
 

 

 

 

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 of Doctor of Philosophy in Biological 

Sciences 

 

Winter 2023 

 

 

 

© 2023 Kalin Diane Konrad 

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 Graduate College 

 

  



 I certify that I 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:  __________________________________________________________  

 Jia L. Song, Ph.D. 

 Professor in charge of dissertation 

 

 

 

 I certify that I 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:  __________________________________________________________  

 Melinda K. Duncan, Ph.D., FARVO 

 Member of dissertation committee 

 

 

 

 I certify that I 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:  __________________________________________________________  

 Deni S. Galileo, Ph.D. 

 Member of dissertation committee 

 

 

 

 I certify that I 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:  __________________________________________________________  

 Shuo Wei, Ph.D. 

 Member of dissertation committee 



 I certify that I 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 

 

 

 



 v 

I would first like to express my deepest appreciation for Dr. Jia L. Song for her 

dedication to my growth and development to become the researcher I am today. When 

I started the program, I only had a semester of conducting research during my 

undergraduate career and I knew I would need more hands-on training, which Jia so 

generously gave me. When I first met Jia, I expressed interests in neuroscience, and I 

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. I know professors are extremely busy but somehow Jia can take time out of her 

week to help improve my writing and experimental design. Previously I 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 full potential and mold me into the person I am today.  I 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 develop my scientific thinking.  

I 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. 

I 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 

ACKNOWLEDGMENTS  



 vi 

academic support along with all the amazing memories. I want to personally thank 

Kayla for being such a good friend and giving me the emotional support when I needed 

it the most. I appreciate 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. I really 

need to give a huge thank you to Carrie. Carrie and I started at the same time and what 

we have together is invaluable as we have grown to be such great friends and colleagues. 

I really do not know what kind of scientist I 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 they did not relate to her own project. I wish all the best for my lab mates and look 

forward to hearing about all the great things they end up doing.  

I would also like to thank my good friend and colleague Brielle Hayward-

Piatkovskyi. Brielle is an amazing scientist 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. I know Brielle is going to do great wherever she ends up and I look 

forward to the years ahead as great friends. I 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 her work and having her give me comments on my own. I 

need to extend a special thanks to all the people behind the scenes including Betty 

Cowgill, Jim Farmer, Jamie Quesenberry, and Amy Darron (part of the custodial staff) 

for always being kind and taking time to help in any way they can.  

Lastly, but certainly not least, I 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 I can get anyway I want if I just work hard enough which has been a 



 vii  

pivotal point in becoming the person I 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 I could achieve my 

dreams. I also need to thank my husband, Anthony, who has been there for me every 

day since I started undergrad. Over the last nine years of school there were some really 

hard times, and I was unsure if I could get through it but having Anthony with me gave 

me the confidence to push through and obtain my degrees. I would not be graduating 

with my doctoral degree if it was not for my incredible support system, and I cannot 

thank all these people enough.  

 



 viii  

LIST OF TABLES ........................................................................................................ xi 

LIST OF FIGURES ...................................................................................................... xii  

ABSTRACT ................................................................................................................. xv 

 

Chapter 

1 INTRODUCTION .............................................................................................. 1 

Biogenesis of microRNAs in animal cells .......................................................... 1 

The sea urchin as a model .................................................................................. 4 

Neurogenesis during sea urchin development .................................................... 6 

Sea urchin uses conserved TFs and signaling pathways during neurogenesis ... 9 

Mesodermal development in sea urchin embryos ............................................ 10 

Similarities between sea urchin immune cells and vertebrate cell types .......... 18 

miR-124 has a conserved role during neurogenesis ......................................... 19 

miR-124 potential role during mesodermal development ................................ 21 

Known functions of miR-31 ............................................................................. 21 

Mitosis and the cell cycle during early cleavage stage ..................................... 22 

Subcellular localization of RNA and local translation ..................................... 24 

2 MATERIALS AND METHODS ..................................................................... 26 

Animals ............................................................................................................. 26 

 Microinjections ................................................................................................. 26 

 Real-time, quantitative polymerase chain reaction (qPCR) ............................. 28 

Fluorescence RNA in situ hybridization (FISH) and whole mount RNA in 

situ hybridization (WMISH) ............................................................................. 30 

Immunolabeling procedures ............................................................................. 34 

Cloning for luciferase reporter constructs ........................................................ 37 

Quantification ................................................................................................... 38 

Western blot ...................................................................................................... 41 

Pre-adsorption assay of NeuroD1 ..................................................................... 43 

Tunel assay ....................................................................................................... 43 

Drug treatments ................................................................................................ 44 

TABLE OF CONTENTS  



 ix 

miRNA qPCR ................................................................................................... 44 

3 MICRORNA-124 REGULATES NOTCH AND NEUROD1 TO MEDIATE 

TRANSITION STATES OF NEURONAL DEVELOPMENT ....................... 46 

Introduction ...................................................................................................... 46 

 Results .............................................................................................................. 49 

 

 

NeuroD1 localizes to the presumptive ganglia and gut of the sea 

urchin larvae ......................................................................................... 49 

NeuroD1 influences SoxC, Delta, Brn1/2/4, and Elav transcript 

levels ..................................................................................................... 54 

MiR-124 is enriched in the ciliary band where neurons reside ............ 56 

Inhibition of miR-124 leads to endodermal and mesodermal 

development defects ............................................................................. 57 

Inhibition of miR-124 results in defects in gut contractions and 

cardiac sphincter ................................................................................... 59 

MiR-124 regulates larval swimming .................................................... 61 

Inhibition of miR-124 leads to decreased mature neurons ................... 63 

MiR-124 modulates neuronal GRN to regulate specification, 

differentiation, and maturation of neurons ........................................... 64 

MiR-124 directly suppresses components of neuronal GRN ............... 68 

Removing miR-124's direct suppression of NeuroD1 results in gut 

contraction and swimming defects ....................................................... 71 

Blocking miR-124's suppression of NeuroD1 results in fewer 

functional neurons and more Elav-expressing cells ............................. 71 

MiR-124 regulates Notch and NeuroD1 in the neuronal GRN ............ 75 

 

 

Discussion ......................................................................................................... 76 

Future directions ............................................................................................... 85 

4 MICRORNA-124 DIRECTLY SUPPRESSES NODAL AND NOTCH TO 

REGULATE MESODERMAL DEVELOPMENT ......................................... 87 

Introduction ...................................................................................................... 87 

Results .............................................................................................................. 90 

 

 

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



 x 

Blastocoelar cells are specified before pigment cells ........................... 90 

MiR-124 is expressed during Nodal signaling and before the second 

wave of Notch signaling ....................................................................... 92 

MiR-124 inhibition results in decreased number of pigment cells and 

increased number of blastocoelar cells ................................................. 93 

MiR-124 directly suppresses Nodal and effects Not expression .......... 95 

MiR-124 directly suppresses Nodal to regulate immune cell 

development ......................................................................................... 97 

MiR-124 directly suppresses Nodal during the time BCs/PCs are 

being specified ...................................................................................... 99 

MiR-124 directly suppresses Notch to regulate immune cell 

development ....................................................................................... 101 

Removing miR-124 suppression of Notch results in increased in 

blastocoelar and pigment cells with some hybrid cells ...................... 104 

Removing miR-124's suppression of Notch results in increased 

proliferating BCs/PCs ......................................................................... 106 

 

 

Discussion ....................................................................................................... 107 

Future directions ............................................................................................. 113 

5 DYNAMIC LOCALIZATION OF MICRO-31 DURING MITOSIS ........... 115 

Introduction .................................................................................................... 115 

 Results ............................................................................................................ 118 

 

 

 MiR-31 along with its targets co-localize to the mitotic spindle ........ 118 

 Fascin require microtubules for their localization to the mitotic 

spindle ................................................................................................. 122 

 MiR-31 inhibition results in embryonic lethality, microtubule 

defects, and increased actin during mitosis ........................................ 122 

 

 

Discussion/Future directions .......................................................................... 125 

 

REFERENCES ........................................................................................................... 127 

 

Appendix 

 PERMISSIONS .............................................................................................. 146 



 xi 

Table 2.1 List of the sequences of the TPs and LNAs ................................................. 28 

 

Table 2.2 List of primers used for quantitative polymerase chain reaction (qPCR) .... 29 

 

Table 2.3 List of primers and enzymes used for amplification of target genes to 

      make RNA probes ....................................................................................... 31 

 

Table 2.4 List of primers for cloning constructs into RLUC and for mutagenesis ....... 38 

 

Table 4.1 Predicted miR-124 targets enriched in Nodal and Notch signaling and 

     mesodermally derived immune cells  ........................................................... 89 

 

Table 5.1 Predicted miR-31 targets are related to actin and cytoskeletal dynamics .. 117 

 

 

 

LIST OF TABLES  



 xii  

Figure 1.1 MicroRNA biogenesis in an animal cell ....................................................... 3 

 

Figure 1.2 Sea urchin development ................................................................................ 5 

 

Figure 1.3 Sea urchin embryo is composed of three different neural domains .............. 6 

 

Figure 1.4 Sea urchin embryo contains three neural domains ........................................ 8 

 

Figure 1.5 Simplified Notch signaling pathway ........................................................... 12 

 

Figure 1.6 Simplified schematic of Nodal signaling pathway ..................................... 13 

 

Figure 1.7 The first wave of Notch and Nodal Signaling specify BCs from                                                              

       PCs .............................................................................................................. 17 

 

Figure 1.8 The cell cycle is different depending on the stage of development ............ 23 

 

Figure 3.1 Simplified model of the sea urchin neural GRN. ........................................ 49 

 

Figure 3.2 NeuroD1 is conserved between human and sea urchin ............................... 50 

 

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

       blots ............................................................................................................ 51 

 

Figure 3.4 NeuroD1 immunolabeling reveal similar structures that has been  

                 previously observed in vertebrates  ............................................................. 53 

 

Figure 3.5 NeuroD1 regulates transcripts involved in the neuronal GRN ................... 55 

 

Figure 3.6 miR-124 is enriched in ciliary band ............................................................ 57 

 

Figure 3.7 Inhibition of miR-124 leads to endodermal and mesodermal 

                 developmental defects ................................................................................. 58 

 

Figure 3.8 miR-124 inhibition leads to gut defects ...................................................... 59 

 

LIST OF FIGURES 



 xiii  

Figure 3.9 miR-124 inhibition leads to gut and sphincter defects ................................ 60 

 

Figure 3.10 miR-124 inhibition results in decreased larval swimming velocity .......... 62 

 

Figure 3.11 miR-124 regulates neurogenesis ............................................................... 64 

 

Figure 3.12 miR-124 regulates neurogenesis during early developmet  ...................... 66 

 

Figure 3.13 miR-124 regulates neurogenesis during the gastrula stage ....................... 67 

 

Figure 3.14 miR-124 regulates neurogenesis during the larval stage........................... 68 

 

Figure 3.15 miR-124 directly suppresses NeuroD1 to regulate gut contractions and  

        swimming .................................................................................................. 70 

 

Figure 3.16 miR-124's direct regulation of NeuroD1 is important for neurogenesis ... 72 

 

Figure 3.17 miR-124's direct regulation of NeuroD1 is important for neurogenesis 

        during the gastrula stage ............................................................................ 73 

 

Figure 3.18 miR-124's direct regulation of NeuroD1 is important for neurogenesis  

        during the larval stage ............................................................................... 74 

 

Figure 3.19 Removal of miR-124's inhibition of Notch and/or NeuroD1 results in 

        decreased mature neurons and increased apoptosis ................................... 75 

 

Figure 3.20 Working model of post-transcriptional control mediated by miR-124 in 

         modulating neurogenesis .......................................................................... 84 

 

Figure 4.1 Blastocoelar cells are specified before pigment cells ................................. 91 

 

Figure 4.2 Inhibition of miR-124 results in increased BCs at the expense of 

      differentiated PCs  ....................................................................................... 92 

 

Figure 4.3 Inhibition of miR-124 results in decreased differentiated PC ..................... 94 

 

Figure 4.4 Nodal is a direct target of miR-124 and miR-124 does not regulate 

      Nodal during dorsal/ventral axis formation ................................................. 96 

 

Figure 4.5 Removing miR-124's direct suppression of Nodal results in increased  

      BCs .............................................................................................................. 97 

 

Figure 4.6 Removing miR-124's direct suppression of Nodal results in decrease in 



 xiv 

     differentiated PCs  ........................................................................................ 98 

 

Figure 4.7 miR-124 directly suppresses Nodal during BC and PC specification ...... 100 

 

Figure 4.8 Removal of miR-124ôs suppression of Notch results in increase of BC- 

       specific gene expressions ......................................................................... 101 

 

Figure 4.9 Removal of miR-124ôs suppression of Notch results in increase of PC- 

       specific gene expression ........................................................................... 102 

 

Figure 4.10 Removal of miR-124ôs suppression of Notch results in an increased 

         number of both BCs and PCs ................................................................. 104 

 

Figure 4.11 Removing miR-124ôs suppression of Notch results in increased 

        proliferating pigment cells ....................................................................... 106 

 

Figure 4.12 Model of regulatory mechanism of miR-124 of BC and PC 

         development ........................................................................................... 112 

 

Figure 4.13 miR-124 directly suppresses Ese and overexpression of Ese results in 

        increased BCs and decreased PCs ........................................................... 114 

 

Figure 5.1 High through-put methods to determine potential miR-31 targets ........... 115 

 

Figure 5.2 miR-31 and some of its predicted targetôs localization to the mitotic ...... 119 

 

Figure 5.3 Fascin transcripts requires microtubules for localization ......................... 121 

 

Figure 5.4 miR-31 is functional inhibited when we inject miR-31 inhibitor ............. 123 

 

Figure 5.5 miR-31 inhibition results in embryonic lethality, microtubule defects, 

      and increased actin .................................................................................... 124 

 

 

 

 

 

 

 



 xv 

MicroRNAs (miRNAs) are a type of non-coding RNAs that destabilize target 

transcripts and/or inhibit translation in animal cells. MicroRNAs have been observed to 

be vital for development across phylogeny. Using the sea urchin embryo, we take 

advantage of the manipulability of the embryo and its well-documented gene regulatory 

networks (GRNs). In addition, sea urchins only have ~50 miRNAs compared to ~500-

2,000 miRNAs observed in humans, making the sea urchin a more simplified model to 

study miRNA function. We have identified two microRNAs (miR-124 and miR-31) to 

have multifaceted roles during embryonic development. We examined the conserved 

function of miR-124 in neurogenesis and its novel role in regulating mesodermal 

development. We mechanistically dissected miR-124ôs function during specification, 

differentiation, and maturation of neurons. We observed that inhibition of miR-124 

resulted in decreased larval gut contractions and swimming velocity, indicating 

potential neuronal defects. Inhibition of miR-124 resulted in an increased number of 

cells expressing transcription factors associated with progenitor neurons and a 

concurrent decrease of mature and functional neurons. In the late gastrula/larval stages, 

miR-124 regulates Notch and NeuroD1 during the transition between neuronal 

differentiation and maturation. We also observed that miR-124 has a novel role in 

regulating the differentiation of mesodermally-derived immune cells, by targeting both 

Nodal and Notch signaling pathways. The sea urchin immune cells consist of 

blastocoelar cells (BCs) and pigment cells (PCs), which are derived from the same 

progenitor cells. Inhibition of miR-124 resulted in an increased number of mature BCs 

and a concurrent decrease in differentiated PCs. Removing miR-124ôs suppression of 

Nodal leads to increased BCs and decreased PCs, while removing miR-124ôs 

suppression of Notch leads to increase of both BCs and PCs. We identified that post-
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transcriptional regulation by miR-124 impacts differentiation of BCs and PCs by 

temporally regulating the Nodal signaling pathway first, then the first wave of Notch 

signaling. We concluded that miR-124 directly suppresses Nodal and then Notch to 

mediate proper specification and then differentiation of BCs and PCs. Another 

evolutionary conserved miRNA we examined is miR-31. We identified a novel function 

of miR-31 during early cleavage stage when the embryo is undergoing rapid rounds of 

cell division. Interestingly, we discovered that miR-31 has a cell cycle-dependent 

dynamic distribution: miR-31 is enriched on the spindle midzone in dividing cells and 

in the perinuclear region of non-dividing cells in sea urchin embryos. We observed that 

miR-31 inhibition resulted in early developmental defects, with blastomeres with 

increased filamentous actin and microtubules. These results led us to hypothesize that 

miR-31 regulates cytoskeletal modulating transcripts to ensure proper segregation of 

chromosomes, which is dependent on accurate assembly of the mitotic apparatus, 

consisting of microtubules, actin, and proteins. In summary, we identified that miR-124 

regulates neurogenesis by targeting Notch and NeuroD1 and regulates immune cell 

differentiation by targeting Nodal and Notch signaling pathways. Additionally, we 

identified a cell-cycle dependent localization of miR-31 and observed early 

developmental defects induced by miR-31 inhibition. Overall, we have improved the 

neuronal GRN and identified miR-124 to play a prolific role in regulating various 

transitions of neuronal development, as well as identified its novel role in regulating 

mesodermal development. In addition, we discovered that the striking oscillating 

localization of miR-31 during different phases of mitosis to be vital for proper 

development.   
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INTRODUCTION  

Biogenesis of microRNAs in animal cells 

Only a small percentage of the genome is coding for proteins and the rest of the 

genome is referred to as non-coding DNA. It turned out that many non-coding elements 

play a prolific role in regulating the expression of protein coding genes (Baek et al., 

2008; Bartel, 2004, 2009, 2018; Lewis et al., 2005). About 25% of the total non-coding 

RNAs in humans are microRNAs (miRNAs), which are a type of regulatory short non-

coding RNAs of ~22 nucleotides (O'Leary et al., 2016; Seal et al., 2020; Stelzer et al., 

2016; Zerbino et al., 2018). MiRNAs post-transcriptionally regulate gene expression by 

usually binding to the 3ôuntranslated region (UTR) of their targeted messenger RNA 

(mRNA) to induce target transcript degradation and/or inhibit translation in animal cells 

(Bartel, 2004; Bhaskaran and Mohan, 2014). Previously it has been observed that even 

though miRNA binding sites are usually found in the 3ôUTR, miRNAs can bind to all 

parts of the transcript, including the coding sequence (Chakraborty and Nath, 2022; 

Hausser et al., 2013). miRNAs are involved in a variety of different biological 

processes, including cell specification, cell differentiation, cell proliferation, apoptosis, 

and oncogenesis (Alberti and Cochella, 2017; Anglicheau et al., 2010; Bartel, 2009; 

Yang and Qi, 2020). Most miRNAs are transcribed by RNA polymerase II and undergo 

sequential processing (Ha and Kim, 2014; O'Brien et al., 2018; Stelzer et al., 2016). 

Some miRNAs, however, are spliced out of introns from other genes, instead of being 
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transcribed themselves (Bartel, 2018; Mattick and Makunin, 2006). In canonical 

miRNA biogenesis pathway of animal cells, the primary miRNA transcript (pri-

miRNA) is cleaved by DGCR8 and Drosha into the precursor miRNA (pre-miRNA) 

hairpin structure (Bartel, 2018; O'Brien et al., 2018; Saraiva et al., 2017; Yao, 2016). 

The pre-miRNA is exported to the cytoplasm by Exportin5/RanGTP complex for further 

processing in the cytoplasm by RNase III endonuclease Dicer, resulting in the mature 

miRNA (Ha and Kim, 2014; Yao, 2016). The mature miRNA sequence is loaded into 

the RNA Induced Silencing Complex (RISC) where the miRNA binds to specific target 

mRNA in a sequence-specific manner (Grimson et al., 2007; Ha and Kim, 2014; 

Michlewski and Cáceres, 2019). The binding of miRNA to the target mRNA leads to 

either the degradation of transcripts via recruitment of deadenylases orthe translational 

inhibition of the transcript (Fig. 1.1) (Bartel, 2018; Michlewski and Cáceres, 2019; 

O'Brien et al., 2018).  



 3 

Across vertebrate/invertebrate species, miRNAs are important for early 

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

Kobayashi et al., 2015; Sampilo et al., 2021; Sampilo et al., 2018; Song et al., 2012; 

Stepicheva and Song, 2016). For example, knockdown of Drosha in the mouse leads to 

Figure 1.1 MicroRNA biogenesis in an animal cell. miRNAs are encoded in the 

genome and are mostly transcribed by RNA Polymerase II. The primary transcripts 

(pri-miRNA) undergo sequential processing to make a mature/functional miRNA. 

The functional strand of the miRNA duplex is then loaded to the RNA Induced 

Silencing Complex (RISC) which leads to the translational repression and/or 

degradation of the target mRNA (Bartel, 2004). 
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embryonic lethality, defects in skeletogenesis, and vascular genesis (Fan et al., 2013; 

Kobayashi et al., 2015). Similarity, in an invertebrate animal, the Song Lab has observed 

that Drosha inhibition in the sea urchin embryo results in embryonic lethality.  

The sea urchin as a model 

The Song lab studies evolutionarily conserved developmental processes using 

the purple sea urchin embryo (Strongylocentrotus purpuratus) (Fig. 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 fertilization, resulting in 

transparent embryos that will go through a predictable life cycle (McClay, 2011b) (Fig. 

1.2A). The purple sea urchin has one of the most well-documented gene regulatory 

networks (GRN), allowing us to integrate the function of miRNAs into the 

endomesodermal GRN (Davidson et al., 2002; Sodergren et al., 2006). During early 

development, the primary and secondary body axes are established, and different 

regions of the sea urchin will start to express tissue specific transcription factors to 

differentiate from one another (Fig. 1.2B) (Ettensohn and McClay, 1988; Logan and 

McClay, 1997; Molina and Lepage, 2020).  
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Importantly, the sea urchin contains ~50 miRNAs compared to the hundreds to 

thousands of miRNAs identified in other organisms, including three different miR-124, 

and two miR-31 isoforms identified in mice and humans (Baek et al., 2008; Bartel, 

2009; Griffiths-Jones et al., 2006; Kozuka et al., 2019; Lagos-Quintana et al., 2001; 

Landgraf et al., 2007; Lewis et al., 2005; Song et al., 2012; Zou et al., 2022). The low 

complexity of miRNAs with a single miR-31 and miR-124 makes the sea urchin a 

tractable model to study miRNA function. We specifically wanted to examine the 

external fertilization 

24 hpf, blastula 
48hpf, gastrula 

72 hpf, 

larva 

4
th
  

division 

unequal 

6 hpf 

2 hpf 

~2 years 

metamorphosis 

10 hpf, early 

 blastula 

(A) 

(B) 

Figure 1.2 Sea urchin development. (A) Life cycle of the sea urchin. (B) Schematic 

of cell lineage layout of an early blastula stage embryo (8 hpf) and a blastula stage 

(24 hpf). hpf= hours post fertilization (Burke et al., 2006a; Olivares-Ba¤Uelos et al., 

2008).  
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functional role of miR-31 and miR-124, because these are highly conserved miRNAs in 

metazoans. The 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 contains three neuronal centers: the 

apical organ and ganglionic organization analogous to the vertebrate central nervous 

system, since it assists in controlling behavior; the ciliary band that coordinates larval 

swimming, analogous to the peripheral nervous system; and enteric neurons that 

mediate gut contractions (Fig. 1.3) (Krupke and Burke, 2014; Otim et al., 2004). 

Initiation of specification starts early in development, where SoxB1 activates Foxq2 and 

SoxC, which are both TFs expressed in the apical domain (McClay et al., 2018). The 

expression of Foxq2 in the anterior neuroectoderm is restricted by canonical Wnt 

signaling pathway (Wnt6) early in blastula and is critical in proper development of 

serotonergic neurons (Angerer et al., 2011; McClay et al., 2018; Yaguchi et al., 2016; 

Yaguchi et al., 2008). Once the neuronal SoxC-positive progenitors undergo their last 

mitotic division, the two daughter cells contain varying levels of Delta and Notch 

proteins (Garner et al., 2016; Mellott et al., 2017). There will be some cells during the 

Figure 1.3 Sea urchin embryos is composed of three different neural domains. 

During the blastula stage the embryos starts expressing neural specific TFs and then 

at the gastrula stage the embryo initiates differentiation of neurons and then during 

the larval stage is when the embryo has mature/functional neurons (Burke et al., 

2006a). Made with Biorender.com with the help from Carolyn Remsburg.  
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late gastrula to the early larval stage where Delta will co-express with Brn1/2/4, while 

the other daughter cell with more Notch undergoes apoptosis (Garner et al., 2016; 

Mellott et al., 2017; Torii, 2012; Truman et al., 2010). The mechanism that activates 

Notch signaling in the non-neuronal cell is unclear (Mellott et al., 2017). During the 

larval stage, the neurons will eventually stop expressing Delta as the differentiated 

neuron becomes a mature/functional neuron (Garner et al., 2016; Mellott et al., 2017; 

Torii, 2012; Truman et al., 2010). Thus, there will be some neurons that initially co-

express Delta and Brn1/2/4, then as differentiation proceeds, the neurons will only 

express Brn1/2/4. Differentiated, mature neurons in the ciliary band and apical organ 

express Elav (Garner et al., 2016), which is an RNA binding protein that stabilizes 

transcripts regulating axonal guidance and synaptic growth (Wang et al., 2015; 

Zaharieva et al., 2015). The mature and functional neurons will also express 

Synaptotagmin B (SynB), which is part of the SNARE family mediating synaptic 

release of neurotransmitters (Fig. 1.4) (Burke et al., 2006b; DeBello et al., 1993). 

Serotonergic neurons in the neuroectoderm also express serotonin, which is a 

neurotransmitter important for mediating larval gut contractions, early swimming, and 

feeding behavior (Wei et al., 2016; Yaguchi and Katow, 2003).  
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The monociliated epithelial cells that reside in the ciliary band (Krupke and 

Burke, 2014) are formed from a ventral-dorsal boundary where Nodal and BMP2/4 

signaling pathways are inactive. Onecut (Hnf6) is expressed in the ciliary band where it 

enables the formation of neuronal connections and it is expressed juxtaposed to where 

neurons reside (Otim et al., 2004; van der Raadt et al., 2019). In other 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 (Fig. 1.4) (Wei et al., 2011). The compartments of the gut are 

Figure 1.4. Sea urchin embryo contains three neural domains. Sea urchin 

zygotes initiate specification of neurogenesis through Wnt signaling and later 

Delta/Notch signaling will trigger differentiation of neuronal progenitors. Lastly, 

neuronal cells will expression the SNARE protein SynB to perform synaptic 

activity. The simplified GRN depicted here is based prior work (McClay et al., 2018; 

Slota et al., 2019a; Slota et al., 2019b). Two embryo schematics are depicted for 

each development stage. The embryos on the left are to show the regions of the 

embryos that will become three different neural centers. The embryo on the right is 

to show the stages of neural progenitor (red) to become a fully functional neuron 

(red). The expression of each of the major genes is activated at different 

developmental milestones. Made with Biorender.com. 
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separated by mesodermally-derived sphincters: the cardiac sphincter separates the 

foregut and the midgut; the pyloric sphincter separates the midgut and the hindgut and 

the anal sphincter at the blastopore (Wessel and Wikramanayake, 1999). The neurons 

that reside in the mid/foregut are endodermally-derived (Wei et al., 2011). Less is 

known about the enteric neurons; however, SoxB1, SoxC, Six3, Delta, and Nkx2-3 

expression in the endomesoderm could specify the neuroendoderm but remains unclear 

(McClay et al., 2018; Wei et al., 2011).  Recently, it has been shown that the opening 

of the pyloric sphincter is responsive to light, resulting from released serotonin that 

binds to receptors in the midgut to mediate contraction (Yaguchi and Yaguchi, 2021). 

During the larval stage, in response to calcium influx and release of different 

neurotransmitters, neurons in these three neuronal domains mediate swimming and 

feeding behavior (Katow et al., 2007).  

Sea urchin uses conserved TFs and signaling pathways during 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 

that sea urchin neuronal-specific Pou4f2 (Brn) can functionally replace Pou4f2 in 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 neurogenesis (Garner et al., 2016; Kengaku and Okamoto, 1993; 

Rentzsch et al., 2008), Nodal and BMP pathways to restrict dorsal-ventral neuronal 

regions (Litsiou et al., 2005; Yaguchi et al., 2006), Wnt signaling to suppress neuronal 

development (Braun et al., 2003; Range, 2018), and the Notch pathway to mediate 

classical lateral inhibition, resulting in Delta-expressing differentiated neurons (Mellott 
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et al., 2017; Siebel and Lendahl, 2017). Additionally, Sox transcription factors (TFs), 

Pou/Brn, and Elav are all conserved proteins driving specification, differentiation, and 

maturation of neurons, respectively (Mao et al., 2016; McClay et al., 2018; 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 urchin embryos 

During early development after the fourth division, ɓ-catenin is expressed in the 

posterior end of the embryo at 32-cell stage, where it activates Pmar1 in the most 

posterior cells called micromeres (Revilla-i-Domingo et al., 2007; Sampilo et al., 2018; 

Weitzel et al., 2004). Pmar1 will inhibit HesC, which is a TF that is zygotically activated 

and is expressed ubiquitously throughout the embryo (Smith and Davidson, 2009). 

Removal of HesC repression in the posterior end of the embryo in the micromeres 

allows for the transcription activation of alx1, tbr, ets1, and delta. This leads to the 

activation of the first of two waves of Notch signaling in the large micromeres, which 

give rise to the skeletogenic cells (Croce and McClay, 2010; Ettensohn and Ruffins, 

1993; Peterson and McClay, 2005; Range et al., 2008; Revilla-i-Domingo et al., 2007; 

Ruffins and Ettensohn, 1996; Sharma and Ettensohn, 2011; Sherwood and McClay, 

1999; Weitzel et al., 2004). The different waves of Notch signaling is referring to the 

different types of cells they are regulating at a given timepoint (Peterson and McClay, 

2005; Range et al., 2008). Notch signaling is activated to specify all mesodermal cell 

lineage, including skeletogenic, multipotent cells, muscle cells, BCs, and PCs (Materna 

and Davidson, 2012; Ohguro et al., 2011).  

Notch signaling is a type of juxtacrine signaling pathway and Notch is a highly 

conserved transmembrane protein, as it transduces a signal by cell-to-cell contact 
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(Hunter et al., 2016; Steinbuck and Winandy, 2018). Depending on the type of Notch 

ligand (e.g. Delta), one of the types of Notch receptors (e.g. Notch 1, 2, 3, or 4) will  

form a complex and unfold a region of the Notch protein called the juxtamembrane 

negative control region (Hori et al., 2013; Kopan, 2012; Lai, 2004). This change in the 

Notch receptor will signal to activate ADAM 10 protein in mammalian cells (a 

disintegrin and metalloproteinases 10) to cleave Notch at the second site to release the 

Notch extracellular domain (NEXT), followed by another cleavage at the third site 

conducted by gamma-secretase to release the Notch intracellular domain (NICD) (Hori 

et al., 2013; Hunter et al., 2016; Kopan, 2012; Lai, 2004; Siebel and Lendahl, 2017; 

Steinbuck and Winandy, 2018). NICD migrates into the nucleus to bind to TFs (e.g. 

Suppressor of Hairless) to activate Notch targets (Fig. 1.5) (Hunter et al., 2016; 

Steinbuck and Winandy, 2018). Notch signaling regulates specification across 

organisms in an array of cell types to help maintain cell homeostasis (Hori et al., 2013; 

Schwanbeck, 2015; Siebel and Lendahl, 2017; Steinbuck and Winandy, 2018). For 

example, Notch signaling regulates the balance between neurogenesis and gliogenesis 

in the nervous system, while also activating proliferation of muscle cells in the 

mesoderm (Andersson et al., 2011). There are also some studies observing Notchôs other 

role in regulating cell proliferation (Baonza and Freeman, 2005; Demitrack et al., 2017; 

Joshi et al., 2009; Nusser-Stein et al., 2012; Steinbuck and Winandy, 2018). Upon Notch 

inhibitions there is a decrease in cell proliferation (Baonza and Freeman, 2005; 

Demitrack et al., 2017). This may be due to Notch signaling activating myc and p21 to 

control cell proliferation (Kopan, 2012). 
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The first wave of Notch signaling is initiated by Pmar1 repressing HesC and 

allowing for the expression of Delta, alx1, tbr, and ets1 (Revilla-i-Domingo et al., 

2007). Delta will be expressed in the presumptive mesodermally derived skeletogenic 

cells along with alx1, tbr, and ets1 to activate Notch in the neighboring presumptive 

mesodermally derived immune cells where Notch activates Gcm (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 set up the boundary between the endoderm from the mesoderm 

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

Figure 1.5 Simplified Notch signaling pathway. Notch signaling requires cell-to-

cell contact and once the Delta ligand binds to the Notch receptor Notch gets 

cleavage twice and undergoes endocytosis to get transported into the nucleus where 

it binds to proteins such as suppressor of hairless (Su(H)) to activate target genes 

(Andersson et al., 2011; Lai, 2004). Made with Biorender.com with the help from 

Carolyn Remsburg. 
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Nodal signaling is part of the transforming growth factor beta (TGFɓ) 

superfamily and uses serine/threonine kinase complexes to undergo its signaling 

pathway (Shen, 2007). Nodal signaling plays several conserved roles in during 

development, including establishing dorsal/ventral axis formation, left-right symmetry, 

and specification of endoderm/mesodermal cells, and neural development (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 

I and type II receptor (Hill, 2018; Shen, 2007). Type II receptor will phosphorylate and 

activate type I receptor which will then phosphorylate SMAD2 and SMAD3 (Hill, 2018; 

Figure 1.6 Simplified schematic of Nodal signaling pathway. Nodal is a type of 

transforming growth factor ɓ (TGFɓ) superfamily. Once the Nodal ligand binds to 

the receptor it will phosphorylate SMAD2/3 and go into the nucleus to activate 

target genes (Duboc and Lepage, 2008; Shen, 2007). Made with Biorender.com 

with the help from Carolyn Remsburg.  
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Shen, 2007). The SMAD2/SMAD3 complex 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 after the first wave of Notch signaling, Nodal expression becomes 

restricted to the ectoderm on the ventral (oral) side of the embryo to establish the 

dorsal/ventral axis where it will activate genes such as Gsc to define the ventral (oral) 

side of the embryo and Tbx2/3 to specify the dorsal (aboral) side of the embryo 

(Cavalieri and Spinelli, 2014; Duboc et al., 2010; Floc'hlay et al., 2021). It has been 

proposed that expression of Nodal expression is restricted by TGF-ɓ ligand Panda being 

restricted to the dorsal side of the embryo and will inhibit Nodal expression to the 

ventral side (Molina et al., 2018). Later Nodal signaling will then activate TF Not, which 

expands its expression from the ventral ectoderm into the endomesoderm to 

subsequently activate BC-specific TFs, which includes Ese and Scl, and inactivates Gcm 

on the ventral side of the embryo (Fig. 1.7) (Materna et al., 2013; Ohguro et al., 2011). 

This results in Gcm expression restricted to the dorsal of the embryo in presumptive PCs 

and at this point the BCs are now specified from the PCs (Bessodes et al., 2012; Croce 

and McClay, 2010; Duboc et al., 2010; Materna and Davidson, 2012; Materna et al., 

2013; Ohguro et al., 2011). During early mesenchyme blastula stage ~17 hpf before the 

specified skeletogenic cells ingress into the blastocoel, they will express Delta and 

continue to signal to Notch in the neighboring BCs and PCs, which sets up a feedback 

loop in the PCs to help further specify PCs to express genes such as Pks1 (Fig. 1.7) 

(Croce and McClay, 2010; Range et al., 2008).  

The second wave of Notch is initiated when the skeletogenic cells ingress into 

the blastocoel ~22 hpf to inhibit expression of Delta (Croce and McClay, 2010; Materna 
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et al., 2013; Ohguro et al., 2011). Right before skeletogenic cell ingression (17-22hpf) 

activated by Notch, the specified BCs and PCs will differentiate further by expression 

more cell specific TFs (Materna and Davidson, 2012; Range et al., 2008). Then once 

the skeletogenic cells ingress into the blastocoel, BCs/PCs will express Delta ligand that 

binds to Notch receptor expressed by the small micromeres to form the multipotent cells 

(Fig. 1. 7) (Li et al., 2013; Materna et al., 2013; Range et al., 2008).  

Fully differentiated PCs will be the first immune cell type to ingress into the 

blastocoel at the mesenchyme blastula stage (Ch Ho 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 healing (Buckley and 

Rast, 2017). BCs ingress after PCs and stay in the blastocoel close to the gut and 

multipotent stem cells to perform their immune function (Ch Ho et al., 2016; Ruffins 

and Ettensohn, 1996; Sherwood and McClay, 1999). Previously it has been examined 

that PCs divide at least twice after they ingress into the blastocoel, resulting in mitotic 

and non-mitotic mature PCs at the larval stage (Perillo et al., 2020). Four types of mature 

BCs have been characterized by their shape, including globular, filapodial, ovoid, and 

amoeboid (Ch Ho et al., 2016; Nair et al., 2005). Within the four types of BCs, 185/333 

has been used to detect mature differentiated filapodial cells and MacpfA2 can be used 

to detect globular cells (Ch Ho et al., 2016). 

In summary, BCs and PCs originate from the same progenitor cells and must 

make a binary cell fate decision to differentiate from one another (Croce 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., 2006). Initially, 

both BCs and PCs express Gcm (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, 2012). This interplay between Nodal and Notch signaling results 

in specified and differentiated PCs and BCs (Fig. 1.7).  
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Figure 1.7 The first wave of Notch and Nodal Signaling specify BCs from PCs. 

Mesodermal development is initiated by the activation of Pmar in the presumptive 

skeletogenic cells also called primary mesenchymal cells (PMCs). There is an early 

wave of Notch signaling that will initiate expression of the presumptive NSM and 

then a wave of Nodal signaling that will first set up dorsal/ventral axis formation and 

then activates Not to allow BCs to be specified from PCs. Lastly, before the 

skeletogenic cells ingress into the blastocoel, Delta will signal to Notch in the BCs 

and PCs to further activate genes important for differentiation before these cells 

ingress into the blastocoel to perform their immune functions (Duboc et al., 2010; 

Range et al., 2008; Revilla-i-Domingo et al., 2007). 
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Similarities between sea urchin immune cells and vertebrate cell types 

Drawing similarities between sea urchins 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 Echinodermata which branches 

off the phylogenetic tree from Chordata at ~530 million years ago (Buckley 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 for vertebrate 

immunity (Buckley and Rast, 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, 

respectively (Essandoh et al., 2016; Gasque and Jaffar-Bandjee, 2015; Hong et al., 2015; 

Kim et al., 2013; Mort et al., 2015; Prasad et al., 2019; Varol et al., 2015). Similarities 

exist between sea urchin BCs/PCs and the vertebrate 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 specification (Croce and McClay, 2010; Ransick and Davidson, 2006; 

Sherwood and McClay, 1999; Shyamala et al., 2015). BCs/PCs will receive Notch 

signaling before the onset of differentiation (Croce and McClay, 2010; Range et al., 

2008; Sherwood and McClay, 1999) and melanocytes 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., 2007). During 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 between epithelial cells in the ectoderm 

(Bhatt et al., 2013; Buckley and Rast, 2017; Mort et al., 2015).  BCs/PCs, melanocytes, 

and macrophages all resemble a similar cell shape, by exhibiting dendritic extensions 

protruding from their cell body (Buckley and Rast, 2017; Gasque and Jaffar-Bandjee, 

2015). Lastly, all of these cells respond to bacterial infection through the activation of 

interleukin and toll-like receptors (Buckley and Rast, 2017; Hari et al., 2010; Hibino et 

al., 2006; Pancer et al., 1999; Rauta et al., 2014; Yu et al., 2009). The sea urchin 

interleukin receptors expressed during the larval stage exhibit similar protein structures 

compared to vertebrates (Hibino et al., 2006; Rauta et al., 2014). Thus, the shape, 

migration pattern, and receptors of the sea urchin BCs/PCs are similar to melanocytes 

and macrophages. Therefore, I can potentially apply the knowledge I have from 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 function that 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 areas (Buckley and Rast, 2017; 

Hibino et al., 2006; Ho et al., 2017). Even with sea urchins being a relatively simple 

model, they embody a highly complex innate immunity that is homologous to vertebrate 

species (Buckley and Rast, 2017; Hibino et al., 2006; Ho et al., 2017).  

miR-124 has a conserved role during neurogenesis 

From vertebrates to invertebrates, miR-124 is expressed in neuronal tissues and 

plays an evolutionarily conserved function in regulating the balance between neuronal 

cell proliferation and differentiation (Chen et al., 2011; Makeyev et al., 2007; 

Rajasethupathy et al., 2009; Weng and Cohen, 2012). miR-124 regulates SRY-
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transcription factor , Polypyrimidine Tract-Binding Protein 1, Notch, and NeuroD1, to 

name a few; human miR-124-1 deletions have been shown to be associated with 

psychiatric disorders, and mice with miR-124-1 deficiency resulted in central nervous 

system abnormalities (Ambasudhan et al., 2011; Chen et al., 2011; Kozuka et al., 2019; 

Liu et al., 2011; Makeyev et al., 2007). Although the function of miR-124 has been 

examined previously (Liu et al., 2011; Weng and Cohen, 2012; Yu et al., 2008), a 

systematic and comprehensive understanding of miR-124'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 integrate post-transcriptional 

regulation of neurogenesis, because neurogenesis can be closely followed throughout 

development (Angerer et al., 2011; Garner et al., 2016). Additionally, the ability to test 

the impact of selectively blocking miR-124ôs suppression of its specific targets enables 

us to dissect miR-124ôs role in neuronal development (Remsburg et al., 2019). 

A more recent role of miR-124 has been observed during early development in 

Xenopus laevis embryos to inhibit NeuroD1 in the forebrain (Liu et al., 2011). miR-124 

was also observed in neural crest cells derived from rats to inhibit Notch in the 

subventricular zone (Jiao et al., 2017). Both NeuroD1 and Notch inhibit cell 

proliferation (Jiao et al., 2017; Liu et al., 2011), which means that miR-124 inhibition 

on NeuroD1 and Notch is subsequently promoting neuronal proliferation. A more 

conventional role of miR-124 is to promote differentiation of progenitor neurons by 

inhibiting PTBP1 and Sox9 (Lang and Shi, 2012). PTBP1 is an RNA binding protein 

that inhibits neuron-specific splicing transcripts, indicating that miR-124 indirectly 

regulates alternative splicing machinery, which provides another layer of post-

transcriptional control of gene expression by a miRNA (Lang and Shi, 2012). 



 21 

Interestingly, PTBP1 has also been observed to inhibit the production of pri-miR-124, 

suggesting a negative regulatory feedback loop between miR-124 and PTBP1 (Lang 

and Shi, 2012). Even though there has been extensive research on miR-124ôs role 

throughout neurogenesis, there has yet been a model that follows miR-124 function 

during specification, differentiation, and maturation within a single system but this is 

possible to do within the sea urchin.  

miR-124 potential role during mesodermal development 

Most of the research conducted on miR-124 has been in the context of 

neurogenesis, neural homeostasis, and cancer (Cai et al., 2018; Ghafouri-Fard et al., 

2021; Hou et al., 2015).  To date, relatively little is known about the regulatory role of 

miR-124 in early mesodermal specification in the embryo. Previously, it has been 

observed in Ciona (sea squirt) that miR-124 suppresses Macho1 (major TF that 

promotes muscle development) in the ectoderm to help ensure that only neuronal 

transcripts are expressed in the ectoderm (Chen et al., 2011). miR-124 has also been 

found to inhibit myogenic differentiation partially through targeting Dlx5 (TF that 

promotes osteoblast development) expression (Qadir et al., 2014). This provided us 

motivation to investigate the potential role of miR-124 in mesodermal cell specification.  

Known functions of miR-31 

The other miRNA I examined is miR-31. miR-31 is a highly conserved miRNA 

that has been mostly studied in the context of diverse types of cancers, including breast, 

ovarian, lung, colon, and melanoma (Inamura, 2017; Kim et al., 2015; Stepicheva and 

Song, 2016; Viré et al., 2014). miR-31ôs function in several types of cancers that is 

context dependent as it functions as either a tumor-suppressive or oncogenic functions, 

depending on the type of cancer (He et al., 2016; Inamura, 2017). 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 osteoporosis, muscle 

regeneration and many more diseases (He et al., 2016; King and Yin, 2016; Tang et al., 

2012; Viré et al., 2014).  

  Some research has been conducted on miR-31 during development. Inhibition 

of miR-31 in the sea urchin embryos resulted in a range of dose-dependent phenotypes, 

including the formation of extra cells and cell clumps in the blastocoel of the embryo, 

gut widening and overall reduction of the embryo size, as well as skeletogenesis defects 

(Sampilo et al., 2021; Stepicheva and Song, 2015). miR-31 is expressed ubiquitously 

during these later stages of development (blastula, gastrula, and larvae) (Stepicheva and 

Song, 2015). Currently there are no studies of miR-31 expression early in development 

during cleavage stage. Our data indicate that miR-31 has 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 miR-31 regulates mitosis in the early cleavage stage.  

Mitosis and the cell cycle during early cleavage stage  

Following DNA synthesis, the cell will undergo mitosis to divide into two 

identical daughter cells. Mitosis requires tight regulation to ensure proper segregation 

of the chromosomes (Fig. 1.8A) (Kumar et al., 2015; Mitchison, 1989). During early 

cleavage stage, the 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 synthesis (S) 

and mitosis (M) (Fig. 1.8B) (Vidwans and Su, 2001).  The first phase of mitosis is 

prophase, which is when the DNA condenses into chromosomes (Challa et al., 2019; 

Hixon and Gualberto, 2000). Next, the microtubules will bind to the kinetochore and 
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line up the chromosomes during metaphase (Toliĺ, 2018). After this the chromosomes 

will start to segregate during anaphase and during telophase, followed by cytokinesis 

during which the cell divides into two identical daughter cells (Afonso et al., 2014). 

Array of different cell types accomplishes mitosis in a relatively constant time frame of 

between 30-60 minutes, suggesting that there needs to be a tight regulation of mitosis 

to ensure a timely completion (Araujo et al., 2016). Prolonged mitosis has been shown 

to result in cell death, cell arrest, or DNA damage (Rieder and Palazzo, 1992; Lanni and 

Jacks, 1998; Quignon et al., 2007; Uetake and Sluder, 2010; Orth et al., 2012). 

Microtubules and actin are the two main cytoskeletal proteins that make up the mitotic 

spindle and they work together to help choreograph mitosis (Mitchison, 1989; Toliĺ, 

2018). 

 

Figure 1.8. The cell cycle is different depending on the stage of development. 

(A) Normal somatic cells will undergo the cell cycle containing a gap phases (G1), 

synthesis phase (S), another gap phases (G2), and mitosis (M). Mitosis consists of 

prophase, metaphase, anaphase, telophase, and cytokinesis. (B) During early 

cleavage stage, the embryo has short gap phases and instead cycles rapidly between 

mitosis (M) and synthesis (S). This requires a tight regulation of cytoskeletal 

dynamics to mediate proper chromosome segregation (Challa et al., 2019; Hixon 

and Gualberto, 2000; Kumar et al., 2015; Mitchison, 1989; Toliĺ, 2018). Made with 

Biorender.com with the help from Carolyn Remsburg.  

(B) (A) 



 24 

 

Subcellular localization of RNA and local translation 

Several types of transcripts have been observed to localize to mitotic spindles 

using biochemical assays (Blower et al., 2007; Sharp et al., 2011; Pascual et al., 2021). 

There are also some studies that have also visualized subcellular localization using 

microscopy ofa subset of RNAs at the mitotic spindle including, cyclin B1, Staufen, 

Xkid, TPX2, mos and PCNT, to name a few (Eliscovich et al., 2008; Hassine et al., 2020; 

Sepulveda et al., 2018). Previously 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 microtubules to synchronize the cells leads to inhibition of 

translation (Cheng and Brar, 2019; Stonyte et al., 2018; Tanenbaum et al., 2015). Using 

different methods such as double methionine block to synchronize cells, a ~35% 

reduction in translation had been observed (Coldwell et al., 2013; Stonyte et al., 2018; 

Tanenbaum et al., 2015).  Evidence of translational machinery at the mitotic spindlehas 

also been observed in the sea urchin embryo (Chassé et al., 2019; Eremenko and Volpe, 

1975; Waldron and Yajima, 2020) 

In general, the subcellular localization of RNA molecules to specific 

compartments has been observed to be important for different biological processes to 

spatiotemporally regulate gene expression (Engel et al., 2020; Mohr, 1999). Another 

example of a situation that requires tight regulation and rapid response is in the context 

of neurons (Holt et al., 2019; Mofatteh, 2020; Sertel et al., 2021). It has been speculated 

that since the axons of neurons can be as long as one meter, RNA 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 cell (Das 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 potential (Leal et al., 2014). In summary, transcripts and translational 

machinery at the mitotic spindle suggest that these transcripts may be translated during 

mitosis. Taken together, we propose that post-transcriptional regulation mediated by 

miRNAs may play a critical role during mitosis.  

Overall, my goal was to characterize miR-124ôs role throughout neurogenesis 

and reveal miR-124ôs novel function in mesodermal development. In addition, our work 

examines miR-31ôs potential role to mediate proper mitotic spindle formation that leads 

to faithful segregation of sister chromosomes. In Chapter 3, I will demonstrate miR-

124ôs conserved role in neurogenesis, and more importantly, miR-124 regulates 

several transcripts during specification, differentiation, and maturation of neurons 

using a single model organism. In Chapter 4, I will demonstrate that miR-124 has a 

novel role in regulating specification and differentiation of mesodermally derived 

immune cells. In Chapter 5, I will demonstrate miR-31ôs novel localization during 

different phases of mitosis and evaluate the impact of miR-31 on the cytoskeleton. 

Overall, I propose a comprehensive model of miR-124ôs multifaceted role during 

development and miR-31ôs regulatory role during mitosis.  
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MATERIALS AND METHODS  

Animals 

Adult Strongylocentrotus purpuratus was collected from the California coast 

(Pt. Loma Marine Invertebrate Lab, Marinus Scientific, LLC., or The Cultured Abalone 

Farm, Santa Barbara, CA). All animals and cultures were incubated at 15°C in neutral 

sea water.  

Micr oinjections 

Microinjections were performed as previously described with modifications  

(Stepicheva and Song, 2014).  Hsa-miR-124-3p Locked Nucleic Acid (LNA) power 

inhibitor and Hsa-miR-124-3p miRCURY LNA miRNA mimic (Qiagen, Germantown, 

MD) were resuspended with RNase-free water to 100ɛM. All sequences are listed in 

Table 2.1. Embryos were injected with the different concentrations (10ɛM, 15ɛM, and 

20ɛM) of miR-124 LNA inhibitor and collected at gastrula stage to phenotype for 

developmental defects. Based on the dose-response results, we used 15µM of the Hsa-

miR-124-3p LNA power inhibitor for subsequent experiments. The Hsa-miR-124-3p 

miRCURY LNA miRNA mimic (Qiagen, Germantown, MD) was used at 15µM with 

miR-124 inhibitor as well as the miRCURY LNA control miRNA mimic (Qiagen, 

Germantown, MD). The Hsa-miR-31-3p was also diluted in RNAse-free water to a 

100µM soliton and was injected at different concentrations including 10 µM, 25 µM, 

and 30 µM. We determined that 25 µM resulted in developmental delay and percentage 

of embryonic lethality so we used 25 µM for subsequent experiments. For the miR-31 

Chapter 2 
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inhibitor injected embryos we used miR-124 power inhibitor as a negative control since 

it is expressed at very low levels during early development (Song et al., 2012). For the 

miR-124 inhibitor experiments, we used FITC dextran as an injection control. Using 

FITC as control is testing for trauma induced by injections.   

To block miR-124ôs binding and regulation of NeuroD1, we designed a 

NeuroD1 morpholino-based target protector (TP) MASO against the miR-124 binding 

site within the coding sequence (CDS) of NeuroD1 (GeneTools, LLC, Philomath, OR) 

(Remsburg et al., 2019). NeuroD1 TP and control TP were resuspended to a 5 mM stock 

solution with RNAse-free water and diluted to 15ɛM, 30ɛM, and 300ɛM to perform 

microinjections. The negative control TP is against the human ɓ-globin gene. Zygotes 

were injected with different concentrations of TPs and were phenotyped for defects. 

Based on the dose-response results of NeuroD1 TP experiments where we observed that 

over 50% of embryos survived to the gastrula stage, we used 30µM of TPs for 

subsequent experiments. In addition, we designed two Control Notch TPs and two 

Control NeuroD1 TPs against different regions of the transcripts that did not contain the 

validated miR-124 binding sites. We injected Notch and/or NeuroD1 wild type 

luciferase construct with either of these three negative controls or Notch TP and 

NeuroD1 TP that specifically block the validated miR-124 binding sites. Translational 

blocking MASO against NeuroD1 (GeneTools, LLC, Philomath, OR) was resuspended 

to a 5 mM stock solution with RNAse-free water and diluted to 6 ɛM, 30 ɛM, and 150 

ɛM to perform loss-of-function studies. Based on the dose-response results, we used 30 

µM of the NeuroD1 MASO, which resulted in survival of ~50% of injected blastulae, 

30 µM of the NeuroD1 MASO was used for subsequent experiments (Sequences of TPs 

and LNAs are listed in Table 1).  
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Injection solutions contained 20% sterile glycerol, 2 mg/mL 10,000 MW Texas 

Red or FITC lysine charged dextran (ThermoFisher Scientific, Waltham, MA), and 

various concentrations of miR-124 inhibitor, miR-124 mimic, NeuroD1 translational 

blocking MASO, Notch TP, NeuroD1 TP, or Control TPs. Injections were performed 

using the Pneumatic PicoPump with a vacuum (World Precision Instruments; Sarasota, 

FL). A vertical needle puller PL-10 (Narishige International, USA, INC., Amityville, 

NY) was used to pull the injection needles (1 mm glass capillaries with filaments) 

(World Precision Instruments; Sarasota, FL). 

Real-time, quantitative polymerase chain reaction (qPCR) 

To assess the relative quantity of NeuroD1 transcripts throughout development, 

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

an RNA XS kit (Macherey-Nagel, Allentown, PA). For NeuroD1 MASO, miR-124 

MASOs and LNAs  Sequence 5ô to 3ô 

miR-124 inhibitor  GCATTCACCGCGTGCCTTA 

miR-124 mimic UAAGGCACGCGGUGAAUGCC 

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 

Table 2.1 List of the sequences of the TPs and LNAs  
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inhibitor, and NeuroD1 morpholino-based target protector (TP)-injected embryos 

(Remsburg et al., 2019; Staton and Giraldez, 2011), 100 embryos were collected, and 

RNA extracted. cDNA was synthesized using the iScript cDNA Synthesis Kit (Bio-Rad, 

Philadelphia, PA). qPCR was performed using two embryo-equivalents for each 

reaction using Power SYBR Green PCR Master Mix (Invitrogen, Waltham, MA) in the 

Quantstudio6 Real-time PCR machine (Applied Biosystems, Waltham, MA) as 

previously described (Stepicheva and Song, 2015). Primers were designed using the 

Primer3 program (Table 2.2) (Rozen and Skaletsky, 2000) (Primer3).  

Primers for 

qPCR  

Forward (5' to 3')  Reverse (5' to 3') 

Ubiquitin  CACAGGCCAAGACCATCA

CAC 

GAGAGAGTGCGACCATCC

TC 

Wnt6 AGACATCTGCCTCCGTGAA

C 

ATGATGCCTCAGCTGGAAC

T 

Foxq2 TCTCTCCCTCAACGAGTGC

T 

TCTTCAAGGTTAGCGGGAT

G 

SoxB2 GAAGGAGCATCCCGACTA

CA 

GAATACAGGGGATCGGGA

AT 

SoxB1 TGTGAACGTCATGGCAAGT

T 

GGGGTTGCTGTTGTTCTTG

T 

Brn1/2/4 GCTAACAGGCCAATCTCTG

G 

CATTGAAGACGCAATCCAT

TT 

NeuroD1 CGGACTGAATGATGCACTT

G 

TTCTTTGCGAGGCGTAGAG

T 

SoxC GTACGTCGAGGAGGCAGA

GA 

TGGCTTAGTGGTAGGCTTG

G 

FGFA CTTGGGAGAGAGGGAAAA

GG 

GTGTCGTGAATGACAGAC

GTG 

Synaptotagmi

n B (SynB) 

CCCAGTTCCAACTTCCTG AGTGAAGAAGAGATCGGC

CA 

Elav TGATGAGGACAGCAAGAC

CA 

TGACCAGTTTGCAGGATTC

A 

Delta ACGGAGCTACATGCCTGAA

C 

TCACAATGGACCGAATCA

GA 

Table 2.2 List of primers used for quantitative polymerase chain reaction 
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Notch ACGGAGCCAAGCCTAAGA

A 

TCGTCACAGGCAACGAAT

AA 

Onecut (Hnf6) CAAGAACCCGAGTTCCAG

AG 

TCTTGATGTGGCTGTTCTG

C 

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

Hybridization (WMISH)  

The steps performed for fluorescence RNA in situ hybridization (FISH) are 

described previously with modifications (Sethi, Angerer, & Angerer, 2014). All 

sequences are listed in Table 2.1. The Hsa-miR-124-3p miRCURY LNA detection 

probe (GGCATTCACCGCGTGCCTTA) and Hsa-miR-31-3P detection probe 

(TGCTATGCCAACATATTGCCAT) (Qiagen, Germantown, MD) were used to 

visualize sea urchin miR-124 and miR-31, respectively (at 0.5 ng/µL). The probes were 

incubated with embryos in hybridization buffer for five days at 50°C. The miR-31 probe 

was designed to have DIG conjugated to the 5ô and 3ô end, whereas miR-124 has one 

DIG. The scrambled-miR miRCURY LNA detection probe was used as a negative 

control (GTGTAACACGTCTATACGCCCA) (Qiagen, Germantown, MD, cat# 

YD00699004) at the same concentration as either the miR-124 or miR-31 probe.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 31 

 

 

Gen

es 

Forward (5' to 3')  Reverse (5' to 3') 

  

Enzy

mes  

Polym

erase  

SoxB

1 

ACGAACCGGAGTTGAAG ATTTAGGTGACACTATAGCAGC

CTGTTGCATAGCATGT 

BamH

I 
T7 

Foxq

2 

GATTTAGGTGACACTAT

AGTTGAAAACCT 

ATTTAGGTGACACTATAGTGCAT

CGCTGGTGGTAGTAG 

BamH

I 
T7 

Onec

ut  

GTTTGGAGGCATGTTGG

AGT 

ATTTAGGTGACACTATAGTTTGA

GATCCGGCCATACAC 

XbaI Sp6 

SoxC GTTCCTCAGAAGAGCTT

CGC 

ATTTAGGTGACACTATAGGTCG

ACATGGACGATTGCT 

SacI T7 

Brn1/

2/4 

ATCAGAAATTGGGCAAC

GAG 

ATTTAGGTGACACTATAGTGAAT

CAGCGCTTTGCATAC 

BamH

I 
T7 

Elav GCTAACAGGCCAATCTC

TGG 

ATTTAGGTGACACTATAGAGCTC

GTCATGGGATTGAAC 

ApaI Sp6 

Delta TGGATGCGACTTTTGTA

TGC 

ATTTAGGTGACACTATAGTGTCA

AGCCTTCTGTGGATG 

SacI T7 

Gcm GGCGGCTACGTCATCGG

GTG 

GATTTAGGTGACACTATAGGTC

GCGTCGGTCGTGCAGA 

EcoRI Sp6 

Pks1 GCGTCGAGTTCATGAGA

ACA 

ATTTAGGTGACTAGGCAGCAGA

GTCCTTGGT 

NotI SP6 

Ese CCATCATGCACACCATC

AAT 

ATTTAGGTGACACTATAGATAG

GTCATCTGCGGGTTGT 

SacI T7 

Scl CCCATGCTGTCGCTTAA

ACT 

ATTTAGGTGACAGTGTCACCGG

AACAGAGGTT 

ApaI Sp6 

Not GTGCTACCCAATCCTTG

GAA 

CACTATAGGAAGCATGGCAGTG

GCAGAGGAAAAG 

XbaI Sp6 

Macp

fA2 

CCTCGATACCTGGGGAA

CTC 

ATTTAGGTGACATGAAACAGTC

ATCCCGTCCA 

XbaI  Sp6 

Tbx2/

3 

CTAGTGTTGAATTCGCC

GCA 

ATTTAGGTGACAGGCAACTGTC

ACCGTACTTG 

BamH

I 
T7 

Gsc TCCAGTTATGCCGA

GAAGCT 

ATTTAGGTGACATCCACTT

CGATCGCTCATCA 

SacI T7 

Table 2.3 List of primers of genes cloned for in situ hybridization  



 32 

 

 

 

To generate RNA probes against protein-coding transcripts, we used PCR to 

amplify SoxB1, Foxq2, Onecut (Hnf6), SoxC, Brn1/2/4, Elav, Delta, Gcm, Pks1, Ese, 

Scl and MacpfA2 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 

Table 2.3 (SpBase - Strongylocentrotus purpuratus: the Sea Urchin Genome Database). 

Other probes including FoxA, Krl , Lefty, and BMP2/4, and Vasa were previously cloned 

(N. Stepicheva, Nigam, Siddam, Peng, & Song, 2015). 185/333 is a gene that can be 

used to recognize a filopodial type of blastocoelar cells (Ch Ho et al., 2016) and was 

synthesized and treated with restriction enzyme EcoRI; the RNA probe was synthesized 

with using DIG labeling kit using Sp6 RNA polymerase (Twist Biosciences, South San 

Francisco, CA). 

 For double FISH, we incubated Onecut (fluorescein-labeled) with miR-124 

(DIG-labeled) together. The scrambled miRCURY LNA detection probe was used as a 

negative control with miR-31 FISH. The scrambled miRCURY LNA detection probe 

was used as a negative control with miR-124 and miR-31 FISH. For the miR-31 double 

FISH, we used DNP-labeled probes including, Fascin, Rab35, Gelsolin. The negative 

control for the fluorescein-labeled probe was from the negative control, pSPT18-Neo 

plasmid included in the RNA DIG labeling kit (MilliporeSigma, St. Louis, MO), using 

the fluorescein RNA labeling mix (MilliporeSigma, St. Louis, MO) or using the DNP 

RNA labeling mix (MilliporeSigma, St. Louis, MO). All probes were added at 0.5 

ng/µL. We incubated embryos with the anti-fluorescein-HRP antibody first overnight 

at 1:250 concentration at RT and labeled them with fluorescein-tyramide using tyramide 

signal amplification (TSA) for a 6-minute exposure (Akoya Bioscience, Marlborough, 
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MA). Then, the reaction was quenched with 3% hydrogen peroxide in MOPS buffer for 

1 h at RT. Subsequently, the embryos were incubated with DIG antibody at 1:1,000 

concentration overnight at 4°C and labeled them with Cy5.5 tyramide using TSA for 6 

minutes as well (Akoya Biosciences, Marlborough, MA). For the double FISH with 

DNP and DIG, we incubated embryos with the anti-DIG-HRP antibody first overnight 

at 1:1,000 concentration at 4°C and labeled them with fluorescein-tyramide using TSA. 

Then we quenched the reaction with 3% hydrogen peroxide in MOPS buffer for 1 h at 

RT. Then we incubated embryos with DNP antibody at 1:250 concentration in blocking 

(MOPs buffer with 5% sheep serum) overnight 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 1:1,000 anti-digoxigenin 

(DIG)-POD antibody overnight at 4°C and amplified with Tyramide Amplification 

working solution and exposed with fluorescein (1:150 dilution of TSA stock with 1x 

Plus Amplification Diluent-fluorescein) (Akoya Biosciences, Marlborough, MA). For 

FISH all the probes were added at 0.5 ng/µL. All FISH embryos were mounted in MOPS 

buffer and NucBlue (Thermo Fisher Scientific, Waltham, MA). Images 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 of Z-stack images were acquired with 

Zen software and processed with Adobe Photoshop and Adobe Illustrator (Adobe, San 

Jose, CA). 

The steps performed for colorimetric WMISH are as previously described 

(Arenas-Mena, Cameron, & Davidson, 2000; Minokawa, Rast, Arenas-Mena, Franco, 

& Davidson, 2004). Negative controls were transcribed off plasmid pSPT18-Neo or 
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pSPT19-Neo provided in the DIG RNA Labeling kit (MilliporeSigma, St. Louis, MO). 

All probes were added at 0.5 ng/µL. Embryos were incubated at 1:1500 anti-

digoxigenin-alkaline phosphatase antibody overnight at RT. Embryos were imaged 

using the Observer Z.1 microscope (Carl Zeiss Incorporation, White Plains, NY) (Zeiss 

Axio Observer). The Z-stack slice at the equatorial plane was taken and processed with 

Adobe Photoshop and Adobe Illustrator (Adobe, San Jose, CA). 

Immunolabeling procedures 

To assess inhibitor-induced phenotypes, we used antibodies against various cell 

types. We used Endo1 to detect mid- and hindgut (Wessel and McClay, 1985), E7 

(Developmental Studies Hybridoma Bank (DSHB), Lot#2/13/20-54 µg/mL) 

(Schneider, 2012) to detect beta-tubulin during mitosis and tubulin in cilia, 1E11 

(DSHB, Lot #3/26/14-30 µg/mL) and SynB (from Dr. Gary Wessel, Brown University) 

to detect sea urchin SynB-expressing neurons (Burke et al., 2006b; Leguia et al., 2006; 

Yaguchi et al., 2012; Yaguchi et al., 2011), serotonin (MilliporeSigma, St. Louis, MO 

cat# S5545) (Buznikov et al., 2005; Squires et al., 2010), NeuroD1 (ABclonal, 

Woodburn, MA cat# A1147), 1D5 (McClay D. R., 1983) to detect PMCs, and Sp1 

(DSHB, Lot #3/9/12-32 µg/mL) (Gibson and Burke, 1985) to detect pigment cells. 

Embryos were fixed in 4% paraformaldehyde (PFA) (20% stock; EMS, Hatfield, PA) 

in artificial sea water overnight at 4°C. Three 15-min Phosphate Buffered Saline-

Tween-20 0.05% (PBST) (10X PBS; Bio-Rad, Hercules, CA) washes were performed. 

Embryos were blocked with 4% sheep serum (MilliporeSigma, St. Louis, MO) for 1 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 incubated with the antibody for two 
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nights at 4°C in blocking buffer (5% Bovine serum albumin (MilliporeSigma, St. Louis, 

MO) in PBST-0.1% Triton X-100). For SynB antibody, we fixed embryos with 3.7% 

formaldehyde in filtered natural sea water (FSW) for 20 min at RT and 1 min post fix 

with ice-cold methanol and washed with PBST-0.1% Triton X-100 and incubated 

overnight. Primary antibody incubation was performed with Endo1, 1E11, SynB, 

serotonin, NeuroD1, 1D5, and Sp1 at 1:50, 1:2, 1:200, 1:500, 1:250, 1:50, and 1:200, 

respectively. Corresponding negative controls were set up the same way without the 

primary antibody. Embryos were washed three times for 15 min with PBST followed 

by incubation with secondary antibodies goat anti-mouse (for Endo1, 1E11, E7, 1D5, 

Sp1) and goat anti-rabbit (SynB, Serotonin, NeuroD1) Alexa 488 or Alexa 647 at 1:300 

for 1 hour at room temperature (Thermo Fisher Scientific, Waltham, MA). For ɓ-tubulin 

immunolabeling, control embryos were injected with a non-fixable FITC and the miR-

124 inhibitor-injected embryos were injected with fixable Texas Red. Control and miR-

124 inhibitor-injected 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 to Alexa 488 (Thermo Fisher Scientific, Waltham, 

MA) was resuspended in 100% methanol to make 200 U/ml stocks and then lyophilized 

and resuspended in PBST-0.1% Triton-X-100 to make a final concentration of 10 U/ml, 

which was added to the embryos. Larval stage embryos were fixed in 4% PFA in 1XPBS 

for 5 min on ice and then placed at RT for 15 min. They were post-fixed in 100% acetone 

for 10 min on ice and washed with PBST-0.1% Triton-X-100, followed by incubation 

with Phalloidin for 1 h at RT and three washes with PBST and then 1XPBS. For early 

cleavage stage embryos, we followed a fixation and washing protocol with some 
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modifications (Kita et al., 2019). The embryos were fixed using the ñsuperfixò buffer 

(100 mM KCl, 3 mM MgCl, 10 mM HEPES, 150 mM sucrose, pH 7.4) with 1 mL 37% 

formaldehyde, 1 mL DMSO, 200 µL 100 mM ethylene glycol-bis(ɓ-aminoethylether)-

N,N,Nô,Nô-tetraacetic acid (EGTA), 10 µL 50% glutaraldehyde (Thermo Fisher 

Scientific, Waltham, MA), 1 µL 2 mM Taxol (MilliporeSigma, St. Louis, MO). The 

embryos were fixed for 20 minutes at room temperature and then washed twice with 

1XPBS and 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 at room temperature for 2 hours. 

Then we counterstained the embryos with DAPI (NucBlue; Thermo Fisher Scientific, 

Waltham, MA) and imaged them.  

All immunolabeled embryos were imaged using a Zeiss LSM 880 scanning 

confocal microscope (Carl Zeiss Incorporation, White Plains, NY). All immunolabeled 

embryos were mounted using DAPI in PBST buffer (NucBlue; Thermo Fisher 

Scientific, Waltham, MA). The maximum intensity projections of Z-stack images were 

acquired with Zen software (Carl Zeiss Incorporation, White Plains, NY) and processed 

with Adobe Photoshop and Adobe Illustrator (Adobe, San Jose, CA). 

The 1D5 immunolabeled embryos were imaged using an Observer Z.1 

microscope (Zeiss, White Plains, NY). All immunolabeled embryos were mounted 

using DAPI in PBST buffer (NucBlue; Thermo Fisher Scientific, Waltham, MA). The 

maximum intensity projections of Z-stack 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 of NeuroD1 and Nodal and 3ôUTR of Notch were cloned using sea 

urchin cDNA into Zeroblunt vector (Table 3.4) (Thermo Fisher Scientific, Waltham, 

MA). Plasmids containing potential cloned DNA inserts were subjected to DNA 

sequencing (Genewiz Services, South Plainfield, NJ). NeuroD1 CDS, Nodal CDS and 

Notch 3ôUTR were subcloned downstream of the Renilla luciferase (RLUC) as 

described previously (Stepicheva et al., 2015). miR-124 seed sequence (5ǋ-GTGCCTT-

3ǋ) was deleted from the NeuroD1 CDS and Nodal CDS, by using the QuikChange 

Lightning Kit (Agilent Technologies, San Jose, CA). The miR-124 binding sites within 

the 3ôUTR of Notch were mutagenized at the third and fifth binding sites (Staton and 

Giraldez, 2011). The sequence of the mutagenesis primers used is listed in Table 3.4. 

Clones were sequenced to check for the deleted or mutated miR-124 binding site 

(Genewiz Services, South Plainfield, NJ). RLUC reporter constructs primers, restriction 

enzymes, and RNA polymerases used are listed in Table 2.3. Firefly construct (FF) was 

linearized using SpeI and in vitro transcribed with SP6 RNA polymerase (Stepicheva et 

al., 2015). Transcripts were purified using the RNA Nucleospin Clean-up kit 

(Macherey-Nagel, Bethlehem, PA). FF and reporter RLUC constructs were co-injected 

at 50 ng/µL. 50 embryos at the mesenchyme blastula stage (24 hpf) were collected in 

25 µL of 1X Promega passive lysis buffer and vortexed at room temperature and then 

frozen overnight at -80°C. Dual-luciferase assays were performed using the PromegaÊ 

Dual-LuciferaseÊ Reporter (DLRÊ) Assay Systems with the PromegaÊ GloMaxÊ 

20/20 Luminometry System (Promega, Madison, WI). The rest of the assay was 

performed as previously described (Stepicheva et al., 2015).  
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Quantification 

To image miR-124 FISH, 1E11/SynB, serotonin and tubulin, we 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 of 1.2 and was imaging 

using a bit depth of 16. Of note the gain used for each channel was the same for the 

control compared to the experimental. To measure the levels of miR-124, 1E11, 

serotonin, and tubulin (RNA and protein) in each embryo, we took maximum intensity 

projections of confocal images and exported them into ImageJ as TIFF files (Schneider, 

2012). Each Z-stack was taken using 1µm 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 embryo) subtracted. The background was an area on the 

Primers for 

cloning and 

mutagenesis  

Forward (5ô to 3ô) Reverse (5ô to 3ô) 

NeuroD1 CDS CTCGAGCAAGTACAGTCC

AGCCGACA 

GCGGCCGCCCGCGGTATA

AATCTTGTCC 

NeruoD1 Seed 

1 deletion  

GCACTGCTTGGCTGTACG

GTGACGTCTG 

CAGACGTCACCGTACAGC

CAAGCAGTGC 

Notch 3ôUTR AAGCTTAAAACAAACAAA

CATGCTTATTG 

GCGGCCGCGACTTTCCAG

GGGCATTTCT 

Notch Seed 1 

mutation  

ACCTTAATCCCTCGAGAA

CAATGCGCAATTTGATAA

TTTACACATAAAAGTTTC  

GAAACTTTTATGTGTAAAT

TATCAAATTGCGCATTGTT

CTCGAGGGATTAAGGT 

Notch Seed 2 

mutation  

TACAAGGTATATTGGCAG

TGAATGCGCGTTTGAAAG

TTTTCAGTTTGC 

GCAAACTGAAAACTTTCA

AACGCGCATTCACTGCCA

ATATACCTTGTA 

Nodal CDS CTCGAGATGCATCGTTCAT

CGGATCTC 

ATGCATCGTTCATCGGATC

TC 

Nodal Seed 1 

deletion  

TTGTTTTTTGTCACATCAG

TGATTTTGCTCCATTCCTA

CATGAG 

CTCATGTAGGAATGGAGC

AAAATCACTGATGTGACA

AAAAACAA  

Table 2.4 List of primers for cloning constructs into RLUC and for mutagenesis  
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image that was not the embryo. For tubulin, we measured the whole embryo and 

subtracted the background from it. For miR-124 levels, that average fluorescent 

intensity was calculated by measuring the area of the embryo of interest and subtracting 

the average fluorescent background. All the embryos were measured in the same 

orientation for consistency. Colorimetric and Differential Interference Contrast (DIC) 

images are single slices of confocal images. Unless stated otherwise, SEM is graphed, 

and Student t-test was used as statistical analyses for all experiments.  

To measure gut contraction, we mounted the embryos on protamine sulfate 

(MilliporeSigma, St. Louis, MO) coverslips in FSW. The sides of the coverslip were 

sealed with melted petroleum jelly. Each embryo was recorded for four minutes taking 

one image every second using Observer Z.1 microscope (Carl Zeiss Incorporation, 

White Plains, NY) 40X air lens with a numerical aperture of 0.85, the images were 

obtained using Axiocam 305 color (Carl Zeiss Incorporation, White Plains, NY) in DIC 

using 12 bit and the number of contractions were counted. The 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 embryos during gut contractions 

are depicted in the figures.  

To track swimming movement, we used Observer Z.1 microscope Carl Zeiss 

Incorporation, White Plains, NY) 20X air lens with a numerical aperture 0.8 and an 

image was taken every second for one minute. The camera we used was Axiocam 305 

color (Carl Zeiss Incorporation, White Plains, NY), images were taken in DIC. We 

exported the image from Zen to ImageJ as a JPEG since we were not measuring any 

fluorescence. Once in ImageJ we used the manual tracking plugin to obtain velocity 

(Schneider, 2012). We set the time interval at 60 sec and the x/y calibration at 0.645 
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µm. Each movie was imaged for 60 seconds and 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 movie. To compose the movies, we used ImageJ 

(Schneider, 2012), we used four frames per second, consisting of a total of 60 frames 

for a 15-second video. Still frame images of embryos during gut contractions are 

depicted in the figures. 

To assess the beating of the cilia, Polybead® we used Observer Z.1 microscope 

(Carl Zeiss Incorporation, White Plains, NY) 20X air lens with a numerical aperture 0.8 

and an image was taken every second for two minutes. The camera we used was 

Axiocam 305 color (Carl Zeiss Incorporation, White Plains, NY), images were taken in 

DIC. The polybead dyed blue 1µm microspheres were used (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 water. Prior to its use, the 

beads were sonicated in a water bath for 20 min. We mounted the control and 

experimentally treated embryos with diluted polybeads. We exported the image from 

Zen to ImageJ as a JPEG since we were not measuring any fluorescence. To quantify 

the ciliary beating flow videos, we drew a rectangle 15µm x 60µm positioned 15µm 

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 

background flow, embryos were deciliated with 2X concentrated sea water for 5 

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 deciliated 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 blastocoelar cells we used Observer Z.1 microscope 

(Carl Zeiss Incorporation, White Plains, NY) 20X air lens with a numerical aperture 0.8 

and Z-stacks were taken in 1µm 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 

experimental. The camera we used was Axiocam 305 color (Carl Zeiss Incorporation, 

White Plains, NY). To count the cells, we went through the Z-stack and made sure that 

the green fluorescence was within a region containing DAPI to indicate the nucleus. We 

also check with DIC images to observe 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 FISH. To count pigment cells in brightfield we counted 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 counting the number of pigment cells correctly.  

Western blot 

 To test if the NeuroD1 antibody developed against the human antigen would 

cross-react with the sea urchin NeuroD1, we first cloned the sea urchin NeuroD1 into 

an expression vector pNOTAT (Nagahara et al., 1998) using forward primer: 5ô 

GGATCCATGGGCCCCACCCTACATGA 3ô and reverse primer: 5ô 

CTCGAGTTAACCGCGGTATAAATCTTGTC 3ô. Forward primer contains a BamHI 

restriction site (underlined), and the reverse primer contains XhoI 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 Plainfield, NJ). NeuroD1-pNOTAT 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 with the sea urchin NeuroD1 with or without 1 

mM IPTG induction were run on a 12% SDS-PAGE gel made by following instructions 

from the manufacturer (BioRad, Philadelphia, PA). The protein gel was transferred to 

the PVDF membrane (BioRad, Philadelphia, PA) using a wet 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, Tween-20 0.05%) (Fisher Chemical, Hampton, NH) for 1 hour at room 

temperature.  

For the sea urchin lysate, we collected embryos at different developmental 

stages. The embryos were lysed using a Tris- based buffer containing Tris 75 mM, pH 

7.8, NaCl 150 mM (Fisher Chemical, Hampton, NH), and 1x protease inhibitor 

(Promega, Madison, WI). Total protein was measured using Bradford protein assay and 

obtaining the absorbance using biophotometer (Eppendorf, Enfield, CT). 5 µg of total 

protein from each developmental stage was loaded in each well of the SDS-PAGE 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 BioRad 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 Fisher Scientific, 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 µL of 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 (PBST- 0.1% Triton in 4% sheep serum) and incubated with the PVDF 

containing the blocking buffer or the sea urchin NeuroD1 for two nights at 4°C. 

NeuroD1 antibody pre-adsorbed with bacterial lysate with or without sea urchin 

NeuroD1 was used in immunolabeling experiments. Embryos were washed with PBST 

and exposed with goat anti-rabbit 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, 2007).  Injected embryos were fixed in 4% PFA, 

100 mM HEPES in FSW for 15 minutes at room temperature and then a 10-minute 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 hour with Tunel 

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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mounted 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 of Z-stack 

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

and processed with Adobe Photoshop and Adobe Illustrator (Adobe, San Jose, CA). 

Drug treatments 

Nodal inhibitor (SB431542) (Selleckchem, Huston, TX) was diluted from its 

original stock at 10 mM to 1 µM in DMSO (Thermo Fisher Scientific, Waltham, MA). 

After the embryos were injected with control or miR-124 inhibitor, the embryos were 

treated with DMSO or the Nodal inhibitor at 9hpf, when Nodal signaling is predicted to 

be activated (Materna et al., 2013). 

Physiological embryos were subjected to either Nocodozole (80µM), Hexylene 

glycol (3%), Taxol (50µM) or DMSO at the equivalent concentrations in neural sea 

water at 12°C right after fertilization and were cultured to the two-cell stage to be fixed 

with FISH fixative. We then followed the embryos with FISH as described earlier. All 

the drugs were obtained from MilliporeSigma, St. Louis, MO). 

MiRNA qPCR  

500 embryos were collected at various time points (egg, 2-cell, 32-cell, 12 hpf, 

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). qPCR was 

preformed using cbr-miR-124a miRCURY LNA miRNA PCR Assay and SPU-miR-

200-3p miRCURY LNA miRNA PCR Assay (Qiagen Hilden, Germany). 10 µL total 

volume with a concentration of 10 ng/µL of each of the developmental stages. miR-124 
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levels were normalized to the miR-200 which is relatively constant throughout 

development (Song et al., 2012a). miR-124 levels were then normalized to the egg using 

the ȹȹCt method previously described (Stepicheva et al., 2015). 
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MICRORNA -124 REGULATES NOTCH AND NEUROD1 TO MEDIATE 

TRANSITION STATES OF NEURONAL DEVELOPMENT  

 

Introduction  

Although the function of miR-124 has been examined previously (Liu et al., 

2011; Weng and Cohen, 2012; Yu et al., 2008), a systematic and comprehensive 

understanding of miR-124ôs role in neuronal specification, differentiation, and 

maturation in a developing embryo is still lacking. The sea urchin embryo serves as a 

powerful model to integrate post-transcriptional regulation of neurogenesis, because 

neurogenesis can be closely followed throughout development (Angerer et al., 2011; 

Garner et al., 2016). With a single sea urchin miR-124, compared to the three different 

copies in the mouse, the sea urchin embryo is a tractable model to examine its function 

(Kozuka et al., 2019; Song et al., 2012). Additionally, the ability to test the impact of 

selectively blocking miR-124ôs suppression of its specific targets enables us to dissect 

miR-124ôs role in neuronal development (Remsburg et al., 2019). 

The purple sea urchin has one of the most comprehensive 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 a well-known 

transcription factor involved in vertebrate neurogenesis (Puligilla et al., 2010; Tutukova 

et al., 2021). Out of all the conserved proteins, none of the family members of NeuroD 

Chapter 3 
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have been incorporated into the sea urchin neuronal gene regulatory network (GRN). 

NeuroD (NeuroD1, NeuroD2, and NeuroD6) TFs are members of the neuronal lineage 

basic helix-loop-helix family that regulate the transition from neuronal differentiation 

to maturation in vertebrate/invertebrate systems (Amador-Arjona et al., 2015; Aquino-

Nunez et al., 2020; Cho and Tsai, 2004; Huang et al., 2011; Liu et al., 2011; Masoudi 

et al., 2018; Matsuda et al., 2019; Pataskar et al., 2016). It also has an additional function 

in the pancreas, where it regulates ɓ cell glucose homeostasis. NeuroD1, specifically, is 

expressed early in mammalian embryos to regulate neuronal development, suggesting 

that it is a good candidate to be incorporated into the sea urchin neuronal GRN (Matsuda 

et al., 2019; Pataskar et al., 2016; Tutukova et al., 2021). We aim to make a more 

comprehensive GRN by incorporating the function of NeuroD1 into the network.  

In the sea urchin embryo, NeuroD1 transcript is expressed in the ectoderm on 

the anterior end of the embryo as well as some expression in the gastrula gut (48 hpf) 

(Perillo et al., 2018). It has been previously proposed that the sea urchin larval gut 

contains pancreatic endocrine cells that may have co-opted some neuronal regulatory 

factors from an ancestral neuron (Perillo et al., 2018). During the larval stage (72 hpf), 

NeuroD1 co-expresses with TFs in the ciliary band, such as neuronal differentiation 

factor, Brn1/2/4, and TFs with a pancreatic-like signature, such as Neurogenin and Islet 

(Perillo et al., 2018). In addition, it has been observed in mouse that NeuroD1 protein 

is localized in the intestine (Andrali et al., 2007; Li et al., 2019). 

Results indicate that perturbation of the sea urchin NeuroD1 leads to expression 

changes of SoxC, Delta, Brn1/2/4, and Elav. With this updated network, our goal is to 

discover miR-124ôs post-transcriptional regulation within the neuronal GRN. First, we 

examined how miR-124 post-transcriptionally regulates development at the whole 
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embryo level, with the focus on neural development. We dissected miR-124ôs 

regulatory role during neurogenesis, by using neuronal progenitor markers to follow the 

specification (Foxq2), differentiation (SoxC, Brn1/2/4, NeuroD1), maturation of 

neurons (Elav), and functional neurons (SynB) to examine the impact of miR-124ôs 

regulatory role at each of these stages. Results indicate that inhibition of miR-124 results 

in an increased number of cells expressing TFs associated with progenitor neurons, such 

as FoxQ2, SoxC, and Brn1/2/4, and a concomitant decrease of serotonin-expressing 

neurons and SynB-positive functional neurons. Then, we used bioinformatics and 

reporter constructs and identified that miR-124 directly suppresses Notch and NeuroD1. 

We examined the impact of blocking miR-124ôs suppression of NeuroD1 and found this 

regulation to be important for differentiation of neurons. Furthermore, we found that 

miR-124ôs suppression of Notch and NeuroD1 phenocopies miR-124 inhibitor-induced 

defects, indicating that miR-124 fine-tunes these factors to control neuronal 

development. Overall, we integrate NeuroD1 into the sea urchin neuronal GRN and 

systematically define miR-124ôs regulatory role throughout neurogenesis by identifying 

its regulatory role within the neuronal GRN.  

This chapter focuses on a deeper understanding of miR-124ôs role throughout 

neurogenesis from specification to differentiation, maturation, and functionality. 

Additionally, we have also incorporated NeuroD1ôs function into the sea urchin GRN 

as well as identifying a human NeuroD1 antibody that cross reacts with sea urchin 

NeuroD1. The work presented on miR-124 regulation of Notch and NeuroD1 and the 

function of NeuroD1 during sea urchin development has been accepted in 

Developmental Neurobiology (Konrad and Song, 2022b). The work presented on the 
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human NeuroD1 antibody to cross-react with sea urchin NeuroD1 has been accepted 

in Micropublications (Konrad and Song, 2022a).  

Results 

NeuroD1 localizes to the presumptive ganglia and gut of the sea urchin larvae 

We first aimed to identify a NeuroD1 antibody that cross-reacts with the sea 

urchin NeuroD1 by revealing its protein localization within the sea urchin embryo. The 

NeuroD1 polyclonal antibody used for this study was developed against 197 amino acid 

sequence of the human NeuroD1 (total of 356 amino acids). This portion of the antigen 

Figure 3.1 Simplified model of sea urchin neural GRN. Sea urchin zygotes 

initiate specification of neurogenesis through wnt signaling and later Notch 

signaling will differentiate neuronal progenitors. Lastly, neuronal cells will 

expression the SNARE protein SynB to perform synaptic activity. The simplified 

GRN is made up of a compile of work (McClay et al., 2018; Slota et al., 2019a; 

Slota et al., 2019b). There are two embryos for each development stage. For each 

developmental timepoint the embryos on the left are to show the regions of the 

embryos that will become three different neural centers. Made with Biorender.com 

with the help from Carolyn Remsburg. 
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excludes the DNA binding domain since itôs a domain shared by all NeuroD family 

members (Berger et al., 2006; Grove et al., 2009; Reuter et al., 2022). We 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 (Fig. 3.2; DNA binding domain in 

yellow) (Letunic and Bork, 2018; Letunic et al., 2021). Alignment of the human 

Figure 3.2 NeuroD1 is conserved between human and sea urchin. Using Clustal 

Omega (Clustal Omega, RRID:SCR_001591), we aligned the protein sequences 

from the sea urchin and human NeuroD1. Using National Center for Biotechnology 

Information protein alignment, we determined that there was a 33.7% identity 

between human and sea urchin NeuroD1 protein sequence and an 85.1% identity 

within the DNA binding domain. SMART was used to identify DNA binding domain 

which is highlighted in yellow. The area in which the NeuroD1 antibody recognizes 

is in green with an identity of 31.4% (Letunic & Bork, 2018; Letunic, Khedkar, & 

Bork, 2021).  
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NeuroD1 antigenic sequence to that of the sea urchin NeuroD1 indicates a 31.4% 

identity (62 amino acids out of 197 amino acids aligned) (Fig. 3.2 highlighted in green).   

We observed that the human NeuroD1 antibody was able to recognize the sea 

urchin NeuroD1 recombinant protein (Fig. 3.3A). The human NeuroD1 antibody 

recognizes a ~40-45kDa protein in sea urchin lysates from different developmental 

stages (Fig. 3.3B). This is close to the predicted size of the sea urchin NeuroD1 at 42kDa 

(Stothard, 2000). In addition, we observed that the strongest expression of NeuroD1 was 

during the larval stage (72 hpf) (Fig. 3.3B). The ~40-45kDa 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 lysates (Andrali et al., 

2007; Coordinators, 2013; Gao et al., 2011; Kitazono et al., 2020).  

Figure 3.3 Human NeuroD1 antibody recognizes sea urchin NeuroD1 on 

western blot. (A) Western blot analysis of NeuroD1 is depicted. Bacteria 

transformed with vector alone or NeuroD1 expression vector were cultured with or 

without IPTG. These bacterial lysates were collected and ran on an SDS-PAGE gel. 

Human NeuroD1 recognizes the sea urchin NeuroD1 recombinant protein, with the 

expected size of ~40-45kDa. (B) Western blot analysis of NeuroD1 indicates that 

NeuroD1 is expressed in various developmental stages of the sea urchin embryo. 5 

dpf = 5 days post-fertilization. Arrow points to expected size of ~42kDa for 

NeuroD1.  

(A) (B) 



 52 

 

Using this 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 (Fig. 3.4). Based on prior 

immunolabeling with Synaptotagmin B (SynB), which is part of the SNARE family 

mediating synaptic release of neurotransmitters, NeuroD1 seems to be expressed where 

SynB is localized. However, without co-immunolabel NeuroD1 with a neurofilament 

antibody, we cannot conclude that these are 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 et al., 2018; Gu et al., 2010; Puligilla et al., 2010). In 

the pancreatic beta-cell 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 homeostasis in the kidneys (Andrali 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 pancreatic-like TF similar to the vertebrate 

NeuroD1 (Fig. 3.4A-B).  

To determine the specificity of the NeuroD1 antibody, we performed a pre-

adsorption assay. Pre-adsorption of the human NeuroD1 antibody with or without 

bacterial lysate expressing the sea urchin NeuroD1 recombinant protein was used in 

immunolabeling experiments (Fig. 3.4C). We observed that pre-adsorbed NeuroD1 

antibody failed to detect the presumptive ganglia and neurofilamentous structures in sea 

urchin larvae, compared to the non-pre-adsorbed NeuroD1 antibody (Fig. 3.4C). These 
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data indicates that the human NeuroD1 antibody specifically recognizes sea urchin 

structures expressing NeuroD1.  

To further test the specificity of the antibody, we performed loss-of-function 

studies of NeuroD1 with a translation-blocking morpholino (NeuroD1 MASO) (Fig. 

Figure 3.4 NeuroD1 immunolabeling reveals similar structures that has been 

previously observed in vertebrates. (A) Schematic of the different views of a sea 

urchin larva. (B) Sea urchin larvae were immunolabeled with NeuroD1 (green) and 

counterstained with DAPI to visualize DNA (blue). NeuroD1 is localized to 

presumptive ganglia (indicated by white arrows), neurofilaments (indicated by red 

arrows), and perinuclearly in cells of the gut. Five biological replicates. AO=apical 

organ. (C) The specificity of the NeuroD1 antibody is tested with pre-adsorption 

assay. Larvae were immunolabeled with pre-adsorbed or non-pre-adsorbed NeuroD1 

antibody (green) and counterstained with DAPI (blue). (D) Embryos injected with 

NeuroD1 MASO had less NeuroD1 protein (green) compared to embryos injected 

with the control MASO, indicating antibody specificity and efficacy of the 

knockdown. Perinuclear localization of NeuroD1 in the gut (indicated by yellow 

arrows), presumptive ganglia (indicated by white arrows), neurofilaments (indicated 

by red arrows). All scale bars correspond to 50 µm. 3 biological replicates for all the 

experiments unless specified otherwise. Maximum intensity projection of Z-stack 

confocal images is presented. 

 

(A) (B) 

(C) (D) 
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3.4D). Zygotes were microinjected with control MASO or NeuroD1 MASO and 

incubated to the larval stage. Results indicate that NeuroD1 protein was reduced in 

NeuroD1 MASO-injected embryos compared to the control MASO-injected embryos. 

Specifically, we did not observe the neurofilament structures in the ciliary band 

(indicated by red arrows), the ganglia structures (indicated by white arrows), and the 

perinuclear localization of NeuroD1 in the larval gut (indicated by yellow arrows) in the 

NeuroD1 MASO-injected embryos (Fig. 3.4D), indicating the efficacy of NeuroD1 

knockdown and specificity of the NeuroD1 antibody.  

NeuroD1 influences SoxC, Delta, Brn1/2/4, and Elav transcript  levels 

 NeuroD1 has been shown to play an evolutionarily conserved role in 

neurogenesis by promoting neuronal differentiation, as well as in reprogramming 

differentiated non-neuronal cells into neurons (Morrow, Furukawa, Lee, & Cepko, 

1999; Tutukova et al., 2021). We bioinformatically identified NeuroD1 transcript to 

contain one miR-124 binding site. Prior to examining miR-124ôs post-transcriptional 

regulation of neurogenesis, we first examined the function of NeuroD1. We determined 

that the expression of NeuroD1 is low in early developing embryos and peaks at 

gastrulation, followed by decreased expression during the larval stage (Fig. 3.5A).  

To test the function of NeuroD1, we performed loss-of-function studies of 

NeuroD1 with a translation-blocking morpholino (NeuroD1 MASO). To determine the 

role of NeuroD1 during neurogenesis, we assayed transcript levels of genes that encode 

key TFs and signaling components of the neuronal GRN in NeuroD1 MASO and control 

MASO-injected embryos in gastrula and larval stages, at the time when NeuroD1 is 

expressed. We observed that during the gastrula stage, the expression of Delta was 

increased 2-fold (Fig. 3.5B). During the larval stage, the expression levels of SoxC, 
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Delta, Brn1/2/4, and Elav were decreased at least 2-fold (Fig. 3.5B). To further 

understand NeuroD1ôs regulation of Delta, we examined the temporal expression of 

Delta in control and NeuroD1 MASO-injected embryos. We observed that NeuroD1 

MASO-injected gastrulae have more Delta-expressing cells, whereas NeuroD1 MASO-

injected larvae have less Delta-expressing cells (Appendix B1). Thus, the Delta FISH 

data recapitulated the qPCR data, with the assumption that each cell expresses a similar 

number of Delta transcripts (Figs. 3.5 and Appendix B1).  

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

Physiological embryos were collected (Egg (0 hpf), morula (14 hpf), blastula (24 

hpf), gastrula (48 hpf), larval (72 hpf), and five days post fertilization (120 hpf). 

Three biological replicates. (B) Control MASO or NeuroD1 MASO-injected 

embryos were collected for qPCR at gastrula and larval stages. Transcripts of genes 

that encode factors involved in neuronal development are examined. Four biological 

replicates. Purple=neuron-restricted progenitor gene marker, blue=post-mitotic 

neuronal gene marker, grey=mature neuronal gene marker, yellow=mature and 

functional neuronal gene marker, white=ciliary band gene marker. These graphs are 

in log scale of 2. (C) Control MASO or NeuroD1 MASO-injected larvae were 

immunolabeled with SynB (green) and counterstained with DAPI. Three biological 

replicates.  

(A) (B) 

(C) 
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We also examined the mature neuronal network with the sea urchin SynB 

antibody, which recognizes mature, functional neurons (Burke et al., 2006; Leguia et 

al., 2006). NeuroD1 inhibition resulted in a significant decrease in SynB-expressing 

neurons along the ciliary band and the mouth (Fig. 3.5C).  

miR-124 is enriched in the ciliary  band where neurons reside 

With NeuroD1 integrated into the neuronal GRN, we then investigated the 

expression pattern of miR-124 throughout development. Results indicate that miR-124 

is not detectable until the morula stage (Fig. 3.6A). In the blastula and gastrula stages, 

miR-124 is expressed ubiquitously. Later in the larval stage, miR-124 is enriched within 

the ciliary band on the lip region (Fig. 3.6A). Specifically, miR-124 is expressed in basal 

epithelial cells, similar to where SynB-positive neurons are localized, juxtaposed to cells 

that express Onecut (Fig. 3.6B) (Burke, Moller, Krupke, & Taylor, 2014). 
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Inhi bition  of miR-124 leads to endodermal and mesodermal developmental 

defects 

To test the loss-of-function of miR-124, we microinjected miR-124 inhibitor 

into zygotes. Embryos injected with the miR-124 inhibitor have a significant reduction 

(A) 

(B) 

Figure 3.6 miR-124 is enriched in ciliary band. (A) Embryos were hybridized with 

miR-124 probe or a scrambled control probe (green) using FISH. Three biological 

replicates. (B) Double FISH was performed with DIG-labeled miR-124 probe (green) 

and fluorescein-labeled Onecut (magenta) and counterstained with DAPI to visualize 

DNA (blue). miR-124 is expressed in basal side of epithelial cells (white arrow), 

where neurons reside, juxtaposed to epithelial cells that express Onecut expression 

on the apical side (yellow arrow). Two biological replicates.  
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of miR-124 levels, compared to injected control embryos, indicating the effectiveness 

of the inhibitor (Fig. 3.7A). We observed a dose-dependent severity of miR-124 

inhibitor-induced phenotypes, ranging from a developmental delay, endodermally-

derived gut morphological defects, or delayed formation of mesodermally-derived 

coelomic pouches (with Vasa-expressing cells in the archenteron, Appendix B2A), 

clusters of cells in the blastocoel of gastrulae, and combinations of these defects (Fig. 

3.7B). Of note is that coelomic pouches with Vasa-expressing cells are present at the 

larval stage (72 hpf), indicating that miR-124 depletion induced a transient delay in their 

formation (Appendix B2B).  

 

 

Figure 3.7 Inhibition of miR -124 leads to endodermal and mesodermal 

developmental defects. (A) miR-124 inhibitor or control were injected into zygotes 

and cultured to blastulae (24 hpf), followed by miR-124 FISH (green). Embryos 

were counterstained with DAPI (blue). Average fluorescence intensity was 

calculated. Student t-test was used. Three biological replicates. (B) Developmental 

defects in miR-124 inhibitor-injected embryos are indicated by the white arrows. 

Cochran-Mantel-Haenszel statistical test was used. Four biological replicates. For 

all the graphs, C=Control, Inh=miR-124 inhibitor-injected embryos, N= total 

number of embryos, SEM is graphed.  

(A) 

(B) 
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Inhibition  of miR-124 results in defects in gut contractions and cardiac sphincter 

One of the morphological changes we observed in miR-124 inhibitor-injected 

gastrulae is that they had a wider gut compared to the control (Fig. 3.7B). miR-124 

inhibitor-injected gastrulae had delayed expression of Endo1, which is expressed 

specifically in the midgut and hindgut, and recovered by the larval stage (Fig. 3.8) 

(Wessel & McClay, 1985). These gastrula gut defects were rescued with a co-injection 

of the miR-124 inhibitor and a miR-124 mimic, indicating that these defects are 

specifically induced by the miR-124 inhibitor at the gastrula stage. In addition, we found 

Figure 3.8 miR-124 inhibition leads to gut defects. (A) miR-124 inhibitor-injected 

gastrulae were collected at 48 hpf and immunolabeled with Endo1 (green) and 

counterstained with DAPI (blue). Control N=12, miR-124 inhibitor-injected 

embryos N=10, and miR-124 inhibitor+miR-124 mimic N=7. White arrows point to 

the width of the midgut. (B) Larvae were immunolabeled with Endo1 and 

counterstained with DAPI. N=10 for both control and inhibitor. White arrows 

delineate the width of the cardiac sphincter. Three biological replicates for all 

experiments. For all the images, FG=Foregut, MG=Midgut, and HG=Hindgut.  

(A) (B) 
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that miR-124 inhibition results in decreased gut contractions compared to the control 

larvae (Fig. 3.9A).  

To elucidate potential mechanisms of the gut defects, we examined the 

expression of FoxA and Krl , which are TFs important for endodermal specification 

(Oliveri, Walton, Davidson, & McClay, 2006; Yamazaki et al., 2008). Results indicate 

that the expression of FoxA and Krl  does not change significantly, Appendix B3). In 

addition, we found that differences in gut contractions are not likely due to filamentous 

actin structures of the circumpharyngeal muscles as overall the filaments appeared to be 

organized (Fig. 3.9B). However, miR-124 inhibitor-injected larvae have a significantly 

wider cardiac sphincter compared to the control (Fig. 3.9B). Thus, defects in gut 

Figure 3.9 miR-124 inhibition leads to gut and sphincter defects. (A) Gut 

contractions were counted from living larvae. (B) Phalloidin stain (green) indicated 

that miR-124 inhibitor-injected larvae had a wider cardiac sphincter. White arrows 

delineate the width of the cardiac sphincter. Three biological replicates for all 

experiments. For all the images, FG=Foregut, MG=Midgut, and HG=Hindgut.  

(A) 

(B) 
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contractions of miR-124 inhibitor-injected larvae may be partially due to cardiac 

sphincter defects and/or neuronal network of the gut. The mechanism of miR-124 

inhibitor-induced gut defects still needs to be elucidated. 

miR-124 regulates larval  swimming 

Sea urchin larval swimming is driven by the beating of the cilia in cells of the 

ciliary band and is regulated by several neurotransmitters, including serotonin, 

dopamine, and ɔ-aminobutyric acid (Devlin, 2001; Squires et al., 2010; Yoshihiro, 

Keiko, Chieko, Akemi, & Baba, 1992). We observed a significant decrease in the 

swimming velocity (distance/time) in the miR-124 inhibitor-injected larvae compared 

to the control (Fig. 3.10A). The swimming defect in miR-124 inhibitor-injected larvae 

was rescued with a miR-124 mimic co-injection, indicating that this swimming defect 

is specifically induced by miR-124 inhibition (Fig. 3.10A). Of note is that although the 

larvae have not fully  developed their pre- and post-oral arms in both control and miR-

124 inhibitor-injected larvae, the control larvae still swam with significantly higher 

velocity than the miR-124 perturbed larvae. 
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We further assessed the effectiveness of ciliary beating by counting the number 

of polybeads propelled by the larval cilia in the anterior region of the control or miR-

124 inhibitor-injected larvae. Results indicate that miR-124 inhibitor-injected larvae are 

Figure 3.10 miR-124 inhibition results in decreased larval swimming velocity. 

(A) miR-124 inhibitor-injected embryos exhibited a significant decrease in 

swimming velocity. These defects were rescued with a co-injection of miR-124 

inhibitor and miR-124 mimic. Three biological replicates. (B) Embryos were imaged 

live to assess cilia beating for 120 sec with polybeads. Three biological replicates. 

(C) Control and miR-124 inhibitor-injected embryos were immunolabeled with 

tubulin antibody (green) and counterstained with DAPI (blue). Three biological 

replicates. (D) miR-124 inhibitor-injected larvae exhibited a decrease in Onecut 

(green) expression and counterstained with DAPI. Four biological replicates. 

Control=51 and miR-124 inhibitor=52. For all the graphs, C=Control, Inh=miR-124 

inhibitor-injected embryos, N= total number of embryos.  

(A) (B) 

(C) 

(D) 
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less effective at ciliary beating (Fig. 3.10B). Using tubulin immunolabeling, we did not 

observe differences in the morphology of the cilia between the miR-124 inhibitor-

injected and the control larvae. However, a significant increase in tubulin levels was 

consistently observed in the miR-124 inhibitor-injected larvae compared to the control 

(Fig. 3.10C). We also observed that the expression of Onecut was dramatically 

decreased in miR-124 inhibitor-injected larvae (Fig. 3.10D).  

Inhibition  of miR-124 leads to decreased mature neurons 

Serotonin has been found to mediate sea urchin gut contractions and larval swimming 

(Wada, Mogami, & Baba, 1997; Junko Yaguchi & Yaguchi, 2021). Since we observed 

gut contraction and swimming defects, we examined serotonin. Results indicate that 

while the number of serotonergic neurons stayed the same in miR-124 inhibitor-injected 

larvae compared to the control, the overall level of serotonin in the miR-124 inhibitor-

injected larvae was significantly decreased and serotonergic neurons had fewer 

dendritic spines (Fig. 3.11A).  Additionally, miR-124 inhibition resulted in a significant 

decrease in SynB-expressing neurons along the ciliary band and the mouth (Fig. 3.11B). 

This decrease in mature neurons was rescued with a co-injection of miR-124 inhibitor 
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with a miR-124 mimic, indicating that the observed neuronal defects are specifically 

induced by the miR-124 inhibitor.  

miR-124 modulates neuronal GRN to regulate specification, differentiation,  and 

maturation of neurons 

 To systematically examine the function of miR-124 on the specification, 

differentiation, and maturation of neurons, we tested the spatial, temporal, and/or levels 

of expression of neuronal GRN components in control and miR-124 inhibitor-injected 

embryos. Wnt6 and FGFA transcripts were 2-fold decreased in miR-124 inhibitor-

Figure 3.11 miR-124 regulates neurogenesis.  (A) Oral view of serotonin-

containing neurons (magenta) with a close-up view (shown by the inset delineated 

by the white dashed lines) and counterstained with DAPI (blue). The arrows indicate 

dendritic spines. (B) miR-124 inhibitor-injected larvae were immunolabeled with 

sea urchin neuronal antibody 1E11 that detects SynB-expressing neurons (green) 

and counterstained with DAPI. Co-injection of miR-124 inhibitor with miR-124 

mimic resulted in a rescue of SynB-expressing neurons. Three biological replicates 

for all experiments. C=Control. Inh=miR-124 inhibitor-injected embryos. N=total 

number of embryos.  

(A) 

(B) 
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injected embryos compared to the control (Fig. 3.12A). SoxB1 is a TF at the top of the 

neuronal GRN hierarchy, regulating all three domains of the nervous system (Lynne M. 

Angerer, Newman, & Angerer, 2005). miR-124 inhibitor-injected blastulae had no 

change in SoxB1 expression compared to the control (Figs. 3.12A-B). Downstream of 

SoxB1 is Foxq2, which is important for early establishment of the neuronal apical 

domain and serotonergic neuron development (Lynne M. Angerer et al., 2005). A 

significant expansion of Foxq2 expression was observed in the miR-124 inhibitor-

injected embryos compared to the control (Fig. 3.12C), while the level of Foxq2 

transcripts did not significantly change (Fig. 3.12A). The expansion of Foxq2 

expression is a result of the increased number of Foxq2-expressing cells in the miR-124 

inhibitor-injected embryos. On average, the Foxq2-expressing cells in the miR-124 

inhibitor-injected embryos have less intensity of fluorescence compared to the Foxq2-

expressing cells of the control (Fig. 3.12C). This result suggests that while the number 

of Foxq2-expressing cells are increased in miR-124 inhibitor-injected embryos, each of 

the cell potentially expresses less Foxq2 transcript, since the overall level of Foxq2 is 

decreased in miR-124 inhibitor-injected embryos compared to the control (Fig. 3.12C). 

Downstream of Foxq2 is SoxC, which is important for the development of neurons in 

the apical domain and expressed in the endomesoderm (Burke et al., 2014; L. A. Slota, 

Miranda, & McClay, 2019). The miR-124 inhibitor-injected larvae had a significant 

increase in SoxC expression in the endomesoderm region compared to the control at the 

blastula stage but did not change in the apical domain, suggesting that miR-124 may 

have an additional function in the endomesoderm (Fig. 3.12D) (Perillo et al., 2018; Z. 

Wei et al., 2011). Overall, the level of SoxC in the blastula was not significantly altered 

by miR-124 perturbation (Fig. 3.12D). Later, the SoxC-positive neuronal progenitor 



 66 

cells also express Brn1/2/4 (Garner et al., 2016). miR-124 inhibitor-injected gastrulae 

(B) (A) 

(C) (D) 

Figure 3.12 miR-124 regulates neurogenesis early in development.  (A) Neuronal 

transcripts were assessed in control and miR-124 inhibitor-injected blastulae. 

Green=neural stem cell gene marker, purple=neuron-restricted progenitor gene 

marker, blue=post-mitotic neuronal gene marker. (B) SoxB1 expression domains at 

the blastula stage were examined. (C) To examine the change in Foxq2 expression, 

we used FISH. We observed an expanded expression domain in miR-124 inhibitor-

injected embryos compared to the control. The number of Foxq2-expressing cells 

and the fluorescent intensity were measured in the control compared to the miR-124 

inhibitor-injected embryos. (D) SoxC expression domains at the blastula stage were 

examined. EM=Endomesoderm. AD=Apical domain. Blastula schematic indicates 

AD and EM expression in wildtype (left) and miR-124 inhibitor-injected embryo 

(right) of the red line. Three biological replicates for all experiments. C=Control. 

Inh=miR-124 inhibitor-injected embryos. N=total number of embryos.  
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have an increased number of SoxC and Brn1/2/4-expressing cells (Fig. 3.13). Once the 

neuronal SoxC-positive progenitors undergo their last mitotic division, the two daughter 

cells contain varying levels of Delta and Notch proteins (Garner et al., 2016; Mellott et 

al., 2017). The differentiated neurons become Delta and Brn1/2/4-positive while the 

other daughter cell containing more Notch will  become apoptotic (Burke et al., 2014). 

We did not observe any change in the number of Delta-expressing cells at the gastrula 

stage (Fig. 3.13). However, miR-124 inhibition resulted in an increase of SoxC and 

Brn1/2/4-positive cells in the gastrulae that persisted to the larvae, indicating that miR-

124 has a broad impact on several TFs regulating the neuronal differentiation process 

(Figs. 3.12-3.13). We further tested the number of Elav-expressing cells to examine 

neuronal maturation (Garner et al., 2016). We observed that the number of Elav-

expressing cells is significantly fewer in the miR-124 inhibitor-injected larvae 

Figure 3.13 miR-124 regulates neurogenesis during the gastrula stage. Neuronal 

transcripts (green) in control and miR-124 inhibitor-injected gastrulae were assessed 

with RNA probes using FISH and counterstained with DAPI. Three biological 

replicates for all experiments. C=Control. Inh=miR-124 inhibitor-injected embryos. 

N=total number of embryos.  
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compared to the control (Fig. 3.14). Overall, these results indicate that miR-124 

inhibition led to an increased number of cells expressing neuronal specification and 

differentiation factors and a concomitant decrease of mature and functional neurons. 

miR-124 directly  suppresses components of neuronal GRN 

To determine the molecular mechanism of miR-124ôs regulation of neurogenesis 

and larval behavior, we bioinformatically identified two miR-124 binding sites (or seed 

sequences) within the 3ô UTR of Notch and one miR-124 binding site within the coding 

Figure 3.14 miR-124 regulates neurogenesis during the larval stage. Neuronal 

transcripts (green) in control and miR-124 inhibitor-injected larvae were assessed 

with RNA probes using FISH and counterstained with DAPI. C=Control. Inh=miR-

124 inhibitor-injected embryos. N=total number of embryos.  
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sequence of NeuroD1. We cloned Notch and NeuroD1 downstream of Renilla 

Luciferase (RLUC) reporter construct. Site-directed mutagenesis was used to disrupt 

miR-124 binding at predicted sites within Notch and NeuroD1. The dual-luciferase 

assay results indicate that miR-124 directly suppresses the first binding site of Notch 

and NeuroD1 (Fig. 3.15A).  

To determine the impact of removing miR-124ôs suppression of NeuroD1 and/or 

Notch, we injected a morpholino-based target protector (TP) (Remsburg et al., 2019; 

Staton & Giraldez, 2011) that is complementary to the validated miR-124 binding site 

and flanking sequences within NeuroD1 and/or Notch. We also designed control TPs 

that do not bind to the miR-124 binding site but in another region of either Notch or 

NeuroD1 transcript. Of note is that all the designed TPs were blasted against the sea 

urchin genome and are homologous only to the sites we designed against. To determine 

the specificity of our Notch TP and NeuroD1 TP, we injected either Notch or NeuroD1 

wild type RLUC reporter construct with or without the Notch or NeuroD1 TPs (against 

miR-124 binding site), as well as the negative control against human ɓ-globin, control 

Notch TPs or control NeuroD1 TPs. We determined that embryos injected with Notch 

or NeuroD1 TPs against the miR-124 sites, have a significantly higher luciferase readout 

compared to all control TPs. Embryos injected with Notch or NeuroD1 wild type RLUC 

reporter constructs with the Control Notch or NeuroD1 TPs that bind Notch or NeuroD1 

transcripts (but not miR-124 binding site) have a similar basal luciferase signal as the 
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negative control ɓ-globin control TP-injected embryos. (Appendix B4A). These results 

Figure 3.15 miR-124 directly suppresses NeuroD1 to regulate gut contractions 

and swimming. (A) Dual-luciferase assays indicated that miR-124 directly 

suppresses Notch at binding site seed 1 (S1) and NeuroD1 seed. Each biological 

replicate contained 25 embryos. (B) Blocking miR-124ôs suppression of NeuroD1 

using NeuroD1 TP resulted in decreased but not significant gut contractions. 

Representative images of gut contractions are depicted. FG=foregut, MG=midgut, 

HG=hindgut. (C) Larvae were imaged live to obtain the swimming velocity. (D) 

Embryos were imaged live for cilia beating. (E) NeuroD1 TP-injected larvae 

exhibited an increase in tubulin (green). Larvae were counterstained with DAPI 

(blue). Three biological replicates for all experiments. CTP=Control Target 

Protector, NTP=NeuroD1 Target Protector, N= total number of embryos.  

(A) (B) 

(C) (D) 

(D) 
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indicate that our Notch and NeuroD1 TPs are specifically blocking the validated miR-

124 binding sites.  

Removing miR-124ôs direct suppression of NeuroD1 results in gut contraction 

and swimming defects 

Since the regulatory role of the Notch signaling pathway and miR-124ôs 

regulation of Notch on neuronal development have been examined previously (Chen et 

al., 2011; Mellott et al., 2017), we focus here on examining miR-124ôs regulation of 

NeuroD1. This NeuroD1 TP prevents the endogenous miR-124 from binding to the 

NeuroD1 to mediate post-transcriptional repression. Removing miR-124 suppression of 

NeuroD1 resulted in a trend of decreased gut contractions (Fig. 3.15B). Zygotes injected 

with exogenous NeuroD1 transcripts to mimic the effect of blocking miR-124ôs 

suppression of NeuroD1 resulted in a significant decrease in gut contractions, indicating 

that NeuroD1 overexpression (OE) is sufficient to result in aberrant gut contractions 

(Appendix B5A).  

Results indicate that NeuroD1 TP-injected larvae displayed similar swimming 

defects as miR-124 inhibitor-injected larvae and NeuroD1 OE larvae (Figs. 3.12A, 

3.15C, Appendix B5B). NeuroD1 TP-injected larvae also exhibit decreased efficacy in 

cilia beating, as assayed by the larvaeôs ability to propel beads (Fig. 3.15D). Removal 

of miR-124ôs suppression of NeuroD1 results in a slight increase in tubulin, similar to 

what we observed in miR-124 inhibitor-injected larvae (Fig. 3.10D).  

Blocking miR-124ôs suppression of NeuroD1 results in fewer functional neurons 

and more Elav-expressing cells 

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

have a significant decrease in the overall level of serotonin, while the number of 
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serotonin-expressing cells stays the same (Fig. 3.16A). A decrease in serotonin levels 

Figure 3.16 miR-124ôs direct regulation of NeuroD1 is important for 

neurogenesis. (A) Oral view of serotonergic neurons (magenta) with a close-up view 

(shown by the inset delineated by the white dashed lines) and counterstained with 

DAPI (blue). (B) NeuroD1 TP-injected larvae were immunolabeled with sea urchin 

neural antibody 1E11 (green) and counterstained with DAPI. (C) Relative levels of 

neuronal transcripts in control or NeuroD1 TP-injected blastulae were measured with 

qPCR. Green=neural stem cell gene marker, purple=neuron-restricted progenitor 

gene marker, blue=post-mitotic neuronal gene marker. (D) Foxq2 expression 

domains were similar in control and NeuroD1 TP-injected blastulae. (E) Neuronal 

transcripts (green) in control and NeuroD1 TP-injected gastrula embryos were 

assessed using FISH and counterstained with DAPI. (F) Neuronal transcripts (green) 

in control and NeuroD1 TP-injected larval embryos were assessed using FISH and 

counterstained with DAPI. Three biological replicates for all experiments. 

CTP=Control Target Protector, NTP=NeuroD1 Target Protector, N=total number of 

embryos.  

(A) 

(B) 

(C) 
(D) 
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was also observed in NeuroD1 OE larvae (Appendix B5C). In addition, blocking miR-

124ôs suppression of NeuroD1 results in a significant decrease in SynB-expressing 

neurons along the ciliary band and the mouth (Fig. 3.16B). This change in SynB-positive 

neurons was also observed in the NeuroD1 OE larvae (Appendix B5D). 

To further reveal the impact of miR-124ôs suppression of NeuroD1, we 

systematically examined the spatial expression of factors of the neuronal GRN. All  of 

the major neuronal factors in NeuroD1 TP-injected blastulae have increased trend of 

expression, with Wnt6 greater than 2-fold increase, compared to the control (Fig. 

3.16C). The spatial expression of Foxq2 is similar between NeuroD1 TP or control TP-

injected blastulae (Fig. 3.16D).  

NeuroD1 TP-injected gastrulae exhibits no change in the number of SoxC and 

Delta-expressing cells and consistently have one additional Brn1/2/4-expressing cell 

Figure 3.17 miR-124ôs direct regulation of NeuroD1 is important for 

neurogenesis the gastrula stage. Neuronal transcripts (green) in control and 

NeuroD1 TP-injected gastrula embryos were assessed using FISH and 

counterstained with DAPI. Three biological replicates for all experiments. 

CTP=Control Target Protector, NTP=NeuroD1 Target Protector, N=total number of 

embryos.  
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compared to the control (Fig. 3.17). However, NeuroD1 TP-injected larvae have a 

significant increase in the numbers of SoxC, Brn1/2/4, and Elav-expressing cells 

compared to the control (Fig. 3.18).  

 

 

Figure 3.18 miR-124ôs direct regulation of NeuroD1 is important for 

neurogenesis during the larval stage. Neuronal transcripts (green) in control and 

NeuroD1 TP-injected larval embryos were assessed using FISH and counterstained 

with DAPI. Three biological replicates for all experiments. CTP=Control Target 

Protector, NTP=NeuroD1 Target Protector, N=total number of embryos.  
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miR-124 regulates Notch and NeuroD1 in the neuronal GRN 

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

we injected either Notch or NeuroD1 wild type RLUC reporter constructs with or 

without the miR-124 inhibitor (Appendix B4B). We observed that miR-124 inhibitor-

injected embryos had a significant increase in translated RLUC compared to the control, 

indicating that the miR-124 inhibitor is effective in specifically suppressing Notch and 

NeuroD1 RLUC translation (Appendix B4B). The increased number of Elav-expressing 

cells in NeuroD1 TP-injected larvae contrasts with the decreased number of Elav-

expressing cells in miR-124 inhibitor-injected embryos (Figs. 3.14, 3.17B). To resolve 

this difference, we co-injected NeuroD1 TP with Notch TP to test the effects of 

Figure 3.19 Removal of miR-124ôs inhibition of Notch and/or NeuroD1 result in 

decreased mature neurons and increased apoptosis. (A) Control TP or NeuroD1 

TP and Notch TP were injected into zygotes and assessed for the number of Elav-

expressing cells in the larvae. Co-injection of NeuroD1 and Notch TPs recapitulated 

miR-124 inhibition in reducing mature neurons (Elav-expression). (B) To assess 

changes in apoptotic cells, we injected control TP or Notch TP into zygotes. We used 

TUNEL assay to assess cells undergoing apoptosis (green) and counterstained 

embryos with DAPI (blue). Notch TP-injected embryos undergo significantly 

increased apoptosis compared to the control. Three biological replicates for all 

experiments. N=total number of embryos. CTP=Control Target Protector, 

NTP=Noth Target Protector. 

(A) 

(B) 

(A) 

(B) 
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removing miR-124ôs suppression of both transcripts and assayed for changes in the 

number of Elav-expressing cells. Results indicate that co-injection of NeuroD1 TP and 

Notch TP recapitulates the decrease in Elav-expressing cells observed in miR-124 

inhibitor-injected embryos (Figs. 3.14, 3.19A). To test the hypothesis that removal of 

miR-124 suppression of Notch results in fewer Elav-positive cells as a result of 

increased Notch that induces apoptosis of neural progenitor cells, we examined the 

number of apoptotic cells in control TP or Notch TP-injected larvae at 52 hpf when the 

neural progenitor cells undergo their last mitotic asymmetric division (Garner et al., 

2016; Mellott et al., 2017). We observed that Notch TP-injected embryos have a 

significant number of apoptotic cells compared to the control TP embryos (Fig. 3.19B). 

Discussion 

We integrated NeuroD1 into the neuronal GRN and identified that its 

perturbation correlates with transcript level changes of SoxC, Delta, Brn1/2/4, and Elav 

(Fig. 3.5B). With a more complete neuronal GRN, we systematically examined the post-

transcriptional regulation mediated by miR-124. We discovered that miR-124 regulates 

gut contractions, swimming behavior, and neuronal development. The molecular 

mechanism of miR-124ôs regulation of neurogenesis is in part through its suppression 

of Notch, which mediates differentiation of progenitor neurons (Garner et al., 2016; 

Mellott et al., 2017). miR-124 also suppresses NeuroD1, which we find to be important 

in mediating the transition between differentiation and maturation of neurons. Overall, 

this study contributes to our understanding of miR-124ôs prolific regulatory role in 

neuronal specification, differentiation, and maturation. 

Previously, it has been observed that NeuroD1 is expressed in the larval ciliary 

band and gut (Perillo et al., 2018). In vertebrates, in addition to its function in 
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neurogenesis, NeuroD1ôs loss-of-function results in severe diabetes, revealing 

NeuroD1ôs additional function in the pancreas (Kamath et al., 2005). Interestingly, cells 

with a pancreatic-like signature are localized within the sea urchin embryonic gut and 

express similar TFs as neurons during development. Additional TFs that belong to this 

category include SoxC and Brn1/2/4, which are expressed in the apical domain, ciliary 

band, and the larval gut (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 have co-opted 

some neuronal regulatory factors from an ancestral neuron (Perillo et al., 2018). 

Although we do not understand the regulatory mechanism of NeuroD1 on Delta 

expression, the number of Delta-expressing cells correlated with the level of qPCR, if 

the number of Delta transcripts expressed by each cell is similar (Fig. 3.5B, 

AppendixB1). Recently, it has been shown that an overexpression of NeuroD1 in 

zebrafish embryos leads to increased expression of Delta ligands (deltaB, deltaC, and 

delta-like4) during the hatching stage prior to the larval stage (Kimmel et al., 1995; 

Reuter et al., 2022). We do not know if zebrafish NeuroD1 temporally regulates Delta 

differently during various developmental timepoints. Thus, our observation that 

NeuroD1 dynamically influences the number of Delta-expressing cells at gastrula and 

larval stages is novel, although the exact mechanism of how this occurs remains unclear. 

NeuroD1 MASO-injected larvae resulted in at least a 2-fold increase of SoxC, 

Delta, Brn1/2/4, and Elav, transcripts (Fig. 3.5B). Thus, in the sea urchin, NeuroD1 may 

regulate neuronal development as well as gut functions, since we observed that larvae 

injected with exogenous NeuroD1 exhibited a significant decrease in gut contractions 

(Appendix B5A). While we observed NeuroD1 expression peaks during the gastrula 

stage, we do not know exactly where to place NeuroD1 within the neuronal GRN, since 
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SoxC and Delta 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 miR-124, we injected miR-124 inhibitor into 

zygotes. One of the defects we observed was decreased gut contractions in miR-124 

inhibitor-injected larvae (Fig. 3.9A). Since we observe a trend in decreased gut 

contractions in the NeuroD1 TP-injected larvae, whereas miR-124 inhibition and 

NeuroD1 OE resulted in a significant decrease in gut contractions, this suggests that 

miR-124 likely regulates NeuroD1 and an additional unknown factor to impact gut 

contractions (Figs. 3.9A, 3.15B, and Appendix B5A). The exact molecular mechanism 

of how miR-124 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 was significantly decreased in the miR-124 

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. 3.11A). Decreased serotonin levels in miR-124 inhibitor-

injected larvae may be due to an expansion of the Foxq2 expression domain (Fig. 

3.12C). In a different species of sea urchin, increased Foxq2 expression domain leads 

to a decreased level of serotonin (Yaguchi et al., 2016). Foxq2 is expressed in the early 

blastulae and its expression must be suppressed later in gastrulae to allow proper 

development of serotonergic neurons in the ciliary band (Yaguchi et al., 2016; Yaguchi 

et al., 2008). Thus, ectopic expansion of Foxq2 in miR-124 perturbed embryos may 

result in decreased serotonin (Figs. 3.11A, 3.12A, 3.12C). Since serotonin is important 

for early swimming, feeding behavior, and gut contraction in the larvae, miR-124 
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inhibition may induce a decrease in serotonin that contributes to the decreased gut 

contractions and swimming defects (Yaguchi and Yaguchi, 2021; Yaguchi and Katow, 

2003). 

In addition, regulation of larval swimming is in part due to miR-124ôs direct 

suppression of NeuroD1, since embryos injected with miR-124 inhibitor, NeuroD1 TP, 

or NeuroD1 transcripts, all lead to decreased swimming velocity (Figs. 3.10A, 3.15C, 

Appendix B5B). The 3-day old larvae in our culturing conditions do not seem to have 

fully developed the pre-oral and post-oral arms. The swimming defect is not likely 

attributed to structural defects of the cilia, as tubulin appears to be normal but 

interestingly, the level of tubulin significantly increased in miR-124 inhibitor and 

NeuroD1 TP-injected larvae (Figs. 3.10C, 3.15D). This may be due to miR-124ôs direct 

suppression of NeuroD1, since it has been observed previously that an increase in 

NeuroD1 resulted in increased neuronal-specific tubulin protein, TujI (Boutin et al., 

2010).  However, the exact mechanism of how increased NeuroD1 leads to increased 

tubulin is not known. Together, these results indicate that miR-124ôs direct suppression 

of NeuroD1 impacts larval swimming.  

miR-124 plays an evolutionarily conserved function in regulating the balance 

between neuronal proliferation and differentiation (Ambasudhan et al., 2011; Chen et 

al., 2011; Kozuka et al., 2019; Makeyev et al., 2007). We found that miR-124 inhibitor-

injected larvae had a significant decrease in SynB-expressing neurons (Fig. 3.11B). This 

could be a result of decreased Onecut expression (Fig. 3.10D). Decreased Onecut 

expression has been shown to result in decreased neuronal bundling and improper 

interconnecting axonal tracts in sea urchin larvae (Yaguchi et al., 2016; Yaguchi et al., 

2010). Thus, decreased Onecut expression may potentially negatively affect the 
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formation of SynB-expressing neurons in their connections in the ciliary band (Figs. 

3.11B, 3.10D) (Krupke and Burke, 2014; Slota et al., 2019a). How miR-124 mediates 

the expression of Onecut is unknown. 

To reveal the molecular mechanism of how miR-124 regulates neurogenesis, we 

systematically assessed the spatial, temporal, and levels of expression of key factors in 

the neuronal GRN in miR-124 perturbed embryos. Results indicate that miR-124 

inhibition resulted in decreased expression of Wnt6 and FGFA, indicating that miR-124 

is likely to regulate neurogenesis at an early stage when Wnt6 and FGFA specify the 

neuroectoderm domain in the early blastulae (Fig. 3.12A). Since neither Wnt6 nor FGFA 

contains a potential canonical miR-124 binding site, miR-124 is likely to regulate a 

repressor of Wnt6 and FGFA. Consistent with this hypothesis, Wnt6 is known to restrict 

Foxq2ôs expression domain (Yaguchi et al., 2006), so a decrease in Wnt6 in miR-124 

inhibitor-injected embryos may lead to an expansion of Foxq2 expression domain (Figs. 

3.12A, 3.12C).  

Our results indicate that miR-124ôs regulation of neurogenesis is broad, 

spanning specification, differentiation, and maturation of neurons. We identified miR-

124 to directly suppress Notch (Fig. 3.15A), consistent with prior findings (Chen et al., 

2011; Jiao et al., 2017). In the sea urchin, the Notch signaling has been identified to be 

important for non-skeletogenic mesodermal cell specification prior to gastrulation, as 

well as regulating neurogenesis in mediating asymmetric division of differentiating 

neurons in gastrula and larval stages (Materna et al., 2013; Mellott et al., 2017; Range 

et al., 2008). Thus, based on prior literature of Notch expression and function and our 

NeuroD1 expression data (Fig. 3.5A), we hypothesize that Notch functions upstream of 

NeuroD1 (Fig. 3.20).  



 81 

Additionally, miR-124 regulates NeuroD1 during the transition from neuronal 

differentiation to maturation. For the most part, removal of miR-124ôs suppression of 

NeuroD1 phenocopies miR-124 inhibitor-induced defects (Figs. 3.9A, 3.10A-C, 3.11, 

3.15B-D, 3.16A-B). However, while miR-124 inhibitor-injected embryos had an 

expanded expression domain of Foxq2, NeuroD1 TP-injected embryos did not have a 

change in an expression domain of Foxq2 (Figs. 3.12C, 3.16D). This is consistent with 

our finding that the expression of NeuroD1 peaks in gastrulae, downstream of Foxq2 

(Fig. 3.5A). In addition, miR-124 inhibitor-injected gastrulae had a significant increase 

in the number of SoxC and Brn1/2/4-expressing cells, indicating that miR-124 regulates 

the transition from neuronal specification to differentiation and may regulate potential 

unknown functions in the endomesoderm (Fig. 3.13) (Garner et al., 2016; Perillo et al., 

2018; Yaguchi et al., 2011). In contrast, NeuroD1 TP-injected gastrulae did not have a 

significant change in the number of SoxC-expressing cells and a net change of one 

additional Brn1/2/4-expressing cell (Fig. 3.17). This suggests that the increased number 

of SoxC and Brn1/2/4-expressing cells in miR-124 inhibitor-injected embryos is likely 

due to its regulation of an unknown factor and not due to its regulation of NeuroD1. 

Thus, from the miR-124 inhibition, NeuroD1 knockdown, and NeuroD1 TP injection 

results, we propose that NeuroD1 is likely to regulate neuronal factors mainly at the late 

gastrula to larval stages during neuronal differentiation and maturation (Fig. 3.20). 

One additional discrepancy between the miR-124 inhibitor and NeuroD1 TP-

injected embryos is that miR-124 inhibitor-injected larvae have decreased Elav-

expressing and SynB-positive neurons compared to control larvae, while NeuroD1 TP-

injected larvae have increased Elav-expressing cells and concomitant decrease of SynB-

positive neurons (Figs. 3.1.4, 3.18). The increase in Elav-expressing cells in the 
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NeuroD1 TP-injected embryos is consistent with decreased Elav expression in NeuroD1 

MASO-injected embryos, indicating that NeuroD1 positively influences Elav (Figs. 

3.5B, 3.18). miR-124 has been observed in Xenopus embryos to inhibit NeuroD1 in the 

forebrain and optic vesicle, which resulted in an increased number of cells undergoing 

mitosis (Kamath et al., 2005). In addition, NeuroD1 promotes the formation of neuron-

like progenitor cells by converting epithelial cells to a neural fate (Matsuda et al., 2019; 

Pataskar et al., 2016). Thus, the increased number of Elav-expressing cells in NeuroD1 

TP-injected larvae may be due to NeuroD1ôs function in enhancing proliferation and/or 

promoting the formation of neuron-like cells that may not be functional (Fig. 3.18). This 

is consistent with our results that despite an increase in Elav-expressing cells, NeuroD1 

TP-injected larvae have an overall loss of SynB-positive, mature, and functional 

neurons (Figs. 3.16B, 3.18).  

To further dissect the function of miR-124, we co-injected Notch TP and 

NeuroD1 TPs into zygotes and observed that these larvae have a similar number of Elav-

expressing cells as miR-124 inhibitor-injected larvae. These results indicate that miR-

124ôs suppression of Notch is in part responsible for the decrease in Elav-expressing 

cells in miR-124 inhibitor-injected embryos (Fig. 3.19A). We determined that removing 

miR-124ôs suppression of Notch results in increased apoptotic cells (Fig. 3.19B). A 

potential explanation for this observation is that removing miR-124ôs suppression of 

Notch leads to increased Notch protein. In turn, this increased Notch signaling in neural 

progenitor cells may lead to increased apoptosis (McClay et al., 2018; Mellott et al., 

2017; Pérez et al., 2022). As a result, in miR-124 inhibitor-injected embryos, fewer 

neurons are left for NeuroD1 to convert them to Elav-expressing cells, and 

subsequently, fewer SynB-positive neurons (Fig. 3.16B). The caveat is that although 
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results indicate that removal of miR-124 suppression of Notch results in increased 

number of apoptotic cells and correlate with fewer mature neurons in miR-124 inhibitor-

injected embryos, we do not have direct evidence for increased Notch, and we do not 

have evidence that the apoptotic cells are neural progenitor cells. We cannot 

immunolabel TUNEL-treated embryos with neural antibodies to demonstrate a direct 

relationship. Nevertheless, overall, these data indicate that miR-124 regulates both 

Notch and NeuroD1 to mediate proper neurogenesis. 

Overall, we have integrated NeuroD1 into the neuronal network and determined 

that miR-124 regulates specification, differentiation, maturation, and the formation of 

functional neurons during development, in part by mediating Notch and NeuroD1 (Fig. 

3.20). Based on our results, miR-124 is likely to regulate an unidentified factor that 

inhibits Wnt6, FGFA, and subsequently increases Foxq2 expression during neuronal 

specification. miR-124 also regulates another unknown factor that activates SoxC and 

Brn1/2/4 during neuronal differentiation in the gastrula stage. miR-124 represses Notch, 

to regulate the differentiation of neurons. In the late gastrula to larval stages, miR-124 

suppresses NeuroD1 to mediate the transition between differentiation and maturation. 

miR-124 suppresses NeuroD1 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 able to systematically integrate miR-124ôs 

post-transcriptional regulation of the neuronal GRN and reveal miR-124ôs mechanism 

of regulation. Overall, we identify miR-124 to have a prolific regulatory role throughout 

neurogenesis. Since miR-124, Notch, and NeuroD1 are evolutionarily conserved, these 

results may be applicable to our understanding of neurogenesis in other animals.  
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Figure 3.20 Working model of post-transcriptional control mediated by miR-

124 in modulating neurogenesis. miR-124 regulates an unknown factor to 

regulate expression changes in Wnt6, FGFA, and Foxq2 to mediate neuronal 

specification in the blastula stage. During the gastrula stage, miR-124 is likely to 

regulate an unidentified factor that regulates SoxC and Brn1/2/4 to mediate 

neuronal differentiation. miR-124 directly suppresses Notch to regulate the balance 

of Delta-expressing cells to become differentiated. NeuroD1 expression peaks 

during the gastrula stage to potentially influence Delta. Later during the larval 

stage, NeuroD1 also influences SoxC, Delta, Brn1/2/4, and Elav transcript levels. 

miR-124 suppresses NeuroD1 to modulate neuronal differentiation and maturation 

during the late gastrula and larval stages. Transcripts such as SoxC, Delta, and 

Brn1/2/4 are also expressed in the endomesoderm in the blastula. Important to note 

is that gene expression of various factors depicted here is focused on cells of the 

neuronal lineage and does not include their expression in the endomesoderm. 

Green=neural stem cell gene marker, purple=neuron-restricted progenitor gene 

marker, blue=post-mitotic neuronal gene marker, grey=mature neuronal gene 

marker, yellow=mature, and functional neuronal gene marker. Made with 

Biorender.com. 
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Future Directions 

 I have focused on NeuroD1ôs role in neurogenesis. However, we also found 

NeuroD1 to localize perinuclearly in the gut, suggesting it may regulate additional 

processes in sea urchin (Fig. 3.4). To explore NeuroD1ôs potential function in 

endodermal development, we should inject NeuroD1 MASO followed qPCR on 

endodermal derived genes during the gastrula and larval (for example: FoxA and Krl ) 

stage embryo to first get a sense of what NeuroD1ôs function is in gut. Also, in NeuroD1 

MASO injected, we can use Endo1 immunolabeling to visualize changes in the mid- 

and hindgut during the gastrula and larvae stage. In addition, co-labeling NeuroD1 with 

Endo1 would allow us to better visualize which part of the gut NeuroD1 is located. 

Understanding NeuroD1ôs role in the gut would allow us to incorporate its function into 

the endodermal GRN in addition to the neuronal GRN. Furthermore, this allow us to 

test NeuroD1ôs conserved function, since vertebrates NeuroD1 has been previously 

observed to function in both the gut and nervous system (Cho 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 neurogenesis, we observed that miR-124 

inhibition resulted in an expansion but less Foxq2 transcripts and concluded that this 

was not due to miR-124 direct suppression of NeuroD1 (Figs. 3.12C, 3.16D). We expect 

miR-124 to target a suppressor of Foxq2 so that when we inhibit miR-124, there is an 

increase of a Foxq2 suppressor resulting in fewer Foxq2 transcripts. The increased 

expansion of Foxq2 expression in miR-124 inhibitor injected embryos may be due to 

decreased Wnt6. Wnt6 restricts Foxq2 expression to the apical domain (Yaguchi et al., 

2008). Suppressors upstream of Wnt6 may also be targeted by miR-124, leading to 

decreased Wnt6 and increased expansion of Foxq2 expression in the ectoderm. We 
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should determine if Wnt6 is a target of miR-124 and if there are any Wnt6 suppressors 

that are also targeted by miR-124 to result in these defects. These experiments would 

help make a more comprehensible model of miR-124 function during the early stages 

of neurogenesis.  

Lastly, the antibody that recognizes SynB recognizes neurons that express only 

SynB (Burke et al., 2006b), and 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 miR-124 and when we remove miR-124 suppression of NeuroD1 

(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 reporter that when 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 urchin (Burke and Yaguchi, 2019). I expect that there 

would also be a decrease in calcium activity in my miR-124 inhibitor injected embryos 

as well as the embryos where we remove miR-124 suppression of NeuroD1. This would 

further support that miR-124 inhibition leads to decreased functional neurons.  
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MICRORNA -124 DIRECTLY SUPPRESSES NODAL AND NOTCH TO 

REGULATE MESODERMAL  DEVELOPMENT  

 

Introduction  

Most of the research conducted on miR-124 has been in the context of 

neurogenesis, neural homeostasis, and cancer (Cai et al., 2018; Ghafouri-Fard et al., 

2021; Hou et al., 2015).  To date, relatively little is known about the regulatory role of 

miR-124 in early mesodermal specification and differentiation in the embryo. A prior 

study demonstrated that in Ciona (sea squirt), miR-124 suppresses Macho1, which 

encodes a major TF that promotes muscle development, to ensure that only neuronal 

transcripts are expressed in the ectoderm (Chen et al., 2011). miR-124 has also been 

found to inhibit Dlx5 in bone-marrow mesenchymal derived stem cells, which encodes 

a TF that promotes osteoblast development, to inhibit myogenic differentiation (Cai et 

al., 2012; Qadir et al., 2014). These studies reveal a potential role of miR-124 in 

mesodermal cell specification and differentiation.  

To understand the function of miR-124 in mesodermal cell specification and 

differentiation, we used the sea urchin embryo as a model. With its well-defined gene 

regulatory works, we performed a bioinformatics analysis of genes and signaling 

pathways important for mesodermal development. We sought out genes that are 

expressed in the mesodermally derived, blastocoelar cells (BCs), pigment cells (PCs), 

multipotent cells, and muscle cells and observed several predicted miR-124 targets 

Chapter 4 



 88 

within genes important in the specification of mesodermally derived immune cells 

(Table 4.1). Interestingly, both Nodal and Notch, as well as genes downstream of Nodal 

signaling pathway also contained potential miR-124 binding sites. Mesodermal derived 

immune cells require both signaling pathways to mediate proper specification and 

differentiation of these cells (Table 4.1) (Croce and McClay, 2010; Duboc et al., 2010; 

Materna and Davidson, 2012; Ohguro et al., 2011). We identified potential miR-124 

binding sites within Nodal, which is critical for dorsal-ventral axis formation, left-right 

asymmetry, and specification of mesodermally-derived immune cells (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 miR-124 to directly suppress Notch, 

which regulates neural development (Konrad and Song, 2022b; Materna and Davidson, 

2012; Ohguro et al., 2011). We have previously observed that miR-124 inhibition 

resulted in delayed coelomic pouch formation by the multipotent stem cells and a wider 

cardiac sphincter (Appendix B2) (Konrad and Song, 2022b). The development of BCs 

and PCs are regulated by Nodal and Notch signaling pathways (Croce and McClay, 

2010; Duboc et al., 2010; Materna and Davidson, 2012; Materna et al., 2013; Sherwood 

and McClay, 1999). Since we identified potential miR-124 binding sites within Nodal 

and validated that miR-124 directly suppresses Notch, we focus on examining the post-

transcriptional regulation of miR-124 on Nodal and Notch signaling pathways in 

mediating the development of mesodermally derived BC and PC immune cells.  
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We first determine the expression of BC and PC-specific TF expression as a 

proxy to examine their 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. miR-124 inhibition resulted in an 

increased number of mature BCs and a concurrent decrease in the number of 

differentiated PCs. We present evidence that miR-124ôs regulation of Nodal and Notch 

modulates BC and PC differentiation and cell proliferation. Our work contributes to the 

understanding of post-transcriptional regulation mediated by miR-124 in mesodermal 

development.  

 

 

 

 

Table 4.1 Predicted miR-124 targets enriched in Nodal and Notch signaling and 

mesodermally derived immune cells. List of genes is from (Andrikou et al., 2013; 

Annunziata et al., 2014) 
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Results 

miR-124 inhibition results in normal skeletal development 

Since the mesoderm gives rise to the primary mesenchyme cells (PMCs) which 

are the only cells that produce larval skeleton (Ettensohn and Ruffins, 1993; McClay et 

al., 2020), we examined the effect of miR-124 perturbation on the PMCs. We did not 

observe a significant 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 miR-124 inhibitor injected embryos (Appendix C1). Thus, miR-124 does not 

regulate skeletal development. 

Blastocoelar cells are specified before pigment cells 

 The NSM gives rise to the multipotent stem cells, muscle cells, BCs, and PCs 

(Ettensohn and Ruffins, 1993; McClay et al., 2020). We first determined when BCs and 

PCs become specified, since the timing and order of their development has previously 

been reported inconsistently (Duboc et al., 2010; Erkenbrack, 2016a, b; Materna and 

Davidson, 2012; Materna et al., 2013; Ohguro et al., 2011; Rizzo et al., 2006; Sherwood 

and McClay, 1999). For example, in the purple sea urchin, it has previously been 

observed that, PCs specify at ~10 hpf using GataE as a marker before BCs at ~15 hpf 

using Ese as a marker (Materna and Davidson, 2012; Materna et al., 2013). However, 

qPCR data of the same paper indicated that Pks1 and Z166 (PC specific genes) are not 

expressed until ~15 hpf, while Ese (BC specific TF) is expressed by ~10 hpf (Materna 

et al., 2013). In addition, in another species of sea urchin, Hemicentrotus pulcherrimus, 

it was observed that BCs specify before PCs (Ohguro et al., 2011). 

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

used Gcm to follow BC/PC progenitor cells, Ese to follow BCs, and Pks1 to follow PCs. 
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(Fig. 4.1). We conducted a detailed expression time course of Ese, Gcm, and Pks1 using 

Figure 4.1 Blastocoelar cells are specified before pigment cells. FISH was 

performed at several time points to show the temporal expression of BC-specific TF 

Ese and PC-specific TF Pks1. Gcm is expressed in both cell types starting at 8 hpf 

when Nodal signaling activates BC-specific genes. Gcm becomes restricted in PCs 

to the aboral side at 14 - 16 hpf. Initiation of specification begins with Ese expression 

at 10 hpf (indicated by the dotted box), and specification of PCs begins when Pks1 

was expressed at detectable levels at 14 hpf (indicated by the dotted box). A range 

of 3-8 confocal images slices were compiled into a single maximum projection 

image. 3 biological replicates.  
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FISH (Fig. 4.2). Our results indicate that the expression of BC-specific Ese was detected 

at 10 hpf, prior to the expression of PC-specific gene Pks1, which is detected at 14 hpf. 

At around 16 hpf, Gcm expression becomes restricted to the dorsal (aboral) side of the 

embryo, indicating PC specification (Fig. 4.1). Thus, our results indicate that BCs are 

specified prior to PCs in S. purpuratus.  

miR-124 is expressed during Nodal signaling and before the second wave of 

Notch signaling 

 To understand how miR-124 regulates Nodal and Notch signaling pathways 

during early development, we conducted a detailed temporal expression of miR-124. 

miR-124 is not expressed during the cleavage stages, when Gcm is first transcriptionally 

activated during the first wave of Notch (Fig. 4.2) (Range et al., 2008). miR-124 is first 

expressed at detectable levels between ~12 to 18 hpf, when Nodal signaling activates 

Not to specify BCs (Burke, 2022; Ohguro et al., 2011). Specification of BCs and PCs 

had initiated during the first wave of Notch signaling at the cleavage stage. At ~18 hpf, 

Notch signaling is important for activating a positive feedback loop in the BCs/PCs to 

Figure 4.2 miR-124 is expressed during Nodal signaling and towards the end of 

the first wave of Notch. miR-124 qPCR was performed at different developmental 

timepoints. Individual datum points are depicted in blue circle, with the bar graph 

indicating the averages. SEM is graphed. 
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further differentiate these cells (Range et al., 2008). miR-124 is increased in expression 

immediately prior to the second wave of Notch signaling (Ohguro et al., 2011; Range 

et al., 2008), to potentially suppress Notch expressed by the skeletogenic cells (Fig. 4.2). 

These data indicate that miR-124 regulates Nodal after transcriptional activation of Not 

and prior to the second wave of Notch signaling to impact the BC/PC differentiation. 

From its expression data, miR-124 does not seem to 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 miR-124 on mesodermally derived immune cells, we 

injected control or miR-124 inhibitor into newly fertilized eggs. Upon miR-124 
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perturbation, we observed a two-fold decrease in the number of PCs compared to the 

Figure 4.3 Inhibition of miR -124 results in increased BCs at the expense of 

differentiated PCs. (A) The number of PCs were counted based on their natural 

purple pigmentation. miR-124 inhibitor injected larvae had decreased differentiated 

PCs compared to the control injected with FITC. 3 biological replicates. Black 

arrows point to some PCs. (B) PCs were immunolabeled with PC-specific Sp1 

antibody (green) and counterstained with DAPI (blue). We observed a similar 

decrease in PCs in the miR-124 inhibitor-injected larvae in comparison to the 

controls. 3 biological replicates. Maximum intensity projection of Z-stack confocal 

images is presented. (C) miR-124 inhibitor injected larvae had more 185/333 and 

MacpfA2-positive BCs (green) than the control. Embryos were counterstained with 

DAPI (blue). 3 biological replicates. Maximum intensity projection of Z-stack 

confocal images is presented.   

(A) 

(B) 

(C) 
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control larvae (Fig. 4.3A). We were able to rescue the decrease of PCs in miR-124 

inhibitor injected embryos, by co-injecting miR-124 inhibitor with miR-124 mimic. 

Even though the rescue is not complete, we observed an approximately 75% rescue of 

the PCs control embryos compared to the miR-124 inhibitor injected embryos (Fig. 

4.3A). We also examined the number of PCs via Sp1 immunolabeling and observed 

similar changes in the number of PCs compared to the counting of the pigmented cells 

using bright field (Fig. 4.3B). These results indicate that miR-124 inhibition induces a 

loss of differentiated PCs and not just the pigmentation of the cells (Fig. 4.3A-B).  

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 possible, we used both the 

185/333 and MacpfA2 RNA in situ probes to detect filapodial and globular BCs (Ch Ho 

et al., 2016). We observed that miR-124 perturbation leads to a 1.5-fold increase in the 

number of mature BCs expressing 185/333 and MacpfA2 (Fig. 4.3C). These results 

indicate that miR-124 regulates the differentiation of BCs and PCs, resulting in 

increased BCs at the expense of PCs.  

miR-124 directly suppresses Nodal and affects Not expression 

We bioinformatically identified a potential miR-124 binding site within the 

coding sequence (CDS) of Nodal. Previously it has been observed that even though 

miRNA binding sites are usually found in the 3ôUTR, miRNAs can bind to all parts of 

the transcript (Chakraborty and Nath, 2022; Hausser et al., 2013). To test if miR-124 

directly regulates Nodal, its CDS were cloned downstream of Renilla Luciferase (RLuc) 

construct. Site-directed mutagenesis was used to delete the entire predicted miR-124 

seed sequence from the Nodal CDS. Firefly (FF) luciferase flanked by ɓ-globin UTRs 

was used as an injection control. The dual luciferase assay results indicated a significant 
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increase of luciferase activity in the RLuc with deleted miR-124 seed, in comparison to 

the RLuc with wildtype miR-124 seed within Nodal CDS, demonstrating that miR-124 

directly suppresses Nodal (Fig. 4.4A).  

Upon miR-124 inhibition, we observe that Not expanded within the ectoderm 

along with an increase of expression domain of Not into the ventral endomesoderm (Fig. 

4.4B). In the control, we observed that 90% (19/21) look similar to what is depicted in 

the image, whereas for the miR-124 inhibitor injected embryos, we observed 66% 

(23/35) of embryos have expression domain of Not expanding into the ventral 

endomesoderm (Fig. 4.4B). These data suggest that miR-124 suppresses Nodal to 

impact the expression of Not which may have downstream effects on BC/PC 

development. 

 

 

 

 

 

Figure 4.4 Nodal is a direct target of miR-124 and miR-124 does not regulate 

Nodal during dorsal/ventral axis formation. (A) Dual luciferase assay results 

indicated that miR-124 directly suppresses Nodal. Each biological replicate 

contained 50 embryos. 3 biological replicates. SEM is graphed. Studentôs t-test was 

used. (B) miR-124 inhibitor injected blastulae had increased and expanded Not 

expression compared to the control. 3 biological replicates. Scale bar =50ɛm. 3 

biological replicates. 

(A) (B) 
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miR-124 directly suppresses Nodal to regulate immune cell development 

Nodal activates Not to subsequently activate BC-specific TFs, which includes 

Ese and Scl, and inactivates Gcm on the ventral side of the embryo (Materna et al., 2013; 

Ohguro et al., 2011). Thus, Nodal signaling promotes differentiation of BCs prior to 

PCs (Materna et al., 2013; Ohguro et al., 2011). To determine the impact of removing 

miR-124ôs suppression of Nodal, we injected a morpholino-based target protector (TP) 

(Remsburg et al., 2019; Staton and Giraldez, 2011) that is complementary to the 

Figure 4.5 Removing miR-124's direct suppression of Nodal results in increased 

BCs. (A) Zygotes were injected with Nodal target protector (TP) morpholino was 

injected into zygotes and collected at 24 hpf to perform RNA in situ hybridization 

using BC or PC specific probes. A significant increase in BC-specific Ese and Scl 

expression was observed in the Nodal TP injected embryos compared to the control 

TP injected embryos. Schematic indicates the measurement of the expression 

domains. (B) miR-124 inhibitor injected larvae had more 185/333 and MacpfA2-

positive BCs (green) than the control. Embryos were counterstained with DAPI 

(blue). 3 biological replicates. SEM is graphed. Studentôs t-test was used. Maximum 

intensity projection of Z-stack confocal images is presented for the FISH images.   

(A) 

(B) 
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validated miR-124 binding site and flanking sequences within Nodal. Of note is that the 

designed Nodal 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 axis (Cavalieri and Spinelli, 2014; 

Molina et al., 2013). Later at ~12 hpf, Nodal activates Not, leading to differentiation of 

BCs and PCs (Duboc et al., 2010; Li et al., 2012; Ohguro et al., 2011; Yaguchi et al., 

2007). Upon removal of miR-124ôs suppression of Nodal, we observe a dose-dependent 

increase in the expression domain of BC-specific TF Ese and Scl, compared to the 

Figure 4.6 Removing miR-124's direct suppression of Nodal results decrease in 

differentiated PCs. (A) Nodal TP embryos exhibit an increase decrease in PC-

specific Gcm and Pks1 expression domain at the blastula stage. (B) Nodal TP 

injected embryos were cultured to 72 hpf and exhibited and 2-fold increase decrease 

in specific PCs. (C) PCs were immunolabeled with PC-specific Sp1 antibody (green) 

and counterstained with DAPI (blue). We observed a similar decrease in PCs in the 

Nodal TP injected embryos in comparison to the controls. Embryos were 

counterstained with DAPI (blue). 3 biological replicates. SEM is graphed. Studentôs 

t-test was used. Maximum intensity projection of Z-stack confocal images is 

presented for the FISH images.   

(A) 

(B) (C) 
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control (Fig. 4.5A). This increased expression of BC-specific TFs persists later to the 

larvae stage, as we observed an increased number of mature BCs (185/333 and 

MacpfA2-positive) in Nodal TP-injected larvae compared to the control (Fig. 4.5B). 

Concurrently, we also observed a significant decrease in expression domains of PC-

specific TFs (Gcm and Pks1), with a subsequent decrease in the number of differentiated 

PCs during the larval stage (Fig. 4.6), which is similar to what we observed in the miR-

124 inhibitor injected embryos. Overall, these results demonstrate that miR-124 

regulates BC and PC specification, in part by suppressing Nodal and altering 

expressions of BC and PC-specific TFs.  

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

To test the hypothesis that miR-124's direct suppression of Nodal is acting 

through Not to control BC and PC specification, we treated control or miR-124 

inhibitor-injected zygotes with or without the Nodal inhibitor (SB431542) at 9 hpf, prior 

to Nodalôs activation of BC genes and suppression of Gcm (Materna et al., 2013; 

Ohguro et al., 2011). The Nodal inhibitor (SB413542) abrogates the activity of the 

Alk4/7 receptor, 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 previous 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, Gcm expression was enhanced in the presence of the Nodal inhibitor 

compared to the control, consistent with previous work that showed PCs to increase in 

the presence of the Nodal inhibitor (Fig. 4.7A) (Duboc et al., 2010; Materna et al., 2013; 

Ohguro et al., 2011). When the miR-124 inhibitor injected embryos were treated with 
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the Nodal inhibitor, the ectopic expression of Gcm in Nodal inhibitor treated embryos 

was partially restored, closer to its normal expression domain in the control (Fig. 4.7A). 

The Nodal inhibitor likely counterbalanced the amount of Nodal increased by miR-124 

inhibition, leading to a significant increase in Gcm expression in embryos treated with 

both Nodal inhibitor and miR-124 inhibitor (Fig. 4.7A). Conversely, in miR-124 

inhibitor injected embryos treated with the Nodal inhibitor, Ese expression was 

Figure 4.7 miR-124 directly suppresses Nodal during BC and PC specification. 

(A) Nodal inhibitor resulted in dramatic expansion of Gcm expression domain 

compared to the control (purple stain delineated by white arrows). Gcm expression 

in miR-124 inhibited injected embryos did not significantly change from the DMSO 

control. miR-124 inhibitor injected embryos treated with Nodal inhibitor resulted in 

increased Gcm expression domain compared to the control. Measured expression 

domain is defined as the ratio of the width of the specific gene expression domain 

and the width of the embryo. (B) Nodal inhibition resulted in significantly decreased 

Ese expression compared to the control. miR-124 inhibition resulted in expanded 

Ese expression. miR-124 KD embryos treated with Nodal inhibitor (SB431542) 

restored Ese expression similar to the control. Measured expression domain is 

defined as the ratio of the width of the specific gene expression domain and the width 

of the embryo. SEM is graphed. Studentôs t-test was used. UI= uninjected. N= total 

number of embryos.  

 

(A) 

(B) 



 101 

significantly less than what was observed in miR-124 inhibited injected embryos, since 

the excess Nodal (resulting from miR-124 inhibition) was presumably blocked by the 

Nodal inhibitor (Fig. 4.7B). Overall, these results demonstrate that miR-124 regulates 

BC and PC specification, in part by suppressing Nodal and altering expressions of BC 

and PC-specific TFs. 

miR-124 directly suppresses Notch to regulate immune cell development 

Since we determined previously that miR-124 directly suppresses Notch and Notch 

signaling regulates development of NSM (Ohguro et al., 2011), we tested the effects of 

Figure 4.8 Removal of miR-124ôs suppression of Notch results in increase of BC 

expressions. (A) Notch target protector (TP) morpholino was injected into zygotes 

and collected at 24 hpf to examine BC/PC specific gene expressions. A significant 

increase in BC-specific Scl and GataC expression was observed in Notch TP injected 

embryos compared to the control TP injected embryos. (B) Removing miR-124ôs 

suppression of Notch results in increased number of BCs that persisted to the larval 

stage. BCs ae were identified with 185/333 and MacpfA2 RNA probes to detect 

mature BCs. Embryos were counterstained with DAPI (blue). 3 biological replicates. 

SEM is graphed. Studentôs t-test was used. Maximum intensity projection of Z-stack 

confocal images is presented for the FISH images.   

(A) 

(B) 
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removing miR-124 suppression of Notch on BC/PC development. Results indicate that 

removal of miR-124ôs suppression of Notch (Notch TP) leads to a significant increase 

in the expression domain of BC-specific genes, Ese and Scl, in the blastula stage (Fig. 

4.8A). We also observed an increased number of mature BCs in the larval stage, using 

185/333 and MacpfA2 to detect globular and filapodial BCs, respectively (Fig. 4.8B). 

Interestingly, Notch TP-injected larvae exhibited a significant and dose-dependent 

Figure 4.9 Removal of miR-124ôs suppression of Notch results in increase of PC-

specific gene expressions. (A) Notch TP injected embryos exhibit an increase in 

PC-specific Gcm at 24 hpf and a dose-dependent increase in PC-specific Pks1 

expression. (B) Notch TP injected embryos were cultured to 72 hpf and exhibited a 

2-fold increase in specific PCs. (C) PCs were immunolabeled with PC-specific Sp1 

antibody (green) and counterstained with DAPI (blue). We observed a similar 

decrease increase in PCs in the Notch TP injected embryos in comparison to the 

control TP injected embryos. 3 biological replicates. SEM is graphed. Studentôs t-

test was used. Maximum intensity projection of Z-stack confocal images is presented 

for the FISH images.   

(B) (C) 

(A) 
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increase in the expression domain of PC-specific Pks1 and Gcm (Fig. 4.9A). We also 

observed increased differentiated PCs in Notch TP-injected larvae, based on counting 

the number of pigmented PCs as well as by immunolabeling PCs with Sp1 (Fig. 4.9B-

C) (Gibson and Burke, 1985). Thus, removal of miR-124ôs suppression of Notch leads 

to increased number of both BCs and PCs.  
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Removing miR-124ôs suppression of Notch results in increased blastocoelar and 

pigment cells with some hybrid cells 

We posit that the concomitant increase of BCs and PCs in Notch TP-injected 

embryos may be explained by either BCs and PCs co-expressing TFs or/and that the 

number of BCs and PCs are increased by cell proliferation. To resolve these two 

Figure 4.10 Removal of miR-124ôs suppression of Notch results in an increased 

number of both BCs and PCs. (A) Double FISH was conducted on Notch TP and 

Control TP embryos at the blastula stage, with BC-specific TF, Ese and PC-specific 

TF, Pks1. Notch TP injected embryos exhibited an expanded expression domain of 

both Ese and Pks1 during the blastula stage compared to the Control TP. (B) Notch 

TP injected embryos during the larval stage exhibited an increase of both Ese-

positive cells and Pks1-positive cells with a few hybrid cells expressing both 

markers. White arrows indicate hybrid cells. 3 biological replicates. CTP N=38, NTP 

N=31 SEM is graphed. Studentôs t-test was used. Maximum intensity projection of 

Z-stack confocal images is presented. Scale bar=50µm. 

(B) 

(A) 
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possibilities, we followed the development of these cells with BC and PC-specific TFs 

in Notch TP or control-injected embryos in the blastula and larvae stages. Results 

indicate that BC-specific TF Ese in the blastula stage is mostly expressed on the oral 

(ventral) side of the embryo with some expansion into the aboral (dorsal) side where 

PC-specific TFs should be expressed. In Notch TP-injected embryos, PC-specific TF 

Pks1 seems to be expressed in part of the endoderm domain (Fig. 4.10A). During the 

larval stage, we observe an increased number of both BCs/PCs; however, we also 

observe 6% of cells co-express BC/PC specific-TFs when these cells should already be 

differentiated from one another (Fig. 4.10B). Thus, these results indicate that a minor 

percentage of BC/PC hybrid cells co-express BC and PC-specific TFs. However, the 

number of increased BCs and PCs cannot be explained by the number of hybrid cells. 
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Removing miR-124ôs suppression of Notch results in increased proliferating 

pigment cells 

Since prior studies have shown that Notch signaling pathway promotes cell 

proliferation in other systems by activating p21 and myc (Baonza and Garcia-Bellido, 

2000; Demitrack et al., 2017; Kopan, 2012; Nusser-Stein et al., 2012), we  tested if 

Figure 4.11 Removing miR-124ôs suppression of Notch results in increased 

proliferating pigment cells. Double FISH was conducted on Notch TP and Control 

TP embryos at the blastula stage, with BC-specific TF, Ese and PC-specific TF, 

Pks1. Embryos were pulsed with Edu for half hour at 16hpf and then cultured to the 

blastula stage (24hpf). We observed that the number of proliferating BCs and PCs 

have increased. We are working on getting better images at confocal microscopy 

with the Ese RNA probe. These embryos were analyzed with our widefield 

microscope. 4 biological replicates. CTP= Control Target protector, NTP= Notch 

target protector, pro=proliferating, **=p<0.0001, and *=p<0.005. CTP N=39, NTP 

N=31 SEM is graphed. Studentôs t-test was used. Maximum intensity projection of 

Z-stack confocal images is presented. Scale bar=50µm. 
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removal of miR-124ôs suppression of Notch induces cell proliferation of BCs and PCs. 

Notch signaling is known to induce further differentiation of BCs from PCs at 17 hpf 

before ingression of PMCs into the blastocoel (Peterson and McClay, 2005; Range et 

al., 2008), so we reasoned that if Notch signaling was going to activate cell proliferation 

in BCs and PCs, this may occur at ~17 hpf. To test this hypothesis, we pulsed the 

embryos with Edu for 30 min at 16hpf, when Notch signaling is known to activate 

BCs/PCs before the ingression of skeletogenic cells. We then cultured the embryos to 

the blastula stage (24hpf), when BCs/PCs should be fully differentiated from one 

another (Croce and McClay, 2010; Range et al., 2008). We observed an increase in total 

number of proliferating cells, as well as an increase in proliferating BCs and PCs, when 

we removed miR-124 suppression of Notch compared to the controls (Fig. 4.11). These 

results suggest that removing miR-124ôs suppression of Notch may at least in part 

contribute to the increased BCs and PCs observed in the larval stage.  

Discussion 

In summary, we have identified a novel function of miR-124 in regulating 

specification and differentiation of mesodermally-derived immune cells in the sea 

urchin embryo, by targeting Nodal and Notch signaling pathways. We determined that 

BCs are specified before PCs in the purple sea urchin embryo (Fig. 4.1). miR-124ôs 

expression coincides with the tail end of Nodal and the first wave of Notch signaling, 

between 12 to 18hpf. In general, miR-124 inhibition and blocking miR-124ôs 

suppression of Nodal resulted in similar phenotypes in that BCs were increased with 

concomitant decrease of PCs. However, blocking miR-124ôs suppression of Notch 

resulted in increased BCs and PCs, in part a result of Notch activating cell proliferation 
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during the first wave of Notch signaling. Overall, our results reveal a novel role of miR-

124 in regulating the development of mesodermally derived BCs and PCs. 

By Removing miR-124ôs suppression of Nodal, we did not observe apparent 

changes in dorsal-ventral axis formation mediated by Nodal (Fig. 4.5B and 4.6B-C). 

The reason may be that miR-124 is not expressed to sufficient levels until past 12 hpf, 

when establishment of dorsal-ventral axis has occurred (Fig. 4.2) (Molina et al., 2013). 

If miR-124 regulates Nodal earlier, we would expect embryos to lose dorsal ventral axis, 

resulting in morphologically symmetrical embryos (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, 2008). Upon removal of miR-124ôs suppression 

of Nodal, these embryos did not exhibit these typical morphological changes, indicating 

that miR-124 is not likely to regulate Nodal prior to 12 hpf (Fig. 4.5B and 4.6B-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 miR-124 inhibition and Nodal TP injection 

resulted in embryos with similar phenotypes, in that the differentiation and number of 

BCs are significantly increased, with a concomitant decrease of the number of PCs. The 

reason for this may be that miR-124 suppresses Nodal temporally earlier than Notch, to 

promote BC specification, or that miR-124 is more enriched in the ventral side of the 

embryos. However, we are not able to provide sufficiently high-resolution information 

of miR-124 levels in these cells, as this kind of information will likely require single 

cell RNA-seq experiments. 

Surprisingly, we observed that removal of miR-124ôs suppression of Notch 

results in an increase of both BCs and PCs (Fig. 4.8-4.10). 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 (Fig. 1.7). Therefore, when we remove miR-124 suppression of Notch, 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 cell-type specific TFs, a few cells co-express both BC/PC specific TFs. 

One potential explanation could be that at this point, the BCs and PCs have not 

completely determined their fates, and that they are still expressing some shared genes 

that are transcriptionally responsive to Notch signaling. Prior studies have indicated that 

cells of the sea urchin embryo, such as primordial germ cells and skeletogenic cells, 

become distinct cells early in cleavage stage of development (Croce and McClay, 2010; 

Oliveri et al., 2006; Peter and Davidson, 2011; Weitzel et al., 2004). Interestingly, 

lineage separations of some cells are gradual, indicating a more complex regulation that 

is needed to resolve a cell type. For example, ectoderm-endoderm and endomesoderm 

cell state is observed in some cells prior to their lineage separation (Massri et al., 2021; 

Perillo et al., 2020). The establishment of blastocoelar and pigment cell fates may be 

another example, where BCs and 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 been previously observed to promote 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 after assaying for cell proliferation with 

Edu at 16hpf in Notch TP injected embryos compared to the control (Fig. 4.11). At the 

larval stage, we observed approximately one doubling of BCs and PCs, suggesting that 
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one additional cell division occurred in each cell type during 16-17hpf prior to the 

ingression of skeletogenic cells into the blastocoel. This increase of ~1.3 cell for BCs 

and ~1.6 cells for PCs during 16-17hpf in Notch TP injected embryos indicate an almost 

a doubling of BCs and PCs during the blastula stage and at least partially explains the 

increased numbers of these cells at the larval stage (Fig. 4.8B, 4.9B-C, and 4.10B).  

These results are consistent with previous work that have found that Notch signaling 

induces myc and p21 to promote cell proliferation in mice and human cell lines (Baonza 

and Freeman, 2005; Demitrack et al., 2017; Janardhanan et al., 2009; Kopan, 2012; 

Zhou et al., 2014). To further test this hypothesis, we would have to perform qPCR on 

cell proliferation genes in Notch TP embryos compared to the control.  

However, this increase of PCs during the blastula stage does not fully explain 

the doubling of PC numbers when we remove miR-124 suppression of Notch (Fig. 4.8B, 

4.9B-C, and 4.10B). It has been proposed previously that a third wave of Notch 

signaling may occur in another species of sea urchin (Lytechinus variegatus). Notch 

protein is expressed in the elongating gut during the gastrula stage as BCs and PCs 

ingress into the blastocoel; however, direct evidence of this has not been shown (Range 

et al., 2008). In addition, a small population of mitotic PCs in the larvae have previously 

identified, although the mechanism of this unknown (Perillo et al., 2020). Potentially, 

Notch signaling may promote cell proliferation in PCs during the larval stage. When we 

remove miR-124ôs suppression of Notch, it may activate PCs to divide one more time 

during the larval stage, resulting in the PCs in the Notch TP embryos to be doubled, 

although we do not have direct evidence of this (Fig. 4.8B, 4.9B-C, and 4.10B).  

In addition, we 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 miR-124 and or remove miR-124ôs 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 miR-124ôs suppression of Nodal, 

we do not observe this in the BC expressing cells (Fig. 4.5B). These results indicate that 

miR-124, upon its regulation of Notch, is impacting morphological changes of BCs. 

Since morphological changes may reflect their response and function during an immune 

response, it would be interesting to examine these embryos upon an immune challenge. 

It remains unclear as to how miR-124ôs regulation of Notch affects the morphology 

BCs.  

Based on our results and published literature, we propose a workingmodel to 

explain miR-124's impact on BC and PC differentiation (Fig. 4.12B-C). Early in sea 

urchin development, BCs and PCs share the same progenitor cells. Both presumptive 

BCs and PCs express Gcm early in development, activated by the first wave of Notch 

signaling at the 32-cell stage. Initiation of BC/PC specification begins with Nodal 

signaling activating Not TF to subsequently activate BC-specific TFs and inhibit PC-

specific TFs on the ventral side of the embryo. miR-124 is expressed between 12 and 

18 hpf, where miR-124 directly suppresses Nodal soon after Not is activated to specify 

BCs. As a result of the proximity of BCs to the ventral/oral ectoderm, where they receive 

Nodal signaling and Not, the BCs are specified prior to the PCs (Fig. 4.1). Removal of 

miR-124ôs suppression of Nodal promotes specification of BCs, potentially as a result 

of increased Nodal signaling between 12 to 18hpf, during a time when miR-124 level is 

expressed (Fig. 4.2). Once these immune progenitor cells are exposed to increased 

Nodal signaling, then more BCs are formed at the expense of PCs, since they come from 
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the same progenitor cells. Notch signaling at ~17-22hpf continues to promote the 

specification of both BCs and PCs. miR-124 suppresses the tail end of the first wave of 

Notch signaling. Upon removal of miR-124ôs suppression of Notch, the potential 

increase of Notch signaling promotes both BC and PC differentiation and cell 

proliferation.  miR-124 suppresses Nodal signaling after Not has been activated, as well 

as suppresses Notch at the tail end of the first wave of Notch signaling to control 

Figure 4.12 Model of regulatory mechanism of miR-124 of BC and PC 

development. (A) Summary table of results. (B) Early in sea urchin development, 

BCs and PCs share the same progenitor cells. Left side presents the lateral view, and 

the right side presents the vegetal view of the embryo. For simplicity, the entire 

network is not depicted. Both presumptive BCs and PCs express Gcm early in 

development (purple). Initiation of specification begins with Nodal expression (blue) 

in the oral ectoderm that activates Not (orange), which activates BC-specific TFs and 

inhibits PC-specific TFs on the oral side of the embryo. Both Nodal and Not will 

activate all the BC TFs. miR-124 directly suppresses Nodal and Ese to regulate BC 

and PC specification. Nodal signaling and Ese regulate specification of BCs and PCs 

by activating BC genes and inhibiting Gcm. As a result of the proximity of BCs to 

the oral ectoderm, they receive Nodal signaling and Not input prior to Notch 

signaling. This results in BC specification prior to PC specification. Notch signaling 

is activated at around 10 hpf and promotes the specification of both BCs and PCs. 

Notch will preferentially activate Gcm in the presumptive PCs on the aboral side, 

due to the increased number of Suppressor of Hairless sites identified within the 

promoter region of Gcm (indicated by the thickened black arrow). As a result of miR-

124's direct suppression of Nodal, Notch, and Ese, miR-124 KD embryos have 

increased BCs and decreased PCs. (C) Vegetal view of mechanism of miR-124 

regulation of BCs and PCs. 

(A) (B) (C) 
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differentiation and cell proliferation of BCs and PCs (Fig. 4.12). Overall, this work 

reveals a novel role of miR-124 in regulating mesodermal derived immune cell 

development. 

Future directions 

It would be interesting to examine miR-124ôs direct regulation on BC/PC genes. 

BC specific gene Ese and Maf, and PC specific Gcm, Pks1, and SoxE are predicted 

targets of miR-124. I have preliminary data showing that Ese is a direct target (Fig. 

4.14A). Interestingly, when Ese is overexpressed, I observed similar results as miR-124 

inhibitor injected embryos where these embryos have increased BCs at the expense of 

PCs (Fig. 4.14B-D, 4.5). This would be the first study to show the importance of Ese 

expression on BC/PC cell fate. To examine this further, functional studies could be 

performed by translational inhibition of Ese and assaying for defects in BCs/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 interesting observation Iôve made is that removal of miR-

124ôs suppression of Notch resulted in distinct expanded expression domains of BC or 

PC-specific TFs. Some of these hybrid cells co-express both PC and BC specific TFs. 

Based on our finding, miR-124ôs function seems to be involved in promoting cell-

specific TF expression domains, by repressing Notch signaling pathway that is involved 

in promoting expression of cell-specific TFs in BCs and PCs. Future experiments such 

as using single-cell RNA sequencing in control and Notch TP could reveal molecular 

mechanisms of how miR-124 regulation of Notch influence their cell differentiation. It 

will also be interesting to perform single cell-RNA sequencing on different types of 

miRNAs to understand how miRNAs function to regulate cell specification. Overall, 
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this work contributes to our understanding of how miR-124 regulates proper immune 

cell development.  

 

 

Figure 4.13 miR-124 directly suppresses Ese and overexpression of Ese results 

in increased BCs and decreased PCs.  (A) Dual luciferase assays results indicated 

that miR-124 directly suppresses Ese. 50 embryos were used from each biological 

replicate. 3 biological replicates. SEM is graphed. Studentôs t-test was used. (B) Ese 

CDS or mCherry control mRNA was injected into newly fertilized zygote and 

collected at 24 hpf. Ese OE embryos exhibited a significantly increased Scl 

expression and significantly decreased Gcm expression (purple stain delineated by 

white arrows). Scale bar =50 ɛm. (C) Ese OE larvae exhibited an increased GataC-

positive (green) BCs compared to control. Embryos were counterstained with DAPI 

(blue). (D) Ese OE larvae had significantly decreased number of differentiated PCs 

compared to the control. Black arrows point to some of the PCs.  
 

(A) (B) 

(C) 
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DYNAMIC LOCALIZATION OF MICRORNA -31 DURING MITOSIS 

Introduction  

Many prior research has been conducted on understanding of how cytoskeletal 

dynamics and post-translational modifications of key proteins in mediating proper 

segregation of chromosomes and mitotic progression (Coldwell 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 post-transcriptional regulation mediated 

by miRNAs during mitosis. Traditionally, it was thought that translation is shut down 

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

Chapter 5 

Figure 5.1 High through-put methods to determine potential miR-31 targets. 

Schematic of the biotinylated pull-down (boxed in yellow) and the proteomics 

approach (boxed in blue) to determine potential miR-31 targets.  
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repression of translation is observed, as opposed to prior reports of ~80% of translational 

repression during mitosis (Stonyte et al., 2018). Studies have identified through 

biochemical assays that a complex pool of RNAs have been found to be associated with 

mitotic spindles (Hassine et al., 2020). Previously, we have documented that miRNAs 

are essential for development, and that miR-31, an evolutionarily conserved miRNA, 

mediates skeletogenesis (Sampilo et al., 2021b; Stepicheva and Song, 2015, 2016b). 

While examining the developmental function of miR-31, we fortuitously found that 

miR-31 localizes to the mitotic spindles in dividing cells and surrounds the nucleus in 

non-dividing cells. Interestingly, validated miR-31 targets also share this dynamic 

transcript localization that is dependent on the cell cycle.  
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To determine potential miR-31 targets, we have taken two different high 

throughput approaches (Fig. 5.1). One was to inject miR-31 mimic that contained a 

biotin tag into the zygote. The miR-31 mimic along with its targets were captured by 

the streptavidin beads and subjected to RNA-sequencing. The other approach was 

injecting miR-31 inhibitor or scrambled control into zygotes. Proteomes were labeled 

with isobaric tags for relative and absolute quantitation (iTRAQ), followed by mass 

spectrometry. We obtained several targets that have known functions involved in 

cytoskeletal dynamics (Table 5.1). CyIIb (ɓ-actin) was the only target that was 

identified from both approaches (Table 5.1). Other potential targets we found were 

Fascin and Rab35 that we have previously observed that these proteins work together 

to mediate proper gut and skeletal formation in the sea urchin (Remsburg et al., 2021). 

Table 5.1 Predicted miR-31 targets are related to actin and cytoskeletal 

dynamics. Yellow is from the biotinylated pull-down. Blue is from the proteomics 

approach. Green is from both.  
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Fascin specifically was first discovered in the sea urchin zygote to be localized in the 

fertilization envelope extracellular matrix of the newly fertilized eggs (Otto et al., 1979). 

Fascin is an actin bundling protein that organizes actin into filaments (Lamb and Tootle, 

2020; Otto et al., 1979). It has been studied mostly in the context of cell migration and 

cancer and little is known on its function during mitosis (Lamb and Tootle, 2020; Liu 

et al., 2021). Rab35 is a small GTPase that usually assists in membrane trafficking, cell 

signaling, as well as actin remodeling (Klinkert and Echard, 2016; Remsburg et al., 

2021; Shaughnessy and Echard, 2018). Gelsolin is also known to function in actin 

dynamics by severing and capping actin-filaments (Heidings et al., 2020; Wegner et al., 

1994). The last target we have chosen to focus on is CyIIb, which has mostly been 

studied in the sea urchin to be a type of cytoplasmic actin gene (Katula et al., 1998; Lee 

et al., 1986; Lee et al., 1984). Taken together, we hypothesize that miR-31 regulates 

different genes that are important for actin dynamics to mediate proper cell division.  

Results 

miR-31 along with its potential targets co-localize to the mitotic spindle 
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To visualize the spatial expression of miR-31, we performed FISH and observed 

(A) (B) 

Figure 5.2 miR-31 and some of its predicted targetôs localization to the mitotic. 

(A) miR-31 is localized at the mitotic spindle in dividing cells, and perinuclearly in 

cells in interphase, suggesting miR-31 may regulate mitosis (miR-31 in green, DNA 

counterstained with Hoechst dye in blue). (B) During the blastula stage, fewer cells 

undergo mitosis but in the cell that are dividing, we observe that miR-31 is still 

localized on the mitotic spindle (indicated by white arrows). Scale bar=50Õm. (C) 

Images of single blastomeres in anaphase of 16-32 cell stage embryos are depicted. 

Images depict double FISH of miR-31 and its target, followed by immunolabeling 

with ɓ-tubulin antibody and counterstained with DAPI. Scale bar=10ɛm. 
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that it is localized perinuclearly in non-dividing blastomeres and on the mitotic spindles 

between dividing cells (Fig. 5.2A). Importantly, this seems to be important during 

mitosis in general, since we also observe miR-31 in dividing cells at 24 hpf  (Fig. 5.2B). 

We examined the spatial localization of potential miR-31 targets during different phases 

of mitosis (Fig. 5.2C). We observed that Fascin, Rab35, Gelsolin, and CyIIB co-localize 

with miR-31 on the mitotic spindle during metaphase and anaphase (Fig. 5.3C).  
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Figure 5.3 Fascin transcripts require microtubules for localization. After 

fertilization embryos were subjected to either DMSO, Nocodazole, Hexlyene glycol, 

or Taxol. FISH was performed using either miR-31 or Fascin. Scale bar=50Õm. 4 

biological replicates 
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Fascin transcripts require microtubules for their localization to the mitotic 

spindle 

 We examined if microtubules are needed for the localization of miR-31 and 

Fascin. We observed that compared to control, disruption of microtubules with 

Nocodazole (Ganguly et al., 2012) resulted in decreased transcripts of Fascin at the 

mitotic spindle (Fig. 5.3). We next wanted to observe changes in localization when 

microtubules were stabilized using hexylene glycol and Taxol (Conrad et al., 1994; 

Yang and Horwitz, 2017). We observed that upon hexylene glycol treatment, no change 

in miR-31 localization or expression was observed. Fascin transcripts not only are less 

localized, but also decreased. Upon Taxol treatment, we observed an increased in level 

of both miR-31 and Fascin at the mitotic spindle (Fig. 5.3). These data indicate that 

microtubules are necessary to ensure proper localization of miR-31 and Fascin 

transcripts at the mitotic spindle.  

miR-31 inhibition results in embryonic lethality, microtubule defects, and 

increase actin during mitosis 

 We demonstrated the efficacy of the miR-31 inhibitor to functionally block 

available endogenous miR-31 (Fig. 5.4). To assess the function of miR-31 during early 

development, we injected the miR-31 inhibitor or the control and counted the number 

of embryos at different developmental stages every hour until 6hpf and then again at 24 

hpf. We observed that overall miR-31 inhibition resulted in embryos developing slower 

compared to control (Fig. 5.5A). Specifically, there is a significant difference at 6 hpf 

where only ~20% of the miR-31 inhibitor injected embryos made to the 32-cell stage, 
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whereas ~70% of the control made to the 32- cell stage. This delay in development may 

contribute to embryonic lethality because at 24 hpf, ~50% of the miR-31 inhibitor 

injected embryos died compared to only ~10% observed in the control (Fig. 5.5A).  

Since we observed that several of miR-31ôs potential targets were involved in 

the cytoskeleton remodeling, we determined the impact of miR-31 inhibition on tubulin 

and actin. We observed that miR-31 inhibition resulted in an array of mitotic spindle 

defects (Fig. 5.5B). A significant number of miR-31 inhibitor injected embryos had 

more interpolar microtubule polymerization, uncondensed chromosomes, and lagging 

chromosomes compared to the control. Interestingly, we also observed an increased 

amount of filamentous-actin (F-actin) in the nucleus as well as in the cortex (Fig. 5.5C). 

These cytoskeletal and chromosomal defects may affect proper cell division and would 

perturb development.  

Figure 5.4 miR-31 inhibitor effectively block endogenous miR-31. miR-31 

inhibitor injected embryos were subjected to miR-31 in situ and counterstained with 

DAPI to indicate DNA (blue). miR-31 is effectively blocked by the 8-cell stage 

(arrow indicates decreased miR-31). 
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Figure 5.5 miR-31 inhibition results in embryonic lethality, microtubule defects, 

and increase actin during mitosis. (A) Zygotes were injected with miR-31 inhibitor 

or control and the number of embryos in each stage was recorded every hour for 6 

hours post-fertilization, and at 24 hpf. miR-31 inhibitor injected embryos had a 

greater number of dead embryos and developmental delay compared to control 

embryos. Control embryos N=212, miR-31KD embryos (N=128). 3 biological 

replicates. (B) miR-31 KD embryos exhibit chromosomal bridging (arrows), that 

may result in aneuploidy. Embryos were injected with miR-31 LNA inhibitor or TR 

control and immunolabeled with tubulin in green and counterstained DNA with 

DAPI in blue. Different microtubule defects were tabulated and CMH test was used 

for significance. Scale bar= 50ɛm. * is a p-value<0.05. ** is a p-value<0.0001. (C) 

Control embryos exhibit enriched filamentous actin (F-actin) at the cell cortex and 

surrounding the chromosomes. miR-31 inhibitor injected embryos exhibit an 

increase in F-actin, particularly surrounding the chromosomes. Zygotes were 

injected with miR-31 LNA inhibitor and labeled with phalloidin and counterstained 

with DAPI. ImageJ    was   used   to measure the fluorescence intensity along a line   

drawn perpendicular to the metaphase plate.  
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Discussion/Future directions 

We have shown that miR-31 directly suppresses several genes that encode 

cytoskeletal modulators. Interestingly, miR-31 and its validated targets localize to the 

mitotic spindles in a cell cycle dependent manner. We hypothesize that miR-31 along 

with its targets are involved in regulating the cytoskeletal dynamics during mitosis. 

Perturbing miR-31 led to changes in actin and tubulin that may negatively impact rapid 

cell divisions that occur immediately after fertilization during the early cleavages. 

Since miR-31 is targeting a plethora of genes important for actin dynamics, it 

would be critical to assay for the effects of miR-31 inhibition on different types of actin. 

We observed that miR-31 inhibitor injected embryos had an increase of nuclear and 

cortical F-actin (Fig. 5.6). We could use C4 immunolabeling (Wineland et al., 2018) 

with miR-31 perturbed embryos to examine the total actin population. We could also 

use DNase I, which will label globular actin (Wineland et al., 2018). I would expect an 

increase in total actin using C4, since miR-31 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 seems miR-31 is targeting genes that are important in actin bundling 

instead of synthesis of actin monomers.  

Previously we have observed that miR-124 does not localize to the spindle (Fig. 

3.6A, (Konrad and Song, 2022b)). miR-124 is not expressed at high levels during the 

cleavage stage (Fig. 4.2) (Song et al., 2012).  It will be interesting to survey and identify 

additional miRNAs that localize to the spindles, including those that have a high 

maternal expression, such as miR-71 and miR-2012 (Song et al., 2012). Carolyn 

Remsburg in the lab has visualized miR-31 at the mitotic spindle in human cell lines 
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and human colon cancer cells (Oleksiuk et al., 2015), suggesting that miR-31ôs 

localization is evolutionarily conserved and potentially its function is also evolutionarily 

conserved.  

miR-31 localized at the mitotic spindle along with its predicted targets during 

mitosis, suggesting that miR-31 is post-transcriptionally regulating these targets. In 

collaboration with Carylon Remsburg, we aim to determine the mechanism by which 

miR-31 regulates microtubule and actin. The overarching hypothesis being tested is that 

miR-31 along with its actin modulating targets function at the mitotic spindles. Thus, 

we propose that post-transcriptional regulation mediated by miR-31 serves as an 

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