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ABSTRACT 

 For an embryo to develop properly from a single cell into a complex multicellular 

organism with several cell types having specialized functions requires rapid morphological 

changes throughout the entire embryo that must be tightly regulated. Underlying the 

development of each cell type, is an intricate coordination of gene expression specific to that cell 

type which changes as the cell matures and differentiates. The chromatin state of a gene has 

increasingly been found to be important for proper gene expression, with open euchromatin 

being accessible to proteins that modulate transcription, and heterochromatin silencing 

transcription. The state of chromatin is controlled by several chromatin writer and eraser proteins 

that post-translationally modify histone tails to confer a more open or closed chromatin 

confirmation and recruit chromatin readers to influence target gene transcription. One such 

reader protein, ZMYND11, has been shown to specifically bind histone variant H3.3, which is 

incorporated into transcriptionally active genes. Once bound to chromatin, ZMYND11 recruits 

other proteins to modulate target gene expression, although the mechanism underlying 

ZMYND11’s ability to regulate gene expression is poorly understood. 

 Interestingly, ZMYND11 has been found to be mutated in blood cancers and patients born 

with ZMYND11 haploinsufficiency experience recurrent infections. To better understand the 



function of zmynd11 in blood cell development, we created a mutant line of zebrafish. Our 

studies show that in the absence of zmynd11, primitive red blood cells over-proliferate and may 

have problems properly specifying cell fate. Specifically, RNA-seq analysis found that several 

genes involved in proliferation and master regulators of erythrocyte lineage specification were 

dysregulated, as well as the upregulation of several heat shock proteins that are primarily 

expressed in response to cellular stress. Our results show that zmynd11 is required for proper 

proliferation and lineage specification of primitive erythrocytes in zebrafish.  

 

 

 

INDEX WORDS:  ZMYND11, Histone H3.3, chromatin, nucleosome, erythrocyte 

  



 

 

ZMYND11 REGULATES BLOOD CELL DEVELOPMENT IN ZEBRAFISH 

 

by 

 

AIMEE KOWALSKI 

B.S., The University of Alabama at Birmingham, 2007 

M.S., Georgia State University, 2012 

 

 

A Dissertation Submitted to the Graduate Faculty of The University of Georgia in Partial 

Fulfillment of the Requirements for the Degree 

 

DOCTOR OF PHILOSOPHY 
 

 

ATHENS, GEORGIA 

2025 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2025 

Aimee Kowalski 

All Rights Reserved  



ZMYND11 REGULATES BLOOD CELL DEVELOPMENT IN ZEBRAFISH 

by 

AIMEE KOWALSKI 

Major Professor: Scott Dougan 

Committee: Edward Kipreos 
Jonathan Eggenschwiler 
Amy Medlock 

Electronic Version Approved: 

Ron Walcott 
Vice Provost for Graduate Education and Dean of the Graduate School 
The University of Georgia 
December 2025 



 iv 

 

 

DEDICATION 

 We are all a product of our genetics and environmental influences – I learned this in 

biology class and can clearly see it in my own life. I would not be where I am now without my 

family, and each person has contributed to the person I am now. My maternal grandmother, 

emphasized the importance of education so I always took school seriously; my paternal 

grandfather gave me the gift of a mathematical, problem-solving mind, which is definitely an 

asset in science and research; my paternal grandmother made me a perfectionist, which ensures 

my confidence in my research knowing that I pay close attention to every detail; and my 

maternal grandfather gave me the gift of gambling, because I never wouldn’t have taken the 

chance to move away for graduate school without a propensity for taking risks. 

 My mom and dad were always my biggest supporters and encouraged me to pursue any 

career I wanted. My mother also valued education and taught me that it was never too late to go 

back to school when she was accepted to nursing school at the age of 43. My dad, much like his 

dad, instilled in me a mechanical mind and the grit to set goals and accomplish them through 

hard work and dedication.  

No one knows you like your sibling. My sister, Natalie, organized most of my wedding 

since I was in my first year of graduate school and didn’t have the time, then she searched all of 

Athens for preemie clothes when Bonnie was born five weeks early. She always showed up 

when I needed her, and graduate school would have definitely been harder without her.  

 Finally, my husband, Chris, and daughter, Bonnie, have been supportive beyond belief! 

Chris relocated for me to go to graduate school, even though it took us farther away from family. 



 v 

It was difficult having a child and not being close to family, but he helped every way he could 

when it came to parenting. The countless number of times he had to pick up Bonnie from school 

with only a few minutes notice because I needed a few more minutes to finish up my 

experiments that day and things like the hours spent taking her to the playground or anywhere 

else but our home while I wrote my qualifying exams. I could not have completed my 

dissertation without him! I truly could not have asked for a better daughter than Bonnie! She has 

been so understanding, especially this past year. I worked late a lot, and we ate out a lot, but she 

never complained even though I could tell that she was getting a little tired of Papa John’s. When 

I asked for help taking care of things around the house because I was so busy, she did it without 

question. She could see the stress I was under, and she stepped up! My nephew Julian has also 

been extremely understanding of the stress of this year especially. I’ve forgotten so many things, 

had to delay trips to visit family, and he also had his fill of Papa John’s (we all did) but he’s 

hasn’t complained. 

For all these reasons, I dedicate this dissertation to all of these people because they all 

helped make it happen. 

  



 vi 

 

 

ACKNOWLEDGEMENTS 

Special thanks to Dr. Juan Bustamante for all his help with flow cytometry and answering 

all my questions about how the machines work and how to sort my cells and analyze the results. 

A huge thank you to Dr. Canaan Whitfield-Cargile for all the help processing and analyzing the 

RNA-seq data, without which I would have been completely lost. Dr. Megan Meany helped 

tremendously with deciding on which reagents I needed for RNA isolation and library prep for 

RNA-seq. 

I also want to acknowledge all the hard work done by my two undergraduates, Sarah 

Gayle Hammond and Magdalene Ellis. Sarah Gayle was so helpful in the early stages of this 

project and really helped grind out the genotyping to establish mutant lines. Magdalene did a lot 

of work on the craniofacial defects of mutant zebrafish to find the best way to get images of 

Meckel’s cartilage with single cell resolution. 

Huge thanks to all my lab mates, past and present, Wei-Chia Tseng, Munisa 

Mumingjiang, Suganthan Amirthagunanathan, and Nurgul Kaya. I’m so glad that I was able to 

turn to them with my lab problems, from switching fish feeding days to talking through failed 

experiments. 

Thank you to my PI and committee members, Dr. Scott Dougan, Dr. Edward Kipreos, 

and Dr. Amy Medlock, and Dr. Jonathan Eggenschwiler, for their continued patience and 

guidance during graduate school. Dr. Dougan allowed me to follow the project I wanted and 

trusted me to make critical decisions in the direction of my project. Dr. Medlock, in particular, 

helped so much with fish room maintenance and gave me the lcr:GFP zebrafish which were 



 vii 

instrumental to my dissertation studies. Dr. Kipreos was always interested in helping me with my 

project, asking me about my progress almost every time I saw him and suggesting ways to help 

with problems. Additionally, Dr. Jim Lauderdale was always supportive throughout my time at 

UGA, as a PI and as Department Head. I’m grateful that he made his equipment accessible for 

students outside his lab, including both fluorescent microscopes, which I used regularly.  

Joelle Szendel, Dr. Nancy Manley, Dr. Jonathan Eggenschwiler, Dr. Doug Menke, and 

Dr. Nancy Manley have done so much work organizing the DevBio Alliance events and DevBio 

RIP. I look forward to the retreat and symposium every year and the RIP meetings keep me 

connected with people in the DevBio community at UGA. 

  



 viii 

 

 

TABLE OF CONTENTS 

Page 

DEDICATION…………………………………….………………………………..…………….iv 

ACKNOWLEDGEMENTS ………………………………………………………..…………….vi 

LIST OF FIGURES ………………………………………………………………..……...……...ix 

LIST OF TABLES…………………………………………………………………..…...………..x 

CHAPTER 

 1    INTRODUCTION AND LITERATURE REVIEW…...….…………………………..1 

  The role of chromatin in regulation of gene expression……………………………1 

ZMYND11 is an H3.3 variant-specific chromatin reader……………..……………5 

Possible Unexplored Mechanism of ZMYND11 Target Gene Regulation……...…7 

ZMYND11 is Required for Neural, Craniofacial, and Blood Development………..8 

Zebrafish as a model organism to study blood development……………………...10 

Figures……………………………………………………………………………14 

References………………………………………………………………………..15 

2    ZMYND11 MODULATES PROLIFERATION AND LINEAGE SPECIFICATION  

IN ZEBRAFISH PRIMITIVE ERYTHROCYTES…………………….………..27 

 Introduction………………………………………………………………………27  

  Materials and Methods……………………………….…………………………..29 

Results…………………………………………………………………….……...37 

  Conclusions…………...………………………………………………………….43 



 ix 

  Figures……………………………………………………………………………47 

References………………………………………………………………...……...64 

3    AN EFFICIENT METHOD TO ISOLATE PRIMITIVE WAVE BLOOD CELLS 

FROM ZEBRAFISH EMBYOS FOR DOWNSTREAM APPLICATION, SUCH 

AS RNA-SEQ ……………………………………………………………...……67 

 Introduction………………………………………………………………………67 

 Procedure……………………………………………………………….………..68 

 Representative Results……………………………………………………...……70 

 Conclusions………………………………………………………………………71 

  Figures and Tables……………..…………………………………………………73 

References………………………………………………………………...……...80 

 4    CONCLUSIONS ……………………………………………………………………81 

 

  



 x 

 

 

LIST OF FIGURES 

Page 

Figure 1.1: Zmynd11 binding partners…….……………………………………………………..14 

Figure 2.1: zmynd11 expression at different stages of zebrafish development ….....……………47 

Figure 2.2: zmynd11 morphants display blood flow defects at 48hpf….………..…..……………48 

Figure 2.3: Heart/blood defects in zmynd11 morphants at 5dpf.……..…….…..…….……...…...49 

Figure 2.4: Abnormal craniofacial development in zmynd11 morphants …….…….……………50 

Figure 2.5: Creation of zmynd11 mutant zebrafish…………………………….………………....51 

Figure 2.6: Craniofacial defects in zmynd11-/- zebrafish at 5dpf…..……….…………………...53 

Figure 2.7: gata1 expression is reduced in zmynd11-/- at 12hpf ……..……………….………...54 

Figure 2.8: zmynd11-/-; lcr:GFP red blood cells are visibly brighter ………….……………….55 

Figure 2.9: zmynd11 -/-; lcr:GFP embryos have more red blood cells and increased GFP  

intensity per cell…………………………...……………….…………………………….56 

Figure 2.10: Hemoglobin genes are dysregulated in zmyndll-/-; lcr:GFP embryos at 48hpf….....57 

Figure 2.11: Differentially expressed genes in primitive red blood cells of zmynd11-/-; lcr:GFP  

vs wild type lcr:GFP…………………………………………………..……………..…..58 

Figure 2.12: Expression of lineage specific markers is dysregulated in zmynd11-/-; lcr:GFP….59 

Figure 2.13: Proliferation markers are dysregulated in zmynd11-/-; lcr:GFP………...……..…..60 

Figure 2.14: Heat shock proteins are dysregulated in zmynd11-/-; lcr:GFP……………………..61 

Figure 2.15: zmynd11-/-; lcr:GFP red blood cells are smaller than wild type lcr:GFP ………...62 

Figure 2.16: Missing subpopulation of GFP-positive cells in sorting data ………………….…...63 



 xi 

Figure 3.1 Gating strategy for sorting GFP-positive cells with fluorescence activated cell  

sorting (FACS)………………………………….…………………………………….….73 

  



 xii 

 

 

LIST OF TABLES 

Page 

Table 3.1: Consumables needed for sample preparation…………………………………….…..74 

Table 3.2: Sequences of DNA oligos used to deplete embryonic alpha-hemoglobin mRNAs…………..75 

Table 3.3: Sequences of DNA oligos used to deplete embryonic beta-globin mRNAs…………….……77 

 



 1 

 

 

CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

The role of chromatin in regulation of gene expression 

 The developing embryo undergoes constant morphological change as it grows from a 

single cell into a multicellular organism with several different organs of specialized function. 

The cascade of spatiotemporal gene expression required to precisely generate numerous cell 

types in an organism requires perfectly timed gene regulation, so that the genes required for 

maintenance and proliferation of stem cells are turned off and genes that define a mature cell’s 

identity and function are turned. Several mechanisms exist to regulate gene expression, including 

the DNA sequence, DNA methylation, transcription factors, RNA processing, and the chromatin 

state of target genes.  

Chromatin is composed of nucleosomes, which are made of approximately 146bp DNA 

wrapped around a protein complex, which is composed of a highly conserved octamer of 

histones H2A, H2B, H3, and H4. Each histone protein consists of a globular domain that 

interacts with other histones in the nucleosome core which is wrapped ~1.7 times by DNA, as 

well as an N-terminal tail that hangs out of the nucleosome. (Luger, 1997) Normally, histones are 

expressed in high amounts during S phase of the cell cycle, since twice as much DNA requires 

twice as many histones to compact the DNA into chromosomes. Histones that exhibit high 

expression during S phase are known as canonical histones and they are incorporated into 

chromatin in a DNA synthesis-coupled manner. Additionally, histone variants with specialized 

functions, known as replacement histones, can be incorporated into nucleosomes to provide 
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regulation of target gene expression. In contrast to canonical histones, these distinct replacement 

histone variants are not highly expressed during S phase and are incorporated into chromatin 

independent of DNA synthesis. (Ahmad & Henikoff, 2002; Brown et al., 1985; Wu et al., 1982; 

Wunsch & Lough, 1987) 

In recent years, several variants of all histones have been discovered, with some variants 

showing lineage specific expression and some expressed universally. The most relevant for the 

purposes of this review is Histone H3, for which a total of eight variants have been discovered so 

far. In mammals, histones H3.1 and H3.2 are considered canonical H3 histones, whereas H3.3, 

H3t, H3.X, H3.Y, H3.5 and CENP-A are replacement histones (Albig et al., 1996; Palmer et al., 

1987; Schenk et al., 2011; Sullivan et al., 1994; Witt et al., 1996). Specifically, histone H3.3 

differs from the canonical H3.1 and H3.2 by only five and four amino acid residues, respectively, 

and the peptide sequence of H3.3 is remarkably 100% conserved across all higher order 

eukaryotes. However, despite the similarity in protein sequence, the chromosomal arrangement 

and mRNA processing of canonical histones H3.1 and H3.2 differs greatly are from that of H3.3. 

Whereas H3.1 and H3.2 are arranged in clusters of multiple gene copies and do not have introns 

or polyadenylated tails, H3.3 does contain introns and a polyadenylated tail and has only a single 

or very few copies distributed throughout the genome, depending on the organism. (Engel et al., 

1982; Franklin & Zweidler, 1977) 

Only one residue, serine 31, differs between the tails of H3.3 and canonical histones H3.1 

and H3.2. In canonical histones, residue 31 is alanine, which cannot be modified, whereas serine 

can be post-translationally modified, including phosphorylation and acetylation. The other 3 to 4 

amino acids that differ between H3.2 and H3.1 versus H3.3, respectively, are in the globular core 

and are essential for proper nucleosome assembly. Residues 87, 89, and 90 are different between 
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H3.3 and the canonical H3 variants, with H3.1 also differing at residue 96. Mutation studies have 

shown that changing these amino acids to make one variant more like the other variant changes 

its deposition onto chromatin. (Ahmad & Henikoff, 2002; Goldberg et al., 2010) Additionally, in 

contrast to canonical histones H3.1 and H3.2, Histone H3.3 is incorporated into chromatin in a 

replication-independent manner, with two different protein complexes regulating its 

incorporation, depending on location in the genome. The HIRA complex incorporates H3.3 into 

euchromatin, including promoter regions, gene bodies of actively transcribed genes, and 

regulatory elements (Chow et al., 2005; Ray-Gallet et al., 2010; Ricketts et al., 2015; Tagami et 

al., 2004; Wirbelauer et al., 2005), whereas DAXX and ATRX incorporate H3.3 into areas of 

heterochromatin such as telomeres and pericentric DNA repeats (Drane et al., 2010; Elsässer et 

al., 2012; Lewis et al., 2010; Liu et al., 2012). Interestingly, transcription from heterochromatic 

pericentric repeats has been reported (Lu & Gilbert, 2007), and expression is decreased when 

DAXX is mutated or when H3.3 or ATRX is knocked down, suggesting that H3.3 deposition is 

required for proper transcriptional activation from these regions (Drane et al., 2010).  

In addition to controlled incorporation of histone variants, the N-terminus end of each 

histone that hangs out of the nucleosome can be chemically modified by methylation, 

acetylation, or phosphorylation on lysine, arginine, serine, threonine, and tyrosine residues to 

regulate gene expression and control chromatin compaction. For the purposes of this review, we 

will focus on lysine methylation, which can be a mark of active or repressive transcription. In 

general, methylation of lysines 4, 36, and 79 on H3 (H3K4, H3K36 and H3K79) normally marks 

transcriptional activation, while methylation on lysines 9 and 27 of H3 and lysine 20 on H4 

(H3K9, H3K27 and H4K20) are associated with transcriptional inhibition. Furthermore, each 
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lysine can be monomethylated (me1), dimethylated (me2), or trimethylated (me3), adding to the 

regulatory complexity of gene expression control. (Millán-Zambrano et al., 2022) 

The state of post-translational modifications influences how open the chromatin is and 

how accessible the target gene DNA is by changing the charge of the histone tails. Additionally, 

the combination of histone variant plus chemically modifying (i.e. acetylation, methylation, etc.) 

specific histone residues of a target gene may act as a code for determining the amount of gene 

expression and potentially the isoform of the gene product. This “histone code”, which is 

regulated by an intricate system of chromatin writers and erasers, presumably determines the 

transcriptional activity of target genes through its specific recruitment of proteins called 

chromatin readers, which recognize the specific histone modification and assemble other proteins 

to mediate gene expression. Chromatin writers are proteins that catalyze the post-translational 

addition of chemical groups to specific histone residues, and, in the case of methylation, they are 

called histone methyltransferases (HMT), while chromatin erasers remove chemical 

modifications on histones and are known as histone demethylases (HDM) if it catalyzes the 

removal of methyl groups from histone residues. Furthermore, writers and erasers can only 

catalyze the addition or removal of certain post-translational modifications (PTM) on specific 

histone residues and in some cases, are expressed in a tissue-specific manner. For example, 

Lysine-Specific Methyltransferase 2A (KMT2A) is only able to methylate lysine 4 on H3 and its 

expression has been shown to be important in developing hematopoietic and neural tissues, since 

KMT2A loss of function mutations have been associated with both leukemia and intellectual 

disability (Chan et al., 2019; Yang & Ernst, 2017). 
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ZMYND11 is a Histone H3.3 variant-specific chromatin reader 

ZMYND11 (zinc finger MYND-type containing 11, formerly known as BS69) was 

originally identified because it suppressed transcriptional activity of the adenoviral E1A 

oncoprotein and was later shown to inhibit activity of the transcription factor c-Myb in yeast 

transactivation assays (Hateboer et al., 1995; Ladendorff et al., 2001). The ZMYND11 protein 

contains a MYND domain on the C-terminus, which mediates its interaction with proteins known 

to be involved in gene regulation, including transcription factors, RNA splicing related proteins, 

and chromatin remodeling proteins (Figure 1.1) (Ekblad et al., 2005; Ladendorff et al., 2001; 

Masselink & Bernards, 2000; Velasco et al., 2006). Additionally, the N-terminus is comprised of 

three tandemly arranged, putative chromatin binding domains, namely a plant homeodomain 

(PHD), a bromodomain (BROMO), and a PWWP domain. It is through the BROMO-PWWP 

motif that ZMYND11 specifically recognizes lysine 36 trimethylation on histone variant H3.3 

(H3.3K36me3), making ZMYND11 the first histone variant-specific chromatin reader protein to 

be identified. Additionally, crystallography studies showed ZMYND11 interacts with amino 

acids alanine 29 to histidine 39 of H3.3, which explains its specificity for H3.3 since serine 31 is 

one of the few amino acid differences between H3.3 and canonical histones H3.1 and H3.2 (Wen 

et al., 2014).  

Interestingly, phosphorylated serine 31 on Histone H3.3 (H3.3S31) abolishes ZMYND11 

binding and therefore could be used to control ZMYND11’s ability to bind to chromatin and 

regulate target gene expression (Guo et al., 2014). Furthermore, H3.3S31 phosphorylation was 

shown to increase acetylation of neighboring nucleosomes, leading to an increase in target gene 

transcription (Martire et al., 2019). Since ZMYND11 interacts with histone deacetylases 

(HDAC), H3.3S31 dephosphorylation could be used as a switch to repress gene expression.  
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Furthermore, ChIP-seq analysis revealed a genome-wide co-localization of ZMYND11 

with H3K36me3 and H3.3 in gene bodies, and its occupancy requires the pre-deposition of 

H3.3K36me3 (Guo et al., 2014; Wen et al., 2014). At first, this may seem counterintuitive given 

the association of H3.3K36me3 with actively expressed genes (Goldberg et al., 2010; Mito et al., 

2005; Tagami et al., 2004; Venkatesh et al., 2012). However, taken together it provides a model 

whereby H3.3K36me3 is likely laid down as active genes are transcribed which eventually 

recruits ZMYND11 to repress gene expression, though the molecular mechanisms underlying 

ZMYND11’s ability to mediate transcription are not completely understood.  

Recent publications have reported evidence for differing although not mutually exclusive, 

mechanisms of ZMYND11 repression. Guo et al. showed that ZMYND11 promotes intron 

retention, which leads to degradation of mRNA, reducing target gene transcript levels as a result. 

This model is supported by evidence that ZMYND11 antagonizes core RNA splicing machinery 

through its direct interaction with EFTUD2, which was also shown to be dependent on 

ZMYND11’s association with H3.3K36me3 (Guo et al., 2014). Alternatively, Wen et al. showed 

that ZMYND11 may repress gene expression by preventing paused RNA polymerase II from 

releasing and entering elongation. They hypothesize that ZMYND11 is regulating the local 

chromatin environment through its interaction(s) with members of the SWI/SNF chromatin 

remodeling complex, thereby preventing RNA Polymerase II from entering gene bodies (Wen et 

al., 2014). Currently, it is not clear if this aspect of ZMYND11 function also requires interaction 

with H3.3K36me3 or whether some other mechanism is responsible. However, considering that 

ZMYND11 directly interacts with several transcription factors (Ansieau & Leutz, 2002; Ekblad 

et al., 2005; Ladendorff et al., 2001; Velasco et al., 2006; Wei et al., 2003), which can function 

to either directly or indirectly mediate RNA Pol II activity, it is feasible that they could be 
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regulating this aspect of ZMYND11’s function.  

Possible unexplored mechanism of ZMYND11 target gene regulation 

We propose an additional mechanism where ZMYND11 also contributes to de novo 

repression of genes needed to maintain the proliferative capacity of stem cell populations, as is 

the case with Polycomb-mediated gene silencing in lineage specification. In a well-established 

example, Polycomblike (PCL) binds H3K36me3 to facilitate recruitment of Polycomb group 

(PcG) proteins, which remodels the local chromatin environment to repress transcription of 

previously active embryonic stem cell-specific genes, thus allowing for proper differentiation 

(Abed & Jones, 2012; Ballaré et al., 2012; Brien et al., 2012; Musselman et al., 2012). 

ZMYND11’s specific recognition of H3.3K36me3 together with its interaction with several 

chromatin-remodeling proteins, suggest a mechanism where ZMYND11 could contribute to 

lineage specification by similarly suppressing transcription of genes required to maintain 

pluripotency. 

In fact, ZMYND11 interacts with CBX4, PH3, and BCORL1, which are part of PRC1, as 

well as EZH2 which is a catalytic component of PRC2 that methylates H3K27.  Furthermore, 

ZMYND11 has been shown to interact with several members of the noncanonical polycomb 

repressive complex 1.6 (PRC1.6), which include MGA, E2F6, L3MBTL2, RING1/2, and 

HDAC. Additionally, L3MBTL2 recognizes methylation on H3K4, H3K9, H3K27, and H4K20 

and another member of PRC1.6, HP1gamma, recognizes di- and tri-methylation on H3K9. 

Moreover, ZMYND11 interacts with chromatin writers and erasers, including KMT2A, NSD1, 

and KDM3B, that control lysine methylation at H3K4, H3K9, H3K36, although it’s not known if 

ZMYND11 enhances or inhibits their ability to modify histone tails. However, it’s possible that 

ZMYND11 not only directly recruits PRC1.6 to target genes through protein-protein interactions 
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but also regulates the surrounding histone tail modifications to encourage PRC1.6 recruitment 

through its recognition of specific lysine methylation states. Furthermore, ZMYND11 could 

recruit chromatin remodelers to open up the regions containing MGA and E2F6 DNA binding 

sequences.  

Stielow et. al. (2018) proposed a mechanism whereby PRC1.6 is recruited to target genes 

primarily through the transcription factors MGA and E2F6 recognizing their respective DNA 

binding domains. However, little credit is given to the chromatin state of target genes or other 

proteins that could be recruiting PRC1.6. Given that ZMYND11 interacts with several members 

of the PRC1.6, I believe that ZMYND11 is recruiting PRC1.6 to a subset of MGA/E2F6 target 

genes to modulate expression.  

ZMYND11 is Required for neural, craniofacial, and blood development  

During neurogenesis, an extensive battery of genes encoding components of the synaptic 

transmission machinery and specialized cytoskeletal proteins are activated, though the 

mechanisms regulating these genes are not well understood. Several human case studies have 

demonstrated a causal link between ZMYND11 loss of function mutations and intellectual 

disability, autism and schizophrenia. Interestingly, these patients also had characteristic 

craniofacial features, such as a wide or depressed nasal bridge and low-set eyes, showing that 

ZMYND11 is clearly involved in neural and craniofacial development (Cobben et al., 2014; Coe 

et al., 2014; DeScipio et al., 2012; Tumiene et al., 2017; Vargiami et al., 2014; Yates et al., 

2020a). Additionally, whole exome sequencing of patients previously diagnosed with dystonia, a 

neurological disorder that results in muscle contraction and twitching, identified two patients 

with mutations in ZMYND11 (Thomsen et al., 2025). Yu et al. (2009) showed that ZMYND11 is 

normally downregulated in neurons as they differentiate, however, if ZMYND11 expression 
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levels are maintained by transfection, lineage specification is inhibited, suggesting that 

ZMYND11 could be repressing lineage-specific gene expression and its downregulation is 

required for cells to completely differentiate.  

In addition to the neural and craniofacial phenotypes seen in patients with ZMYND11 

haploinsufficiency, several of them experience recurrent infections, indicating a problem with 

immune system function, which could include aberrant development of immune cells (Bodetko 

et al.; Tumiene et al., 2017). Furthermore, several types of leukemia have been identified with 

ZMYND11 loss of function mutations. Copy number variations, meaning deletions or 

duplications of pieces of genomic DNA that can be hundreds to several kilobases long, that 

include ZMYND11 have been found in several types of leukemias and myelomas (Yang et al., 

2010). Additionally, numerous cases of acute myeloid leukemia (AML) have been reported with 

recurrent translocations, t(10; 17) (p15; q21), which produce a ZMYND11-MBTD1 fusion 

protein that contains only the N-terminal chromatin binding domain of ZMYND11 fused with 

either full length or all but the first 2 exons of Malignant Brain Tumor Domain Containing 1 

(MBTD1) (Braekeleer et al., 2014; Kawai et al., 2024; Plesa & Sujobert, 2019; Rooij et al., 

2015; Tempescul et al., 2007; Yamamoto et al., 2018). Because ZMYND11’s chromatin binding 

domain is preserved, ZMYND11-MBTD1 still recognizes H3.3K36me3, but with no MYND 

domain to recruit the usual partners to mediate gene expression, the MBTD1 portion recruits the 

histone acetyltransferase complex NuA4/TIP60, which increases target gene expression. As a 

result, AML arising from this translocation is poorly differentiated and the characteristic set of 

upregulated genes increases the “stemness” potential of these cancerous blood cells. (Devoucoux 

et al., 2022; Li et al., 2021).  
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In regards to ZMYND11’s interaction with PRC1.6, it is worth noting that losing 

function of any one of the members of PRC1.6, Histone H3.3, or K36me3 independently have 

been implicated as causal mutations leading to leukemia (Attieh et al., 2013; Paoli et al., 2013; 

Tanaskovic et al., 2022). Additionally, the chromatin writers that ZMYND11 is known to 

interact with, NSD1, KDM3B, and KMT2A, have been found to be mutated in leukemias 

(Guarnera et al., 2024; Kim et al., 2023; Yang et al., 2021; Yoo et al., 2024; Zehtabcheh et al., 

2025). This highlights the importance of the cascade from H3.3 deposition, to lysine 36 

trimethylation, followed by recruitment of ZMYND11, and presumably PRC1.6, in the 

development and lineage specification of blood cells. 

Taken together, it seems that ZMYND11 plays a role in differentiation of many cell 

types, including neural, craniofacial, and blood cells, and this role is largely dependent on its 

interaction with H3.3K36me3. It’s interesting that one protein could regulate lineage 

specification of such different tissue types, which require distinctive genes be turned on to confer 

each tissue’s function. If ZMYND11 is in some ways a central protein in the universal gene 

regulatory machinery during cell differentiation, then the spatiotemporal tissue-specific 

expression of proteins important for ZMYND11’s function are key to tissue-specific gene 

regulation. For example, the mechanisms that target H3.3 deposition and histone post-

translational modifications and proteins that interact with ZMYND11 must be precisely 

regulated to modulate tissue-specific gene expression of downstream targets.    

Zebrafish as a model organism to study blood development 

 Blood development in all vertebrates proceeds in two successive waves, first the 

primitive wave then the definitive wave. In mammals, the primitive wave begins to differentiate 

early on from mesoderm at the onset of gastrulation, and the first blood cells arise in the blood 
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islands of the yolk sac by E7.0 in mice. By E7.5, a semi-synchronous population of immature 

blood cells can be seen in mouse embryos which then undergo a limited number of cell divisions 

until E12.5. As the primitive erythroblasts mature, they undergo a series of morphological 

changes, including cytoskeletal remodeling, leading to a reduction in cell size and shrinking of 

the nucleus. By E16.5-17.5 the primitive wave of erythrocytes have lost their nuclei and matured 

to become reticulocytes, which is evident by a drastic decrease in surface area and volume 

(Fraser et al., 2006; Kingsley et al., 2004; McGrath et al., 2008). While the lifespan of a 

primitive red blood cell is not known, they have been found in circulation up to seven days after 

birth in mice. Although primitive wave research is limited in humans because of ethical 

concerns, the blood islands emerge by 18-20 days gestation, primitive erythrocytes are in 

circulation beginning at three to six weeks, and have been detected throughout the third 

trimester. By about the sixth week of development, the definitive wave appears in the human 

fetal liver and by about 32 weeks, the bone marrow has become the primary site for 

hematopoiesis (Chasis & Mohandas, 2008). 

Both the primitive and definitive erythrocytes go through three stages of maturation. 

They begin developing in a protected space outside of the vascular system as progenitors, then 

become erythroblast precursors, and for the final stage, mature red blood cells enter circulation. 

Some of the same genetic pathways and transcriptional regulators are used in the development of 

both primitive and definitive waves, such as GATA1, KLF1, TAL1, LMO2, and LDB1 (Hodge et 

al., 2005; Pevny et al., 1995; Robb et al., 1995). However, there are also differences between the 

two waves, most notable is the hemoglobin that is expressed in primitive compared to definitive 

waves. For example, even though both waves initially express embryonic zeta globin and switch 

to expressing the adult alpha globin, the definitive wave expresses much lower levels of zeta 
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globin, also expresses fetal gamma globin and switches to adult alpha globin earlier in 

maturation than the primitive wave. Additionally, expression of some key regulators of 

transcription, like MYB, SOX6, and BCL11A are only present in the definitive wave (Tober et al., 

2008; Xu et al., 2010; Yi et al., 2006).  

 The primitive and definitive waves of blood development in zebrafish are analogous to 

humans, in that several of the same genes are required for proper lineage specification. However, 

the origin is slightly different in that it originates from the posterior lateral mesoderm at about 

10-12 hours post fertilization, right at the end of gastrulation. These cells then migrate to the 

blood islands located at the anterior lateral mesoderm, where primitive monocytes are made, and 

the intermediate cellular mass, which generates primitive erythrocytes before 24hpf. The 

definitive hematopoietic stem cells bud from hemogenic endothelium on the ventral wall of the 

dorsal aorta and at about 3dpf a small subset of these cells migrate to the thymus to produce T 

lymphocytes and to the caudal hematopoietic tissue where several lineages of blood cells are 

produced. Finally, by 5dpf the hematopoietic stem cells seed the kidney, which is the final site of 

definitive hematopoiesis. 

 Approximately 70% of human proteins have a zebrafish homolog, underscoring the 

usefulness of model organisms in helping understand cellular processes and disease states that 

are common to both humans and zebrafish. Zebrafish use several of the same key regulators for 

lineage specification of erythrocytes and other blood cell types, including gata1, tal1, klf1 and 

lmo2 and the red blood cells undergo similar morphological changes and modifications to the 

cytoskeleton during differentiation. As red blood cells mature in zebrafish, they also become 

smaller with a smaller nucleus and less granular cytoplasm. 
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 External fertilization, high fecundity, and transparent embryos make zebrafish the perfect 

model organism for studying developmental processes. Additionally, transgenic modifications in 

zebrafish have allowed cell type-specific expression of fluorescent reporter proteins to allow 

visualization of the cells of interest, which can be tracked in live embryos over time without the 

need to fix and stain samples. Combined with the ease of creating mutations in a particular gene 

of interest by injecting CRISPR Cas9 and guide RNAs into embryos at 1-cell stage allows for 

reverse genetics studies to understand the function of certain genes of interest. 
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Figures 

 

 

Figure 1.1. ZMYND11 interacting proteins. ZMYND11 interacts with trimethylated lysine on 
Histone H3.3 (H3.3K36me3) through its tandem PHD-BROMO-PWWP domain, while 
interacting with transcription factors, chromatin-related proteins, and splicing-related proteins.  
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CHAPTER 2 

ZMYND11 MODULATES PROLIFERATION AND LINEAGE SPECIFICATION  

IN ZEBRAFISH PRIMITIVE ERYTHROCYTES  

Introduction 

The ontogeny of the embryo is a highly complex morphogenetic process characterized by 

a strong aspect of spatiotemporal order observed similarly in all vertebrates during development. 

Differentiation of embryonic stem cells into more specialized cell types requires simultaneous 

activation of differentiation-specific genes and repression of embryonic stem cell–specific genes, 

which maintain pluripotency and proliferative capacity. Through this coordinated expression of 

lineage-specific genes, differentiated cell types acquire unique structural and functional traits. 

Often, dysregulation of these pathways can lead to disease states, such as cancer. 

Zmynd11 was first discovered as a transcriptional repressor and was later shown to be a 

chromatin reader that interacts specifically with trimethylated lysine 36 on Histone H3.3 

(H3.3K36me3) through its tandem PHD-BROMO-PWWP chromatin binding domain and 

recruits several different proteins related to gene regulation, like chromatin remodelers, 

transcription factors, and splicing-related factors through its C-terminal MYND domain. 

ZMYND11 loss of function has been identified in several leukemias, indicating that it normally 

suppresses proliferation (Yang et al., 2010). A recurrent translocation (10;17)(p15;q21) which 

creates a fusion protein containing the N-terminus of ZMYND11 and the C-terminus of another 

protein, MBTD1, has been found in acute myeloid leukemias, that are often minimally or poorly 

differentiated (Braekeleer et al., 2014; Kawai et al., 2024; Plesa & Sujobert, 2019; Rooij et al., 
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2015; Tempescul et al., 2007; Yamamoto et al., 2018) . This mutation is interesting because it 

replaces the MYND domain of ZMYND11 with MBTD1, which is also a chromatin reader and 

part of the NuA4 histone acetyltransferase complex. This means that the ZMYND11-MBTD1 

fusion protein is presumably still being recruited to target genes containing H3.3K36me3, but 

instead of recruiting the usual characters with its MYND domain to regulate target gene 

expression, MBTD1 binding partners, including the NuA4 histone acetyltransferase complex are 

being aberrantly recruited to ZMYND11 target genes through MBTD1’s C-terminus domain. 

This acetylates and actives transcription of ZMYND11 target genes that would normally be 

downregulated by ZMYND11’s MYND domain binding partners (Devoucoux et al., 2022; Li et 

al., 2021). Therefore, this fusion protein is not only losing most of ZMYND11’s repressive 

function but also gaining MTBD1’s ability to activate expression of genes that would otherwise 

downregulated. Additionally, patients with ZMYND11 haploinsufficiency report experiencing 

recurrent infections (Yates et al., 2020b). Taken together, the high rate that ZMYND11 mutations 

are found in leukemias along with recurrent infections, strongly suggests that ZMYND11 plays a 

role in myeloid lineage specification. 

To better understand zmynd11’s role in blood development, we first studied the 

phenotypic changes in zebrafish zmynd11 morphants, followed by the creation of a line of 

zebrafish carrying a zmynd11 loss of function mutation. Zebrafish have been used for decades for 

genetic studies given their high fecundity and transparent embryos, in addition to the fact that 

zebrafish and humans share approximately 70% of their genes and many cellular processes and 

pathways are conserved across species (Howe et al., 2013). Similar to humans, zebrafish undergo 

two waves of blood development, a primitive wave which is formed very early in development 

and proliferate and mature until around 5 days post fertilization (dpf), which is when the 
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definitive wave begins to takes over, setting up the hematopoietic stem cell population that 

supplies the organism with blood cells for the rest of its life. Even though markers for the 

definitive wave of development, are turned on as early as 32hpf, the vast majority of red blood 

cells circulating in the first 2-3 days are from the primitive wave (Gore et al., 2018). For 

developing zebrafish embryos, primitive erythrocyte markers can be seen expressing myeloid 

and erythrocyte marker in bilateral stripes of the lateral plate mesoderm at about 10-11 hours 

post fertilization (hpf), then these cells migrate to the primary site of primitive hematopoiesis, the 

intermediate cell mass (ICM), by about 24hpf and very soon after this primitive erythrocytes 

enter circulation (Detrich et al., 1995). As red blood cells mature, in zebrafish and mammals, 

they undergo a series of morphological changes becoming smaller and less granular as they 

develop (Qian et al., 2007)  

Our research shows that zmynd11 loss of function leads to altered gene expression 

patterns in red blood cells resulting in increased proliferation and phenotypic changes, like 

decreased size of red blood cells. Additionally, several genes that play a role in differentiation 

were dysregulated in zmynd11 deficient red blood cells, suggesting that zmynd11, not only plays 

a role in suppressing proliferation, but also regulating differentiation of red blood cells. 

Materials and Methods 

Zebrafish lines and maintenance 

 All fish were maintained at the University of Georgia. Adults were fed twice a day with 

Gemma Micro 300 zebrafish food (Skretting, France) and are kept at 28oC with 15 hours light 

and 9 hours dark. The pH and conductivity of the water was maintained at 6.8-7.2 and 450-

550uS, respectively. Embryos were raised at 28oC at a density of 100 embryos per 100mm petri 

dish. 
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Morpholino injections 

All morpholinos were obtained from Gene Tools, Philomath, OR. Each embryo was 

injected at the 1-cell stage with 1.6ng zmynd11 splice blocking morpholino  

(5’-TGCTCTGGTTTGTGTCTCACCATCT-3’) and 2.4ng p53 morpholino. A control 

mismatched morpholino (misMO) (5’-TACTCTAGTTTATGTCTAACCATAT-3’) was also 

injected into a control group of embryos. One nanoliter of the injection solution, containing 

0.05% phenol red (Sigma-Aldrich P-5530) in 0.2M KCl was freshly prepared and injected into 

the yolk of zebrafish embryos and the embryos were maintained at about 100 embryos per 

100cm Petri dish in egg water at 28oC to monitor development over time. Phenol red allows for 

direct observation of the injected solution in the yolk, and the zmynd11 morpholino and 

mismatch morpholino were tagged with a red fluorescent molecule, lissamine, to ensure that 

morpholino transport from the yolk to the cell pole was complete. 

in situ hybridization 

 Embryos were collected at 4hpf, 24hpf, and 72hpf and fixed overnight with 4% PFA at 

4oC, then stored in 100% methanol at -20oC. Whole mount in situ hybridization was performed 

as previously described (Thisse & Thisse, 2008). Gene probes were synthesized using the 

MEGAscript T7 Transcription Kit (Invitrogen AMB13345), detected with anti-Digoxigenin 

(DIG)-alkaline phosphatase, Fab fragments (Roche 11093274910) and developed with a mixture 

of NBT (Thermo 34035) and BCIP (Thermo 34040). 

o-dianisidine staining 

 Dissolve 100mg o-dianisidine powder (Sigma D9143) in 70ml 100% ethanol to make the 

stock solution at least one day before using because it takes several hours to completely dissolve. 
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Store at 4oC covered in aluminum foil to protect from light and discard when the solution turns 

from clear to brown, approximately one month.  

48hpf embryos were dechorionated and collected in a 1.7ml Eppendorf tube, 50 embryos 

per tube. Prepare the working solution fresh each time by mixing the following amounts 

multiplied by the number of samples: 500µl o-dianisidine stock solution, 125µl 0.1M NaOAc, 

pH4.5, 500µl sterile water, and 25µl 30% H2O2. Without fixing in PFA, add one milliliter of the 

working solution to each tube of embryos and incubate for 3-5 minutes, monitoring by 

microscope until the desired amount of amount of staining is achieved. Stop the reaction by 

rinsing in distilled water three times for 5 minutes and store stained embryos in 4% PFA at 4oC. 

CRISPR Cas9 injections to mutate zmynd11 in zebrafish embryos 

1-cell WIK embryos were injected into the cell, not the yolk, with 500pg Cas9 RNP and 

200pg each of 2 guide RNAs (gRNA) flanking zmynd11’s MYND domain to create mosaic 

mutants: 5’-GGCCATGTACCACTGCTGC-3’ and 5’-ATCACAAACGTACCTGCCGC-3’. The 

Invitrogen MEGAshortscript T7 transcription kit (AM1350) was used to transcribe the gRNAs 

and Cas9 ribonucleoprotein (RNP) was obtained from PNA Bio Inc. (product number CP01). 

The offspring of mosaic fish Fo were screened for mutations by extracting genomic DNA at 24 

hpf and amplifying the 3’end of zmynd11 to identify large deletions  

(Forward 5’-GGTTAACCAAAGCTGCGGAAGTTCAG-3’; Reverse 5’-

GCCCTGTTAGCATTCATCGCAACTCAGC-3’). Heterozygous mutants were in-crossed to 

establish a homozygous population, which were subsequently in-crossed to generate a maternal 

zygotic mutant population.  Genomic DNA was extracted from fin clip specimens of F1 and F2 

generations followed by PCR of the 3’end of zmynd11. 
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zmynd11 mutant sequencing 

 A region approximately 400bp in length was PCR amplified with the same primers used 

for genotyping and purified by adding Agencourt AMPure XP beads (Beckman Coulter A63880) 

at 0.9X the PCR reaction volume to size select for DNA fragments above 150bp. After washing 

with 80% ethanol twice, the PCR product was eluted from the beads with 20µl nuclease free 

water then purity and concentration was checked with both Nanodrop and Qubit. Sanger 

sequencing was performed by Genewiz.  

Western blot 

 200 zebrafish embryos at 12hpf were deyolked with Ringer’s solution (calcium free), 

with 0.3mM PMSF to inhibit proteases, by pipetting up and down with a 200µl. Rinse once with 

Ringer’s with PMSF and store at -80oC or add lysis buffer and continue with protein 

quantification. Protein amount was quantified with Pierce BCA Protein Assay Kit (Thermo 

23225) and 10µg total protein was added to each well of a Biorad Mini-Protean TGX precast gel 

(product number 4561084) and subsequently transferred to PVDF membrane (Amersham 

10600023). The primary antibody used was ABClonal ZMYND11 rabbit antibody (product 

number A6327) which targets the N-terminus of ZMYND11 and the secondary antibody used 

was ABClonal HRP-conjugated Goat anti-Rabbit IgG (H+L) (product number AS014). Each 

antibody was incubated overnight at 4oC and ECL substrate (Bio-Rad 170-5060) was applied to 

the membrane and detected with Biorad Gel Doc XR+ set to collect chemiluminescence.  

Alcian blue staining 

 5dpf larvae were fixed overnight in 4% paraformaldehyde in PBS, pH 7.4 at 4oC. After 

washing three times for five minutes in an acid alcohol (AA) solution made of 70% ethanol 

(EtOH) and 30% glacial acetic acid (GAA), larvae were stained at room temperature overnight in 
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a solution of 0.1% alcian blue 8GX (Sigma-Aldrich A5268), 70% EtOH, and 30% GAA. 

Samples were rinsed several times and differentiated with AA overnight at room temperature. To 

prepare for dissection, larvae were rehydrated by washing in a series of AA : water for five 

minutes each (75% AA : 25% water, 50% AA : 50% water, 25% AA : 75% water). After rinsing 

three times in a saturated sodium borate solution, samples were digested at room temperature in a 

solution of 1.6% trypsin (Millipore Sigma T4799) in equal parts water and saturated sodium 

borate. Forceps were used to dissect out the craniofacial cartilage, which were transferred to 

PBS, pH 7.4 and imaged with a Zeiss Axio Imager.D2. 

Creating zmynd11-/-; lcr:GFP zebrafish lines 

zmynd11-/- fish were out-crossed with lcr:GFP transgenic zebrafish obtained from the 

Zon lab (Ganis et al., 2012) to create a double heterozygous line (lcr:GFP +/- ; zmynd11+/-), 

which were subsequently in-crossed to obtain fish that were lcr:GFP +/+; zmynd11-/-. To 

identify homozygous zmynd11 mutants, genomic DNA was extracted from fin clip specimens 

followed by PCR amplification of the 3’end of zmynd11. 

Determining the number of mutant and wildtype red blood cells 

 The protocol for digesting embryos was modified from Rueb and Stachura (2021). For 

each sample, ten 48hpf embryos were transferred to an Eppendorf tube. The embryos were rinsed 

once with DPBS (details of recipe), then this was replaced with 500µl DPBS and 6µl 5mg/ml 

Roche Liberase TM (product number 05401119001) in PBS, pH 7.4 was added to each sample. 

The Eppendorf tubes were then taped horizontally to the bottom of a shaker set to 185rpm at 

37oC and incubated for approximately 45 minutes. Enzyme digestion varies between tubes and 

must be monitored every few minutes after about 30 minutes to ensure samples are not over-

digested. Once digestion is complete, the sample is passed through a 35µm filter into a 5ml 
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Falcon tube (product number 352235), then 4ml of PBS pH 7.4 with no Ca2+ or Mg2+ was also 

passed through the filter to decrease the enzyme’s activity. The filter cap was changed to a 

regular cap and the tubes were centrifuged at 300g for 5 minutes, 4oC to pellet cells. Most of the 

supernatant was aspirated off, leaving only about 100µl. The total volume was estimated with a 

pipet then brought up to 300µl with PBS, pH 7.4. 1µl of 1mM thiazole red (Biotium 40087) 

diluted 1:30 was added to each sample and allowed to incubate at room temperature for 15 

minutes to stain dead cells. Samples were analyzed using the Cytek Aurora at the University of 

Georgia CTEGD Cytometry Shared Resource Laboratory. The gating strategy was as follows: 

SSC-A vs FSC-A to separate cells from debris à FSC-H vs FSC-A to select for single cells 

from doublets à  GFP vs thiazole red to determine the numbers of GFP-positive red blood cells 

and dead cells. FlowJo software was used to analyze and compare the number of red blood cells 

in mutant and wild type embryos. 

Hemoglobin qPCR  

 For each sample, 100 48hpf embryos were collected and separated into 2 Eppendorf 

tubes, 50 embryos per tube. Embryos were rinsed once with one milliliter ice-cold Ringer’s 

solution (calcium free), then 300µl Ringer’s (calcium free) was added and allowed to incubate on 

ice for 5-10 minutes. Embryos were deyolked by titrating them in and out of a 200µl pipet tip 8-

10 times. Deyolked embryos were very briefly centrifuged to pellet the embryos at the bottom of 

the tube, then the supernatant was removed while avoiding the embryos and large pieces of yolk 

at the bottom of the tube. The supernatant from 50 deyolked embryos was passed through a 

35µm filter into a 5ml Falcon tube (product number 352235), then 700µl PBS, pH 7.4 was also 

passed through the filter to bring the total volume to one milliliter. Filtering more than the 

supernatant from 50 embryos into one 5ml tube can result in clumps of cells that are difficult to 
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completely resuspend, resulting in sample loss. The filter cap was replaced with a regular cap, 

and the samples were centrifuged at 300g for 5 minutes, 4oC to pellet cells. Most of the 

supernatant was carefully aspirated with a p1000 pipet, leaving only about 50-100µl of 

supernatant in the tube to avoid disturbing the cell pellet. The total volume remaining was 

estimated with a p200 pipet and brought up to 150µl with the addition of PBS, pH7.4, then the 

cell pellet was resuspended by pipetting up and down 10-15 times. At this point, the supernatant 

of both tubes was combined, and total RNA was isolated and treated with DNase using 

Invitrogen’s RNAqueous Micro Kit (AM1931). 

 The primers used to quantify each embryonic hemoglobin gene were previously 

described in Ganis et. al., 2012. Samples were run on a Roche Lightcycler 480 II (Rotkreuz, 

Switzerland) with Luna Universal One-Step RT-qPCR Kit Protocol (New England Biolabs 

E3005) was use for the cDNA synthesis and qPCR reaction. Each sample was run in triplicate 

and fold change was calculated from the average. 

Fluorescence activated cell sorting (FACS) to isolate red blood cells 

Total blood cells were obtained in the same way as hemoglobin qPCR, except 350 48hpf 

embryos were prepared for each sample, 7 tubes of 50 embryos per tube. After deyolking, 

filtering, and resuspending pelleted cells in PBS, pH 7.4, all seven tubes were combined, and 

GFP-positive cells were sorted directly into 750µl lysis buffer provided by the Invitrogen 

RNAqueous Micro Kit (AM1931). Cells were sorted with the Cytek Aurora CS located at the 

University of Georgia CTEGD Cytometry Shared Resource Laboratory and the FACS gating 

strategy used was the same as before, when determining the number of red blood cells. 
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RNA-seq of zmynd11 and wild type isolated red blood cells 

After sorting GFP-positive red blood cells, total RNA was isolated using the 

MicroRNAqueous Kit (Invitrogen AM1931) and treated with DNase (provided with 

MicroRNAqeous kit) for 30 minutes at 37oC. Total RNA quality was measured by the Aligent 

Bioanalyzer. All samples contained about 400ng total RNA with a RIN of at least 8.0. 

Hemoglobin was depleted using NEBNext RNA Depletion Core Reagent Set (product number 

E7865) and a pool of ssDNA oligos (2µM each) designed using the NEBNext Custom RNA 

Depletion Design Tool. The library was prepared using Illumina’s stranded mRNA prep, ligation 

kit (product number 20040532) with Illumina DNA/RNA Unique Dual Indexes Set A (product 

number 20084067). Messenger RNA was purified from total RNA using poly-T oligo-attached 

magnetic beads. After fragmentation, the first strand cDNA was synthesized using random 

hexamer primers followed by second strand cDNA synthesis. The 3’ ends were polyadenylated 

so that adapters could be ligated, followed by amplification of the library. The library was 

checked with Qubit and Bioanalyzer for size distribution detection. Libraries were pooled and 

sequenced on Illumina NovaSeq X Plus Series (PE150) by Novagene (Sacramento, CA) to 

obtain 60 million reads per sample. Reads were aligned to the Danio rerio GRCz11 genome 

using STAR with gene-level counts generated via --quantMode GeneCounts. Differential 

expression between wild-type and mutant samples was assessed using edgeR following TMM 

normalization and dispersion estimation. Genes with FDR < 0.05 were considered significant.  

Determining the phenotypic characteristics of mutant and wildtype red blood cells 

To determine the mean size and granularity of zmynd11-/- red blood cells vs wild type, 

FlowJo software (Ashland, OR) was used to analyze and compare the data collected from sorting 
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mutant and wild type red blood cells with the Cytek Aurora Cell Sorter (Cytek Biosciences, 

Fremont, CA). 

Results 

zmynd11 is expressed in early embryos 

 We performed zmynd11 in situ on 12hpf, 24hpf, and 72hpf zebrafish embryos to see 

where zmynd11 is expressed early in development (Figure 2.1). zmynd11 is globally expressed in 

the cell pole at 4hpf but by 24hpf, expression is limited to the head and trunk region. 

Interestingly, by 72hpf zmynd11 is still expressed somewhat in the head and also appears to be 

restricted to the notochord.  

zmynd11 morphants exhibit defects in blood and craniofacial development 

 We wanted to see if interrupting zmynd11 expression through injection of a splice-

blocking morpholino would show phenotypic changes when compared to mismatch injected 

negative control fish. At 48hpf, blood pooling on the side of the yolk was observed in several 

morphants. At this stage, zebrafish lie on their side and do not constantly keep themselves 

upright. When morphants would lie on the same side for a while, the blood would pool on the 

side gravity favored and little to no blood flow was observed on the top side of the yolk in these 

embryos. This indicates either a problem with the blood, possibly being more viscous, or with 

the development of the cardiovascular system that could be functioning at sub-optimal blood 

pressure and is, therefore, unable to effectively pump blood throughout the body. To better 

visualize this, o-dianisidine staining was performed at 48hpf on morphants and mismatch 

controls (Figure 2.2). Moreover, at 5dpf the heart looks enlarged in zmynd11 morphants (Figure 

2.3), but again it is not possible to decipher if the defect is in the blood, cardiovascular system, or 

both. It’s unclear if the heart and/or other components of the cardiovascular system are not 
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developing correctly or if the blood volume or viscosity is increased and is therefore causing the 

cardiovascular problems because of the increased demand on the heart to pump harder. 

Additionally, when zmynd11 morpholino is injected into sox10-GFP zebrafish (Carney et 

al., 2006), which express GFP in neural crest derived tissues, craniofacial defects can be seen by 

5dpf (Figure 2.4). The lateral view in the top panel shows the craniofacial structures of morphant 

larvae sloping downward, not upward like the mismatch control. Specifically, the Meckel’s 

cartilage appears to be reduced and more square-shaped in zmynd11 morphants (bottom panel, 

red arrow). 

Genetically modified zebrafish with zmynd11 loss of function 

 To try and dissect out if the defect is in the blood or cardiovascular system, we aimed to 

mutate zmynd11 in zebrafish. To generate a large deletion in zmynd11, zebrafish embryos were 

injected with Cas9 ribonucleoprotein and two guide RNAs flanking the MYND domain of 

zmynd11 (figure 2.5a). Subsequent screening revealed very efficient genome modification with 

almost all injected fish containing zmynd11 mutations in their germline. A line of zebrafish was 

established which contained a 116bp deletion in the zmynd11 gene, eliminating almost the entire 

sequence encoding the MYND domain, leaving only 10 bp and the stop codon (Figure 2.5b). An 

antibody targeting the N-terminus of Zmynd11 was used to check protein expression by western 

blot and no Zmynd11 protein was detected in the mutant of whole embryo protein extracts at 

12hpf (Figure 2.5c). We speculate that this is because the mutation eliminated the 3’splice site 

for the last exon, which could lead to improper splicing and degradation or may prevent the 

zmynd11 transcript from being transported out of the nucleus if it is lacking the polyA tail. 
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zmynd11/-/- zebrafish larvae exhibit craniofacial defects  

 Brightfield images of zmynd11-/- larvae at 6dpf show abnormal craniofacial shape as the 

mouth slopes down, not up as is seen in wild type (Figure 2.6a), which replicated the phenotype 

observed in zmynd11 morphant larvae (Figure 2.4a). When we stained 5dpf larvae with alcian 

blue and dissected out the craniofacial structures, we could see that, like zmynd11 morphants, the 

Meckel’s cartilage from zmynd11-/- larvae was more square-shaped compared to wild type. A 

superior view shows, the cells of wild type larvae neatly arranged in a row, one cell thick, 

whereas zmynd11-/- cells are jumbled up and are 2-3 rows thick (Figure 2.6b).  

zmynd11 loss of function leads to decreased gata1 expression 

 gata1 expression is required for red blood cell specification, so we performed gata1 in 

situ hybridization on 12hpf embryos (Figure 2.7). This is about the time that gata1 expression is 

first turned on and expression is restricted to the lateral plate mesoderm, which is seen as two 

stripes running down the length of the body of 12hpf embryos. This revealed decreased gata1 

expression in zmynd11 mutants, suggesting there could be a problem very early in specifying the 

blood cell lineages. 

zmynd11 loss of function leads to over-proliferation and higher GPF intensity in lcr:GFP red 

blood cells 

 Since blood flow defects were observed in zmynd11 morphants and gata1 expression was 

reduced in zmynd11 mutants, we wanted to better visualize blood flow in live animals. To this 

end, zmynd11-/- fish were crossed with lcr:GFP fish, which express GFP under the control of the 

locus control region (lcr) of globin genes so that red blood cells express GFP (Ganis et al., 2012). 

Interestingly, by 48hpf, the red blood cells of mutant fish appeared brighter under the fluorescent 

microscope (Figure 2.8) and persists through at least 7dpf. This prompted the question of 



 40 

whether there were more red blood cells or if each red blood cell was expressing more GFP. To 

answer this question, whole embryos at 48hpf were digested by Liberase TM, then flow 

cytometry analysis was used to quantitate the number of blood cells. Both the mean fluorescence 

intensity and the median fluorescence intensity were calculated since the population is not 

distributed symmetrically (Figure 2.9). The mean fluorescence intensity seems to be standard for 

calculating fluorescence intensity of individual cells, however the median may be more 

representative of the population if it is skewed. Results showed that not only were there were 

more than twice as many red blood cells in mutant fish as wild type, but that the fluorescence 

intensity of each red blood cell was also significantly increased in the mutants, indicating higher 

GFP expression.  

Embryonic hemoglobin alpha 5 (hbae5) expression is reduced in zmynd11-/- red blood cells 

 In lcr:GFP zebrafish, GFP expression is under the control of the locus control region 

(lcr) which also regulates expression of hemoglobin genes, so we wondered if hemoglobin 

expression is altered in zmynd11 mutants since GFP expression appears to be higher. To address 

this question, we performed qPCR on red blood cells to quantitate expression of the six 

embryonic alpha- and beta-hemoglobin genes. Interestingly, only embryonic alpha-hemoglobin 5 

(hbae5) is significantly dysregulated, showing a large reduction in expression in the zmynd11 

mutant (Figure 2.10).  

Zebrafish red blood cells have different RNA expression profiles 

Given that gata1 and hbae5 expression is decreased in mutants and GFP seems to be 

upregulated, we wondered what other genes could be dysregulated in mutant red blood cells, so 

bulk RNA-seq was used to determine the mRNA profile of mutant red blood cells vs wild type. 

48hpf zebrafish were chosen because the definitive wave of blood cell development begins to 
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enter circulation at 48hpf - 72hpf. Since the primitive and definitive waves originate from 

different progenitors and have slightly different RNA expression profiles (Farrell et al., 2018; 

Sur et al., 2023), there is no way to separate the two waves of blood cells once they are in 

circulation together. Therefore, 48hpf embryos were used to primarily isolate the population of 

primitive red blood cells. 

In zmynd11 mutants, 1705 genes are differentially expressed in primitive red blood cells, 

with 814 being downregulated and 891 upregulated compared to wild type (Figure 2.11). This 

was somewhat surprising given zmynd11’s role in transcriptional repression, until we dug into 

the data. Several differentially expressed genes are involved in red blood cell differentiation, 

including key players that control expression of lineage specific markers - tal1, gata1, runx1t1, 

fli1, and gfi1ab (Figure 2.12). tal1 and gata1 are transcriptional activators of several genes that 

are needed to correctly specify red blood cell lineages, and in our zmynd11 mutant, they are both 

downregulated, meaning that many of the genes they normally turn on, are probably not 

adequately expressed, presumably leading to poor differentiation of red blood cells. When we 

looked at expression of tal1 and gata1 target genes, they were largely downregulated, although 

not enough to be considered statistically significant. Furthermore, runx1t1, which inhibits the red 

blood cell transcriptional activator runx1, was downregulated, and another transcriptional 

repressor, gfi1ab, was also downregulated in mutants, both of which would presumably hinder 

the ability to adequately inhibit target gene expression and allow proper differentiate. Possibly 

one of the most imperative proteins for red blood cell identity present of the cell membrane, Rh 

factor (rhd) is significantly downregulated in mutants, showing that the identity of these cells is 

being compromised. 



 42 

Additionally, several transcription factors that are known to have a role in proliferation 

were dysregulated in zmynd11 mutants, with many of them being upregulated (Figure 2.13) 

What’s even more interesting, is that one of these transcription factors is ETS2, which has been 

shown to interact with to the MYND domain of zmynd11. In zmynd11 mutants, ETS2 is 

downregulated, which is interesting because zmynd11 could be directly or indirectly regulating 

expression of some of its own binding partners. We also looked at expression of some well-

established negative regulators of proliferation, including ptenb, mdm2, and cdkn1a (aka p21) 

and all three were significantly downregulated, suggesting reduced ability to inhibit proliferation. 

Furthermore, hsp70 genes are markedly upregulated in zmynd11-/-; lcr:GFP primitive 

erythrocytes, as well as other heat shock proteins that are highly expressed under conditions of 

stress. (Figure 2.14) 

Zmynd11-/- red blood cells are smaller, but show no significant difference in granularity  

 Given that red blood cells undergo morphological changes as the develop, including a 

reduction in size and granularity, cell sorting data was analyzed to calculate these parameters in 

wild type and mutant populations (Figure 2.15). As with fluorescence intensity, both the mean 

and the median size (FCS) and granularity (SSC) were calculated since the population is not 

distributed symmetrically. Interestingly, there was not a significant difference in granularity, 

however, mutant red blood cells were smaller.  

Histograms of cell sorting data reveal unique features of zmynd11-/- blood cells 

 Overlaying histograms of our sorting data in wild type and zmymd11-/-, shows that 

mutant red blood cells show a much tighter distribution of GFP intensity, as if all cells are turned 

up to max, whereas wild type fish have a small population of low GFP intensity, which is 

missing completely missing in mutant fish (Figure 2.16, black box). In the mutant, there also 
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appears to be a decrease, although not statistically significant, in GFP-negative cells at the same 

time there is an increase in GFP-positive cells. It is not known at this time what cell type is 

decreasing in number, but it would be interesting to know if it’s another type of blood cell. 

Discussion 

 This study showed that when zmynd11 function is lost, primitive erythrocytes over-

proliferate and show abnormal phenotypic characteristics, including smaller cell size and blood 

pooling on the side of the yolk. Our RNA-seq data confirmed that several genes required for 

lineage specification and proliferation are aberrantly express in zmynd11-/-; lcr:GFP primitive 

red blood cells. The transition from a cell with proliferative capabilities to a cell that has 

committed to a specific lineage requires an extreme amount of precise gene regulation and 

changes in the gene expression profile. zmynd11 seems to help control this transition and in the 

absence of zmynd11, cells continue to proliferate and appear to have problems correctly 

differentiating into mature erythrocytes. The fact that 12hpf zmynd11-/- embryos showed 

reduced gata1 expression and it was still reduced in our RNA-seq data at 48hpf, suggests that 

lineage specific markers may never be adequately expressed to correctly specify lineage. It 

would be interesting to know if the other genes found to be differentially expressed at 48hpf, are 

similarly dysregulated at 12hpf, which could indicate that erythrocytes are stuck in a less 

differentiated state or are developmentally delayed. 

Importantly, high expression of heat shock proteins, including hsp70 and hsp90, have 

been associated with poor cancer prognosis. This is because hsp70 and hsp90 normally blocks 

several steps in the apoptosis pathway, so it is expressed at relatively low levels. However, it has 

been shown to be overexpressed in several types of cancers (Beer et al., 2002; Jäättelä, 1995; 

Jolly & Morimoto, 2000) and there’s evidence that increased levels of heat shock proteins 
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protect the cell from apoptosis, leading to increased survival (Ravagnan et al., 2001; Yaglom et 

al., 2007; Yang et al., 2009). If zmynd11 loss of function in humans also induces expression of 

heat shock proteins in cancers, including leukemias, this could be a major factor leading to the 

poor prognosis associated with zmynd11 loss of function in leukemia. 

 As with GFP intensity of zmynd11-/-; lcr:GFP red blood cells, they showed a tighter 

distribution of size and granularity, with less variability in than wild type, suggesting that 

perhaps the mutant red blood cells are stuck in the same differentiated state, unable to advance to 

the next stage in development, at least at the same pace as wild type, because of a decrease in 

cell-type specific gene expression. The smaller cell size relative to wild type would indicate a 

more differentiated state in wild type, since they get smaller with time, however it is doubtful 

that cells expressing much lower levels of lineage specific genes would be differentiating faster 

than their wild type counterparts. Several genes important for cytoskeletal rearrangement and 

function that are specific to red blood cells, as well as genes required for granularity in myeloid 

lineages are downregulated. For this reason, size and granularity may not be a good measure of 

differentiation in zmynd11 red blood cells, because the cells may not sufficiently increase in size 

and granularity in the first place since the cytoskeleton and granules are probably abnormal 

compared to wild type.  

Although not quite statistically significant, it is worth mentioning the trend observed in 

our cell sorting data (Figure 2.16). There is a striking difference in peaks when wild type 

lcr:GFP histograms are overlayed with the zmynd11; lcr:GFP mutant. The mutant clearly has a 

higher GFP-positive peak, but what’s also interesting is the decrease observed in GFP-negative 

cells compared to wild type, which among other things would include white blood cells. Keep in 

mind that the embryos used for these calculations were deyolked, so there are very few cells in 
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suspension other than blood cells. Further analysis is needed to determine if there is also a 

decrease in white blood cells, but if this is the case, it seems that zmynd11 mutants could be 

making red blood cells at the expense of white blood cells, meaning that without zmynd11 to 

help direct lineage specification, the default could be red blood cells. 

Moreover, zmynd11 mutants are missing a small subpopulation of red blood cells with 

lower GFP intensity (Figure 2.16, black box). This subpopulation was omitted from the sorted 

cell population used for RNA-seq because it may have skewed the results, but it would be really 

interesting to know if this subpopulation of cells observed in wild type is perhaps a population of 

red blood cells that is in a more differentiated state than the majority of red blood cells at 48hpf. 

This subpopulation could be missing from the zmynd11-/-; lcr:GFP red blood cells because 

specification is delayed in zmynd11 mutants since necessary genes are not adequately turned on.  

 Several studies have shown that patients with ZMYND11 haploinsufficiency experience 

recurrent infections and ZMYND11 mutations have been implicated in several types of leukemia. 

Our research could help explain why patients with ZMYND11 loss of function mutations have 

recurrent infections. If ZMYND11 regulates differentiation of all myeloid lineages, these patients 

could have poorly differentiated neutrophils and macrophages that are not able to sufficiently 

react to and fight infections. Understanding how ZMYND11 functions in blood cell development 

could lead to the source of how ZMYND11 loss affects the immune system’s ability to fight 

infection. Additionally, given the relatively high prevalence of ZMYND11 loss of function in 

several different types of leukemia, this study will lead to a better understanding of the pathology 

of ZMYND11 mutations in cancers. For example, knowing which regulators of proliferation 

could be dysregulated in ZMYND11-/- leukemias, means that drugs like JUN/FOS inhibitors 
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could potentially be used to treat these leukemias to slow proliferation and positively affect 

patient outcomes. 

Finally, it’s not clear if the craniofacial defect is a result of over proliferation, aberrant 

migration, or disorganization of cells, but it the Meckel’s cartilage is mishappen in our zmynd11 

mutants. As cell undergo the transition from mesenchyme to cartilage, there is a shift from 

expressing migratory genes, which allow the cell to travel from the neural tube to the anterior 

end of the animal, to genes that build and stabilize craniofacial structures. Many of these genes 

are related to the cytoskeleton and transmembrane receptors that mediate cell adhesion. Looking 

at the craniofacial phenotype of zmynd11-/- larvae (Figure 2.6b), it’s not difficult to imagine that 

there could be a problem with the cytoskeleton and/or cellular adhesion with neighboring cells. 

In fact, the Meckel’s cartilage in zmynd11-/- larvae at 5dpf looks very similar to wild type at 

3dpf, according to images from Facebase (Samuels et al., 2020), which could mean that 

craniofacial structures in mutant larvae, specifically Meckel’s cartilage, may be stuck in a more 

immature state, unable to fully express the genes necessary to differentiate and organize 

properly. It would be interesting to know if these cells are eventually able to properly 

differentiate and organize, especially since there are not any overtly noticeable craniofacial 

defects in our zmynd11-/- zebrafish once they reach adulthood. Further studies on older larvae 

are needed to understand if and how the development is delayed or permanently altered. 
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Figures 
 
 

 
 
Figure 2.1 zmynd11 expression at different stages of zebrafish development. in situ 
hybridization was performed on 4hpf, 24hpf, and 72hpf zebrafish using a zmynd11 sense and 
antisense probe comprising the full length zmynd11 cDNA and the complimentary sequence was 
used as a negative control antisense probe. 
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Figure 2.2. zmynd11 morphants display blood flow defects. Wild type zebrafish were injected 
with 1.6ng of either zmynd11 splice-blocking or mismatch (misMO) morpholino. o-dianisidine 
staining of red blood cells at 48hpf shows defective blood flow in mutants. Red blood cells can 
be seen pooling on the side of the yolk in morphants (red arrow), whereas wild type embryos 
show normal blood flow with blood on both sides of the yolk. 
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Figure 2.3. Heart/blood defects in zmynd11 morphants at 5dpf. Zebrafish embryos injected 
with 1.6ng of either zmynd11 splice-blocking morpholino or mismatch (misMO) negative control 
morpholino and development was observed over the first 7 days of development for phenotypic 
changes. At 5dpf, the heart appears to be enlarged (red arrow). 
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Figure 2.4. Abnormal craniofacial development in zmynd11 morphants. show at 5dpf. 
Splice-blocking zmynd11 morpholino and mismatch morpholino were injected into sox10-GFP 
zebrafish embryos at 1 cell stage and craniofacial structures were observed in whole embryos at 
5dfp. 
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Figure 2.5. Creation of zmynd11-/- zebrafish.  (a.) Diagram of zmynd11 exon organization and 
the area targeted by gRNAs and CRISPR Cas9 indicated by the red arrow. (b.) PCR of the area 
surrounding the gRNA target sites revealed a large deletion of approximately 116bp, which was 
confirmed with sequencing (c.) zmynd11 western blot showed no protein product, full length or 
truncated in the mutant. (Continued on the next page.)  
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Figure 2.6. Craniofacial defects in zmynd11-/- zebrafish. (a.) Brightfield images of wild type 
and zmynd11-/- zebrafish larvae at 6dpf; (b.) Alcian blue staining of dissected craniofacial 
structures in wild type and zmynd11-/- zebrafish larvae at 5dpf. A zoomed in image of the region 
in the black box is shown in the second panel of (b.) 
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Figure 2.7. gata1 expression is reduced in zmynd11-/- at 12hpf. gata1 in situ hybridization 
shows decreased expression in zmynd11-/- zebrafish compared to wild type. 
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Figure 2.8. zmynd11-/-; lcr:GFP red blood cells are visibly brighter. Fluorescent imaging of 
48hpf embryos side-by side show the difference in fluorescence, especially noticeable in the 
heart (blue arrow) and where the blood flows over the yolk (red arrow). 
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Figure 2.9. zmynd11 -/-; lcr:GFP embryos have more red blood cells and increased GFP 
intensity per cell. Whole embryos were digested with Liberase TM (Roche) and GFP-positive 
red blood cells were quantitated by flow cytometry. (a.) Representative images of flow 
cytometry analysis results showing a histogram of total single cells (left), then the gated GFP-
positive population (right). (b.) overlay of the four samples used to calculate the average 
percentage of red blood cells per embryo. (c.) The percentage of GFP-positive cells was 
quantitated, and the average of four wild type and four mutant samples are show in the graph. 
(d.) The mean and median fluorescence intensity was calculated from the same eight samples 
used to quantitate GFP-positive cell percentage.  
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Figure 2.10. Embryonic hemoglobin genes are dysregulated in zmyndll-/-; lcr:GFP embryos 
at 48hpf. Expression levels of embryonic hemoglobin genes in primitive red blood cells of 
zmynd11-/-; lcr:GFP vs lcr:GFP wild type at 48hpf were quantified with qPCR. The graph 
represents the average of four wild type lcr:GFP and four zmynd11-/-; lcr:GFP samples. 
 
 
  

** 
p = 0.003 
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Figure 2.11. Differentially expressed genes in primitive red blood cells of zmynd11-/-; lcr:GFP  
vs wild type lcr:GFP. The volcano plot shows genes that are upregulated and downregulated in 
48hpf primitive red blood cells of zmynd11-/-; lcr:GFP relative to wildtype lcr:GFP.  
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Figure 2.12. Expression of lineage specification markers is dysregulated in zmynd11-/-; 
lcr:GFP. Selected genes are differentially expressed in zmynd11-/-; lcr:GFP and are required for 
proper erythroid specification. 
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Figure 2.13. Proliferation markers are dysregulated in zmynd11-/-; lcr:GFP. (a.) Several 
transcription factors that regulate proliferation are dysregulated in zmynd11-/ -; lcr:GFP and (b.) 
three well-known negative regulators of proliferation are significantly downregulated in mutants. 
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Figure 2.14. Heat shock proteins are dysregulated in zmynd11-/-; lcr:GFP. Importantly, 
hsp70 and hsp90 are markedly upregulated in mutant red blood cells. 
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Figure 2.15. zmynd11-/-; lcr:GFP red blood cells are smaller than wild type lcr:GFP. 
Comparison of the (a.) granularity and (b.) size of GFP-positive cells in wild type lcr:GFP vs 
zmynd11-/-; lcr:GFP zebrafish at 48hpf. The mean and median of each parameter was calculated 
since it is an asymmetrical population. (c.) A histogram overlaying the size (FSC-A) of three 
wild type lcr:GFP and three zmynd11-/-; lcr:GFP samples.   
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Figure 2.16. Missing subpopulation of GFP-positive cells in sorting data. Representative 

results of pseudocolor plots (left), which uses color to represent the density of a cell 
population on a bivariate plot. Wild type lcr:GFP shows the presence of subpopulation 
with GFP intensity from ~104-105 which is largely absent from zmynd11-/-, lcr:GFP. 
Overlay of three wild type lcr:GFP (red) and three zmynd11-/-; lcr:GFP (blue) total cell 
population histograms (right) obtained from cell sorter data. Black box highlights the 
missing population of cells not seen in zmynd11-/-; lcr:GFP mutants. 
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CHAPTER 3 

AN EFFICIENT METHOD TO ISOLATE PRIMITIVE BLOOD CELLS FROM ZEBRAFISH 

EMBRYOS FOR DOWNSTREAM APPLICATIONS, SUCH AS RNA-SEQ 

Introduction 

 Zebrafish have been a valuable model organism in developmental biology studies for 

decades for many reasons. Their short generation time and high fecundity, make it easy to get 

plenty of embryos which increases reproducibility of data. Additionally, embryos are transparent 

and develop externally, making zebrafish perfect for studying early embryonic development. 

Approximately 70% of zebrafish genes have a human ortholog and many of the pathways 

leading to disease states in humans have an evolutionarily conserved role in zebrafish (Howe et 

al., 2013). Fortunately, researchers are able to easily inject reagents into developing zebrafish 

embryos to manipulate target gene expression and study their function. Morpholinos can be used 

to knockdown gene expression, mRNA injections can overexpress or rescue gene expression, 

and CRISPR has made it easier than ever to create targeted mutations. Additionally, several 

GFP-expressing transgenic lines have been created in zebrafish, giving researchers the ability to 

visualize cell-type specific expression in live organisms over time.  

Recent protocols have been developed to quantitate the GFP-positive cell population in 

zebrafish embryos, by digesting whole embryos and counting the number of cells using flow 

cytometry (Ding & Liu, 2022; Rueb & Stachura, 2021). However, occasionally experiments 

warrant the need to isolate these GFP-positive cells, but since blood cells are such a small 

percentage of total cells in a 48hpf embryo, it would take several hours to isolate enough blood 
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cells for some downstream applications, such as RNA-seq, making fluorescent-activated cell 

sorting (FACS) of samples prepared from whole embryo digestion prohibitively expensive and 

time consuming. For this reason, we have developed a protocol to isolate blood cells expressing 

a cell-type specific fluorescent reporter protein from zebrafish embryos. Our studies used the 

lcr:GFP line created by the Zon lab (Ganis et al., 2012) to isolate red blood cells, but this 

method can be used with other reporter lines, including neutrophil- or macrophage-specific lines 

(Ellett et al., 2011; Renshaw et al., 2006). We specifically chose 48hpf because the embryos 

almost exclusively have primitive blood cells circulating, with very few blood cells from the 

early stages of the definitive wave and our goal was to perform RNA-seq on a single cell type to 

measure differential gene expression in a mutant population vs wild type. 48hpf was also the best 

time point for this method because the blood cells flow over the yolk to the heart at this time and 

this protocol releases blood cells into the supernatant by deyolking embryos. However, this 

procedure could be used at other time points in early development, but the yield of cells sorted 

will be affected because of the difference in the number of blood cells and the location of blood 

flow changing in later stages as the yolk shrinks and the blood vessels become closer to the body. 

Procedure 

1. Dechorionation of 48hpf embryos 

Using a transgenic zebrafish line expressing a fluorescent reporter in you cell type 

of choice, free all embryos from their chorions. By 48hpf many of the embryos have 

broken themselves out of their chorion, but for those that are not free, forceps or 1mg/ml 

pronase can be used to dechorionate. 

2. Embryo Collection 
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For each sample, separate 350 48hpf embryos into seven 1.7ml Eppendorf tubes, 

50 embryos per tube, and place them on ice.  

3. Deyolk embryos 

Rinse embryos once with one milliliter ice-cold Ringer’s solution (calcium free), 

then 300µl Ringer’s (calcium free) was added and allowed to incubate on ice for 5-10 

minutes. Embryos were deyolked by titrating them in and out of a 200µl pipet tip 8-10 

times. 

4. Filter the supernatant containing blood cells 

Centrifuge deyolked embryos very briefly centrifuged in a tabletop minicentrifuge 

for 5 seconds to pellet the embryos at the bottom of the tube. Carefully aspirate the 

supernatant while avoiding the embryos and large pieces of yolk at the bottom of the 

tube. Pass the supernatant from 50 deyolked embryos through a 35µm filter into a 5ml 

Falcon tube (product number 352235), then pass 700µl of PBS pH 7.4 through the filter 

to bring the total volume to one milliliter. Filtering the supernatant from more than 50-

100 embryos into one 5ml tube can result in clumps of cells that are difficult to 

completely resuspend, resulting in sample loss. 

5. Centrifugation to pellet cells 

Replace the filter cap with a regular cap and centrifuge the samples at 300g for 5 

minutes, 4oC to pellet the cells.  

6. Resuspending cells 

Carefully, aspirate most of the supernatant with a p1000 pipet, only leaving about 

50-100µl supernatant in the tube to avoid disturbing the cell pellet. Estimate the total 

volume remaining in each tube with a p200 pipet and bring the total volume up to 150µl 
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with the addition of PBS, pH7.4. Resuspend the cell pellet by pipetting up and down 10-

15 times with a p200 pipet. After resuspending all seven tubes, combine them all into one 

tube.  

7. Fluorescence Activated Cell Sorting (FACS) 

The gating strategy was as follows: SSC-A vs FSC-A to separate cells from debris à 

FSC-H vs FSC-A to select for single cells from doublets à FSC-H vs GFP (or other 

fluorescent protein) (Figure 3.1). Depending on the downstream applications, the cells can be 

sorted into PBS, pH 7.4 or cells can be sorted directly into another appropriate buffer, such as 

lysis buffer for isolation of RNA, DNA, or proteins. 

8. (Optional) For subsequent RNA-seq experiments on sorted cell population: 

1. Extract total RNA using Invitrogen RNAqueous Micro Total RNA Isolation 

Kit (AM1931). Sort cells into 750µl lysis buffer provided in the kit and follow 

instructions as stated in their protocol.  

2. Following DNase treatment and inactivation (provided with RNA isolation 

kit), deplete hemoglobin RNA using NEBNext RNA Depletion Core Reagent 

Set and the pool of DNA oligos in Tables 3.2 and 3.3 at a final concentration 

of 2µM each. 

3. Proceed with library prep and sequencing. 

Representative Results 

A simple 3-step gating strategy was used to sort GFP-positive cells. Red blood cells make 

up 40-75% of the total single cell population in samples prepared by our method, compared to 

only 6-8% of the total single cell population in whole embryos that have been digested by 

Liberase TM (Rueb & Stachura, 2021), so the red blood cells are approximately 5-10 times more 
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enriched using our procedure (Figure 3.1). This is extremely important considering the higher 

percentage your cell type of interest is, the faster that cell type can be sorted out. In our hands, it 

would take approximately 5-6 hours to sort 300,000 cells from whole digested embryos, 

however, we are able to sort that number of cells in only 60-90 minutes using this procedure.  

Conclusions 

 Over the past few decades, zebrafish have become a valuable research tool, especially for 

developmental studies. Gene expression in zebrafish embryos can be efficiently modified with 

morpholinos, CRISPR Cas9-directed mutations, or over-expressing injected mRNA. The 

creation of protocols that help expedite sample preparation through exploitation of embryo 

anatomy and simple procedures that are standard in the zebrafish community push research 

forward and highlight how useful zebrafish are when studying developmental processes.  

Using this method, we are routinely able to isolate 200,000-300,000 red blood cells from 

350 embryos at 48hpf in only about one hour using a Cytek Aurora CS at the University of 

Georgia CTEGD Cytometry Shared Resource Laboratory. The amount of time needed to prepare 

samples for sorting was only 1-2 hours per sample, so prepping and sorting one sample only 

takes about 2 to 3.5 hours. Considering this protocol uses a very small amount of easily 

attainable reagents, with no enzyme incubation period, which first requires tedious optimization 

of concentration and digestion time, this procedure saves a remarkable amount of time prepping 

and sorting samples, not to mention the money spent reserving a cell sorter and buying digestion 

enzymes. Our experiments used a red blood cell reporter, but there is no reason that another 

reporter line couldn’t be used to isolate primitive neutrophils or macrophages from embryos 

expressing a lineage-specific fluorescent marker for one of these cell types. Additionally, 
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antibody staining can be used to isolate your cell type of interest if no transgenic line currently 

exists. 

A fluorescent dead cell stain was not added here because we did not see the percentage of 

dead cells exceed 1% in our initial flow cytometry analysis, so it was not added when sorting 

because it’s such a small population. If there is a high rate of death in your population, it is 

advisable to use a dead cell stain, but it must have an emission spectrum that does not overlap 

with the fluorescent signal from the cell type needing to be sorted. 

We isolated RNA from our sorted GFP-positive population for RNA-seq experiments, 

however the procedure described here is also suitable for isolating proteins for western blot, 

pulldown, mass spectrometry, or chromatin binding experiments, such as CUT N RUN. 

Depending on the downstream experiments, the sorters available for use should be compared, as 

we discovered a drastic difference in the concentration and quality of total RNA isolated from 

cells sorted with different machines. Some cell sorters are gentler and have settings that can be 

optimized by the user, while others are less adaptable and may not be appropriate for some 

downstream applications.  

Longer sorting times of several hours are difficult logistically because cells begin to die 

leading to decreased yields, therefore it is imperative find ways to enrich for the population of 

interest to minimize the time sorting cells, in addition to the money spent reserving a cell sorter. 

Hopefully, this procedure can help researchers save time and money on their experiments to 

deliver results as quickly and painlessly as possible. 
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Figures 

 

 

Figure 3.1. Gating strategy for sorting GFP-positive cells with fluorescence activated cell  
sorting (FACS). The following gating strategy was used to sort out GFP-positive cells: SSC-A 
vs FSC-A to separate cells from debris à FSC-H vs FSC-A to select for single cells from 
doublets à FSC-H vs GFP. 
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Tables 
 
Table 3.1. Consumables needed for sample preparation.   
Reagent Product Number / Ingredients 

Ringer’s (Calcium Free) 82.5mM NaCl 
2.5mM KCl 
1mM MgCl2 
5mM HEPES 

PBS, pH 7.4 137 mM NaCl 
2.7 mM KCl 
10 mM Na2HPO4 
1.8 mM KH2PO4 

Thiazole Red, 1mM (optional) 40087, Biotium 

Falcon 5 mL Round Bottom Polystyrene Test 
Tube, with Cell Strainer Snap Cap 

352235 
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Table 3.2. Sequences of DNA oligos used to deplete embryonic alpha-hemoglobin mRNAs. DNA 
oligos were designed using NEB’s Custom RNA Depletion Design Tool at https://depletion-
design.neb.com/ 

hbae1.1:28-
71 CAAACTTCTGTGTCTGAGGCCAGGAGGACAGGCTGTTTTATAC 

hbae1.1:58-
98 ACTCATTGTGGAAGGATGACTTTACAGCAAACTTCTGTGT 

hbae1.1:88-
130 GTTTTGACGGCAGCTTTGTCTTTGGCAGAGAGACTCATTGTG 

hbae1.1:123-
183 AGAGAGCATCGTGTCCGATGTCGTCAGCCTTTCCAGCGATCTTGGCCCACAGGGTTTTGA 
hbae1.1:161-
203 GTAGACAATCAACATCCTGGAGAGAGCATCGTGTCCGATGTC 

hbae1.1:196-
256 GCAGAGCCTGGGCTCAGGTCTTTCCAGTGAGAGAAGTAGGTCTTGGTCTGGGGGTAGACA 

hbae1.1:228-
286 ATCACAGTCTTGCCGTGTTTCCTCACTGGGGCAGAGCCTGGGCTCAGGTCTTTCCAGT 

hbae1.1:259-
316 ATTTTGCTGACAGCCTCAGCAACGCCTCCCATCACAGTCTTGCCGTGTTTCCTCACT 

hbae1.1:294-
350 ACTGAGGTTCAGGAGTCCGGCATTAAGGTCATCGATTTTGCTGACAGCCTCAGCAA 

hbae1.1:331-
371 CAGCTGGAAAGCATGGAGCTCACTGAGGTTCAGGAGTCCG 

hbae1.1:375-
432 AAGTGGCCAGAACCACGAGGATGTTGTGGGACAGAATCTTGAAATTGGCGGGGTCCA 

hbae1.1:407-
460 GCCTCAGGAGTGAAATCGGCGGGGAACAAAGTGGCCAGAACCACGAGGATGTT 

hbae1.1:439-
499 AGAGCCAGAGCTGAGAGGAACTTGTCCATTGCAACATGAGCCTCAGGAGTGAAATCGGCG 

hbae1.1:474-
514 TTCTCAGACATGGCCAGAGCCAGAGCTGAGAGGAACTTGT 

hbae1.1:515-
575 AATTTATTGTCTCAATACATAACAGAGAGTTTGGAGCACAGTGAAGTGTGTTTATCTGTA 

hbae1.1:560-
609 ACACAACAGGCCTTTCGTTAATGTTTTTCATCATAATTTATTGTCTCAA 

hbae1.3:458-
518 GAATGTTCGTCTGGTTTGACGCGGTTCGACAGGAGCACAGTGAAGTGTGTTTATCTGTAC 

hbae1.3:492-
542 TATTTATTGCATCACAATAAGACGGAATGTTCGTCTGGTTTGACGCGGTT 

hbae3:12-62 CTTGGTTAGCTGTGGGCAGGCTGACAAGAAACTCGAATATTGACAGTTTT 
hbae3:53-
103 CTTGACGTTCGCTTTGTCCTTTGCGGAAAGACTCATGGTTGCTTGGTTAG 

hbae3:85-
125 GTGCAACCTTGTCAAAGAAGGCCTTGACGTTCGCTTTGTC 

hbae3:127-
177 TAAACGAACAAAGTCCTGGAAAGAGTCTCACGGCCGATCTCCTCAGCTTT 

hbae3:163-
207 CAGTGGGAGAAGTATGTCTTCGTCTGAGGGTAAACGAACAAAGT 

hbae3:207-
264 TTTATCACCGTGGTTCCGTGCTTCTTCACCTGAGGAGAGTTGGGGCTTAGGTCTGCC 
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hbae3:238-
278 CAGTCAAAACTCCGTTTATCACCGTGGTTCCGTGCTTCTT 

hbae3:271-
313 CAAACCTCCCTTCAGGTCATCCATCAGCCCGACGGCAGTCAA 

hbae3:305-
346 CAGCATGAAGGCGTGTAGCTCGCTGAGGGTCAGCAAACCTC 

hbae3:375-
416 CTGGGAACATCATGGCCAGAGACACCAGCAGATTGTGGTTG 

hbae3:337-
397 AGACACCAGCAGATTGTGGTTGATGATCTTGAAGTTTGCGGGGTCCACGCGCAGCATGAA 

hbae3:451-
506 TGCAGCTTTAGCGGTACTTCTCGGACAGGGCCAGGCTGACCTGGGCCAGGAACTT 

hbae3:485-
538 AATACAGTGTCGCATCAGAGATGAAGGCAGGCTGCAGCTTTAGCGGTACTTCT 

hbae3:523-
565 TTTATTATTTTCATTCTCATTAAGGCGAATACAGTGTCGCAT 

hbae3:553-
594 TTTGTTGATTTCATTCAATTTCAATAATATTTATTATTTTC 

hbae5:26-76 GAAAGACTCATTTTGAATCGATGTCTGGGATGATCAGACTGGGCACCTAC 
hbae5:57-
100 CTCACGGCGGCCTTGTCTTTAGCAGAAAGACTCATTTTGAATC 

hbae5:91-
146 GTTACCAATTTGCTCTCCCTTTGGGGCAATCTTGGCCCAGAAGCCCCTCACGGCG 

hbae5:124-
175 TACACCAAAAGCAATCTGGAAAACGCCTCGTTACCAATTTGCTCTCCCTTT 

hbae5:157-
197 GAAGTAGGTCTTGGTCTGAGGGTACACCAAAAGCAATCTG 

hbae5:197-
255 TCTTCTTTCCCTGCTTCTTCACAGAGGGAGAGCCGGGGGCCAGATCGTTCCAGTGGGA 

hbae5:230-
289 ATTTTATCAACAGCCAGACCGAGTCCACCGACGATCTTCTTTCCCTGCTTCTTCACAGA 

hbae5:261-
305 GTTGAAAAGGTCGTCGATTTTATCAACAGCCAGACCGAGTCCAC 

hbae5:297-
352 TCGACTCTCAGCTGAAAGGCGTGCAATTCACTGAGGTTCAGCAGGCCGTTGAAAA 

hbae5:334-
384 GACAGTGAGACAGGAGCTTGAAGTTAGCAGGGTCGACTCTCAGCTGAAAG 

hbae5:372-
422 GAAGTCATCAGGGAAGAGCATGGCGAACACCACCAGCAGACAGTGAGACA 

hbae5:411-
455 GAACTTGTCGATGGCCAGATGGACCTCAGCGGTGAAGTCATCAG 

hbae5:448-
498 GTTAACGATATTTGTCAGACAGAGCCAAAGCCACTCTTGCCAGGAACTTG 

hbae5:482-
532 CGACAAAACCACGTTCATGCTGTTAAACAGAAGAGTTAACGATATTTGTC 

hbae5:519-
561 TGTTTTTATTGACATGCTGTTGACCATATCGACAAAACCACG 

 
 
 
  



 77 

Table 3.3. Sequences of DNA oligos used to deplete embryonic beta-globin mRNAs. DNA oligos 
were designed using NEB’s Custom RNA Depletion Design Tool at https://depletion-
design.neb.com/ 

hbbe1.1:43-
103 

GATATCTTGAATGGTGGCCTTCTCGAAGTCTGTCCACACAACCATGTTTTCGACTTTA
GA 

hbbe1.1:46
6-526 

ATTATAATCTCTCTCTGTCTGTATTTAGTGGTACTGTCTTCCCAGAGCGGACACGGCG
AC 

hbbe1.1:75-
135 

GGACCGATGACGTCGTAGTCAGCCTTGGCGAAGATATCTTGAATGGTGGCCTTCTC
GAAG 

hbbe1.2:41
8-478 

GGACACCGCAACAGCGATGAATTTCTGGAAAGCGGCCTGAACTTCAGGTGTGAATC
CAGC 

hbbe1.3:23
7-297 

TCCATGTTCTTCACTGCCAGCTCCAGACCTTTGAGCACAGTTTTACCGTGGGCAGCA
ACC 

hbbe1.3:27
9-339 

GAGTGCAGCACACTCAAATCAGCATAGGTGGCCTTGATGTTGTCCATGTTCTTCACT
GCC 

hbbe2:26-
86 CGCAACCATGTTGTTGATTTATGATTTTCTTCTCTGTCAAGAACAAGAATCATACCTTTG 

hbbe2:334-
394 

AGCCTGAAGTTGTCAGGATCCACGTGCAGTTTCTCGGAGTGCAGCACGCTCAGCTC
GGCG 

hbbe3:367-
427 

AACAACAGACAGGAACTTCTGCCAAGCAGCTTGGATGTCCGGGGTGAACTCACTC
CTCAT 

hbbe2:453-
511 

TGTCTTTGCAGAGCAGAGACAACAACAGCGAGGAACTTCTGCCAGGCAGCCTGCA
TGT 

hbbe2:128-
185 ATACACAATCAAAGCCCTCTGCAGTGCTTTGGGTCCAGCCTCCTCATAGTTGAGTTT 

hbbe2:271-
328 TTCTTGATGTCATCCATGTTCTTCATGGCTCTGTCCAGTCCGTGGAGCACGACGGTT 

hbbe3:64-
121 

ATAGACGACCAAGCATCTTGTCAAGGTCTCGAGGCCCACCGACTCAAAGTCGAGTT
T 

hbbe1.2:52
7-583 TGAATAGTGAAATATTTATTTGCTTCAACTCAGAATAGCACATTCTTTAGTGGAAA 

hbbe1.3:20
5-261 ACAGTTTTACCGTGGGCAGCAACCATTGGGTTTCCCAGGATGGCAGCGGCATTGTA 

hbbe3:120-
176 TTGCCTCTGTGTTGTATAGGTTTCCAAACCCACCAAAGTACCGCTGAGTCCACGGA 

hbbe3:401-
456 TAAAGATATTGCCTTCTGAGGGCTGACACAACAACAGACAGGAACTTCTGCCAAG 

hbbe2:58-
112 ATGAAGGCACGTTCCTCGGCGGTCCACGCAACCATGTTGTTGATTTATGATTTT 

hbbe2:523-
575 TTTATTGCGTTTGAGAGCAAACATACAATGTTTCCCCACCACATCTGAGAGG 

hbbe1.1:35
3-403 AACAACGATGGTCAAGCAATCAGCCAAAAGCCTGAAGTTGTCGGGATCTA 

hbbe1.2:22-
72 GTCCACACAACCATGTTTTCGACTTTAGATGTTCAGACTAAGTGTCTTAA 

hbbe2:169-
219 TTCCAAAACTTCCAAAGTATCTCTGAGTCCAGGGATACACAATCAAAGCC 
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hbbe2:207-
257 CTTTGGGTTGTTAATGATGGCCTCAGCATTGTACAGGTTTCCAAAACTTC 

hbbe2:485-
535 ACATCTGAGAGGTCTTAATGATACTGTCTTTGCAGAGCAGAGACAACAAC 

hbbe3:220-
270 TAGGTGCTCTTGATATTATCCATGTTGTTGAGAGCCTTTTCAAGTCCCTT 

hbbe3:251-
301 TTTCTCTGAGTGAAGCTCGCTGAGAGAAGCATAGGTGCTCTTGATATTAT 

hbbe3:29-
79 CTCAAAGTCGAGTTTGGCAAAGATGTTCTGAATCGCTGCGCGCTCCTCAG 

hbbe3:433-
483 ACAATCACTTCTTTCGGTAAGCGAATCTAAAGATATTGCCTTCTGAGGGC 

hbbe2:374-
423 CAATCACGATTGTCAGGCAGTCGGCCAGCAGCCTGAAGTTGTCAGGATC 

hbbe3:151-
200 CTTTGACTTTTGGGTTAGCCATGATTGCCTCTGTGTTGTATAGGTTTCC 

hbbe3:286-
335 CTAACAGCCGGAAATTGCCTGGGTCGACTTGTAGTTTCTCTGAGTGAAG 

hbbe2:95-
143 CTCATAGTTGAGTTTGCTGAAGATGTCCTGGATGAAGGCACGTTCCTC 

hbbe1.3:14
2-189 GCGAAGTACCGCTGGGTCCAGGGGTACACGATGAGACACCTTGCCAG 

hbbe3:188-
235 CTTTTCAAGTCCCTTGAGGACCACAACACCGTGCGCTTTGACTTTTG 

hbbe1.2:12
6-171 CAGGGGTACACGATAAGACACCTTGCCAGAGCCTGAGGACCGATG 

hbbe1.1:18
0-223 GATGGCAGCGGCATTGTAGAGGTTTCCAAACTTGGCGAAGTAC 

hbbe1.2:33
6-379 CAAAAGCCTGAAGTTGTCGGGATCTACGTGGAGCTTCTCGGAG 

hbbe2:304-
346 CTCAGCTCGGCGTAGGTGTTCTTGATGTCATCCATGTTCTTC 

hbbe3:465-
507 TTTCATAATGCATAAAACAATGGTACAATCACTTCTTTCGGT 

hbbe1.1:1-
41 TTCAGACTAAGTGTCTTAAACAGAAGCTGAAGAGTGCTGT 

hbbe1.1:31
7-357 TCTACGTGGAGCTTCTCGGAGTGCAGCACACTTAAATCAG 

hbbe1.1:50
4-544 ACATTCTTTAGTGGAAACATTATAATCTCTCTCTGTCTGT 

hbbe1.2:26
0-300 TTGTCCATGTTCTTTACAGCCAGCTCCAGACCCTTGAGCA 

hbbe1.3:10
7-147 GCCAGAGCCTGAGGACCAATGACATCGTAGTCAGCCTTGG 

hbbe2:238-
278 GACGGTTCCGTGGGCTGCGACCTTTGGGTTGTTAATGATG 
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hbbe2:410-
450 CTGTGAAAGCGGCGCCCATGGTGGAGGCAATCACGATTGT 

hbbe3:318-
358 GATCACCACGGTCAGGCAGTCCGCTAACAGCCGGAAATTG 
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CHAPTER 4 

CONCLUSIONS 

 Our research has shown that zmynd11 regulates expression of proliferative and lineage 

specific genes in primitive red blood cells of zebrafish, but the mechanism behind target gene 

dysregulation is not known. Guo et. al. and Wen et. al. provided evidence that ZMYND11 

promotes alternative splicing and stalls RNA polymerase II, but I believe a very important part of 

ZMYND11’s mechanism of target gene regulation is in its interaction with PRC1.6. So far, no 

one has investigated if ZMYND11 and PRC1.6 could possibly work together or antagonize each 

other to ensure proper lineage specification. I would like to offer two possible scenarios for how 

zmynd11 and PRC1.6 could interact to control maturation and cell fate. 

In the first scenario, ZMYND11’s ability to modulate alternative splicing and stalling 

RNA polymerase II at target genes could be a way to regulate actively transcribed genes and fine 

tune gene expression early in the development of specific lineages, then eventually, as the 

lineage is further specified, the early expressed genes must be shut down in order to continue 

maturing. As a result, ZMYND11 recruits PRC1.6 to shut down expression of those genes 

permanently. For example, genes promoting proliferation must be shut off at some point in 

lineage specification, so ZMYND11 could recruit PRC1.6 to turn off these genes, so that lineage 

specific genes can be upregulated. Alternatively, in the second scenario, PRC1.6 could be 

repressing lineage specific genes early in cell development and, as a result, maintaining 

expression of proliferative genes. In this scenario, ZMYND11 would interrupt PRC1.6’s 

repression of lineage specific genes, which would in turn repress genes promoting proliferation.  
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 From our RNA-seq data, we can see that members of PRC1.6, including MGA, 

L3MBTL2, PCGF6, are expressed in primitive zebrafish red blood cells, so it is certainly 

possible that PRC1.6 is involved in blood cell development. Additionally, mutations in several 

members of PRC1.6 have been implicated in leukemia, so they must have a role in some capacity 

either independently or as part of PRC1.6 to regulate blood cell development (Attieh et al., 2013; 

Paoli et al., 2013; Tanaskovic et al., 2022) 

 Furthermore, I wonder if ZMYND11’s interaction with histone methylases and 

demethylases regulates PRC1.6’s ability to associate with target genes. PRC1.6 members 

L3MBTL2 and HP1gamma are chromatin readers and bind to differential states of lysine 

methylation. L3MBTL2 recognizes mono- and demethylated lysines H3K4, H3K9, H3K27, and 

H4K20 and HP1gamma binds to di- and tri-methylated H3K9. Interestingly, ZMYND11 has 

been shown to interact with KDM3B, which removes mono- and di-methylation on H3K9, as 

well as NSD1 and KMT2A, which dimethylates H3K36 and mono- and di-methylate H3K4, 

respectively. ZMYND11 could activate or inhibit the activity of methylases and demethylases to 

control the histone code of target genes. This could in turn, recruit or interrupt binding of 

PRC1.6 to target genes. What’s more, is that many histone methylases and demethylases, 

including the ones known to interact with ZMYND11, are mutated in leukemias, showing how 

important these specific histone modifications are for proper blood development (Guarnera et al., 

2024; Kim et al., 2023; Yang et al., 2021; Yoo et al., 2024; Zehtabcheh et al., 2025). 

 Using the zmynd11-/-;lcr:GFP zebrafish created by our lab, a series of experiments using 

CUT N RUN or some other method to capture chromatin enriched for a specific target protein 

would help resolve these questions. First, CUT N RUN experiments to find zmynd11 target genes 

in 48hpf primitive red blood cells would reveal which genes are directly regulated by zmynd11. 
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When combined with our RNA-seq data, we can see if target genes are up or down regulated in 

the absence of zmynd11. Additionally, CUT N RUN experiments using antibodies against  

PRC1.6 members to determine which genes are occupied by PRC1.6 in zmynd11-/- ; lcr:GFP 

red blood cells vs wild type lcr:GFP could help uncover the mechanism of zmynd11 target gene 

regulation. For example, if less PRC1.6 is found localized at its normal genomic locations in 

zmynd11-/-; lcr:GFP red blood cells vs wild type lcr:GFP, we can assume that ZMYND11 is 

recruiting it to those genes. Additionally, overlapping genes occupied by zmynd11 and one or 

more members of PRC1.6 could reveal target genes regulated by their interaction. Additionally, 

measuring ubiquitination of Histone H2A at lysine 119 (H2AK119ub1) of target genes could be 

used as a read out of PRC1.6 activity. If zmynd11 is recruiting PRC1.6 to ubiquitinate H2AK119, 

then we would expect less H2AK119ub1 of target genes in zmynd11-/-;lcr:GFP red blood cells 

and more H2AK119ub1 if zmynd11 inhibits PRC1.6 binding. Lastly, assessing the amount of 

methylation on lysine residues that are presumably needed for PRC1.6 targeting through 

L3MBTL2 and HP1gamma could reveal a histone code required for PRC1.6 targeting or 

inhibition. Furthermore, if the histone methylation patterns required to recruit PRC1.6 are 

disrupted in zmynd11-/-: lcr:GFP red blood cells, this could suggest that zmynd11 is modulating 

activity of histone methylases and demethylases to influence binding of PRC1.6. The difficulty 

in performing these experiments in zebrafish is that most antibodies are raised against human 

proteins/epitopes that do not always cross-react with zebrafish proteins due to low sequence 

homology, but if suitable antibodies can be found, these experiments would be relatively simple. 

Ultimately, I want to know what the “missing subpopulation” is that we only see in wild 

type lcr:GFP red blood cells, but not zmynd11-/-;lcr:GFP. Given the dysregulation of lineage 

specific genes, it is reasonable to assume that the subpopulation is either in a more mature or less 
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mature state than the majority of red blood cells in wild type lcr:GFP, and all the zmynd11-/-; 

lcr:GFP red blood cells have either gotten stuck in an immature state or accelerated their 

maturation, respectively. To help resolve this question, a couple different methods could be used 

to observe the morphology of developing red blood cells. Since zebrafish embryos are 

transparent, confocal images could be used to measure the size and shape of red blood cells in 

vivo. Alternatively, blood cells can be isolated from embryos, fixed to a slide, and differentially 

stained to observe morphological changes in red blood cells of zmynd11-/-;lcr:GFP compared to 

wild type lcr:GFP. Another relatively easy experiment would be to analyze the distribution of 

GFP intensity in red blood cells over time. Starting at about 30-36hpf through 72hpf-96hpf, wild 

type embryos can be deyolked to isolate blood cells, then analyzed by flow cytometry to see if 

there is a shift from high to low or low to high GFP intensity as red blood cells develop. 

 Given that ZMYND11 loss of function is seen in several types of leukemia and patients 

with ZMYND11 haploinsufficiency experience recurrent infections, both of which affect the 

definitive wave, it would be interesting to know if there is also a problem with the definitive 

wave of blood development. To address this question, blood could be drawn from adult 

zmynd11-/- zebrafish for blood smears to visualize the morphology of cells and obtain 

differential cell counts. A minimally invasive procedure can allow multiple blood draws from the 

same fish overtime without having to euthanize, so the effect of zmynd11 deficiency on blood 

cells can be measured at several intervals over the life of the fish (Zang et al., 2013). 
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