut contraction
and swimming defects

Since the regulatory role of the Notch signaling pathway and miR-1 2 4 6 s
regulationof Notchon neuronaldevelopmenhavebeenexaminedoreviously(Chenet
al., 2011; Mellott et al., 2017),we focus here on examiningmiR-1 2 4régslationof
NeuroD1 This NeuroD1 TP preventsthe endogenousniR-124 from binding to the
NeuroD1to mediateposttranscriptionatepressionRemovingmiR-124 suppressionf
NeuroD1resultedn atrendof decreasedutcontractios (Fig. 3.15). Zygotesinjected
with exogenousNeuroD1 transcriptsto mimic the effect of blocking miR-1 2 4 6 s
suppressionf NeuroD 1resultedn asignificantdecreasé gutcontractionsindicating
that NeuroD1overexpressiofOE) is sufficient to resultin aberrantgut contractions
(AppendixB5A).

Resultsindicatethat NeuroD1TP-injectedlarvaedisplayedsimilar swimming
defectsas miR-124 inhibitor-injected larvae and NeuroD1 OE larvae (Figs. 3.12A,
3.15C,AppendixB5B). NeuroD1TP-injectedlarvaealsoexhibit decreaseeéfficacyin
cilia beating,asassayedy thel a r vahileyGospropelbeadgFig. 3.19D). Removal
of miR-1 2 4sappressiomf NeuroD1resultsin aslightincreasan tubulin, similar to
whatwe observedn miR-124inhibitor-injectedlarvae(Fig. 3.10D).

Blocking miR-1 2 4sappressionof NeuroD1resultsin fewer functional neurons
and more Elav-expressingcells

Similar to miR-124 inhibitor-injected larvae, NeuroD1 TP-injected embryos

have a significant decreasen the overall level of serotonin,while the number of
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Figure 3.16 miR-1 2 4 6 s di r ect Neumluid ampadrtanh for g
neurogenesis(A) Oral view of serotonergic neurons (magenta) with a elgseiew

(shown by the inset delineated by the white dashed lines) and counterstaing
DAPI (blue). (B)NeuroD1TP-injected larvae were immunolabeled with sea urc
neural antibody 1E11 (green) and counterstained with DAPI. (C) Relative lev
neuronal transcripts in control NleuroD1TP-injected blastulae were measured w
gPCR. Green=neural stem cell gene markerplpeneurorrestricted progenito
gene marker, blue=postitotic neuronal gene marker. (D) Foxq2 express
domains were similar in control amdeuroD1TP-injected blastulae. (E) Neuron
transcripts (green) in control andeuroD1 TP-injected gastrula embog were
assessed using FISH and counterstained with DAPI. (F) Neuronal transcripts

in control andNeuroD1TP-injected larval embryos were assessed using FISH
counterstained with DAPI. Three biological replicates for all experime
CTP=ControlTarget Protector, NTR¥euroD1Target Protector, N=total number

embryos.

serotonirexpressingcells staysthe same(Fig. 3.16A). A decreasén serotoninlevels
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wasalsoobservedn NeuroD1OE larvae(AppendixB5C). In addition,blockingmiR-
1 2 4snppressiorof NeuroD1resultsin a significant decreasen SynB-expressing
neuronsalongtheciliary bandandthemouth(Fig. 3.188). Thischangen SynB-positive
neuronsvasalsoobservedn theNeuroD1OE larvae(Apperdix B5D).

To further reveal the impact of miR-1 2 4 fugpressionof NeuroDl1, we
systematicallyexaminedthe spatialexpressiorof factorsof the neuronalGRN. All of
the major neuronalfactorsin NeuroD1TP-injectedblastulaehaveincreasedrend of
expreswn, with Wnt6 greaterthan 2-fold increase,comparedto the control (Fig.
3.16C). Thespatialexpressiorof Foxg2is similar betweerNeuroD1TP or control TP-
injectedblastulagFig. 3.1).

NeuroD1TP-injectedgastrulaeexhibitsno changein the numberof SoxCand

Delta-expressingcells and consistentlyhave one additional Brn1/2/4expressingeell
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Figure 3.17 miR-1 2 4 6 s di r ect Naure@lud enpoartanth for ¢
neurogenesisthe gastrula stage Neuronal transcripts (green) in control a
NeuroD1 TP-injected gastrula embryos were assessed using FISH
counterstained with DAPIL.Three biological replicates rfoall experiments.
CTP=Control Target Protector, NTReuroD1Target Protector, N=total number
embryos.
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comparedto the control (Fig. 3.17). However, NeuroD1 TP-injected larvae have a
significant increasein the numbersof SoxC, Brn1/2/4, and Elav-expressingcells

comparedo the control(Fig. 3.18).
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Figure 3.18 miR-1 24 06 s di r ect Neueluid ampadrtann for g
neurogenesiduring the larval stage Neuronal transcripts (green) in control a
NeuroD1TP-injected larval embryos were assessed using FISH and counters
with DAPI. Three biological replicates for all experiments. CTP=Control Ta|
Protector, NTPReuroD1Target Protector, N=total number of embryos.
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miR-124regulatesNotch and NeuroD1in the neuronal GRN

To determinethe specificity of the miR-124 inhibitor on Notch and NeuroD1,

we injected either Notch or NeuroD1 wild type RLUC reporter constructswith o

r

without the miR-124 inhibitor (AppendixB4B). We observedhat miR-124 inhibitor-

injectedembryoshadasignificantincreasen translatedRLUC comparedo thecontrol,

indicatingthatthe miR-124 inhibitor is effectivein specificallysuppressingdNotchand

NeuroD1RLUC translation/AppendixB4B). Theincreasechumberof Elav-expressing

cells in NeuroD1 TP-injected larvae contrastswith the decreasechumberof Elav-

expressingellsin miR-124inhibitor-injectedembryos(Figs.3.14 3.17B). To resolve

this difference,we co-injected NeuroD1 TP with Notch TP to test the effects of
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Figure 3.19Removal of miR-1 2 4 6 s i n Natchand/ar MenroDd rfesult in
decreased mature neurons and increased apoptosfg) Control TP orNeuroD1
TP andNotch TP were injected into zygotes and assessed for the number of
expressing cells in the larvae. @gection ofNeuroDlandNotchTPs recapitulated
miR-124 inhibition in reducing mature neurons (Elxpression). (B) To asses
changes in apoptotic cellsge injected control TP ddotchTP into zygotes. We use
TUNEL assay to assess cells undergoing apoptosis (green) and counter|
embryos with DAPI (blue).Notch TP-injected embryos undergo significant
increased apoptosis compared to the controled@tbiological replicates for a
experiments. N=total number of embryos. CTP=Control Target Prot¢
NTP=Noth Target Protector

Elav
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removingmiR-1 2 4sdippressiorof both transcriptsand assayedor changesn the
numberof Elav-expressingells. Resultsindicatethatco-injectionof NeuroD1TP and
Notch TP recapitulateshe decreasan Elav-expressingcells observedin miR-124
inhibitor-injectedembryos(Figs. 3.14, 3.19A). To testthe hypothesighat removalof
miR-124 suppressionof Notch resultsin fewer Elav-positive cells as a result of
increased\otch that inducesapoptosisof neural progenitorcells, we examinedthe
numberof apoptoticcellsin control TP or NotchTP-injectedlarvaeat 52 hpf whenthe
neuralprogenitorcells undergotheir last mitotic asymmetricdivision (Garneret al.,
2016; Mellott et al., 2017). We observedthat Notch TP-injected embryoshave a
significantnumberof apoptoticcellscomparedo the control TP embryog(Fig. 3.19B).
Discussion

We integrated NeuroD1 into the neuron@RN and identified thatits
perturbation correlates with transcript level changesoxiC Delta, Brn1/2/4 andElav
(Fig. 3.5B). With a more complete neuronal GRN, we systematically examined the post
transcriptional regulation mediated by mlRR4. We discovered that miR24 regulates
gut contractions, swimming behavior, and neuronal developnidrg. molecular
mechanism ofmiR-1 2 4régslation of neurogenesis is in part through its suppression
of Notch which mediates differentiation of progenitor neur¢g@srner et al., 2016;
Mellott et al., 2017)miR-124 al® suppresseadeuroD1, which we find to be important
in mediating the transition between differentiation and maturation of neurons. Overall,
this study contributes to our understanding of #hiiR 4 6 s pr ol i fi ¢c regul
neuronal specification, diffenéiation, and maturation.

Previously, it has been observed tNauroD1is expressed in the larval ciliary

band and gut(Perillo et al., 2018)In vertebrates, in addition to its function in
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neur ogenesi s, -of-flection oeBultd 81 selveves diabetes, revealing
Neur oD106s addi ti on a(Kamhtinetal. t2006)merestimglytcells pancr
with a pancreatitike signature are localized within the sea urchin embryonic gut and
express similar TFs as neurons durieyelopmentAdditional TFs that belong to this
category includé&oxCandBrn1/2/4 which are expressed in the apical domain, ciliary
band, and the larval g¢Garner et al., 2016; Perillo et al., 2018; Yaguchi et al., 2011)
It was proposed that these pancreatic endocrine cells in the larval gut may-ogvedco
some neuronal redatory factors from an ancestral neur@@Perillo et al., 2018)
Although we do not understand the regulptonechanism of NeuroD1 obelta
expression, the number Dilta-expressing cells correlated with the level of gPCR, if
the number ofDelta transcripts expressed by each cell is similar (BB,
AppendixB]). Recently, it has been shown that an overegprasof NeuroD1 in
zebrafish embryos leads to increased expressi@elé ligands (deltaB, deltaC, and
deltalike4) during the hatching stage prior to the larval st@gexmel et al., 1995;
Reuter et al., 2022We do not knowf zebrafish NeuroD1 temporally regulateslta
differently during various developmental timepoints. Thus, our observation that
NeuroD1 dynamicallynfluencesthe numbeof Deltaexpressing cells at gastrula and
larval stages is novel, although the exaethanism of how this occurs remains unclear.
NeuroD1 MASQinjected larvae resulted in at least-foRl increase oB50xG
Delta,Brn1/2/4,andElav, transcriptgFig. 3.5B). Thus, in the sea urchin, NeuroD1 may
regulate neuronal development as well asfguattions, since we observed that larvae
injected with exogenouNeuroD1exhibiteda significant decrease in gut contractions
(Appendix B5A. While we observedNeuroD1expression peaks during the gastrula

stage, we do not know exactly where to place Nefiroithin the neuronal GRN, since
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SoxCandDelta have earlier expression in the endomesoderm. We can only conclude
that NeuroD1 influences transcript levels of these factors of the neuronal GRN.

To examine the function of mik24, we injected miR24 inhibitor into
zygotes. One of the defects we observed was decreased gut contractionsl@4miR
inhibitor-injected larvae (Fig3.9A). Since we observe a trend in decreased gut
contractions in theNeuroD1 TP-injected larvae, whereas miR24 inhibition and
NeuroD1OE resulted in a significant decrease in gut contractions, this suggests that
miR-124 likely regulatedNeuroD1and an additional unknown factor to impact gut
contractions (Figs3.9A, 3.15B andAppendix B5A. The exact molecular mechanism
of how miR124 regulates gut development and gut contractions is still unknown;
however, a potential explanation may be due to decreased level of serotonin (Fig.
3.11A).

The overall level of serotonin wasgsificantly decreased in the mikR24
inhibitor-injected embryos compared to the control, although we observed no change in
their number of serotonergic neurons, suggesting that their specification is not affected
by miR-124 perturbation (Fig.11A). Decreased serotonin levels in miR24 inhibitor
injected larvae may be due to an expansion ofRtweq2 expression domain (Fig.
3.12Q. In a different species of sea urchin, incredsexig2 expression domain leads
to a decreased level of seroto{faguchi et al., 2016Foxg2is expressed in the early
blastulae and its expression must be suppressed later in gastrulae to allow proper
development of serotonergic neurons in the ciliary {&iaguchi et al., 2016; Yaguchi
et al., 2008) Thus, ectopic expansion &bxqg2in miR-124 perturbed embryos may
result in decreased serotonin (Fi8sl1A 3.12A 3.12Q. Since serotonin is important

for early swimming, feeding behavior, and gut contraction in the larvae;184R
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inhibition may induce a decrease in serotonin that contributes to the decreased gut
contractions and swimming defe¢iaguchi and Yaguchi, 2021; Yaguchi and Katow,
2003)

In addition, regulation of larval swimming is in part dueto iR 4 6 s di r ect
suppression dileuroD1, since embryos injected with miR24 inhibitor,NeuroD1 TP,
or NeuroD1transcripts, all lead tdecreased swimming velocity (Figa10A 3.15G
Appendix B5B. The 3day old larvae in our culturing conditions do not seem to have
fully developed the preral and posbral arms. The swimming defect is ndtely
attributed to structural defects of the cilia, as tubulin appears to be normal but
interestingly, the level of tubulin significantly increased in P inhibitor and
NeuroD1TP-injected larvae (Fig®8.10C,3.15D). This may beduetomiR 2 4 6 st di r e
suppression ofNeuroDJ, since it has been observed previously that an increase in
NeuroD1 resulted in increased neurespécific tubulin protein, Tuj(Boutin et al.,
2010) However, the exact mechanism of how increased NeuroD1 leads to increased
tubulin is not known. Together, these results indicate thatinlR4 6 s di r ect s upy
of NeuroDlimpacts larval swimming.

miR-124 plays an evolutionarily conserved function in regulating the balance
between neuronal proliferation and differentiati@mbasudhan et al., 2011; Chen et
al., 2011; Kozuka et al., 2019; Makeyev et al., 20072 found that miRL24 inhibitor
injected larvae had a signiéint decrease in Syr@&pressing neurons (Fig.11B). This
could be a result of decreas@hecutexpression (Fig3.1D). DecreasedOnecut
expression has been shown to result in decreased neuronal bundling and improper
interconnecting axonal tracts in s@&hin larvagYaguchi et al 2016; Yaguchi et al.,

2010) Thus, decrease®necut expreseon may potentially negatively affect the
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formation of SynBexpressing neurons in their connections in the ciliary band (Figs.
3.11B 3.10D (Krupke and Burke, 2014; Slota et al., 2013w miR-124 mediates
the expression ddnecutis unknown.

To reveal the molecular mechanism of how AR regulates neurogenesis, we
systematically assessed the spatial, temporal, and levels of expression of key factors in
the neuronal GRN in miR24 perturbed embryos. Results indicate that -af2R
inhibition resulted in decreased expressioMaitéandFGFA, indicating that miRL24
is likely to regulate neurogenesis at an early stage when Wnt6 and FGFA specify the
neuroectoderm domain in the early blastulae @itRA). Since neithewnténorFGFA
contains a pntial canonical miRL24 binding site, miRL24 is likely to regulate a
repressor oWnt6éandFGFA. Consistent with this hypothesis, Wnt6 is known to restrict
F o x gexpressiordomain(Yaguchi et al., 2006)s0 a decrease Wnt6in miR-124
inhibitor-injected embryos may lead to an expansidRamig2expression domain (Figs.
3.12A 3.120.

Our results indicate that miR 2 4 Ogulatian eof neurogenesis is broad,
spanning specification, differentiation, and maturation of neurons. We identified miR
124 to directly suppressotch(Fig. 3.15A), consistent wittprior findings(Chen et al.,
2011; Jiao et al., 2017In the sea urchin, tidotchsignaling has been identified to be
important for norskeletogenic mesodermal cell specification prior to gastrulation, as
well as regulating neurogenesis in mediating asymmetric division of differentiating
neurons in gastrula and larval stagesiterna et al., 2013; Mellott et al., 2017; Range
et al., 2008) Thus, based on prior literature btch expression and function and our
NeuroD1lexpression data (Fi§.5A), we hypothesize th&totchfunctions upstream of

NeuroD1 (Fig.3.20.
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Additionally, miR-124 regulate®NeuroD1during the transition from neuronal
differentiation to maturation. For the most part, removal of hiR4 6 s suppr essi
NeuroD1phenocopies miR 24 inhibitorinduced defects (Fig8.9A, 3.10AC, 3.11,
3.15BD, 3.16AB). However, wile miR-124 inhibitorinjected embryos had an
expanded expression domainFuxq2 NeuroD1TP-injected embryos did not have a
change in an expression domairFoikg2(Figs.3.12C 3.1@). This is consistent with
our finding that the expression NieuroDL peaks in gastrulae, downstreamFaixg2
(Fig. 3.5A). In addition, miR124 inhibitorinjected gastrulae had a significant increase
in the number oSoxCandBrnl/2/4expressing cells, indicating that miR4 regulates
the transition from neuronal specifiaati to differentiation and may regulate potential
unknown functions in the endomesoderm (Bid.3 (Garner et al., 2016; Perillo et al.,
2018; Yaguchi et al., 2011In contrastNeuroD1TP-injected gastrulae did not have a
significant change in the number 8bxGexpressing cells and a net change of one
additionalBrn1/2/4expressing cell (Fig3.17). This suggests that the increased number
of SoxCandBrnl/2/4expressing cells in mi224 inhibitorinjected embryos is likgl
due to its regulation of an unknown factor and not due to its regulatibiewioD1
Thus, from the miRL24 inhibition,NeuroD1knockdown, andNeuroD1TP injection
results, we propose that NeuroD1 is likely to regulate neuronal factors mainly at the late
gastrula to larval stages during neuronal differentiation and maturatior8 (Ztly.

One additional discrepancy between the b inhibitor andNeuroD1TP-
injected embryos is that miR24 inhibitorinjected larvae have decreasé&thv-
expressing and Sgipositive neurons compared to control larvae, wiggiroD1TP-
injected larvae have increadeldv-expressing cells and concomitant decrease of SynB

positive neurongFigs. 3.1.4 3.18. The increase irElav-expressing cells in the
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NeuroD1TP-injected embyos is consistent with decreadeldvexpression itNeuroD1
MASO-injected embryos, indicating that NeuroD1 positively influenEéss (Figs.
3.5B, 3.18. miR-124 has been observedX{enopusmbryos to inhibiNeuroD1in the
forebrain and optic vesicle,hich resulted in an increased number of cells undergoing
mitosis(Kamath et al., 2005)n addition, NeuroD1 promotes the formation of neuron
like progenitor cells by converting epithelial cells to a neural(fdegsuda et al., 2019;
Pataskar et al., 2016hus, the increased numberkiav-expressing cells iNeuroD1
TP-injected | arvae may be due to NeuroD1606s
promoting the formation of neurdike cellsthat may not b&nctional (Fig.3.18. This

is consistent with our results that despite an increaB&irexpressing celldeuroD1
TP-injected larvae have an overall loss of Sypdkitive, mature, and functional
neurons (Figs3.168, 3.18).

To further dissect the fation of miR124, we cenjected Notch TP and
NeuroD1TPs into zygotes and observed that these larvae have a similar nuiGlaer of
expressing cells as miR24 inhibitorinjected larvae. These results indicate that-miR
1246s s u pNotcleissirs partrespomsible for the decreaseBtav-expressing
cells in miR124 inhibitorinjected embryos (Fi@.19A). We determined that removing
miR-1 2 4 6 s s u pNotclerssslts im imcreaded apoptotic cells (Fg19B). A
potential explanation for this obseation is that removing miR 2406s suppressi
Notchleads to increased Notch protein. In turn, this increased Notch signaling in neural
progenitor cells may lead to increased apoptfidisClay et &, 2018; Mellott et al.,
2017; Pérez et al., 2022As a resultin miR-124 inhibitorinjected embryos, fewer
neurons are left for NeuroD1 to convert them HEtav-expressing cells, and

subsequently, fewer SynrBositive neurons (Fig3.16B). The caveat is that althgh
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results indicate thatemoval of miR124 suppression diotch results in increased
number of apoptotic cells and correlate with fewer mature neurons i 2difhibitor
injected embryosye do not have direct evidence for increabiedch, and we do at
have evidence that the apoptotic cells are neural progenitor cells. We cannot
immunolabel TUNELtreated embryos with neural antibodies to demonstrate a direct
relationship. Nevertheless, overall, these data indicate thatl@4Rregulates both
NotchandNeuroD1to mediate proper neurogenesis

Overall, we have integrated NeuroD1 into the neuronal network and determined
that miR124 regulates specification, differentiation, maturation, and the formation of
functional neurons during development, in partimdiatingNotchandNeuroD1(Fig.
3.20. Based on our results, miR24 is likely to regulate an unidentified factor that
inhibits Wnt6, FGFA and subsequently increadesxg2 expression during neuronal
specification. miRL24 also regulates another unknofaator that activateSoxCand
Brn1/2/4during neuronal differentiation in the gastrula stage.-a2R repressesotch,
to regulate the differentiation of neurons. In the late gastrula to larval staged2miR
suppressebleuroD1to mediate the transitiobetween differentiation and maturation.
miR-124 suppressedNeuroD1 at the larval stage to prevent excessive neural
differentiation, allowing already committed neuronal cells to mature into functional
neurons. Using the sea urchin embryo, we are abletiensgiscally integratemiil 2 4 6 s
posttranscriptional regulation of the neuronal GRN and reveatinlR4 6 s mechani s
of regulation. Overall, we identify m#24 to have a prolific regulatory role throughout
neurogenesis. Since miR24, Notch, and NeuroD1 aesolutionarily conservedhese

results may be applicable to our understanding of neurogenesis in other animals.
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Figure 3.20Working model of posttranscriptional control mediated by miR-
124 in modulating neurogenesismiR-124 regulates an unknown factor
regulate expression changes in Wnt6, FGFA, and Foxg2 to mediate ne
specification in the blastula stage. During tlastgula stage, mi®24 is likely to
regulate an unidentified factor that regulates SoxC and Brnl/2/4 to mg
neuronal differentiation. miR24 directly suppresses Notch to regulate the balg
of Deltaexpressing cells to become differentiated. Neur@Rfression peak
during the gastrula stage to potentially influence Delta. Later during the |
stage, NeuroD1 also influenc8sxC Delta, Brn1/2/4 andElav transcript levels.
miR-124 suppresses NeuroD1 to modulate neuronal differentiation and nogty
during the late gastrula and larval stages. Transcripts suSlox3 Delta, and
Brnl/2/4are also expressed in the endomesoderm in the blastula. Important
is that gene expression of various factors depicted here is focused on cells
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Future Directions

| have focused on NeuroBDlsole in neurogenesisiowever, we also found
NeuroD1to localize perinuclearly in the gutsuggeshg it may regulate additional
processesn sea urchin (F g . 3.4) . To explore Neur oD1C¢
endodermal development, we should inject NeuroD1 MASO followed gPCR on
endodermal derived genes during the gastrula and larval (for exdfopleandKrl)
stage embryo to first get a sense of what NetirédDs f uncti on i s i n gut.
MASO injected, we can use Endol immunolabeling to visualize changes in the mid
and hindgut during the gastrula and larvae stage. In additidabebng NeuroD1 with
Endol would allow us to better visualize whigart of the gut NeuroD1 is located.
Understanding NeurobD16s role in the gut wo
the endodermal GRN in addition to the neuronal GRN. Furthermore, this allow us to
test Neur oD16s <cons er esddurobluhasieen@reyiouslyi nc e
observed to function in both the gut and nervous sy$@mo and Tsai, 2004; Itkin
Ansari et al., 2005; Kamath et al., 2005; Li et al., 2019; Matsuda et al.,.2019)

During the specification stage of uregenesis, we observed that #iR4
inhibition resulted in an expansion but |éssxqg2transcripts and concluded that this
was not due to miRr24 direct suppression BeuroD1(Figs. 3.12C, 3.16D)Ve expect
mMiR-124 to target auppressoof Foxg2so thatwhen we inhibit miR124, there is an
increase ofa Foxg2 suppressoresulting in fewerFoxg2 transcripts. The increased
expansion ofFoxg2expression in miRL24 inhibitor injected embryos may be due to
decreased Wnt6. Waitrestrictd-oxg2expression to # apical domaifYaguchi et al.,
2008) Suppressorsipstream of Wnt6 may also be targeted by +1#&, leading to

decreased Wnt6 dnincreased expansion &bxq2 expression in the ectoderie
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should determine if Wnt6 is a target of miR4 and if there are any Wnt6 suppressors
that are also targeted by miRR4 to result in these defecihese experiments would
help make a more comgdnensible model of miR24 function during the early stages
of neurogenesis.

Lastly, the antibody that recogniz8gnB recognizeseurons that express only
SyrmB (Burke et al., 2006b)}nd it remains unclear if neurons that do not express SynB
would still be functional Since we observed that there was decreased SynB expressing
cells when we inhibit miRL24 andvhen we remove miRR24 suppression deuroD1
(Fig. 3.11B, 3.16B), it would be interesting to test if those neurons are still able to have
some type of action potential with decreased levels SynB protein. We can examine this
by using a calcium reporteraghwhen there is an influx of calcium will make cells
fluorescent green and we can identify neurons by focusing in on the ciliary band where
most neurons reside in the sea urdidnorke and Yaguchi, 2019) expect that there
would also be a decrease in calcium activity in my 112 inhibitorinjected embryos
as well as the embryos where we remove-12R suppression dfeuroD1 This would

further support that miR24 inhibition leads to decreased functional neurons.
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Chapter .

MICRORNA -124 DIRECTLY SUPPRESSES NODAL AND NOTCH TO
REGULATE MESODERMAL DEVELOPMENT

Introduction

Most of the research conducted on RiP4 has been in the context of
neurogenesis, neural homeostasis, and cg@aret al., 2018; GhafouFRard et al.,
2021; Hou et al., 2015)To date, relatively little is known about the regulatory role of
miR-124 in early mesodermal specificatiand differentiation in the embryo. A prior
study demonstrated that f@iona (sea squirt), miRL24 suppresseBlachol, which
encodes a major TF that promotes muscle development, to ensure that only neuronal
transcripts are expressed in the ectodédimen et al., 2011)miR-124 has also been
found to inhibit DIX5 in bonenarrow mesenchymal derived stem cells, which encodes
a TF thatpromotes osteoblast development, to inhibit myogenic differentié@ianet
al., 2012; Qadir et al., 2014These studies reveal a potential role of b in
mesodermal cell specification and differentiation.

To understand the function of miE24 in meedermal cell specification and
differentiation, we used the sea urchin embryo as a model. Witrelkslefinedgene
regulatory works, we performed a bioinformatics analysigg@fes and signaling
pathways important for mesodermal developméle sought ot genes that are
expressed in the mesodermally derivieidstocoelar cellsBCs), pigment cell{PC3,

multipotent cells, and muscle cells and obsersederal predicted mi®24 targets

87



within genes important in the specification of mesodermally deriveduine cells
(Table4.l). Interestingly, botiNodalandNotch as well as genes downstreanNafdal
signaling pathwalso contained potential miR24 binding sitesViesodermal derived
immune ells require both signaling pathways tonediae proper specification and
differentiation ofthese cell§Table4.1) (Croce and McClay, 2010; Duboc et al., 2010;
Materna and Davidson, 2012; Ohguro et al., 20049 identified potential miR.24
binding sites withifNodal which is critical for dorsaventral axis formaon, left-right
asymmetry,and specification of mesodermafierived immune cell§Duboc et al.,

2010; Duboc and Lepage, 2008; Duboc et al., 2005; Luo and Su, 2012; Ohguro et al.,
2011) Additionally, we have previously identified miR24 to directly suppredsotch
whichregulatesieural developmerfKonrad and Song, 2022b; Materna and Davigson
2012; Ohguro et al., 2011We have previously observed that R4 inhibition
resulted in delayed coelomic pouch formation by the multipotent stem cells and a wider
cardiac sphinctefAppendk B2) (Konrad and Song, 2022bJhe development of BCs

and PCs are regulated by Nodal dwakch signaling pathway¢Croce and McClay,
2010; Duboc et al., 2010; Materna and Davidson, 2012; Materna et al., 2013; Sherwood
and McClay, 1999)Since we identified potential mi24 binding sites withitNodal
andvalidated that miRL24 directly suppress&otch we focus on examining the pest
transcriptional regulation of mi®24 on Nodal and Notch signaling pathways in

mediating the developmeat mesodermallylerived BC and PC immune cells.
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We first determine the expression of BC anddpEcific TF expression as a

proxy to examingheir temporal specification and differentiation. We determine that

miR-124 plays a novel and critical role in immune cell development through its

regulation of Nodal and Notch signaling pathways. +hi inhibition resulted imn

increasednumber of matwe BCs and a concurrent decrease in the number of

differentiated PCs. We present evidence that-hiR4 6 s r e NaddlamdNotchn
modulateBC and PC differentiation and cell proliferatiéur work contributes to the
understanding of pogtanscriptional regulation mediated by miR4 in mesodermal

development.

Table 4.1 Predicted miR-124 targets enriched ifNodal and Notch signaling and
mesodermally derived immune cellsList of genes is fronAndrikou et al., 2013;
Annunziata et al., 2014)

Signaling pathways Mesodermally derived cells

Nodal Delta/ Notch

signaling signaling
targets targets
(8hpf) (10hpf)

Not Numb Scl Gem FoxY FoxF
Smad2/3 FoxY Ese Pkst Nanos FoxC
Alk4/5/7 Su(H) GataC Six1/2 Twist FoxL1

Lefty Fringe Prox1 SoxE Vasa MyoD2
BMP2/4 Maf FoxF Twist

MYP Myocardin
SoxC Tbx6
Tbx6

I:I Potential miR-124 binding sites located in the CDS
I:| Potential miR-124 binding sites located in the 3'UTR
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Results
miR-124 inhibition results in normal skeletal development

Sincethe mesoderm gives rise to the primary mesenchyme cells (RM{2d)
are the only cells that produce larval skeldettensohn and Ruffins, 1993; McClay et
al., 2020) we examined the effect of miR24 perturbation on the PMC@/e did not
observe a sigficant change in the length of the dorsoventral connecting rods (DVCs)
produced by the PMCs or a significant difference in PMC patterning between the control
and miR124 inhibitor injectedembryos (Appendix C1). Thus, miR4 does not
regulate skeletal delopment.

Blastocoelar cells are specified before pigment cells

The NSM givesrise to the multipotent stem cells, muscle cells, BCs, and PCs
(Ettensohn and Ruffins, 1998icClay et al., 2020)We first determingéwhen BCsand
PCs become specified, since the timing and order of their development has previously
been reported inconsistently (Duboc et al., 2010; Erkenbrack, 2016&atérnsl and
Davidson, 2012; Materna et al., 2013; Ohguro et al., 2011; Rizzo et al., 2006; Sherwood
and McClay, 1999)For example, n the purple sea urchin, it has previously been
observedhat PCs specify at ~10pf usingGataEas a markebefore BCs at-15 hpf
usingEseas a markefMaterna and Davidson, 2012; Materna et al., 20d8®wever,
gPCR dataf the same paper indicatdtht PkslandZ166(PC spedic genes) are not
expressed until ~1bpf, while Ese(BC specific TF) is expressdxy ~10 hpf (Materna
et al., 2013)In addition, in another species of sea urcHe@micentrotus pulcherrimys
it was observed that BCs specify before RQisguro et al., 2011)

To resolve the prior discrepancy of the timing of BC and PC specification, we

usedGcemto follow BC/PC progenitor cell&seto follow BCs, ad Pks1to follow PCs.
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(Fig.4.1). We conducted a detailed expression time courEsef GecmandPkslusing

Gem/DNA

Figure 4.1 Blastoccelar cells are specified before pigment cellsFISH was
performed at several time points to show the temporal expressiongp&sific TF
Eseand PGCspecific TFPks1 Gcmis expressed in both cell types stagtet 8 hpf
when Nodal signaling activates BSpecific genesGecmbecomes restricted in PC
to the aboral side at 24.6 hpf. Initiation of specification begins wiseexpression
at 10 hpf (indicated by the dotted box), and specification of PCs begarsRikk1
was expressed at detectable levels at 14 hpf (indicated by the dotted box). A
of 3-8 confocal images slices were compiled into a single maximum proje
image.3 biological replicates.
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FISH (Fig.4.2). Our results indicate that the expression ofdp@cificEsewas detected
at 10 hpf, prior to the expression of @ecific gend’ksl, which isdetected at 14 hpf
At around 16 hpfGcmexpression becomes restricted to the dorsal (aboral) side of the
embryo, indicating PC specification (Fi.1). Thus, our results indicate that BCs are
specified prior to PCm S. purpuratus
miR-124 is expressed during Nodal sigaling and before the second wave of
Notch signaling

To understand how miR24 regulates Nodal and Notch signaling pathways
during early development, we conducted a detailed temporal expression -4PiR
miR-124 is not expressed during the cleavage stages,@tars first transcriptionally
activated during the first wave bliotch (Fig. 42) (Range et al2008) miR-124 is first
expressed aletectable levelbetween~12to 18 hpf, when Nodal signaling activates
Not to specify BCqBurke, 2022; Ohguro et al., 2015pecification of BCs and PCs
had initiated during the first wave of Notch signaling at the cleavage #tag#8 hpf,

Notchsignaling is important for activating a positive feedbkdp in the BCs/PCs to

Relarive expression
(normalized to the 2-cells)

0.1 +

Egg
2-cell
-cell
12 hpf
18 hpf
24 hpf

32

Figure 42 miR-124 is expressed during Nodal signaling and towards the end
the first wave of Notch.miR-124 gPCR was performed at different developme
timepoints. Individual datum points are dgpd in blue circle, with the bar grap
indicating the averages. SEM is graphed.
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further differentiatehese cell§Range et al., 2008niR-124 is increased in expression
immediately prior to the second waveNbtch signaling(Ohguro et al., 2011; Range
et al., 2008)to potentially suppressotchexpressed by thekeletogenic cell§Fig. 4.2).
These data indicate that miR24 regulates Nodal afteranscriptional activation of Not
andprior to the second wawa Notch signaling to impact the BC/PC differentiation
From its expression datmiR-124 does not seem be expressed at detectable levels
prior to 12 hpf.
miR-124 inhibition results in decreased number of pigment cells and increased
number of blastocoelar cells
To examine the effect of mikR24 on mesodermallgerived immune cells, we

injected control or miRL24 inhibitor into newly fertilized eggdJpon miR124
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perturbation, we observed a tia@d decrease in the number of PCs compared to the
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Figure 4.3 Inhibition of miR -124 results in increased BCs at the expense
differentiated PCs. (A) The number of PCs were counted based on their na
purple pigmentation. miRR24 inhibitor injected larvae had decreased differentia
PCs compared to the contraljected with FITC. 3 biological replicates. Bla
arrows point to some PCs. (B) PCs were immunolabeled witlsgeCific Spl
antibody (green) and counterstained with DAPI (blue). We observed a s
decrease in PCs in the miR4 inhibitorinjected larvaein comparison to the
controls. 3 biological replicates. Maximum intensity projection @tack confocal
images is presentedC) miR-124 inhibitor injected larvae had moit85/333and
MacpfA2positive BCs (green) than the control. Embryos were counigegstavith
DAPI (blue). 3 biological replicates. Maximum intensity projection etack
confocal images is presented.
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control larvae (Fig4.3A). We wereable to rescue the decrease of PCs in-af2R
inhibitor injected embryos, by eajecting miR124 inhibitor with miR124 mimic.

Even though the rescue is not complete, we observed an approximately 75% rescue of
the PCs control embryasompared to the miR24 inhibitor injected embryos (Fig.
4.3A). We also examined the number of PCs via Spl immunolabeling and observed
similar changes in the number of PCs compared to the counting of the pigmented cells
using bright field (Fig4.3B). These results indicathat miR124 inhibition induces a

loss of differentiated PCs and not just the pigmentation of the cells4(B#yB).

Since PCs and BCs are derived from the same progenitor cells, we also examined
the number of BCs. To identify as many mature BC as pessie used both the
185/333andMacpfA2RNA in situprobes to detect filapodial and globular BC& Ho
et al., 2016)We observed that miR24 perturbation leads tola5-fold increase in the
number ofmature BCsexpressingl85/333and MacpfA2 (Fig. 4.3C). These results
indicate that miRL24 regulates the differentiation of BCs and PCs, resulting in
increased BCs at the expense of PCs.

miR-124 directly suppresse®lodal and affects Not expression

We bioinformatically identified a potential miR24 bindingsite within the
coding sequence (CDS) dfodal Previously it has been observed thaen though
mi RNA binding sites UaR, miRNAsaarabint tp allfpartsiof d i n
the transcrip{Chakraborty and Nath, 2022; tfser et al., 2013 o test if miR124
directly regulatedlodal its CDSwerecloned downstream étenillaLuciferasgRLuqg
construct. Sitadirected mutagenesis was used to delete the eurdictedmiR-124
seed sequence from thimdal CDS. Firefly (FF) luciferase flanked bf-globin UTRs

was used as an injection control. The dual luciferase assay results indicated a significant

95



increase of luciferase activity in tiRb.ucwith deleted miR1L24 seed,n comparison to
theRLucwith wildtype miR 124 seed withitNodalCDS, demonstrating that mik4
directly suppressasodal (Fig. 4.4A).

Upon miR124 inhibition we observe thaiot expanded within the ectoderm
along with an increas# expression domain dfotinto the ventral endomesoderm (Fig.
44B). In the contrglwe observed th&0% (19/21) look similar to what is depicted in
the image whereasfor the miR124 inhibitor injected embrypsve observed 66%
(23/35) of embryoshave expression domain of Not expanding into the ventral
endomesoderniFig. 44B). These data suggest that R4 suppressedNodal to

impact the expression ofNot which may have downstream effects on BC/PC

development.

Control miR-124 inhibitor

(A)

RLuc/FF normalized
to control (%)

19/21 - 23/35)

Figure 44 Nodal is a direct target of miR124 and miR124 does not regulate)
Nodal during dorsal/ventral axis formation. (A) Dual luciferase assay resul
indicated that miRL24 directly suppresseBlodal Each biological replicate
contained 50 embryos. 3 bi ol og iestavhs
used.(B) miR-124 inhibitor injected blastulae had incsed and expandedot
expression compared to the contr@lbiological replicatesSc al e b a%
biological replicates.
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miR-124 directly suppressedodalto regulate immune cell development
Nodal activatesNot to subsequently activate B§pecific TFs, which includes
EseandScl andinactivatesscmon the ventral side of the embrf/aterna et al., 2013;
Ohguro et al., 2011)Thus, Nodal signaling promotes differentiation of BCs prior to
PCs(Materna et al., 2013; Ohguro et al., 2019 determine the impact oémoving
miR-1 2 4 6 s s u pNodakewe sjected a noofpholirbased target protector (TP)
(Remsburg et al., 2019; Staton and Giraldez, 2Qha) is complementary to the
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Figure 45 Removing miR-124's direct suppression oNodalresults in increased
BCs. (A) Zygotes were injected witNodal target protector (TP) morpholingas
injected into zygoteand collecéd at 24 hpf to perform RN in situ hybridization
using BCor PC specific probes. A significant increase in-BigzcificEseand Scl
expression was observed in the Nodal TP injected embryos compared to the
TP injected embryos. Schematic indicates the measurement of thesséop!
domains. (B) miRL24 inhibitor injected larvae had moit85/333and MacpfA2
positive BCs (green) than the control. Embryos were counterstained with
(blue). 3 biological replicateS EM i s g r a p htesdwas uSetMaxinaim
intensity prgection of Zstack confocal images is presented for the FISH imagg
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validated miR124 binding site and flanking sequences withodal Of note is that the
designedNodal TP was blasted against the sea urchin genome and is only homologous
to Nodal Nodal expression is restricted to the ventral ectoderm at ~10 hpf to activate
genes important for setting up the dorsal/ventral éZesvalieri and Spinelli, 2014;
Molina et al., 2013)Later at ~12 hpf, Nodal activatéot, leading to differentiation of

BCs and PC¢Duboc et al., 2010; Li et al2012; Ohguro et al., 2011; Yaguchi et al.,
2007)Uponremovalof miRL 2 4 6 s s u pNodaleve sbseove a dosiiependent

increase in the expression domain of Bgecific TFEseand Scl compared to the
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. LV \A%

(B) Control TP Nodal TP Control Nodal TP

vV

Brightfield

Figure 4.6 Removing miR-124's direct suppression oNodalresults decrease in
differentiated PCs. (A) Nodal TP embryos exhibitnaincreasedecreasen PG

specific Gem and Pks1 expression domaimt the blastula stageB) Nodal TP
injectedembryos wereultured to 72 hpf and exhileiland 2-fold increaselecrease
in specific PCs.¢) PCs were immunolabeled with Fpecific Sp1 antibody (greer|
and counterstained with DAPI (blue). We observed a similar decrease in PCS
Nodal TP injected embryos in omparison to the controlsEmbryos were
counterstained with DAPI (blue). 3 biological replicatEE M i s gr ap|
t-test was usedMaximum intensity projection of -Btack confocal images i
presented for the FISH images.
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control (Fig. 45A). This increased expression of Bpecific TFs persists later to the
larvae stage, as we observad increasechumber of mature BCs 185/333 and
MacpfA2positive) in Nodal TP-injected larvae compared to the control (FigpBj.
Concurrently, v also observed a significant decrease in expression domains of PC
specific TFs GecmandPks)), with a subsequent decrease in the number of differentiated
PCs during théarval stage (Fig. 4), which is similar to what we observed in the miR

124 inhibitor injected embryos. Overall, these results demonstrate thatl2aiR
regulates BC and PC specification, in part by suppresbiodal and altering
expressions of BC and P$pecific TFs.

miR-124directly suppressedNodal during the time BCs/PCs are being specified

To test the hypothesis that miR4's direct suppression dfodal is acting

through Not to control BC and PC specification, we treated control or-t#R
inhibitor-injected zygotes with or without the Nodal inhibitor (SB431549)hgf, prior
to Nodal 6s activation of BC genes and su|
Ohguro et al., 2011). The Nodal inhibitor (SB413542) abrogates the activity of the
Alk4/7 recepbr, by preventing it from phosphorylating Smad2/3/4 to activate Nodal
signaling (Harpelunde Poulsen and Jorgensen, 2019; Ohguro et al.,, 2011). In the
presence of Nodal inhibitor, Ese was dramatically decreased compared to the control,
consistent with preaus literature that showed decreased BCs in the presence of this
Nodal inhibitor (Duboc et al., 2010; Materna et al., 2013; Ohguro et al.,, 2011).
Conversely, Gecm expression was enhanced in the presence of the Nodal inhibitor
compared to the control, congat with previous work that showed PCs to increase in
the presence of the Nodal inhibitor (Figr4) (Duboc et al., 2010; Materna et al., 2013;

Ohguro et al., 2011). When the miR4 inhibitor injected embryos were treated with
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the Nodal inhibitor, the atopic expression of Gecm in Nodal inhibitor treated embryos
was partially restored, closer to its normal expression domain in the control {Ay. 4.
The Nodal inhibitor likely counterbalanced the amount of Nodal increased by 2diR
inhibition, leading & a significant increase in Gecm expression in embryos treated with
both Nodal inhibitor and miR24 inhibitor (Fig. 4/A). Conversely, inmiR-124

inhibitor injected embryos treated with the Nodal inhibitBise expression was

p<0.0001
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Figure 4.7 miR-124 directly suppresse®odal during BC and PC specification.
(A) Nodal inhibitor resulted in dramatic expansion @Em expression domair
compared to the control (purple stain delineated by white arr@esj.expression
in miR-124 inhibited injected embryos did not significantly change from the DN
control. miR124inhibitor injectedembryos treated with Nodal inhibitor resulted
increasedGcm expression domain compared to the control. Measured expreg
domain is defined as the ratio of the width of the specific gene expression d
and the width of the embry(B) Nodal inhibiton resulted in significantly decreass
Eseexpression compared to the control. RIIR4 inhibition resulted in expande
Eseexpression. miRL24 KD embryos treated with Nodal inhibitor (SB43154
restoredEse expression similar to the contraMleasured expression domain
defined as the ratio of the width of the specific gene expression domain and thg
of the embryo. SE Mtestvwas upedal=rueingected IN= tof
number of embryos.
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significantly less than what was observed in sl inhibited injected embryos, since
the excess Nodal (resulting from miRR4 inhibition) was presumably blocked byth
Nodal inhibitor (Fig. 47B). Overall, these results demonstrate thatH2& regulates
BC and PC specification, in part by suppressing Nodal and altering expressions of BC
and PGCspecific TFs.

miR-124 directly suppressedotchto regulate immune cell deelopment
Since we determined previously that wiR4 directly suppressdsotch and Notch

signaling regulates developmentN®&M (Ohguro et al., 2011)e tested the effects of
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Figure 48 Removal of miRk1 2 4 6 s s u p otclerasslts io increast of BC
expressions(A) Notch target protector (TP) morpholino was injected into zyg
and collected at 24 hpf to examine BC/PC specific gene expressions. A sign
increase in B&pecificSclandGataCexpression was observed in Notch TP injeg
embryos compared todhcontrol TP injected embryos. (B) Removing RiiR2 4
suppression of Notch results in increased number of BCs that persisted to thg
stage. BCsae were identified with 185/333and MacpfA2 RNA probes to detec
mature BCsEmbryos were counterstainedvDAPI (blue). 3 biological replicateg
SEM i s gr ap htestdwas uSetMaxineim inténsity projection of-dtack
confocal images is presented for the FISH images.
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removing miR124 suppression dflotchon BC/PC development. Results indicate that
removal of mMiR1 2 4 6 s s u pNotcrENohTB)teads tb a significant increase

in the expression domain of B&pecific gened=seandScl,in the blastula stage (Fig.

4.8A). We also observed an increased number of maturerBtde larval stagajsing

185/333and MacpfA2to detect globular and filap@ad BCs, respectively (Figd.8B).

Interestingly, Notch TP-injected larvae exhibited a significant and ddspendent
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Figure 4A9RemovalofmiR1 2 4 6 s s u p Notceresglts imimcreasé 6PC-

specific gene expressiongA) Notch TP injected embryos exhibit an increass
PG-specific Gem at 24 hpf and a dedependent increase RCspecific Pksl
expression.B) Notch TP injected embryos were cultured to 72 hpf and erlifit
2-fold increase in specific PCCY PCs were immunolabeled with Fpecific Spl
antibody (green) and counterstained with DAPI (blue). We observed a s
decreasencreasein PCs in the Notch TP injected embryos in comparison to
control TP injected embryo8. biological replicatesSEM i s gr ap hd
test was useddlaximum intensity projection of-8tack confocal images is present

for the FISH images.
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increase in the expression domain of-§@cificPksland Gem(Fig. 4.9A). We also

observed increased differentiated PC&wotch TP-injected larvae, based on counting

the number of pigmented PCs as well as by immunolabeling PCs with Sp4.9Bg.

C) (Gibson and Burke, 1985)hus, removal of miRL 2 4 6 s s u pNotchdeads i on o f

to increased number of both BCs and PCs.
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RemovingmiR-1 2 4 6 s s u p Notceressltsio increasédblastoccelar and
pigment cellswith some hybrid cells
We posit that the concomitant increase of BCs andiRCG®tch TRinjected
embryosmay be explained by either BCs and PCsexpressig TFs or/and that the

number of BCs and PCs are increased by cellifpration. To resolve these two
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Figure 4.10 Removal of miR1 2 4 6 s s u p Notclkrssslts iao an inoréased
number of both BCs and PCs(A) Double FISH was conducted on Notch TP g
Control TP embryos at the blastula stage, withdpEcific TF Eseand PCspecific
TF, Pks1 Notch TP injected embryos exhibited an expanded expression dom
both EseandPks1during the blastula stage compared to the Control TP. (B) N
TP injected embryos during the larval stage exhibited an increase ofEbetl
positive cells andPkstpositive cells with a few hybrid cells expressing b
markersWhite arrows indicate hybrid cell3.biological replicate<CTP N=38, NTP
N=31SEM i s gr ap htestwas uSadMaxineum intrssity frojection o
Z-stack confoal images is presenteSicale bar=50um.
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possibilities, we followed the development of these cells withaB& PCspecific TFs

in Notch TP or controlinjected embryos in the blastula and larvae stages. Results
indicate that B&specific TFEsein the blastula stagis mostly expressed on the oral
(ventral) side of the embryo with some expansion into the aboral (dorsal) side where
PG-specific TFs should be expressed Natch TP-injected embryos, PSpecific TF
Pkslseems to be expressedpart of theendalermdomain (Fig.4.10A). During the

larval stage, we observe an increhsiumber of both BCs/PCs; however, we also
observes% of cellsco-express BC/PC specifitFs when these cells should already be
differentiated from one another (Fig10B). Thus, theseeasults indicate that a minor
percentage of BC/PC hybrid cells-empress BC and R€pecific TFs.However, the

number of increased BCs and PCs cannot be explained by the number of hybrid cells.
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RemovingmiR-1 2 4 6 s s u p Notceressltsin increased proliferating
pigment cells
Since prior studies have shown that Notch signaling patipragnotescell
proliferation in other systemsy activaing p21 andmyc(Baonza and GarciBellido,

2000; Demitrack et al., 2017; Kopan, 2012; NusSiin et al., 2012)we testd if

Overlay

Control TP

Notch TP

BCs Total PCs Total Total
pro BCs pro PCs pro
cells

Figure 4.11 Removing miR-1 2406 s s u p pNotehgesultoim inccedsed
proliferating pigment cells. DoubleFISH was conducted on Notch TP and Conf
TP embryos at the blastula stage, with-8t&cific TF Eseand PCspecific TK
Pks1l Embryos were pulsed with Edu for half hour at 16hpf and then cultured 1
blastula stage (24hpf). We observed that the number of proliferating BCs an
have increased. We are working on getting better images at confocakooigy
with the Ese RNA probe. These embryos were analyzed with our widef
microscope. iological replicatesCTP= Control Target protector, NTP= Not¢
target protector, pro=proliferating, **=p<0.0001, and *=p<0.005. CTP N=39, |
N=31SEM is graphed St u est was asedaximum intensity projection o
Z-stack confocal images is present8dale bar=50um.
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removal of miR1 2 4 6 s s u pNotchenduses celt pratifération of BCs and PCs.
Notchsignaling is known tanducefurther differentiaion of BCs from PCs at 1RApf
before ingression of PMCs into the blastodgs&tterson and McClay, 2005; Range et
al., 2008) so we reasoned that if Notch signaling was going to activate cefepatibn
in BCs and PCs, thimay occur at ~17hpf. To test this hypothesisve pulsed the
embryos with Edu foB0 min at 16hpf when Notch signaling i&nown to activae
BCs/PCs before the ingression of skeletogenic.c@lis thencultured the embryos to
the blastula stage (24hpfivhen BCs/PCs should be fully differentiated from one
another(Croce and McClay, 2010; Range et al., 2008¢observed an increase in total
number of proliferating cells, as well as an increag®oliferating BCs and PCw&hen
weremovedniR-124 suppression dotchcompared to the cont{Fig. 4.11). These
results suggest that removing miR2 4 6 s s u p [Hotckeay atdeast i part
contribute to the increased BCs and PCs observed in the larval stage.
Discussion

In summary, we have identified a novel function of A4 in regulating
specification and diérentiation of mesodermahgerived immune cells in the sea
urchin embryo, by targetinjodalandNotchsignaling pathways. We determined that
BCs are specified before PCs in the purple sea urchin enibigo4.1) miR-1 2 4 6 s
expression coincides with theil end of Nodal and the first wave of Notch signaling
between 12 to 18hpfin general, miRL24 inhibition and blocking miRL 2 4 6 s
suppression oNodal resulted in similar phenotypes in that BCs were increased with
concomitant decrease of PCs. Howevdocking miR1 246 s s upRpNatcks si on

resulted in increased BCs and Pi@gyarta result of Notch activating cell proliferation



during the first wave of Notch signaling. Overall, our results reveal a novel role ef miR
124 in regulating the developmentroésodermally derived BCs and PCs.

By Removing miR1 2 4 6 s s u pIgodat, wesdid mat obeefve apparent
changes in dorsalentral axis formation mediated iNodal (Fig. 4.5B and 46B-C).

The reason may be that miR4 is not expressed to sufficient levels until past 12 hpf,
when establishment of dorsantral axis has occurred (F§2) (Molina et al., 2013).

If miR-124 regula@sNodalearlier, we would expect embryos to lose dorsatret axis,
resulting in morphologicallsymmetricalembryos (Ohguro et al., 2011; Suzuki and
Yaguchi, 2018). In addition, the embryonic mouth would not fuse to the ectoderm
(Duboc et al., 2010; Duboc and Lepage, 2008pn removal of miRL240 suppressio

of Nodal these embryos did not exhibiiese typical morphological changeslicating

that miR124 is not likely to regulate Nodal prior to 1@fl{Fig. 4.5B and4.6B-C).

Using Nodal and Notch TPs, we are able to dissect the regulatory function of
miR-124 in modulating Nodal and Notch signaling pathways in BC and PC
differentiation. In general, results from miR4 inhibition andNodal TP injection
resulted in embryos with similar phenotypes, in that the differentiation and number of
BCs are significatly increased, with a concomitant decrease of the number of PCs. The
reason for thisnay bethat miR124 suppressdsodaltemporally earlier than Notch, to
promote BC specification, or that miE24 is more enriched in the ventral side of the
embryos. Howeer, we are not able to provide sufficientigh-resolutioninformation
of miR-124 levels in these cells, as this kind of information will likely require single
cell RNA-segexperiments

Surprisingly, we observed that removal of rRiIRR 4 6 s s u p Notck s si on

results in an increase of both BCs and PCs @&&34.10). We propose that this is due
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to the fact that normally Notch signaling promotes all NSM fates, including both BCs
and PCs (Figl.7). Therefore, when we remove miR4 suppression dflotch both

cell types presumably receive increased Notch signaling. Results indicate that the
number of cells of BCs and PCs are both increased, while majority of these cells still
each express celype specific TFs, a few cells -@xpress both BC/PC spific TFs.

One potential explanation could be that at this pdil BCs and PCs have not
completely determined their fates, and that they are still expressing some shared genes
that are transcriptionally respowsto Notch signalingPrior studeshaveindicated that

cells of the sea urchin embryo, such as primordial germ cells and skeletogenic cells,
become distinct cells early in cleavage stage of developi@emte and McClay, 2010;
Oliveri et al., 2006; Peter and Davidson, 2011; Weitzel et al., 206@restingly,
lineage separations of some cells are gradual, indicating a more complex regulation that
is needed to resolve a cell type. For example, ectoédadodem and endomesoderm

cell state is observed in some cells prior to their lineage sepafisliassri et al., 2021,

Perillo et al., 2020)The establishment of blastocoelar and pigmelitfags may be
another example, where B@nd PCs share transcripts for an extended period of time
prior to their final differentiation.

Additionally, the increased BCs and PCs may in part be due to increased cell
proliferation. Notch signaling has beepreviously observed topromote cell
proliferation (Hunter et al., 2016; Truman et al., 2010). However, the source of
mitogenic signals has not been identified in these cell types. To test this idea, we
examined the differentiation of BCs and PCs afteryasgdor cell proliferationwith
Eduat 16hpf inNotchTP injected embryos compared to the control (Eidl). At the

larval stage, we observed approximately one doubling of BC®P@sdsuggestinthat



one additional cell division occurred in eacéll type during 1617hpf prior to the
ingression ofskeletogenic cells into the blastocoEhis increase of ~3 cell for BCs

and ~1.6cells for PCs during 2 7hpfin NotchTP injected embryosdicateanalmost

a doubing of BCsand PCgluring the blatila stage and at least pafya¢xplains the
increased numbersf these cellsat the larval stage (Fig. 8B, 49B-C, and 4.0B).

These results areonsistent with previous work thhaive foundthat Notch signaling
induces myc and p2b promotecell proliferationin mice and human cell lindBaonza

and Freeman, 2005; Demitrack et al., 2017; Janardhanan et al., 2009; Kopan, 2012;
Zhou et al., 2014)To further testhis hypothesis, we would have to perfor®CGR on

cell proliferation genes iNotchTP embryos compared to the control.

However, this increase of PCs during the blastula stage does not fully explain
the douhihg of PChumberavhen we remove miRR24 suppression &otch(Fig. 48B,
49B-C, and 4.0B). It has been proposepreviously that athird wave of Notch
signalingmay occurin another species of sea urchitytechinus variegatysNotch
protein isexpressed in thelongating gut during the gastrula staapBCs and PCs
ingressnto the blastocel; however direct evidence dahis has not beeshown(Range
et al., 2008)In addition a small population ahitotic PCsin the larvae have previously
identified, although thenechanism of this unknow(rerillo et al., 2020)Potentially
Notch signalingnaypromotecell proliferationin PCs during the larval stag&hen we
remove miR1246 suppression oNotch it mayactivae PCs to divide one more time
during the larval stage, resulting in the PCs inNleéch TP embryos to be doubled
although we do not have direct evidence of (Rrig. 48B, 49B-C, and 4.0B).

In addition, ve do not know if these fully differentiated BCs and PCs are

functional upon an immune challenge. When these cells become activated, their
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morphology becomes round (Buckley and Rast, 2017; Ho et al.,, 2017). We did,
however, observe that when we inhibit FiR4 and or remove miR246 suppression
of Notch,we observe BCs to have longer filapodial extensions compared to the control
(Fig. 4.3C, 4.8B). Interestingly, when we just remove miRR40 suppression dlodal
we do not observe this in the BC expressialls (Fig. 45B). These results indicate that
miR-124, upon its regulation dfiotch is impacting morphological changes of BCs.
Since morphological changes may reflect their response and function during an immune
response, it would be interesting to exaenihese embryos upon an immune challenge.
It remains unclear as to how miR46 segulation ofNotch affectsthe morphology
BCs

Based on our results and published literature, we propesskangmodel to
explain miR124's impact on BC and PC differenitm (Fig. 4.12B-C). Early in sea
urchin development, BCs and PCs share the same progenitor cells. Both presumptive
BCs and PCs expres€&mearly in developmengctivated by the first wave of Notch
signaling at the 32cell stage. Initiation oBC/PC specfication begins with Nodal
signaling activating NoTF to subsequently activate B&pecific TFs and inhibiPG
specific TFs on the ventral side of the embryo. +h# is expressed between 12 and
18 hpf wheremiR-124 directly suppress&todalsoon afteiNot is activated to specify
BCs. As a result of the proximity of BCs to tientralbral ectoderm, where they receive
Nodal signaling and Not, the BCs are specified prior to the PCs4H)gRemoval of
mMiR-1246 suppression dodal promotes specificain of BCs potentially as a result
of increasedNodalsignaling between 12 to 18hpf, during a time when-12R level is
expressedFig. 4.2). Once these immune progenitor cells are exposed to increased

Nodal signaling, then more BCs are formed at thersgef PCs, since they come from
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the same progenitor cells. Notch signaling at-22@Apf continues to promote the
specification of both BCs and PGsiR-124 suppresses the tail end of the first wave of
Notch signaling. Upon removal of mMiR2 4 6 s s ugd plotcg she ipatential
increase of Notch signaling promotes both BC and PC differentiation and cell
proliferation. miR-124 suppresses Nodal signaling after Not has been actieatactl|

as suppressedlotch at the tail end of the first wave dfiotch signalingto control

(A) Summary Table (B) \ (C)

10-16hpf | miR-124] AN

BC 1 t t
PC 4 } t

Larvae
{72 hpf)

) 2455 N
miR-124 | 17-22hpt |MiR-124 17-22hpf
\

BCs PMCs PCs

Vegetal view

Figure 4.12 Model of regulatory mechanism of miR124 of BC and PC
development.(A) Summary table of results. (Barly in sea urchin developmern
BCs and PCs share the same progenitor cells. Left side presents the lateral vi
the right si@ presents the vegetal view of the embryo. For simplicity, the e
network is not depicted. Both presumptive BCs and PCs ex@essearly in

development (purple). Initiation of specification begins Wtdalexpression (blue
in the oral ectoderm that activatdst(orange), which activates B§pecific TFs and
inhibits PGspecific TFs on the oral side of the embryo. Both Nodal and Not
activate all the BC TFs. mi24 directly suppress&sodalandEseto regulate BC
and PC specification. Nodal signaling and Ese regulate specification of BCs ar
by activating BC genes and inhibitiigcm As a result of the proximity of BCs t
the oral ectoderm, they receive Nodal signaling &ldd input prior to Notch
signaling. This results in BC specification prior to PC specification. Notch sign;
is activated at around 10 hpf and promotes the specification of both BCs an
Notch will preferentially activaté&scmin the presumptive PCs on the aboral si
due tothe increased number of Suppressor of Hairless sites identified withi
promoter region oGcm(indicated by the thickened black arrow). As a result of-m
124's direct suppression dfodal Notch and Ese miR-124 KD embryos have
increased BCs and deased PCs(C) Vegetal view of mechanism of miRR4
regulation of BCs and PCs.

R
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differentiation and cell proliferation of BCs and PCs (Fdl2). Overall, this work
reveals a novel role of miR24 in regulatingmesodermal derived immune cell
development.
Future directions

It would be interesting to examine miR46 direct regulation on BC/PC genes.
BC specific gendeseand Maf, and PC specifiéGcm Pksl,and SoxEare predicted
targets of miRL24. | have preliminary data showing tligdeis a direct target (Fig.
4.14A). InterestinglywhenEseis overexpressed observed similar resulessmiR-124
inhibitor injected embryow/here these embrydswe increased BCstdahe expense of
PCs (Fig. 414B-D, 4.5). This would be the first study to show the importandésef
expression on BC/PC cell fate. To examine this further, functional stadidd be
performed by translational inhibition Bseand assaying for defedtsBCs/PCs. These
data would reveal a novel mechanism of BC/PC specification mediated by Ese.

Lastly, it has been thought that for a cell to obtain a certain identity, it would
express cell specific TFs. An i hdfrmiR-esti ng
1246 suppression dilotchresulted indistinctexpandedxpressiordomainsof BC or
PGC-specific TFs Some of theshybrid cellsco-express both PC and BC specific TFs.
Based on our finding, MR 246s functi on s epeomatingteh be i n
specific TF expression domairig; repressing Notch signaling pathway that is involved
in promoting expression of cedpecific TFSn BCs and PCd~uture experiments such
as usingsinglecell RNA sequencingn control andNotch TP could reveamolecular
mechanisms of how mi&24 regulation of Notch influence their cell differentiatitn
will also be interesting to perform single eBINA sequencing on different types of

MiRNAs to understand how miRNAs function to regulate cell specificaGwerall,
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this work contributego our understanding of homiR-124 regulatesproper immune

cell development.
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Chapter !

DYNAMIC LOCALIZATION OF MICRORNA -31 DURING MITOSIS
Introduction

Many prior research has been conducted on understanding of how cytoskeletal
dynamics and podtanslational modifications of key proteins in mediating proper
segregation of chromosomes and mitotic progreq€ioidwell et al., 2013; Hixon and
Gualberto, 2000; Lopes and Maiato, 2020; Mitchison, 1989; Ross, 1997; Vidwans and
Su, 2001)However, little research is known on paisinscriptional regulation mediated
by miRNAs during mitosis. Traditionally, it was thoughat translation is shut down

during mitosis(Stonyte et al., 2018However, recent studies have shown that ~35%

Elute and analyze
pool of miR-31
direct targets

Control miR-31

Microinject miR-31 mimic
biotinylated #
miR-31 mimic

egg miR-31 target

Scrambled
control

inhibitor
S miR-31 miR-31 j,
8"
X 5%
€ 2% . = oa- miR-31 ‘ miR-31
x - TargetsY || Targets

Figure 5.1 High through-put methods to determine potential miR31 targets.
Schematic of the biotinylated ptdbwn (boxed in yellow)and the proteomics
approach(boxed in blue}o determingotentialmiR-31 targets.
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repression of translatioa observedas opposed to prior reports of ~80% of translational
repressionduring mitosis (Stonyte et al., 2018)Studies have iddified through
biochemical assaythat a complex pool of RNAs have been found to be associated with
mitotic spindlegHassine et al., 2020Previously, we have documented that miRNAs
are essential fodevelopment, and that mi&L, an evolutionarily conserved miRNA,
mediates skeletogenegiSampilo et al., 2021b; Stepicheva and Song, 2015, 2016b).
While examining the developmental function of B8R, we fortuitously foundhat
miR-31 localizes to the miotic spindles in dividing cells arglrroundgshe nucleus in
nondividing cells. Interestingly, validated miR81 targets also share this dynamic

transcript localization that is dependent on the cell cycle.
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To determine potential miB1l targets,we have takertwo different high
throughput approachg&ig. 5.1) Ore was to inject miR81 mimic that contained a
biotin tag into the zygotelhe miR31 mimic along with its targets were captured by
the streptavidin beads and subjected to R¥¢fuencingThe other approach was
injecting miR-31 inhibitor orscrambledcontrd into zygotes Proteomes were labeled
with isobaric tags for relative and absolute quantitation (iTRAQowed by mass
spectrometry. We obtained several targets that have known functions involved in
cytoskeletal dynamicgTable 51). Cy l-actim) wés the only target that was
identified from both approachesTéble 5.1). Other potentialtargets we found were
FascinandRab35thatwe have previously observed that these proteins work together

to mediate proper gaind skeletalormationin the sea urchi(Remsburg et al., 2021)

Table 51 Predicted miR-31 targets arerelated to actin and cytoskeletal
dynamics Yellow is from the biotinylated pullown. Blue is from the proteomig
approach. Green is from both.

Predicted miR-31 binding sites Function
targets

Fascin « 2 perfect seed sites within the 3’UTR Cytoskeletal dynamics
Actin-1 + 6 perfect seed sites within the 3'UTR Cytoskeletal protein

+ 1 perfect and 1 mismatch seed site within the CDS
B-actin 2 + 6 perfect seed sites with 1 mismatchwithin the CDS Cytoskeletal protein
Nrim3 * 1 perfect seed site within the3’'UTR Retinoic acid receptor

« 1 perfect and 1 mismatch seed site within the CDS related orphan receptor
DUSP16 * 1 perfect and 1 mismatch seed site within the 5’UTR Phosphatase

* 4 perfect and 1 mismatch seed site within the CDS
* 4 perfect seed sited with 1 mismatch withinthe 3'UTR

+ 3 perfect and 1 mismatch seed site within the CDS Cytoskeletal protein

+ 1 seed site withinthe 3’'UTR Actin-binding protein

* 1 seed site withinthe 3'UTR Small GTPase

* 1 seed site withinthe CDS Extracellular adhesion

+ 1 seed site withinthe 3’'UTR Cytoskeletal protein

* 1 seed site withinthe 3'UTR Facilitates protein
folding




Fascinspecifically was first discovered in the sea urchin zygote to be localized in the
fertilization envelop extracellular matrinf the newly fertilized eggOtto et al., 1979)
Fascinis an actin bundling protethatorganizes actin into filamen¢samb and Tootle,
2020; Otto et al., 1979)t has been studied mostly in the context of cell migration and
cancer and little is known on its function during mitqéiamb and Tootle, 2020; Liu
et al., 202). Rab35is a snall GTPase that usually assists in membrane trafficking, cell
signaling, as well as actin remodeligiglinkert and Echard, 2016; Remsburg et al.,
2021; Shaughnessy and Echard, 20I&lsolin is also known to functioin actin
dynamics by severing and capping adtiaments(Heidings et al., 2020; Wegner et al.,
1994) The last target we have chosen to focus o@yiBb, which has mostly been
studied in the sea urchin to be a type of cytoplasmic actin(fetela et al., 1998; Lee
et al., 1986; Lee et al., 1984)aken togetheme hypothesizeahat miR31 regulates
different geneghat aremportant for actin dynamics to mediate proper cell division.
Results

miR-31 along with its potential targets celocalize to the mitotic spindle
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To visualize the spatial expressiomaR-31, we performed FISH and observed
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that it islocalizedperinuclearlyin non-dividing blastomeres and on the mitotic spindles
between dividing cells (Figs.2A). Importantly, this seems to be important during
mitosisin generalsince we also observe miR in dividing cells at 24pf (Fig. 52B).
Weexamined the spatial localization of potential R3iRtargetsluring different phases
of mitosis(Fig. 5.2C). We observed th&tascin, Rab35Gelsolin andCylIB co-localize
with miR-31 on the mitotic spindle duringetaphase and anaphgbsey. 5.3C).
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Fascintranscripts require microtubules for their localization to the mitotic
spindle

We examined if microtubules are needed for lttwalization of miR31 and
Fascin We observed that compared to control, disruption of microtubules with
Nocodazole(Ganguly et al., 2012)esulted in decreased transcriptsFafscin at the
mitotic spindle (Fig. 8). We next wanted to observe changes in localization when
microtubules were stabilized usingexylene glycoland Taxol(Conrad et al., 1994;
Yang and Horwitz, 2017)NVe observed that updwexylene glycolteatment, no change
in miR-31 localization or expression was obsenjeascintranscripts not only are less
localized, but alsdecreasedJponTaxol treatmentwe observed amcreasd in level
of both miR31 andFascinat the mitotic spindle (Figh.3). These datandicatethat
microtubulesare necessary to ensure proper localization of-8ifiRand Fascin
transcripts at the mitotic spindle.

miR-31 inhibition results in embryonic lethality, microtubule defects, and
increase actin during mitosis

We demongtated the efficacy of the miB1 inhibitor to functionally block
available endogenous miRL (Fig. 54). To assess the function of mB during early
development, we injected the mBR inhibitor or the control and counted the number
of embryos at diffenet developmentatagesevery hour until 6hpf and then again at 24
hpf. We observed that overall miB inhibition resulted in embryos developing slower
compared to control (Fig. BA). Specifically, there is a significant difference at

where only ~20% of the mi#31 inhibitor injected embryos made the32-cell stage,
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30 uM miR-31 LNA

Figwdeni B1 inhibitor effecti v21lmnyi -Bd
i nhi bicterd iembe yos wed3&nsabhdg ecod ent ¢
DAPI to indicat-21 DINA &bf eet) i valeyRl b
(arrow indicaBaé&y. decreased miR

whereas ~70% of the control madehe 32- cell stage. This delay in developmemay
contribute to embryonic lethality because att$f, ~50% of the mR-31 inhibitor
injected embryos died compared to only ~10% observed in the control GAJ. 5.

Since we observed that several of ®BRL 6 s pot ent i al targets
the cytoskeleton remodelinge determind the impact omiR-31 inhibition on tullin
and actin. We observed that m& inhibition resulted iran arrayof mitotic spindle
defects(Fig. 55B). A significant number of miRB1 inhibitor injected embryos had
moreinterpolar microtubule polymerization, uncondensed chromosomes, and lagging
chromosomesompared to the controlnterestingly we also observed an increased
amount of filamentousctin (Factin) in the nucleus as well as in the coffeg. 55C).
These cytoskeletal and chromosomal defewygaffect proper cell division and would

perturb development.
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DiscussiorFuture directions

We have shown that miB1 directly suppresses several genes that encode
cytoskeletal modulators. Interestingly, m8 and its validated targets localize to the
mitotic spindles in a cell cycle dependent manner. We hypothesize th&8Imalng
with its tagets are involved in regulating tloytoskeletal dynamics during mitosis.
Perturbing miR31 led to changes in actin and tubulin that may negatively impact rapid
cell divisions that occur immediately after fertilization during the early cleavages.

Since mR-31 is targeting plethoraof genes important for actin dynamics, it
would be critical to assay for the effects of rRBR inhibition on different types of actin.

We observed that miR1 inhibitor injected embryos had an increase of nuclear and
cortical Factin (Fig. 56). We could use C4 immunolabelif@/ineland et al., 2018)

with miR-31 perturbed embryos to examine the total actin population. We could also
use DNase, which will label globular actirfWineland et al., 2018) would expect an
increase in total actin usinglsince miR31 inhibitor injected embryos had an increase

in F-actin. But if there is not an increase in other types of actin we may not observe a
change in total actin. However, it is not clear if we would observe a change in global
actin since it seemsiR-31 is targeting genes that are important in actin bundling
instead of synthesis of actin monomers.

Previously we have observed that riiR4 does not localize to the spindle (Fig.
3.6A, (Konrad and Song, 2022b)miR-124 is notexpressed at high levels during the
cleavage stag@-ig. 4.2) (Song et al., 2012)it will be interesting to survey and identify
additional miRNAs that localize to the spindles, including ththe# have a high
maternal expression, suas miR71 and miR-2012 (Song et al., 2012)Caroln

Remsburg in the lab has visualized R38R at the mitotic spindle in human cell lines
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and human colon cancer cel®leksiuk et al., 2015)suggeshg that miR-3 1 0 s
localization isevolutionarilyconserved and potentially its function is also evolutionarily
conserved.

miR-31 localized at the mitotic spindle along with its predicted targets during
mitosis suggeshg that miR-31 is posttranscriptionally regulating these targets. In
collaboration with Carylon Remsburg, we aim to determine the mechanism by which
miR-31 regulates microtubule and actin. The overarching hypotheisig testeds that
miR-31 along with its etin modulating targets function at the mitotic spindlEsus,
we propose that postanscriptional regulation mediated by Mm@ serves as an

additional level of control to ensure proper mitosis during the early cleavage stages.
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