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ABSTRACT 

 

Roberts Syndrome (RBS) and Cornelia de Lange Syndrome (CdLS) are developmental 

conditions in humans collectively termed cohesinopathies. RBS and CdLS result in limb 

malformation, craniofacial abnormalities, cognitive disabilities, and defects in numerous 

internal organs, such as the GI tract and cardiac systems. Cohesinopathies arise due to 

improper cohesin function. Cohesin is a complex that plays a role in DNA tethering both 

in cis (along the same strand of DNA) and trans (between sister chromatids) mechanisms. 

DNA tethering is crucial for sister chromatid cohesin, DNA condensation, DNA repair, 

and transcriptional regulation. While the gene mutations resulting in cohesinopathies are 

well established, the downstream impacts of such mutations are largely unknown. 

Interestingly, the developmental defects arising from RBS and CdLS are highly similar to 

those due to thalidomide exposure during pregnancy. Thalidomide was a popular drug 

used to treat morning sickness in the late 1950s. Thalidomide exposure led to 

approximately 10,000 babies being born with severe developmental abnormalities.   In 

this case, thalidomide blocks Cullin4 Ring Ligase (CRL4), a ubiquitin ligase that clears 

embryos of factors that adversely impact development. The downstream targets of CRL4 

that lead to organ malformations are still elusive. Yet, thalidomide is an 

immunomodulatory (IMiD) drug that has proven effective in treatments of Hansen’s 

Disease, leprosy, and myeloma. Thus, understanding the molecular mechanisms through 

which thalidomide acts is essential for drug discovery and new therapies.  

Here, we investigate the role of cohesin in regulating the thalidomide target, CRL4. First, 

we report findings that the cohesin pathway impacts gene regulation of an essential CRL4 
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component. Second, we identify downstream targets of the cohesin/CRL4 axis that lead 

to organ malformation. These findings provide a unified molecular mechanism shared by 

thalidomide poisoning, and genetic outcomes that produce RBS and CdLS. This study 

provides a model to study multi-spectrum syndromes previously believed to be unrelated 

to each other. This research can help advance treatment options for rare diseases, as they 

may not be so rare after all. 
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INTRODUCTION 
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1.1 The cohesin ring and function in development 

Cohesin complex is made up of core proteins SMC1, SMC3, and 

RAD21/MCD1/SCC1 (Guacci et al., 1997; Michaelis et al., 1997; Tóth et al., 1999; 

Birkenbihl and Subramani 1992). The cohesin complex can bind DNA spontaneously, 

but auxiliary factors, such as SA1,2,, PDS5,  ESCO2, HDAC8, and NIPBL, facilitate 

cohesion activation/deactivation and cohesin loading onto DNA (Ciosk 2000; Seitan 

2006; Rollins 1999; Rollins 2004; Jeppsson 2014; Marston 2014; Skibbens 2016). 

Cohesins mediate the tethering of DNA segment, both in a trans- (intermolecular) and 

cis- (intramolecular) mechanism. Trans-DNA tethering is important for sister 

chromatid cohesion after DNA replication or in response to DNA damage. Cis-DNA 

tethering acts to create loops along the same strand of DNA for gene regulation and 

chromosome organization (Figure 1). Both trans- and cis- DNA tethering are a 

fundamental processes required for cell division and differentiation during 

multicellular organism development (Tanaka et al., 2000; Onn et al., 2008; Kakui and 

Uhlmann, 2018; Kim and Yu, 2020).  

Multicellular organisms start off as a single cell that must divide and differentiate. 

Cell division allows for the replication of a single cell into identical daughter cells that 

will either continue to divide or differentiate to a specific cell fate. The DNA replication 

process occurs during the S-phase of the cell cycle; replicated chromosomes are 

segregated to daughter cells during mitosis. Sister chromatids must remain tethered 

together from replication until they are ready to separate in anaphase. Similarly, during 

DNA damage, cohesin is recruited to the DNA damage site to aid in repair through 

homologous recombination and genome-wide impedes cell cycle progression (Ström 
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et al., 2004; Ünal et al, 2004; Ström et al 2007; Ünal et al., 2008; Putnam and Kolodner, 

2017). This trans- cohesion of chromosomes is mediated by the cohesin complex and 

auxiliary factors (Skibbens, 2009).  

Importantly, cohesin plays another crucial role in development through its cis-DNA 

tethering mechanism. Gene regulation during development ensures genes are expressed 

at the appropriate times. This regulation allows for cells to take up specific functions 

or respond to different environments. Cohesin can facilitate gene regulation during 

development via long distance DNA looping (Rollins et al., 2004; Hadjur et al., 2009; 

Mishiro et al., 2009; Nativio et al., 2009; Hou et al., 2010). Studies in mammalian cells, 

show that cohesins interact with CCCTC-binding factor (CTCF), an important player 

in creating long range DNA interactions (Parelho et al., 2008; Rubio et al., 2008; Wendt 

and Peters, 2009; Hadjur et al., 2009; Hou et al., 2010; Kagey et al., 2011; Ball et al., 

2014). There is evidence to suggest CTCF recruits cohesin for DNA loop stabilization 

(Wendt and Peters, 2009; Degner et al., 2011; Nativio et al., 2011; Majumder and Boss, 

2011; Guo et al., 2012). These loops organize the chromosomes and allow for 

enhancers-promoter or suppressor interactions to regulate gene expression during 

development. In fact, cohesins can bind to about 18,000 new gene loci that help in the 

maternal to zygotic genome activation during development of zebrafish embryos 

(Meier et al., 2018). Not surprisingly, mutations in cohesin pathway can result in severe 

developmental maladies termed cohesinopathies.  

 

1.2 The underlaying mechanism of cohesinopathies 
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Cohesinopathies are multi-spectrum developmental abnormalities which include 

Roberts Syndrome (RBS) and Cornelia de Lange Syndrome (CdLS). Cohesinopathies 

result in phocomelia (flipper-like appendages), microcephaly, cognitive disabilities, 

and defects in GI tract and numerous other internal organs. RBS and CdLS are 

cohesinopathies that result due to defects in the cohesin pathway. CdLS arises due to 

autosomal dominant disorders from heterozygous or X-linked mutations in cohesin 

subunits SMC1A, SMC3, RAD21 or auxiliary factors NIPBL and HDAC8 (Krantz et al., 

2004; Tonkin et al., 2004; Gillis et al., 2004; Musio et al., 2006; Deardorff et al., 2007; 

Deardorff et al., 2012; Yuan et al., 2015). CdLS prevalence is at least 1 in every 10,000 

live births with 65% of reported cases due to NIPBL gene mutations (Opitz, 1985; 

Krantz et al., 2004; Tonkin et al., 2004; Zakari et al., 2015). CdLS arises, in part,  due 

to improper cohesin cis-DNA tethering which inhibits regulatory elements from 

regulating gene expression (Rollins et al., 1999; Krantz et al., 2004; Dorsett, 2010; 

Bose et al., 2012; Dorsett and Merkenschlager, 2013).  

RBS on the other hand is an autosomal recessive disorder resulting from mutations 

in the cohesin acetyltransferase ESCO2 (Establishment of Cohesion 1 homolog 2) (Van 

Den Berg and Franckle, 1993; Vega et al., 2005; Schüle et al., 2005; Gordillo et al., 

2008). About 150 cases of RBS have been reported. There is a high mortality rate for 

RBS affected individuals, many infants with severe forms of RBS are stillborn or die 

shortly after birth (Schüle et al., 2005; Okpala et al., 2022). ESCO2 is evolutionarily 

conserved among vertebrates and the C terminus resembles the yeast Eco1/Ctf7 protein 

in yeast (Skibbens et al. 1999; Ivanov et al., 2002; Vega et al., 2005). ESCO2 activates 

cohesins through the acetylation of SMC3, a critical step for proper sister chromatid 
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cohesion and high fidelity chromosome segregation (Skibbens et al., 1999; Toth et al., 

1999; Ivanov et al., 2002; Bellows et al., 2003; Hou and Zou, 2005; Rolef Ben‐Shahar 

et al., 2008; Zhang et al., 2008). Unlike CdLS patients, which do not exhibit an increase 

in mitotic failure, RBS patient cells exhibit premature centromere separation, 

chromosome segregation defects, aneuploidy, elevated levels of apoptosis and reduced 

cell proliferation (Schüle et al., 2005; Vega et al., 2005; Gordillo et al., 2008; Horsfield 

et al., 2012; Mehta et al., 2013). Thus, it has been suggested that RBS arises due to 

defects in trans-DNA tethering. Alternatively, ESCO2 acetylation of SMC3 also is 

critical for regulating loop lengths during G1 (Dauban et al., 2020). 

The prevailing model for RBS is through loss of proliferative stem cells due to cell 

death (Tomkins et al., 1979; Tomkins and Sisken, 1984; Brooker et al., 2014; Zakari et 

al., 2015; Percival et al., 2015; Afifi et al. 2016; Percival and Parant, 2016; Zhou et al., 

2018; Colombo et al., 2019). Data from our labs, and others, support the alternative 

model that transcriptional deregulation contributes the suite of developmental 

abnormities in RBS, similarly to the mechanism that gives rise to CdLS (Choi et al. 

2010; Leem et al., 2011; Monnich et al., 2011; Xu et al., 2013; Rahman et al., 2015; 

Banerji et al., 2016; Xu et al., 2016). A transcriptional role of Esco2 is found using the 

regenerative caudal fin of zebrafish to study skeletal defects associated with 

cohesinopathies show regulation of an important gene for bone and joint formation with 

both cohesin and Esco2 impairment (Banerji et al., 2016, 2017a). Additional evidence 

shows gene expression profiles of rad21 null mutants and esco2 morphants show 

overlapping altered genes (Monnich et al., 2011). However, the effect of rad21 and 

esco2 reduction produced opposing effects, meaning upregulated expression of genes 
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in rad21 mutants were downregulated in embryos reduced for Esco2 function and vice 

versa. While the contrasting directions of altered gene expressions led those authors to 

discount transcription dysregulation as causative fore RBS (Monnich et al., 2011; Bose 

et al., 2012), others considered that this difference may be due to the ability of cohesin 

to remain chromatin bound in esco2 mutant but not in rad21 mutants (Skibbens et al., 

2013; Banerji et al., 2016; Banerji et al., 2017a). For instance, subsequent studies 

support the transcriptional role of Esco2. Recent studies show that Eco1 in yeast 

inhibits cohesin translocase activity, through a mechanism independent of Eco1’s role 

in cohesion establishment (Dauban et al., 2020). This study showed Eco1 mediates 

cohesin dependent DNA loop extrusion in G1. Moreover, Esco2 regulates the Notch 

pathway to promote neuronal differentiation in human development and to promote 

embryogenesis in medaka studies (Leem et at., 2011; Morita et al., 2012). Given that 

any or all of these activities, when defective, may contribute to RBS phenotypes, 

further efforts to understand the mechanisms of cohesinopathies may advance 

treatments and prevention options. 

 

1.3 Thalidomide causes developmental abnormalities through the CRL4 E3 Ligase  

Interestingly, phenotypes observed in cohesinopathy patients are nearly identical to 

those that arise due to exposure to a pharmaceutical agent during pregnancy. α-N-

phthalimidoglutarimide, also known as thalidomide, was an over-the-counter 

medication in the late 1950s advertised to be safe and effective in the relief of morning 

sickness during pregnancy. The in-utero exposure of thalidomide, however, led to 

approximately 10,000 newborns having severe birth defects world-wide. Thus 
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thalidomide is a teratogen that affects normal embryo development (Smithells and 

Newman, 1992; Vargesson, 2015). Thalidomide is also an IMiD with anti-

inflammatory and anti-angiogenic properties that make this drug effective in the 

treatment of Hansen’s disease, myeloma, and different autoimmune diseases (Sheskin, 

1965; Sampaio et al., 1991; D’Amato at al., 1994; Tramontana et al., 1995; Mujagic et 

al., 2002).  

A first glimpse into how thalidomide affects cellular processes was obtained by the 

identification of Cereblon (Crbn), a component of Cullin4-Ring Ligases (CRL4), as the 

drug binding target (Ito et al., 2010). Thalidomide is a small synthetic compound in 

which a chiral C3-carbon atom within the glutarimide gives rise to two optical isomers, 

(R) and (S), to produce a racemic mixture. Researchers found that (S)-enantiomer 

thalidomide can bind Crbn more effectively while the (R) enantiomer dimerizes, 

rendering it inactive in vivo (Tokunga et al., 2018). Inhibition of CRL4 by thalidomide 

impact the normal role of the E3 ligase, which is to ubiquitinate its substrates for 

regulation and tag them for proteasomal degradation. The accumulation of otherwise 

degraded substrates is likely the mechanism of thalidomide teratogenicity (Figure 2).  

The CRL4 substrates responsible for aberrant development are largely unknown, 

but some downstream pathways impacted by thalidomide have been described (Ito et 

al., 2010; Ito et al., 2011; Zhu et al., 2011; Tokunaga et al., 2018; Asatsuma-Okumura 

et al., 2019; Cheng et al., 2019). For instance, downstream effects of thalidomide 

induce the decrease in both fibroblast growth factor 8 (fgf8), and vascular endothelial 

growth factor (vegf) expression as well as an increase in Reactive Oxidative Species 

(ROS) in tissues. All three (Fgf8, Vegf and ROS) are implicated as mechanisms for 
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teratogenic effects of thalidomide (D’Amato et al., 1994; Gupta et al., 2001; Yabu et 

al., 2005; Therapontos et al., 2009; Ito et al., 2011; Shortt et al., 2013, Gandhi et al., 

2014).  

Efforts to develop IMiDs with little to no teratogenic effects is ongoing. The Food 

and Drug Administration approved two thalidomide derivatives, lenalidomide and 

pomalidomide, for cancer treatments (Lederman, 2014). These derived IMiDs show 

stronger immunomodulatory properties than thalidomide but little success has been 

made in preventing embryotoxicity (Muller et al., 1996; Muller et al., 1999; Corral et 

al., 1999; D’Amato et al., 2013). All novel IMiDs act on CRL4 such that resistance to 

IMiDs treatments in cancer patients is correlated to reduced levels of Crbn (Zhu et al., 

2011; Lopez-Girona et al., 2012; Heintel et al., 2013). More research suggests IMiDs 

not only prevent targeting of endogenous CRL4 substrates, but IMiD binding to Crbn 

induces neo-substrate targeting (An et al., 2017; Asatsuma-Okumura et al., 2019). This 

model has been pursued to explain the anti-inflammatory properties that make IMiDs 

effective in disease treatment. Together, this research suggests that both the teratogenic 

and beneficial effects of thalidomide occur through the direct binding of IMiDs to Crbn, 

mediating CRL4 activity.  

 

1.4 CRL4 E3 Ligase affects developmental processes 

CRL4 E3 Ligases are the most common types of E3 Ligases in eukaryotes. 

Regardless, all E3 Ligases require an ubiquitin activating enzyme (E1) and a ubiquitin 

conjugating enzyme (E2). E1 requires ATP to covalently bind the small 76 amino acid 

protein, ubiquitin (Ub). Once bound, Ub is transferred to the E2 enzyme. In association 
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with E2, E3 covalently attaches Ub to a target protein substrate. Polyubiquitination of 

proteins leads to proteasomal degradation while mono-ubiquitination has been 

implicated in modification of protein functions or trafficking (Fang and Weissman, 

2004; McCall et al., 2008; Jackson and Xiong, 2009).  

The CRL4 E3 Ligase targeted by thalidomide is composed of Ring Box 1 

(RBX1/ROC1), Cullin-4 (Cul4) protein, DNA Damage Binding Protein 1 (Ddb1), and 

Crbn. Crbn represents 1 of more than 30 known Ddb1-Cul4 Associated Factor (DCAF) 

that bind DDB1 through a WD40 β-propeller domain (McCall et al., 2008).  DCAFs 

serve as substrate receptors for CRL4 E3 Ligases and allows for CRL4 complexes to 

interact with a large network of proteins to regulate a variety of different processes in 

the cell (Petroski and Deshaies, 2005; Angers et al., 2006; Lee and Zhou, 2007; 

Zimmerman et al. 2010). More than 90 proteins in mammals contain the WD40 

domain, although their role as possible DCAFs, has yet to be validated (McCall et al., 

2008). 

Mutations in CRL4 E3 Ligases affect many cellular processes including DNA 

damage response, gene expression regulation, chromatin remodeling, and embryonic 

development (Ou et al., 2002; Petroski and Deshaies, 2005; Bosu et al., 2008; Ito et al., 

2010; Jiang et al., 2012; Yu et al., 2015). Investigating the roles of CRL4 in 

development is thus challenging due to the many cellular processes that CRL4 affects. 

Germline knockouts of ddb1 or cul4 in murine models result in embryonic lethality that 

corresponds to increased apoptosis and attenuated proliferation (Cang et al., 2006; 

Chen et al., 2012; Jiang et al., 2012; Liu et al., 2012). However, knockdown studies in 

different model systems demonstrate that some endogenous targets of CRL4 (like 
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CDT1, c-Jun, HOXA9, H3 and CHK1) play roles in cell cycle progression, chromatin 

remodeling, and cell differentiation, all important processes in development (Higa et 

al., 2006; Waning et al., 2008; Leung-Pineda et al., 2009; Yu et al., 2015).  

Multicellular organism development involves a series of coordinated events that 

result in the formation of specific tissues and organs. Cellular differentiation occurs 

due to the selective regulation of gene expression. Cells have many regulatory 

mechanisms that control access to DNA, RNA transcription, and protein regulation. 

These events depend on concentrations of interacting proteins which leads to the 

expression or silencing of genes (Cacace et al. 2012; Murugan and Kreiman 2012; 

Costa et al. 2013; Neuert et al. 2013). Cullin-Ring Family Ligases play a role in protein 

turnover that facilitates cell cycle progression and gene regulation important for 

developmental processes (Clurman et al., 1996; Roodbarkelari et al., 2010; Hua and 

Viestra, 2011). Not surprisingly mutations impacting CRL4 are implicated to 

congenital disabilities in humans. For instance, X-linked intellectual disabilities 

(XLID) are linked to mutations in CUL4 genes in humans (Cabezas et al., 2000; Tarpey 

et al., 2007). XLID causes several developmental abnormalities including mental 

retardation, short stature, craniofacial abnormalities, and impaired speech. The high 

embryonic mortality rate of mutations in CRL4 demonstrate the importance of this E3 

Ligase in developmental processes and the crucial need to further investigate CRL4 

downstream effects leading to aberrant developmental pathways. 

 

1.5 Zebrafish as a model for thalidomide teratogenicity and cohesinopathy studies 
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The zebrafish embryo is a useful model to study developmental processes in a 

vertebrate system. The rapid development of zebrafish and the introduction of 

molecular techniques for genetic manipulation, like genome editing tools and 

morpholino (MO) mediated knockdowns, make zebrafish ideal to study development 

(Nasevicius and Ekker, 2000; Hwang et al., 2013; Seruggia and Montoliu, 2014). 

Zebrafish have a rapid life cycle and can live up to 5 years (Figure 1.3). About 70% of 

protein coding genes found in human have a zebrafish analog, while 84% of genes 

associated with human disease have a zebrafish counterpart (Howe et al., 2013). 

Zebrafish embryogenesis consists of several major developmental stages: zygote, 

cleavage, blastula or shield stage, gastrula, segmentation, pharyngula, hatching and 

early larval period.  

The zygote period starts with fertilization of the egg, leading to cytoplasmic 

movement that initiates animal and vegetal polarization. The zygotic stage is 

characterized as the one-cell stage where the animal pole becomes a clearer ‘bubble’ 

on top of the yolk granule-rich vegetal pole. The first cleavage occurs at around 40 

minutes post fertilization. Once in the cleavage stage, the dividing cells, or blastomeres, 

go through rounds of cell division about every 15 minutes. The zebrafish embryo 

cleavage stage is a meroblastic process, meaning that the cells are not completely 

cleaved from one another and remain interconnected by cytoplasmic bridges. This stage 

is complete after about 2 hours post fertilization (hpf) and the blastula stage starts after 

8 rounds of zygotic cell cycles. During the blastula or shield stage, blastomeres lose 

cytoplasmic bridges, cell cycle progression slows, and cells become asynchronous. It 

is at this stage that the maternal to zygotic (MZT) transition occurs and the influence 
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of maternally inherited mRNA and proteins decrease while zygotic transcription 

increases (Langley et al., 2014). Epiboly begins at the end of the blastula stage and 

leads to the formation of the three layers that eventually give rise to the ectoderm, 

mesoderm, and endoderm. The gastrula stage starts when the zebrafish embryo is at 

50% epiboly (~5hpf). It is during the gastrula stage that cell differentiation and 

commitment initiates. The embryo tail bud formation (at ~10hpf) marks the end of the 

epiboly stage. The segmentation period occurs from 10hpf to 24hpf. This stage is 

characterized by somite development, organogenesis, and embryo elongation. The 

pharyngula period describes the stage where zebrafish embryos develop the classic 

vertebrate features like bilateral organization and a well-developed notochord. Eyes, 

fins and otic vesicle start forming during this period and the embryo body straightens. 

Cartilage, vasculature, and pigment cells differentiate, and the embryo exhibits bouts 

of swimming at this stage. The hatching period varies by embryos but usually occurs 

about 48hpf. During the hatching period, cartilage forming the pharyngeal arches of 

the jaw protrude the mouth out and the pectoral fins elongate. At 72hpf, zebrafish 

embryos enter the larval stage and have completed most of their morphogenesis. Larvae 

continue to grow rapidly and are considered sexually matured by the time they are 3 

months old (Kimmel at al., 1995).  

Zebrafish remain a useful model for cohesinopathy studies (Ghiselli et al., 2006; 

Horsfield et al., 2007; Rhodes et al., 2010; Muto et al., 2011; Monnich et al., 2011; 

Deardorff et al., 2012; Banerji et al., 2016; Banerji et al., 2017a). For instance, 

knockdowns of Esco2 and the cohesin subunit, Rad21, in zebrafish produced 

phenotypes associated with human cohesinopathies such as decreased head and eye 
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sizes, decreased truck size and defects in cardiac and gut development (Ghiselli et al., 

2006; Horsfield et al., 2007; Rhodes et al., 2010; Muto et al., 2011; Monnich et al., 

2011; Deardorff et al., 2012).  

Not only are zebrafish useful for genetic disease analysis, but are increasingly used 

for pharmacological studies and early drug development (Chakraborty et al., 2009). 

Previous studies using mice models do not recapitulate the teratogenic effects of 

thalidomide and other IMiDs. However, zebrafish studies have been widely used to 

study thalidomide and other IMiDs teratogenic effects. Treatment of zebrafish with 

IMiDs, leads to eye and otic vesicle defects, decreased trunk and pectoral fin size and 

defects in vasculature development (Ito et al., 2010; Cheng et al., 2011; Beedie et al., 

2016). These phenotypes in zebrafish recapitulate the effects of thalidomide during 

embryogenesis in humans.  

 

1.6 Hypothesis and Research Objectives 

RBS and CdLS are developmental conditions that highly resemble thalidomide 

teratogenicity phenotypes. Despite the similarities, a connection between these 

genetically induced and drug-derived developmental conditions has not been 

thoroughly investigated. Emerging evidence, however, suggests shared molecular 

mechanisms. For instance, thalidomide susceptibility in humans is correlated to 

mutations in Esco2 (Gomes et al., 2019). Thalidomide acts through the inhibition of 

proper CRL4 function (Ito et al., 2010). At present, the Fgf8 downregulation, and the 

ROS response of thalidomide are linked to CRL4 function (Yabu et al., 2005; Li et al., 

2011; Ito et al., 2010; Shortt et al., 2013). Interestingly, CdLS zebrafish models also 
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exhibit fgf8 downregulation during limb development (Muto et al., 2014). While RBS 

cells, along with zebrafish and yeast models of cohesin pathway mutations, suggest 

increased ROS levels compared to controls (Xu et al., 2013; McKay et al., 2019; Ren 

et al., 2005; Ren et al., 2008). Further evidence supporting a shared molecular pathway 

between cohesinopathies and thalidomide through the CRL4 E3 ligase are findings that 

show Esco2, the cohesin acetylase, is a target of CRL4 (Minamino et al., 2018; Sun et 

al., 2019). However, an impact of Esco2 on CRL4 has never been reported. 

Given the role of cohesin in gene regulation, and other research supporting the 

transcriptional role of Esco2, my research aims to explore transcriptional regulation of 

CRL4 E3 Ligase genes in cohesinopathy disease models. My findings (discussed in the 

next chapters) are the first to provide a link between cohesinopathies and thalidomide 

teratogenicity through deregulation of an essential component of CRL4, ddb1 (Figure 

1.4). My work sheds light into the mechanism that lead to abnormal development in 

RBS and CdLS individuals, and further links these conditions to a pharmacological-

based mechanism that may provide new inroads to treatments.  
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1.7 Figures and Tables 

 

 

Figure 1.1. The cohesin complex and its function. Cohesin is made up of multiple core 

subunits, Smc1, Smc3 and Rad21 (SA and . Auxiliary proteins help cohesin 

loading/unloading (Nipbl, Wapl, Hdac8, Pds5, SA) onto DNA and establishment (Esco2). 

(right) Cohesin (Black circles) functions in both cis- and trans- DNA (grey) tethering 

mechanisms. trans- DNA tethering holds sister chromatids together after DNA 

replication and in response to DNA damage. cis- DNA tethering help organize in 

chromosome and plays a role in transcriptional regulation. 
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Figure 1.2. Proposed mechanism for thalidomide teratogenicity and 

immunomodulatory activities. Thalidomide directly binds Crbn resulting in alterations 

to endogenous CRL4 function. Accumulation of otherwise degraded proteins is suggested 

to cause changes is cellular processes.  

 

Source: Ito et al. 2011  
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Figure 1.3. The zebrafish life cycle. Zebrafish develop rapidly, reaching sexual maturity 

by the time they reach three months of age. Zebrafish can live up to 5 years. 

 

Source: D’Costa and Shepherd, 2009 
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Figure 1.4. Proposed molecular cohesin/CRL4 pathway. Esco2, Smc3 and Nipbl 

regulate ddb1 expression. Ddb1 is a subunit of CRL4, the thalidomide drug target. The 

role of CRL4 is to tag proteins with Ubiquitin, which targets them for proteasomal 

degradation, an important process during development. Dashed line represents evidence 

from Minamino et al., 2018 and Sun et al., 2019 that CRL4 regulates Esco2 protein. 
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CHAPTER 2: 

ESCO2 AND COHESIN REGULATE CRL4 UBIQUITIN LIGASE DDB1 

EXPRESSION AND THALIDOMIDE TERATOGENICITY 
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2.1 Abstract 

Cornelia de Lange syndrome (CdLS) and Roberts syndrome (RBS) are severe 

developmental maladies that arise from mutation of cohesin (including SMC3, CdLS) 

and ESCO2 (RBS). Though ESCO2 activates cohesin, CdLS and RBS etiologies are 

currently considered non-synonymous and for which pharmacological treatments are 

unavailable. Here, we identify a unifying mechanism that integrates these genetic 

maladies to pharmacologically-induced teratogenicity via thalidomide. Our results 

reveal that Esco2 and cohesin co-regulate the transcription of a component of CRL4 

ubiquitin ligase through which thalidomide exerts teratogenic effects. These findings 

are the first to link RBS and CdLS to thalidomide teratogenicity and offer new 

insights into treatments. 
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2.2 Introduction 

Thalidomide was an over-the-counter drug used to relieve morning sickness 

during pregnancy, among other uses in the late 1950s, which lead to a suite of birth 

defects that include phocomelia, organ malformation, craniofacial abnormalities, and 

intellectual disabilities (Smithells and Newman, 1992). These teratogenic effects 

result from inhibition of Cullin4 Ring Ligase (CRL4), the most common E3 ubiquitin 

ligase in eukaryotes and which contains Cullin4 (CUL4), DNA Damage Binding 

Protein 1 (DDB1), and DDB1-CUL4-Associated Factor (DCAF) Cereblon (CRBN) 

(Petroski and Deshaies, 2005; Ito et al., 2010). Inhibition of CRL4 function is solely 

responsible for thalidomide teratogenicity: 1) development proceeds normally upon 

thalidomide exposure in zebrafish embryos expressing thalidomide-resistant CRL4 

and 2) mutation of CRL4 subunits are sufficient to produce embryonic damage and 

intellectual disabilities (Asatsuma-Okumura et al., 2019). Roberts syndrome (RBS) 

and Cornelia de Lange syndrome (CdLS) are severe genetic maladies in which 

manifestations highly resemble those observed in thalidomide babies (Cheng et al., 

1971; Banerji et al., 2017a). RBS arises through mutation of ESCO2 while CdLS 

arises through mutation of cohesin subunits (including SMC1, SMC3, and RAD21) 

and regulators (NIPBL and HDAC) (Banerji et al., 2017a). ESCO2 acetylates SMC3 

to activate cohesin. Despite the direct link between ESCO2 and SMC3, CdLS and 

RBS etiologies are currently considered non-synonymous and for which 

pharmacological access is largely unavailable.  

Here, we document that Smc3 and Esco2 knockdowns (KDs) in zebrafish 

embryos provide robust models for CdLS and RBS and identify a unifying 
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mechanism that integrates these genetic maladies to the pharmacologically-induced 

teratogenicity produced by thalidomide. Our results reveal that Esco2 and cohesin co-

regulate ddb1 transcription, which is a key component of CRL4 ubiquitin ligase 

through which thalidomide exerts teratogenic effects. Importantly, Ddb1 KD embryo 

phenotypes overlap with Smc3 KD and Esco2 KD embryos and exogenous ddb1 

expression rescues developmental defects that otherwise arise in Smc3 KD embryos. 

These findings are the first to directly link both RBS and CdLS to thalidomide 

teratogenicity and transform current notions of cohesinopathies. 

 

2.3 Materials and Methods 

Zebrafish (Danio rerio) strain C32 was used. This study was performed in 

accordance with the recommendations in the Guide for the Care and Use of 

Laboratory Animals of the National Institutes of Health. These protocols were 

approved by Lehigh’s Institutional Animal Care and Use Committee (IACUC) 

(Protocol 187). Lehigh University’s Animal Welfare Assurance Number is A-3877-

01.  

Morpholino (MO) Injections 

MO purchased from GeneTools, LLC (Philomath, OR) were dissolved in sterile 

dH₂O, for a 1mM concentration (sequences available upon request). These were 

heated to 65°C for 15 minutes prior to use. Full MO concentration resulted in embryo 

lethality, thus smc3 MO was diluted in 1X phenol red to a concentration of 0.5mM to 

allow for embryo comparisons at 72 hours post fertilization (hpf), and esco2 MO was 

diluted in 1X phenol red to a concentration of 0.25mM. A standard control (SC) MO 



55		

with no target sequence in zebrafish was used as control. Microinjections were 

performed at the 1-cell stage using the Narishige IM 300 Microinjector and Nikon 

SMZ 800 for visualization. Zygotes were sorted for viability and fertilized embryos 

were kept in egg water and Ampicillin solution at 28°C. Embryos were dechorionated 

using pronase if needed, then harvested for lysate or cDNA preparations or fixed in 

4% paraformaldehyde (PFA), and kept at 4°C overnight for phenotype analysis. 

Embryos were stored in 100% methanol at -20°C for long term use after fixing. 

Thalidomide Treatments 

As adapted from Ito et al. 2010 (3), a stock 400mM solution of thalidomide 

dissolved in DMSO was made in order to keep the final DMSO concentration under 

0.1%. The 400 mM stock solution was diluted in E3 medium prewarmed at 65ºC and 

mixed for 1 or 2 min to make 200μM, 400μM and 800μM final concentrations. 

Zebrafish embryos were manually dechorionated prior to thalidomide treatment by 

use of forceps. After chorion removal, embryos were immediately transferred to E3 

medium containing thalidomide or DMSO only control and further incubated at 28ºC 

until the 72 hpf timepoint was reached. E3 medium was replaced with freshly 

prepared medium every 12 hours. Embryos were fixed in 4% PFA and kept at 4°C 

overnight for phenotypes analysis. Embryos were stored in 100% methanol at -20°C 

for long term use after fixing. 

Embryo Lysates and Immunoblotting 

MO injected embryo lysates were made at 24 hpf for Esco2, Smc3 and SC. 

Protocol was adapted from Schabel et al., 2019. In short, embryos were dechorinated 

with pronase then washed in E3 egg water. Individual embryos were placed in 1.5mL 



56		

centrifuge tubes and all excess egg water was removed. 500μl of heptane were added 

then immediately after 500μl of cold methanol were added and sample was fixed for 

5 mins. Embryo was washed two times with 500μl of cold methanol then 2 times with 

100μl of Embryo Buffer (EB). Embryos were homogenized in 20μl of EB. Three 

single embryo lysate preps were pulled to create one biological replicate. Lysates 

were stored at -80°C, 5X SDS Loading buffer was added and samples were boiled 

before use. A primary antibody specifically for zebrafish was used to detect Esco2 

(1:1000, GenScript) (Banerji et al., 2016). Alexa 546 anti-rabbit (1:1000, Invitrogen) 

was used to detect Esco2 primary antibody. A primary antibody specifically for 

zebrafish was used to detect Smc3 (1:1000, Santa Cruz Biotechnology, sc-8198). 

Alexa 568 anti-goat (1:1000, Invitrogen) was used to detect Smc3 primary antibody. 

An antibody for human Ddb1 protein sharing 97% homology to zebrafish Ddb1 was 

used to detect Ddb1 (1:500, Abcam, ab124672). Alexa 488 anti-rabbit (1:1000, 

Invitrogen). Mouse anti-α-tubulin (1:1000, Sigma-Aldrich, T9026) was used as a 

loading control. Alexa 647 anti-mouse (1:1000, Invitrogen) was used to detect the 

tubulin primary antibody. For measurement of band intensities, ImageJ software 

(https://imagej.nih. gov/ij/) was used. Relative pixel densities of gel bands were 

measured using the gel analysis tool in ImageJ software as previously described in 

Bhadra and Iovine, 2015. Tubulin was used as a loading control and thus the relative 

expression calculations were based on the ratio of Esco2 or Smc3 to Tubulin. 

RT-PCR 

For RT-PCR, total mRNA was extracted from around 15 embryos to make one 

biological replicate using Trizol reagent and the standard protocol. The resulting 
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mRNA pellet was resuspended in a solution of DEPC H2O and RNAse Inhibitor, then 

the concentration of RNA was recorded using the Thermo Scientific Nanodrop 2000. 

For making cDNA, 1 μg of total RNA was reverse transcribed with SuperScript III 

reverse transcriptase (Invitrogen) using oligo (dT) primers. The resulting cDNA was 

diluted 1:10 for RT-PCR. Control primers (F: 5’-CAGAAGCCCACGGCGGTGAA-

3’, R: 5’-CCTGAACAGCTCCATCACCGC-3’) were used that expand a region 

within exon 2 of ddb1 mRNA, unaffected by the MO. Target primers  (F: 5’-

CGGCCAAATACAACGCCTGC-3’ R: 5’-CTGGAATGACCATCGATGCC-3’) 

were used expanding from exon 3 – exon 5. PCR was set up for SC MO injected 

embryos and ddb1 MO injected embryos. A 1% agarose gel was poured, and PCR 

products ran at 100V for ~ 1 hour. 

mRNA Rescue 

Full length mRNA encoding for ddb1 was designed using the sequence from the 

ZFin database. The plasmid was stored at -20°C until used. Plasmid was diluted to a 

1:10 concentration of 0.2μg/μl in sterile water. One Shot Max Efficiency DH5a cells 

were transformed with the plasmid using standard procedures. The Qiagen Mini-Prep 

kit was used to isolate plasmid DNA from the transformed bacteria. The plasmid 

DNA was then linearized by performing an AvrII digest. A transcription reaction was 

then performed using the Invitrogen mMessage mMachine kit. The concentration of 

the resulting mRNA was assessed using the Thermo Scientific Nanodrop 2000. This 

was also run on a formaldehyde gel and imaged using the BioRad Gel Doc. The 

mRNA was then diluted to concentrations of 25ng/μl and 100ng/μl in phenol red. 

Diluted mRNA was heated at 65°C for 5 minutes prior to injections into zebrafish 
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embryos at the 1-cell stage as previously described. The mRNA was also co-injected 

into embryos that had been injected with the smc3 and esco2-ATG start site blocker 

MOs. Both the mRNA injected embryos and co-injected rescue embryos were fixed 

at 72 hpf in 4% PFA overnight at 4°C and for phenotypes analysis. Embryos were 

stored in 100% methanol at -20°C for long term use after fixing. 

qRT-PCR 

For qRT-PCR, total mRNA was extracted from around 15 embryos to make one 

biological replicate using Trizol reagent and the standard protocol. The resulting 

mRNA pellet was resuspended in a solution of DEPC H2O and RNAse Inhibitor, then 

the concentration of RNA was recorded using the Thermo Scientific Nanodrop 2000. 

For making cDNA, 1 μg of total RNA was reverse transcribed with SuperScript III 

reverse transcriptase (Invitrogen) using oligo (dT) primers. The resulting cDNA was 

diluted 1:10 for qRT-PCR, using the Rotor-Gene 6000. cDNA was made on esco2-

ATG MO injected embryos, smc3-ATG MO injected embryos and SC MO injected 

embryos. For each cDNA used, primers at a 10μM concentrations were used. Three 

primers were specific for components of the CRL4 E3 Ligase affected by 

thalidomide, Cul4a (F: 5’-GCGGAATATGGAGTGTGTATGA-3’, R: 5’-

TCCTGCTTTGGCGGATTT-3’), Crbn (F: 5’-

CTTGTTCAGAGCGGATTGTAAAC-3’, R: 5’-TGGCAGACTCGTGTCAAAG-3’) 

and Ddb1 (F: 5’-GCACACTGCAGATTGATGAC-3’, R: 5’-

GACGACTCCACTAACACTACAG-3’). keratin4 primers (F: 5’-

TCATCGACAAAGTGCGCTTC-3’; R: 5’-TCGATGTTGGAACGTGTGGT-3’) 

were used as a housekeeping gene control. For each PCR tube, 7.5μl of Sybr Green, 
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3μl 10μM Primers , 3.5μl sterile H2O, and 1μl cDNA was added. Analyses of the 

samples were done using Rotor‐Gene 6000 series software (Corbette Research) and 

the average cycle number (CT) determined for each amplicon. Delta CT (ΔCT) 

between housekeeping gene and CRL4 genes were calculated to represent expression 

levels normalized to keratin values. ΔΔCT values were calculated to represent the 

relative level of gene expression and the fold difference was determined using the 

ΔΔCT method (2‐ΔΔ C
T) as previously described (Banerji et al., 2016; Ton and Iovine 

2012). 

Imaging Analysis of Embryos 

Zebrafish embryos fixed at 72 hpf were mounted on double cavity slides using 

3% methyl cellulose for embedding. Embryo phenotypes were observed using the 

Nikon SMZ 1500, 1X objective at room temperature and the Nikon Eclipse 80i 

Microscope, 10X and 20X objectives at room temperature. Microscopes were 

equipped with SPOT-RTKE digital camera (Diagnostic Instruments) and SPOT 

software (Diagnostic Instruments) for image acquisition. The images obtained were 

then used to quantify whole embryo length, eye diameter, and otolith phenotypes. 

Percent similarities were obtained for body and eye measurements for each treatment 

compared to wild-type (WT) un-treated embryos. First, percent difference was 

calculated by taking the change in value between treated/injected embryo and un-

treated/un-injected WT embryos, divided by the average of the numbers, all 

multiplied by 100. Percent similarities were then obtained by subtracting percent 

difference from 100. Otolith phenotypes were observed and scored into four 

categories: normal otoliths, fused otoliths, small otoliths, and absent otoliths. Otolith 
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diameters were measured to distinguish between normal and small otoliths. Anterior 

and posterior otolith diameters were added; a sum less than 50μm was classified as 

small. Percent of embryos with each otolith phenotype were calculated by taking 

number of embryos in each category divided by total embryos analyzed. 

Statistical Analysis 

ANOVA tests were used to determine if there was a statistically significant 

difference in body size, and eye size between KDs and controls. Statistical analysis 

was performed using ordinary one-way ANOVA tests. Two-tailed paired t-tests were 

used to determine if there was a statistically significant difference in qRT-PCR 

analysis between KDs and controls. N values of at least 16 were used in every 

experiment. Only values giving P < 0.05 are reported. 

 

2.4 Results 

Conservation of phenotypes derived from Esco2 (RBS) and Smc3 (CdLS) KDs, and 

Thalidomide exposure, in zebrafish embryos. 

Esco2 acetyltransferase activates cohesin through acetylation of the cohesin 

subunit Smc3 (Rolef Ben-Shahar et al., 2008; Zhang et al., 2008; Ünal et al., 2008). 

The prevailing models of RBS (mutated ESCO2) and CdLS (mutated cohesin, 

including SMC3, and cohesin regulators), however, are quite different. Based on the 

initial discovery that Ctf7/Eco1 (herein Eco1, the homolog of human ESCO2) is 

critical for chromosome segregation (Skibbens et al., 1999; Tóth et al., 1999; Hou and 

Zou, 2005), and that mutations in ESCO2 lead to increase mitotic failure and 

apoptosis (Mönnich et al., 2011; Morita et al., 2012; Percival et al., 2015; Percival 
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and Parant, 2016; Banerji et al., 2017a), the prevailing model for RBS is based on 

mitotic failure that leads to proliferative stem cell loss (Percival and Parant, 2016, 

Zakari et al., 2015). In contrast, CdLS cells typically do not exhibit increased mitotic 

failure or apoptosis, even though CdLS arises due to cohesin pathway gene mutations 

(Banerji et al., 2017a; Dorsett and Krantz, 2009). NIPBL (homolog of drosophila 

Nipped-B and yeast Scc2) mutation produces the highest incidence of CdLS and early 

studies documented that NIPBL plays a critical role in transcription regulation 

(Rollins et al., 1999; Rollins et al., 2004). This and other findings led to the prevailing 

model of CdLS as one of transcription dysregulation (Dorsett and Krantz, 2009; 

Banerji et al., 2017a). The phenotypic similarities between both RBS and CdLS 

genetic maladies, and the pharmacologically-induced birth defects that result from in 

utero exposure to thalidomide, however, made it important to test whether all three 

are directly linked. 

To address the role of Esco2 and cohesins in developing zebrafish embryos, we 

used previously well-characterized esco2 and smc3-targetting morpholinos (MOs) 

(Mönnich et al., 2011; Banerji et al., 2016; Banerji et al., 2017b). Targeted protein 

KDs of Esco2 and Smc3 were independently validated in the current study as well by 

Western blot of lysates obtained from MO-injected embryos, compared to lysates 

from standard control (SC) MO injected embryos. A significant reduction of Esco2 

and Smc3 protein levels in 24 hpf embryos were obtained with esco2-ATG MO and 

smc3-ATG MO respectively (Supplemental Figure 2.1A, B). These findings extend 

the previously validated target specificity and KD efficacy of both MOs (Mönnich et 

al., 2011; Banerji et al., 2016; Banerji et al., 2017b).  
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We next assessed the effect of Esco2 KD and Smc3 in developing zebrafish 

embryos compared to the SC-MO that does not recognize target genes in zebrafish. 

MO injections were performed at the 1-cell stage and embryo phenotypes were 

assessed at 72 hours post fertilization (hpf). esco2 MO injected embryos exhibited 

defects that include shorter body length (Figure 2.1A, B), smaller eye size (Figure 

2.1A, C) and abnormal otolith development (Figure 2.1A, D), compared to SC MO 

injected embryos. These phenotypes are consistent with the short stature phenotypes, 

and vision and hearing losses observed in RBS patients. Note that these phenotypes 

are also consistent with those previously observed in embryos injected with esco2-

directed MOs and by esco2 mutations in zebrafish (Mönnich et al., 2011; Percival et 

al., 2015; Xu et al., 2013). Compared to control embryos, smc3 MO injected embryos 

also exhibited smaller body size (Figure 2.1A, B), reduced eye size (Figure 2.1A, C), 

and a notable absence of otoliths within the otic vesicle (Figure 2.1A, D), consistent 

with analogous phenotypes present in CdLS patients. Critically, the phenotypes 

obtained by smc3-directed MO are consistent with transgenic zebrafish lines deficient 

for rad21 or smc1a cohesin subunits and also embryos injected with rad21-directed 

MOs or smc3-directed MOs (Muto et al., 2011; Ghiselli et al., 2006; Horsfield et al., 

2007; Schuster et al., 2015l Cukrov et al., 2018).  In combination, these results 

document that both Esco2 and cohesin are critical for proper craniofacial and body 

development in zebrafish embryos and that MO-based strategies provide for robust 

zebrafish models of RBS and CdLS phenotypes.  

Thalidomide is a well-established teratogen that elicits developmental defects also 

observed in RBS individuals (1). We thus exposed wild-type (WT) zebrafish embryos 
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to 200µM, 400µM and 800µM concentrations of thalidomide, compared to DMSO 

treated control embryos (Figure 2.2A). Significantly reduced body length was 

observed after treatment with 400µM and 800µM concentrations of thalidomide 

(Figure 2.2A, B). Eye size was significantly reduced at all concentrations of 

thalidomide (Figure 2.2A, C). Abnormalities in otolith development increased in a 

dose-dependent manner (Figure 2.2A, D). These findings are consistent with 

thalidomide-dependent developmental defects (Smithells and Newman, 1992; Ito et 

al., 2010). Importantly, the phenotypic overlap obtained from thalidomide treatment, 

and both in Esco2 KD and Smc3 KD embryos, spurred efforts to ascertain the extent 

to which these pharmacological and genetic maladies are linked. 

Smc3 and Esco2 regulate expression of the CRL4 ligase gene ddb1 

Thalidomide teratogenicity results from inhibition of CRL4 ubiquitin ligase 

function (Ito et al., 2010). Given the prevailing model that CdLS arises from 

transcription dysregulation (Dorsett and Krantz, 2009; Rollins et al., 1999; Rollins et 

al., 2004; Banerji et al., 2017a), we tested Smc3 KD embryos for transcriptional 

deregulation of cul4a, ddb1, and crbn genes, each of which encodes a key component 

of CRL4 ligase. cDNA obtained from smc3-ATG MO injected embryos were 

assessed by qRT-PCR at 24 hpf and compared to cDNA obtained from SC MO 

injected embryos. Fold changes in gene expression were calculated using Keratin as a 

housekeeping gene control. Neither crbn nor cul4a exhibited significant differences 

in gene expression. In contrast, ddb1 was significantly reduced in Smc3 KD embryos 

(Supplemental Figure 2.2A). The prevailing model of RBS, based on mitotic failure 

and stem cell apoptosis (Mönnich et al., 2012; Morita et al., 2012; Percival et al., 
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2015; Percival and Parant, 2016; Zakari et al., 2015), excludes a role for transcription 

dysregulation. Regardless, ddb1 expression was significantly downregulated in 

embryos injected with esco2-ATG MO at 24 hpf (i.e. cul4a and crbn were not 

significantly deregulated (Supplemental Figure 2.2A), similar to Smc3 KD embryos. 

These results provide compelling evidence for an emerging transcription 

dysregulation-based model of RBS (Banerji et al., 2016, Banerji et al., 2017a, Banerji 

et al., 2017b) and link, for the first time, Esco2 and cohesin pathways to CRL4 

regulation and thalidomide teratogenicity. 

Exogenous ddb1 rescues severe growth defects associated with Smc3 KD 

If our finding that CRL4 is regulated by cohesin-dependent expression of ddb1 is 

correct, consistent with the transcriptional model of CdLS etiology, then it should be 

possible to rescue Smc3 KD phenotypes by endogenous expression of ddb1. To test 

this hypothesis, embryos were injected with smc3-ATG MO, immediately followed 

by injection with ddb1 mRNA (100ng/μl). When smc3-ATG MO injection was 

immediately followed by ddb1 mRNA injection, developmental defects otherwise 

present in singly-injected smc3-ATG MO embryos were significantly ameliorated. 

For instance, both body and eye growth defects were significantly rescued by ddb1 

mRNA expression (Figure 2.3A, B, C), and 70% of dual-injected embryos exhibited a 

normal otolith phenotype, compared to 0% normal phenotypes with smc3 MO 

injection alone (Figure 2.3A, D). Reduced levels (25ng/μl) of ddb1 mRNA led to a 

partial rescue of Smc3 KD eye and otolith phenotypes, revealing a dose-dependent 

response (Supplemental Figure 2.3A, B, C, D). In comparison, control embryos 

injected with ddb1 mRNA alone produced embryo development indistinguishable 
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from un-injected WT embryos (Supplemental Figure 2.2B).  Our findings that 

exogenous ddb1 expression rescues developmental defects that arise in Smc3 KD 

embryos provide critical support for a model in which cohesins perform a 

transcriptional role upstream of CRL4 which, when abrogated, result in thalidomide-

like teratogenicity.  

Exacerbation of Esco2 KD phenotypes by exogenous ddb1 reveals a feedback loop 

that is critical for development 

Recent evidence revealed that CRL4 targets, and thus promotes, Esco2 

degradation (Minamino et al., 2018; Sun et al., 2019). These findings suggest that, 

instead of rescuing phenotypes, elevated Ddb1 levels might instead exacerbate 

developmental defects in Esco2 KD zebrafish embryos. To test this possibility, 

embryos were injected with esco2-ATG MO, immediately followed by injection with 

ddb1 mRNA (100ng/μl). Indeed, as opposed to rescuing esco2-ATG MO phenotypes, 

ddb1 mRNA injection exacerbated the embryonic developmental defects. Body 

length and eye size were significantly decreased in the dual-injected embryos, 

compared to Esco2 KD alone embryos (Figure 2.4A, B, C). Otoliths, if formed, were 

increasingly abnormal with a major fraction of embryos devoid of otoliths (Figure 

2.4A, D). Reduced levels (25ng/μl) of ddb1 mRNA co-injected with esco2 MO, 

caused similar defects in body and otolith phenotypes compared to MO-only injected 

embryos, also revealing a dose-dependent response (Supplemental Figure 2.4A, B, C, 

D). While we cannot rule out the possibility that Esco2 and Ddb1 impact 

development via different or more complex mechanisms, we favor a model in which 

ddb1 mRNA injection counteracts the reduction of Ddb1, caused by esco2-ATG MO, 
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and elevates CRL4 activity. In turn, CRL4 upregulation further decreases Esco2 

levels and exacerbates Esco2 KD embryonic developmental defects. It is important to 

note, that the experiments that showed negative regulation of Esco2 by Ddb1 were 

performed using synchronous culture cells (Minamino et al., 2018; Sun et al., 2019). 

Not surprisingly, we were not able to detect a significant reduction in Esco2 levels in 

unsynchronized embryos co-injected with esco2-ATG MO and ddb1 mRNA (data not 

shown). Future studies will be required to assess the possibility of this novel feedback 

loop through which Esco2 is regulated.   

Ddb1 KD embryos recapitulate phenotypes observed in cohesinopathy and 

thalidomide zebrafish models 

Our model linking RBS and CdLS to thalidomide teratogenicity predicts that 

Ddb1 KD embryos should recapitulate the developmental phenotypes obtained by 

Esco2 KD and Smc3 KD.  To validate ddb1-directed MO efficacy, we first injected 

zebrafish embryos with either SC MO or ddb1 MO (Supplemental Figure 2.5A) at the 

1-cell stage and then harvested embryos at 24hpf to obtain RNA. RNA was converted 

to cDNA to confirm the splice blocking effect of the ddb1 MO (Supplemental Figure 

2.5A). In parallel, protein lysates of ddb1 MO injected embryos, injected with 2 

different MO concentrations (0.25mM and 0.5mM), were analyzed by Western blots. 

The results document that Ddb1 levels are significantly reduced in ddb1 MO injected 

embryos, compared to control embryos (Supplemental Figure 2.5 B, C).  

To assess the effect of Ddb1 KD on development, we injected zebrafish embryos 

with ddb1 MO, or SC MO, at the 1-cell stage and assessed embryos at 72hpf. Our 

results show that both body size and eye size were significantly reduced in ddb1 MO 
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injected embryos, compared to SC MO injected embryos (Figure 2.5 A, B and C). 

Otolith formation was also abnormal in ddb1 MO embryos, compared to SC MO 

injected embryos (Figure 2.5 A, D).  

We next validated that ddb1 MO phenotypes are due to appropriate targeting of 

ddb1 mRNA and not off target effects. To test this, we performed double injections in 

which ddb1-SB MO was immediately followed by ddb1 mRNA injection at the 1-cell 

stage. Embryo phenotypes were then assessed at 72hpf. A significant rescue of both 

body size and eye size were observed in co-injected embryos, compared to embryos 

injected solely with ddb1 MO (Figure 2.5A, B, C). Otolith development also 

improved significantly in co-injected embryos, compared to embryos injected solely 

with ddb1 MO. Importantly, the rescue in otolith development depended on the ddb1 

mRNA concentration, revealing a dose-dependent effect (Figure 2.5 A, D). The 

results that Ddb1 KD embryos recapitulate phenotypes observed upon Smc3 KD, 

Esco2 KD, and also thalidomide treatment support a unified pathway through which 

Ddb1 levels exist in a delicate balance that depend on Esco2 and cohesin pathways.  

 

2.5 Discussion 

Discovering a pharmacologically based mechanism through which 

cohesinopathies converge on CRL4 represents a major advancement in our 

understanding of human development. We note that cohesins redistribute to over 

18,000 new loci during zebrafish development (Meier et al., 2018), suggesting that 

regulating CRL4 subunit expression is only one example of many regulatory circuits 

through which Esco2 and cohesin function. A second example is cx43, a gap junction 
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gene involved in skeletal development that is similarly under control of the Esco2-

cohesin axis (Banerji et al., 2016; Banerji et al., 2017b). Mutations in CX43 cause 

oculodentodigital dysplasia (ODDD) in humans, and defects in bone segment 

regrowth in zebrafish (Banerji et al., 2017a; Paznekas et al., 2003). The extent to 

which Esco2 and cohesin regulate genes independent of one another remains an 

important issue in development. Our findings that RBS and CdLS phenotypes are 

impacted by exogenous Ddb1 levels suggest that the identification of CRL4 targets, 

downstream of Esco2 and cohesin, will profoundly impact both current models of 

birth defects and their treatment. Moreover, the discovery that Ddb1 overexpression 

exacerbates, rather than rescues, Esco2 KD phenotypes provides new opportunities 

for analyzing feedback mechanisms during development. Regardless, mitotic failure-

based models of RBS require significant revision with a new emphasis on 

transcriptional dysregulation, similar to CdLS. Such a transformation could reveal 

potential new treatment options for RBS and CdLS individual. For instance, DDB1 

and CRBN mutations result in elevated BKCa high conductance channel trafficking to 

the plasma membrane, increased ion conductivity, high neuronal excitation, and 

seizures (Jo et al., 2005; Liu et al., 2014; Sun et al., 2015). Paxilline, a BKCa channel 

blocker, reduces the incidence and severity of seizures that arise due to CRBN loss 

(Liu et al., 2014). CLR4 knock-out mice also exhibit learning and memory deficits, 

an effect attributed to reduced translation of hippocampal glutamatergic synapse 

proteins via AMPK hyperphosphorylation. Compound C (an AMPK inhibitor) 

treatment normalizes glutamatergic protein levels and rescues both learning and 

memory deficits in CRBN knockout mice (Bavley et al., 2018). The extent to which 
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RBS and CdLS patients may benefit from such strategies represents exciting 

possibilities. The novel link between CRL4 and RBS and CdLS reported here is likely 

to extend to numerous other transcriptional dysregulated-based developmental 

disorders, as well as cancers that are tightly correlated with cohesin mutations (Bose 

et al., 2012; Mannini and Musio, 2011). We look forward to future experiments that 

test the extent to which the molecular mechanisms revealed here provide for new 

strategies of treatment for a broad range of developmental maladies and cancers. 
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2.6 Figures and Tables 
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Figure. 2.1. Esco2 KD and Smc3 KD phenotypes include reduced body and eye size, 

and an increase in abnormal otolith development. (A) Representative images of 

control embryos (SC MO injected), Esco2 KD (esco2-ATG MO injected) and Smc3 KD 

(smc3-ATG MO injected) embryos. For all experiments 24-40 replicates were analyzed 

and at least 3 independent trials were performed. (B) Quantification of body size from 

MO injected embryos were compared to un-injected WT embryos to obtain percent 

similarity. Graph reveals significant reductions of body length in Esco2 KD and Smc3 

KD compared to control embryos (error bars represent s.e.m., one-way ANOVA with 

Turkey’s multiple comparison, *P<0.05). (C) Quantification of eye size from MO 

injected embryos were compared to un-injected WT embryos to obtain percent similarity. 

Graph reveals significant reductions of eye size in Esco2 KD and Smc3 KD compared to 

control embryos (error bars represent s.e.m., one-way ANOVA with Turkey’s multiple 

comparison, *P<0.05). (D) Graph shows percent of normal, fused, small, or absent otolith 

phenotypes with MO treatments. Data reveals 95% of control embryo otoliths exhibit 

normal phenotype, while Esco2 KD and Smc3 KD embryos exhibited 27% and 0% 

normal otolith phenotypes, respectively. An increase in abnormal otolith phenotypes was 

observed with KD treatments with predominantly fused phenotypes in Esco2 KDs and 

absent phenotypes in Smc3 KDs. Scale bar: 100μm. 
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Figure 2.2. Phenotypes of thalidomide treated embryos overlap with Esco2 KD and 

Smc3 KD embryos. (A) Representative images of control embryos (WT treated with 

DMSO) and thalidomide (thal.) treatments (WT treated with 200μM, 400μM, and 800μM 

concentrations of thalidomide). For all experiments 16-28 replicates were analyzed and at 

least 3 independent trials were performed. (B) Quantification of body size after drug 

treatment were compared to un-treated WT embryos to obtain percent similarity. Bar 

graph reveals a significant reduction of body length with thal. treatments compared to 

DMSO treated controls (error bars represent s.e.m., one-way ANOVA with Turkey’s 

multiple comparison, *P<0.05). (C) Quantification of eye size after drug treatment were 

compared to un-treated WT embryos to obtain percent similarity. Bar graph reveals a 

significant reduction of eye size with all thal. treatments compared to DMSO treated 

controls (error bars represent s.e.m., one-way ANOVA with Turkey’s multiple 

comparison, *P<0.05). (D) Graph shows percent of normal, fused, small, or absent otolith 

phenotypes with drug treatments. Data reveals 100% of control embryo otoliths exhibit 

normal phenotype, while 200μM, 400μM, and 800μM thal. treatments had 31%, 36% and 

63% normal otolith phenotypes, respectively. An increase in absent otolith phenotypes 

was observed with increasing concentrations of thalidomide. Scale bar: 100μm. 
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Figure 2.3. Exogenous ddb1 overexpression rescues Smc3 KD phenotypes. (A) 

Representative images of control embryos (WT injected with ddb1 mRNA), Smc3 KD 

(smc3-ATG MO injected) and Smc3 KD + ddb1 mRNA (smc3-ATG MO co-injected 

with ddb1 mRNA) embryos. For all experiments 26-40 replicates were analyzed and at 

least 3 independent trials were performed. (B) Quantification of body size from injected 

embryos were compared to un-injected WT embryos to obtain percent similarity. Bar 

graph reveals a significant rescue of body length in Smc3 KD + ddb1 mRNA compared 

to Smc3 KD alone (error bars represent s.e.m., one-way ANOVA with Turkey’s multiple 

comparison, *P<0.05). (C) Quantification of eye size from injected embryos were 

compared to un-injected WT embryos to obtain percent similarity. Bar graph reveals a 

significant rescue of eye size in Smc3 KD + ddb1 mRNA compared to Smc3 KD alone 

(error bars represent s.e.m., one-way ANOVA with Turkey’s multiple comparison, 

*P<0.05). (D) Graph shows percent of normal, fused, small, or absent otolith phenotypes 

with MO treatments. Data reveals 0% of Smc3 KD embryos exhibited normal otoliths, 

while 70% of Smc3 KD + ddb1 mRNA embryo otoliths were rescued to normal levels. A 

decrease in absent otolith phenotypes was observed with ddb1 mRNA co-injections 

compared to KD alone. Scale bar: 100μm. 
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Figure 2.4. Exogenous ddb1 overexpression exacerbates Esco2 KD phenotypes. (A) 

Representative images of control embryos (WT injected with ddb1 mRNA), Esco2 KD 

(esco2-ATG MO injected) and Esco2 KD + ddb1 mRNA (esco2-ATG MO co-injected 

with ddb1 mRNA) embryos. For all experiments 29-38 replicates were analyzed and at 
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least 3 independent trials were performed. (B) Quantification of body size from injected 

embryos were compared to un-injected WT embryos to obtain percent similarity. Bar 

graph reveals a significant reduction of body length in Esco2 KD + ddb1 mRNA 

compared to Esco2 KD alone (error bars represent s.e.m., one-way ANOVA with 

Turkey’s multiple comparison, *P<0.05). (C) Quantification of eye size from injected 

embryos were compared to un-injected WT embryos to obtain percent similarity. Bar 

graph reveals a significant reduction of eye size in Esco2 KD + ddb1 mRNA compared to 

Esco2 KD alone (error bars represent s.e.m., one-way ANOVA with Turkey’s multiple 

comparison, *P<0.05). (D) Graph shows percent of normal, fused, small, or absent otolith 

phenotypes with MO treatments. Data reveals 27% of Esco2 KD embryos exhibited 

normal otoliths, while only 7% of Esco2 KD + ddb1 mRNA embryo otoliths were normal 

with an absent phenotype largely observed. Scale bar: 100μm. 
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Figure 2.5. Ddb1 KD phenotypes overlap cohesinopathies and thalidomide 

teratogenicity phenotypes. (A) Representative images of control embryos (WT injected 

with ddb1 mRNA), Ddb1 KD (ddb1-SB MO injected), Ddb1 KD + low ddb1 mRNA 
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(ddb1-SB MO co-injected with 25ng/μl ddb1 mRNA) and Ddb1 KD + high ddb1 mRNA 

(ddb1-SB MO co-injected with 100ng/μl ddb1 mRNA) embryos. For all experiments 24-

60 replicates were analyzed and at least 3 independent trials were performed. (B) 

Quantification of body size from injected embryos were compared to un-injected WT 

embryos to obtain percent similarity. Bar graph reveals a significant reduction of body 

length in Ddb1 KD that is rescued by ddb1 mRNA (error bars represent s.e.m., one-way 

ANOVA with Turkey’s multiple comparison, *P<0.05). (C) Quantification of eye size 

from injected embryos were compared to un-injected WT embryos to obtain percent 

similarity. Bar graph reveals a significant reduction of eye size in Ddb1 KD that is 

partially rescued with ddb1 mRNA (error bars represent s.e.m., one-way ANOVA with 

Turkey’s multiple comparison, *P<0.05). (D) Graph shows percent of normal, fused, 

small, or absent otolith phenotypes with MO treatments. Data reveals 21% of Ddb1 KD 

embryos exhibited normal otoliths, while 85% of Ddb1 KD + high ddb1 mRNA embryo 

otoliths were normal. Scale bars: 100μm 
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2.7 Supplementary Figures and Tables 
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Supplemental Figure 2.1. Validation of Esco2 and Smc3 protein reduction with MO 

injections. (A) Western blot of SC embryo lysates compared to esco2 MO embryo 

lysates. Immunoblots were probed with Esco2 and Tubulin antibodies. Analysis detects 

Esco2 at a predicted size of 68 kDa and Tubulin at the predicted size of 50 kDa. Graph 

shows the average relative densities of the Esco2 bands between experimental and control 

sample from 3 biological replicates. Esco2 protein levels are significantly reduced by 

25% with MO injection compared to SC injected embryos (error bars represent s.e.m., 

un-paired t-test, *P<0.05). (B) Western blot of SC embryo lysates compared to smc3 MO 

embryo lysates. Immunoblots were probed with Smc3 and Tubulin antibodies. Analysis 

detects Smc3 at a predicted size of 142 kDa and Tubulin at the predicted size of 50 kDa. 

Graph shows the average relative densities of the Smc3 bands between experimental and 

control sample from three biological replicates. Smc3 protein levels are significantly 

reduced by 66% with MO injection compared to SC injected embryos (error bars 

represent s.e.m., un-paired t-test, *P<0.05). 
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Supplemental Figure 2.2. ddb1 is downregulated in Smc3 KD and Esco2 KD 

embryos. (A) Gene expression levels were measured by qRT-PCR analysis in Smc3 KD 

and Esco2 KD embryos. Graph shows fold difference in expression levels from each 

replicate (grey) and the average expression (black line) for each gene. Keratin was used 

as the internal refence gene control for fold difference calculations. A fold difference of 1 

is considered no change with respect to SC MO injected embryos (represented by red 

line). CRL4 component genes (cul4a, crbn and ddb1) were analyzed in Smc3 KD and 

Esco2 KD embryos. Only ddb1 expression was significantly downregulated in both Smc3 

KD and Esco2 KD embryos (un-paired t-test, P<0.05), while cul4a and crbn were 

inconsistent and not significant (un-paired t-test, P>0.05). (B) Exogenous ddb1 mRNA 

was injected to WT embryos at the 1-cell stage. 30-46 replicates were analyzed and at 

least 3 independent trials were performed. Phenotypes were imaged and measured at 72 

hpf.  ddb1 overexpression in WT embryos had no effect in embryo length, eye size, or 

embryo otolith phenotype (error bars represent s.e.m, one-way ANOVA with Turkey’s 

multiple comparison, P>0.05).  
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Supplemental Figure 2.3. Reduced levels of exogenous ddb1 overexpression rescues 

eye and otolith phenotypes in Smc3 KD phenotypes. (A) Representative images of 

control embryos (WT injected with 25ng/μl concentration of ddb1 mRNA), Smc3 KD 

(smc3-ATG MO injected) and Smc3 KD + ddb1 mRNA (smc3-ATG MO co-injected 

with 25ng/μl concentration of ddb1 mRNA) embryos. For all experiments 40-48 

replicates were analyzed and at least 3 independent trials were performed. (B) 

Quantification of body size from injected embryos were compared to un-injected WT 

embryos to obtain percent similarity. Bar graph reveals no significant rescue of body 

length in Smc3 KD + ddb1 mRNA compared to Smc3 KD alone (error bars represent 

s.e.m., one-way ANOVA with Turkey’s multiple comparison, P>0.05). (C) 

Quantification of eye size from injected embryos were compared to un-injected WT 

embryos to obtain percent similarity. Bar graph reveals a significant rescue of eye size in 

Smc3 KD + ddb1 mRNA compared to Smc3 KD alone (error bars represent s.e.m., one-

way ANOVA with Turkey’s multiple comparison, *P<0.05). (D) Graph shows percent of 

normal, fused, small, or absent otolith phenotypes with MO treatments. Data reveals 0% 

of Smc3 KD embryos exhibited normal otoliths, while 43% of Smc3 KD + ddb1 mRNA 

embryo otoliths were rescued to normal levels. A decrease in absent otolith phenotypes 

was observed with ddb1 mRNA co-injections compared to KD alone. Scale bar: 100μm. 
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Supplemental Figure 2.4. Reduced levels of exogenous ddb1 overexpression 

exacerbates body and otolith phenotypes in Esco2 KD phenotypes. (A) 

Representative images of control embryos (WT injected with 25ng/μl concentration of 

ddb1 mRNA), Esco2 KD (esco2-ATG MO injected) and Esco2 KD + ddb1 mRNA 

(esco2-ATG MO co-injected with 25ng/μl concentration of ddb1 mRNA) embryos. For 

all experiments 27-30 replicates were analyzed and at least 3 independent trials were 

performed. (B) Quantification of body size from injected embryos were compared to un-

injected WT embryos to obtain percent similarity. Bar graph reveals significant reduction 

of body length in Esco2 KD + ddb1 mRNA compared to Esco2 KD alone (error bars 

represent s.e.m., one-way ANOVA with Turkey’s multiple comparison, *P<0.05). (C) 

Quantification of eye size from injected embryos were compared to un-injected WT 

embryos to obtain percent similarity. Bar graph reveals no significant change in eye size 

in Esco2 KD + ddb1 mRNA compared to Esco2 KD alone (error bars represent s.e.m., 

one-way ANOVA with Turkey’s multiple comparison, P>0.05). (D) Graph shows percent 

of normal, fused, small, or absent otolith phenotypes with MO treatments. Data reveals 

27% of Esco2 KD embryos displayed normal otoliths, while only 14% of Esco2 KD + 

ddb1 mRNA embryo otoliths exhibited a normal phenotype. An increase in absent otolith 

phenotypes was observed with ddb1 mRNA co-injections compared to KD alone. Scale 

bar: 100μm. 
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Supplemental Figure 2.5. ddb1-SB MO causes intron insertion and reduces Ddb1 

protein levels. (A) Top: Schematic representation of the zebrafish ddb1 pre-mRNA with 
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exons (e) represented by gray boxes and introns (i) represented by spaces in between. The 

position of the ddb1 MO is represented by a red box positioned at the third intron and 

exon junction site (i3e4). The positions of the control primer pair (P1) are indicated by 

the blue boxes, while target primer pair (P2) are represented by green boxes. Bottom: 

Results of RT-PCR analysis using P1 and P2 primers to validate SB efficacy of ddb1 

MO. The P1 primers amplified the expected 177bp product for both the SC MO cDNA 

and the ddb1 MO cDNA. In contrast, the P2 primers amplified a 538bp product (marked 

with a red *) in the ddb1 MO cDNA sample due to the inclusion of intron 3 as predicted 

for the ddb1-SB MO compared to the SC MO cDNA which only showed the expected 

423bp product. At least 15 embryos were used per biological replicate, 3 biological 

replicates were performed and validated intron 3 insertion with ddb1 MO injections. (B) 

Western blot of SC embryo lysates compared to ddb1 MO embryo lysates. Immunoblots 

were probed with Ddb1 and Tubulin antibodies. Analysis detects Ddb1 at a predicted size 

of 130 kDa and Tubulin at the predicted size of 50 kDa. Ddb1 protein levels are reduced 

with ddb1 MO lysates at both 0.25mM and 0.50mM concentrations compared to the SC 

MO lysates. (C) Graph shows the average relative densities of the Ddb1 bands between 

experimental and control sample from 3 to 6 biological replicates. Ddb1 protein levels are 

significantly reduced by 22% and 32% with the [0.25mM] and [0.50mM] MO injections 

respectively, compared to SC injected embryos (error bars represent s.e.m., un-paired t-

test, *P<0.05).  
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CHAPTER 3: 

PROTEIN TURNOVER DOWSTREAM OF THE COHESIN/CRL4 AXIS 

CONTRIBUTES TO ABNORMAL DEVELOPMENT 
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3.1 Abstract 

Cohesinopathies, such as Cornelia de Lange Syndrome (CdLS) and Roberts 

Syndrome (RBS) are severe developmental syndromes that arise due to mutations 

that impact cohesin function. Mutations in ESCO2 (encoding a cohesin activator) 

give rise to RBS, while NIPBL (encoding a cohesin loader) or genes that encode 

cohesin complex subunits (SMC proteins, or RAD21) give rise to CdLS. Of these, 

NIPBL mutations account for about 65% of CdLS cases. Here, we report on new 

findings that Nipbl impacts the transcription of ddb1, a key component of CRL4 E3 

ligase in zebrafish. We additionally investigate the downstream targets of the 

cohesin/CRL4 axis that lead to developmental maladies.  
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3.2 Introduction 

Cohesins are protein complexes that mediate both trans- and cis- DNA tethering 

important for cell cycle progression, transcriptional regulation, and DNA repair 

(Zakari et al., 2015; Skibbens, 2016). Although initially identified for its role in 

sister chromatid tethering (Guacci et al., 1997; Michaelis et al., 1997), current 

research is focused more on understanding the cis- DNA tethering mechanism of 

cohesins which play a critical role in gene regulation (Rollins et al., 2004; Dorsett et 

al., 2005; Wendt et al., 2008; Kawauchi et al., 2009; Muto et al., 2011; Muto et al., 

2014; Banerji et al., 2016; Banerji et al., 2017; Sanchez et al., 2022).  

Cohesin is made up of core subunits SMC1, SMC3, and RAD21, that together 

form a ring like structure. Cohesins are loaded and unloaded onto DNA (with the 

help of NIPBL, HDAC8, and PDS5 auxiliary proteins), but activated (through 

ESCO2 acetylation of SMC3) to stabilize DNA binding (Skibbens, 2016; Srinivasan 

et al., 2018). Given the pivotal role of cohesins in many cell processes, it is not 

surprising that cohesin mutations lead to developmental conditions that impact 

almost every tissue in the body. Roberts Syndrome (RBS) is a cohesinopathy that 

arises due to mutations in ESCO2, the cohesin acetyltransferase (Vega et al., 2005; 

Schüle et al., 2005; Gordillo et al., 2008). Cornelia de Lange Syndrome (CdLS), 

another cohesinopathy, arises from mutations in cohesin core subunits (SMC1, 

SMC3 or RAD21) or in auxiliary factors (such as, HDAC8 or NIPBL) (Rollins 1999; 

Rollins 2004; Krantz et al., 2004; Tonkin et al., 2004; Dorssett, 2007; Horsfield et 

al., 2007; Wendt et al., 2008; Misulovin et al., 2008; Liu et al., 2009; Zakari et al., 

2015).  
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While the gene mutations that lead to RBS and CdLS are well established, the 

downstream impacts of such mutations are largely unknown. Recent insights, 

however, come from the study of the teratogen thalidomide. Thalidomide poisoning, 

in utero, leads to shockingly similar phenotypes (such as phocomelia, craniofacial 

abnormalities, and heart malformations, etc.) to those exhibited by cohesinopathy 

patients (Smithells and Newman, 1992; Vargesson, 2015). Thalidomide is a drug 

that acts through the direct binding to a Cullin4 Ring E3 Ligase (CRL4) of the 

ubiquitin proteosome system (Ito et al., 2010). CRL4 is made up of ROC1, CUL4, 

DDB1, and a DDB1-CUL4 Associated Factor (DCAF) (McCall et al., 2008). Not 

surprisingly, in humans, mutations in CUL4 or DDB1 are associated with short 

stature, intellectual disabilities, and craniofacial and digit anomalies (Cabezas et al., 

2000; Tarpey et al., 2007; Vulto-va Silfhout et al., 2015; White et al., 2021).While 

some endogenous targets of CRL4 have been identified in-vitro and in cell cycle 

studies, those functionally important for tissue malformation in development are still 

largely unknown (Waning et al., 2008; Leung-Pineda et al., 2009; Yu et al., 2015).  

Using zebrafish embryo as a model system, we recently found that the CRL4 is 

targeted not only by thalidomide, but also regulated by cohesin. On the one hand, 

thalidomide binds CRBN subunit of CRL4 to block proper ubiquitination of 

endogenous targets and promote novel targets (Ito et al., 2011). On the other hand, 

our data revealed that Smc3 and Esco2 are both required for ddb1 transcription 

(Sanchez et al., 2022). Knock downs of Smc3 or Esco2 results in reduced ddb1 

expression and produced severe phenotypes in zebrafish. Importantly, phenotypes 

that arise in response to Smc3 knockdown are rescued by exogenous expression of 
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ddb1 mRNA (Sanchez et al., 2022). SMC3 mutations, however, account for only a 

small percentage of CdLS cases. NIPBL (Nipped-B in drosophila and Scc2 in yeast) 

mutations, on the other hand, account for roughly 65% of reported CdLS cases. 

Thus, it becomes critical to test whether Nipbl function similarly impacts ddb1. If 

CRL4 activity (regulated through cohesin-dependent transcription of ddb1) is 

downstream of many cohesinopathy phenotypes, then it similarly becomes important 

to identify targets downstream of this cohesin/CRL4 axis. 

Here, we identify targets which may serve as treatment options for developmental 

malformations. These findings investigate the hypothesis that Nipbl similarly targets 

the CRL4 component, Ddb1, and further assess the cohesin/CRL4 axis influence on 

protein turnover that contribute to cohesinopathy phenotypes.  

 

3.3 Materials and Methods 

Maintenance of Zebrafish Colony 

Zebrafish (Danio rerio) strains C32 and saxo2-GFP transgenic lines were used. 

This study was performed in accordance with the recommendations in the Guide for 

the Care and Use of Laboratory Animals of the National Institutes of Health. These 

protocols were approved by Lehigh’s Institutional Animal Care and Use Committee 

(IACUC) (Protocol 187). Lehigh University’s Animal Welfare Assurance Number is 

A-3877-01.  

Morpholino (MO) Injections 

MO purchased from GeneTools, LLC (Philomath, OR) were dissolved in sterile 

dH₂O, for a 1mM concentration (sequences available upon request). These were 
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heated to 65°C for 15 minutes prior to use. Nipbla/b MOs were mixed together for a 

concentration of 0.5mM each. A standard control (SC) MO with no target sequence in 

zebrafish was used as control. Microinjections were performed at the 1-cell stage 

using the Narishige IM 300 Microinjector and Nikon SMZ 800 for visualization. 

Zygotes were sorted for viability and fertilized embryos were kept in egg water and 

Ampicillin solution at 28°C. Embryos were dechorionated using pronase if needed, 

then harvested for lysate or cDNA preparations or fixed in 4% paraformaldehyde 

(PFA), and kept at 4°C overnight for phenotype analysis. Embryos were stored in 

100% methanol at -20°C for long term use after fixing. 

Embryo Lysates and Immunoblotting 

MO injected embryo lysates were made to validate mRNA expression for ddb1 

and EGFP_Pparαa mRNAs. mRNA injected embryos were harvested at 24 hpf along 

with appropriate controls (phenol red injected embryos as control for ddb1 mRNA 

injected, EGFP mRNA injected embryos as control for EGFP_Pparαa mRNA 

injected). Lysate protocol was adapted from Schabel et al., 2019. In short, embryos 

were de-chlorinated with pronase then washed in E3 egg water. Individual embryos 

were placed in 1.5mL centrifuge tubes and all excess egg water was removed. 500μL 

of heptane were added immediately followed by 500μL of cold methanol. Sample 

were fixed for 5 mins at room temperature. Embryo was washed two times with 

500μL of cold methanol then 2 times with 100μL of Embryo Buffer (EB) with freshly 

added protease inhibitor cocktail mix. Embryos were homogenized in 20μL of EB. 

Three single embryo lysate preps were pulled to create one biological replicate. 

Lysates were stored at -80°C, 5X SDS Loading buffer was added and samples were 
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boiled before use for 5 minutes. A primary antibody for Ddb1 was used to detect 

protein levels (1:500, Abcam ab124672). Alexa 488 anti-rabbit (1:1000, Invitrogen) 

was used to detect Ddb1 primary antibody. An Alexa 488 conjugated antibody 

specific for GFP was used to detect EGFP mRNA and EGFP_Pparαa expression 

(1:1000, Invitrogen A-21311). Mouse anti-α-tubulin (1:1000, Sigma-Aldrich, T9026) 

was used as a loading control. Alexa 647 anti-mouse (1:1000, Invitrogen) was used to 

detect the tubulin primary antibody. For measurement of band intensities, ImageJ 

software (https://imagej.nih. gov/ij/) was used. Relative pixel densities of gel bands 

were measured using the gel analysis tool in ImageJ software as previously described 

in Bhadra and Iovine, 2015. Tubulin was used as a loading control and thus the 

relative expression calculations were based on the ratio of Ddb1 or GFP to Tubulin. 

mRNA Rescue 

Full length mRNA encoding for ddb1 was designed using the sequence from the 

ZFin database. The plasmid was stored at -20°C until used. Plasmid was diluted to a 

1:10 concentration of 0.2μg/μL in sterile water. One Shot Max Efficiency DH5a cells 

were transformed with the plasmid using standard procedures. The Qiagen Mini-Prep 

kit was used to isolate plasmid DNA from the transformed bacteria. The plasmid DNA 

was then linearized by performing an AvrII digest. A transcription reaction was then 

performed using the Invitrogen mMessage mMachine kit. The concentration of the 

resulting mRNA was assessed using the Thermo Scientific Nanodrop 2000. This was 

also run on a formaldehyde gel and imaged using the BioRad Gel Doc. The mRNA was 

then diluted to a concentration of 100ng/μL in phenol red. Diluted mRNA was heated at 

65°C for 5 minutes prior to injections into zebrafish embryos at the 1-cell stage as 
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previously described. The mRNA was also co-injected into embryos that had been 

injected with the nipbla/b MOs. Both the mRNA injected embryos and co-injected 

rescue embryos were fixed at 72 hpf in 4% PFA overnight at 4°C and for phenotypes 

analysis. Embryos were stored in 100% methanol at -20°C for long term use after 

fixing. 

qRT-PCR 

For qRT-PCR, total mRNA was extracted from around 15 embryos to make one 

biological replicate using Trizol reagent and the standard protocol. The resulting 

mRNA pellet was resuspended in a solution of DEPC H2O and RNAse Inhibitor, then 

the concentration of RNA was recorded using the Thermo Scientific Nanodrop 2000. 

For making cDNA, 1 μg of total RNA was reverse transcribed with SuperScript III 

reverse transcriptase (Invitrogen) using oligo (dT) primers. The resulting cDNA was 

diluted 1:10 for qRT-PCR, using the Rotor-Gene 6000. cDNA was made on Nipbla/b 

MOs injected embryos and SC MO injected embryos. For each cDNA used, primers at 

a 10μM concentrations were used. Specific primers for ddb1 were used (F: 5’-

GCACACTGCAGATTGATGAC-3’, R: 5’-GACGACTCCACTAACACTACAG-3’). 

keratin4 primers (F: 5’-TCATCGACAAAGTGCGCTTC-3’; R: 5’-

TCGATGTTGGAACGTGTGGT-3’) were used as a housekeeping gene control. For 

each PCR tube, 7.5μL of Sybr Green, 3μL 10μM Primers , 3.5μL sterile H2O, and 1μL 

cDNA was added. Analyses of the samples were done using Rotor‐Gene 6000 series 

software (Corbette Research) and the average cycle number (CT) determined for each 

amplicon. Delta CT (ΔCT) between housekeeping gene and CRL4 genes were calculated 

to represent expression levels normalized to keratin values. ΔΔCT values were 
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calculated to represent the relative level of gene expression and the fold difference was 

determined using the ΔΔCT method (2‐ΔΔ C
T) as previously described in Iovine lab 

publications. 

Imaging Analysis of Embryos 

Zebrafish embryos fixed at 72 hpf were mounted on double cavity slides using 3% 

methyl cellulose for embedding. Embryo phenotypes were observed using the Nikon 

SMZ 1500, 1X objective at room temperature and the Nikon Eclipse 80i Microscope, 

10X and 20X objectives at room temperature. Microscopes were equipped with SPOT-

RTKE digital camera (Diagnostic Instruments) and SPOT software (Diagnostic 

Instruments) for image acquisition. Embryos fixed at 3 days post fertilization were 

imaged using 3% methyl cellulose on a double cavity microscope slide and positioned 

supine. The embryo heart was imaged at 10x, 20x, and 40x magnification on a Nikon 

Eclipse 80i microscope with fluorescence from a X-Cite 120 Fluorescence Imaging 

System. Embryos were then repositioned to lie laterally, and images of the body were 

taken at 4x, of the head at 10x, and of the anterior and posterior otoliths at 20x 

magnification. The images obtained were then used to quantify whole embryo length, 

eye diameter, and heart phenotypes. Heart phenotypes were scored as Type A if 

reduced jogging was observed and Type B if cardiac bifida was observed. 

Cell Lines and Culture Conditions 

GM14894 (healthy control), GM20000 (CdLS patient), and GM20466 (RBS 

patient) cell lines were purchased from Corriell Institute for Medical Research. LCLs 

were grown in RPMI 1640 with 15% fetal bovine serum (FBS), 100 U penicillin/ml, 

100 µg streptomycin/ml sulfate, and 1% L-glutamine. Samples from a healthy control 
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of European descent, 1 clinically severe CdLS affected individual of European descent 

(with NIPBL frameshift mutation), and 1 clinically diagnosed RBS affected individual 

of European descent (with ESCO2 frameshift and nonsense mutation alleles) were 

chosen. Cells were incubated at 37 C with 5% CO2 levels. 

Cell Lysate Preparation and Western Blot 

To harvest cells for lysate preparation, 5×106 exponentially growing cells were 

seeded in 15 ml media in a 75-ml Falcon flask, and fed exactly after 24 hours. After an 

additional 24 hours on day 3, cells were pelleted by centrifuge. Pelleted cells were 

washed with 1X PBS twice and resuspended in Lysate Sample Buffer. Suspension was 

agitated by pipetting then boiled for Western Blots. 10% SDS-PAGE gel was poured 

with 5% stacking. 

Liquid Chromatography Mass Spectrometry 

Rutgers Proteomics facility performed and analyzed mass spectrometry data on 

embryos knockdown for Esco2, Smc3 and Ddb1 compared to control embryos. About 

100 ug of each lysate were digested using standard gel-plug protocol. Half of each 

sample was labeled with TMT11 plex reagent (Thermo Scientific) according to 

manufacturer’s instructions. A test mix of 1% of individual samples were run on nano-

LC-MSMS and the reporter ion intensity were used to normalize the mixing of the 

samples to achieve sample ratio 1:1 for all samples. After mixing, the samples were 

desalted with SpeC18 and dried. TMT labeled and combined sample were desalted with 

SPEC C18 column and  solubilized in 200 µL of buffer A (20 mm ammonium, pH 10) 

and separated on an Xbridge column (Waters; C18; 3.5 µm, 2.1 × 150 mm) using a 

linear gradient of 1% B min−1, then from 2% to 45% B (20 mm ammonium in 90% 
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acetonitrile, pH 10) at a flow rate of 200 µL min−1 using Agilent HP1100.  Fractions 

were collected at 1-min intervals and dried under vacuum. For total proteome analysis, 

14 fractions (Fraction from 25 min to 38 min) were chosen for total proteome analysis.  

All LC-MS data were analyzed with Maxquant (version 1.6.10.43) with Andromeda 

search engine. Type of LC-MS run was set to reporter ion MS2 with 10plex TMT as 

isobaric labels. Reporter ion mass tolerance was set at 0.003Da. LC-MS data were 

searched against the most up to date Uniprot zebrafish proteome database with addition 

of potential contaminants. Protease was set as trypsin/P that allowed 2 miss cuts. 

Carbaidomethylation of cysteine was set as fixed modification, N-terminal acetylation, 

oxidation at methionine were set as variable modifications. Protein with FDR<1% were 

reported. The protein group results were analyzed using Perseus (version 1.6.10.43). 

The data were 1st filtered for reverse and contaminant hits and the reporter ion intensity 

data were further log 2 transformed and normalized to the column median value. For 

group comparison, statistical significance between groups were analyzed using student 

T-test with equal variance on both sites and the Q value was calculated with 

permutation test. S0=0.1 was used to evaluate significance. 

Statistical Analysis 

 ANOVA tests were used to determine if there was a statistically significant 

difference in body size, and eye size between knockdowns (KD) and controls. 

Statistical analysis was performed using ordinary one-way ANOVA tests. Two-tailed 

paired t-tests were used to determine if there was a statistically significant difference 

in qRT-PCR analysis between KDs and controls. Only values giving P < 0.05 are 

reported. 
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3.4 Results 

Nipbla/b KD impact Ddb1 levels in zebrafish 

Because NIPBL mutations account for the highest incidence of CdLS patients, we 

sought to determine if Nipbl-knockdown in zebrafish similarly targets CRL4. 

Zebrafish have two NIPBL proteins, Nipbla and Nipblb, that share 66% homology to 

the human protein and 70% homology to each other (Muto et al., 2011). The roles of 

Nipbla and Nipblb in zebrafish are at least partially redundant, as double knockdowns 

(KD) are required to see significant developmental impairment (Muto et al, 2011, 

2014, Xu et al., 2015; Kawauchi et al., 2016). To further study the role of Nipbl in 

zebrafish development, we used previously well-characterized nipbla and nipblb 

targeting morpholinos (MO) (Muto et al, 2011, 2014, Xu et al., 2015; Kawauchi et 

al., 2016). A nipbla/b MOs mix (each at 0.5mM concentration) was injected into 1-

cell stage embryos. In parallel, Standard Control (SC) MO was injected into embryos 

(1mM). We found that Nipbla/b-KD leads to significant defects in body length and 

eye size compared to SC MO embryos (Figure 3.1A-B). We additionally observed 

abnormal heart phenotypes (Figure 3.1C-D), similar to those previously characterized 

due to Nipbla/b-KD in zebrafish (Muto et al., 2011). Thus, Nipbla/b KD in zebrafish 

provides a robust model for CdLS and recapitulate many phenotypes that arise due to 

Esco2 KD and Smc3 KD. 

Prior findings suggest that Esco2 and cohesin regulate ddb1 transcription, a 

component of the CRL4 E3 Ligase (Sanchez et al., 2022). To investigate if ddb1 is 

also impacted in nipbla/b MO injected embryos, we assessed ddb1 transcript levels at 

24 hours post fertilization (hpf) through qRT-PCR. cDNA obtained from nipbla/b 
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MO mix injected embryos, compared to SC MO injected embryos, was used to 

calculate fold changes in ddb1 gene expression, using the housekeeping gene keratin-

4 as a control. The results show that ddb1 is significantly downregulated in nipbla/b 

MO injected embryos compared to SC MO injected embryos (Figure 3.2A). To 

further assess the impact of Nipbla/b KD, we quantified Ddb1 protein levels 

compared to SC MO injected embryos. Consistent with a reduction in transcription, 

Nipbla/b KD embryos exhibited a significant decrease in Ddb1 protein levels 

compared to control embryos (Figure 3.2B).  

If downregulation of Ddb1 plays a role in the developmental defects produced by 

Nipbla/b KDs, then exogenous expression of ddb1 mRNA should rescue the 

abnormal phenotypes that otherwise occur. To test this hypothesis, we injected ddb1 

mRNA independent of cohesin regulation, to elevate Ddb1 protein levels 

(Supplemental Figure 3.1) in embryos at the 1-cell stage, along with the nipbla/b MO 

mix. Importantly, a number of phenotypes were significantly rescued by exogenous 

ddb1 expression (eye and otolith phenotypes quantified in Supplemental Figure 3.2). 

These results support a model that cohesinopathies impact CRL4 E3 ligase, and that 

reduced CRL4 function underlies a significant number of CdLS phenotypes. 

Mass spectrometry identifies accumulated proteins across the cohesinopathies/CRL4 

axis 

 Given that Ddb1 is the scaffold for Cul4 upon which interchangeable DCAFs 

bind. In turn DCAFs act as the substrate recognition component for CRL4 ligases 

(McCall et al., 2008). Given the role of E3 ligases in protein degradation, we 

hypothesized that a subset of proteins that accumulate due to reduced CRL4 activity 
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play a role in producing the abnormal phenotypes observed in cohesinopathy 

zebrafish embryos. In an effort to identify proteins downstream of the cohesin/CRL4 

axis, we performed mass spectrometry on zebrafish embryos knocked down for two 

independent models for cohesinopathies (Esco2 KD as a model for RBS and Smc3 

KD as a model for CdLS) and also Ddb1 KD to inhibit proper CRL4 formation. 

Embryos individually injected with one of these 3 MOs (targeting either esco2, smc3, 

ddb1), or a SC MO, were harvested at 24hpf to obtain lysates. The resulting lysates 

were subjected to proteomic Liquid Chromatography Mass Spectrometry (LC-MS) to 

identify proteins represented at elevated levels in each of the 3 treatments, compared 

to SC MO (Figure 3.3A). In total, 30 proteins were identified as significantly elevated 

across all 3 treatments (esco2 MO, smc3 MO, ddb1 MO) (Figure 3.3B; Table 3.1). 

From those 30, a top 10 candidate list was prioritized based on 1) a greater than 20% 

increase in all 3 knockdowns, 2) human homologs, and 3) exhibited expression 

profiles in tissues impacted in cohesinopathies. Of those 10, we then focused in 

candidates previously reported as ubiquitinated. Below, we present evidence on one 

of the candidates, peroxisome proliferator-activated receptor alpha a (Pparαa). 

Pparαa is widely expressed in zebrafish craniofacial (eye, brain, otic placode) and 

heart structures during development (Collins et al., 2019; Hsieh et al., 2018; Levi et 

al., 2012). In murine models, PPARα plays a role in lipid metabolism and zebrafish 

studies show multiple deformities (including craniofacial malformation and 

pericardial edema) associated Pparαa modulation during development (Djouadi et al., 

1998; Leone et al., 1999; Heneka et al., 2007; Hsieh et al., 2018; Venezia et al., 
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2021). As noted above, PPARα is degraded in a ubiquitin dependent manner 

(Blanquart et al., 2002).  

PPARα levels impacted in patient cell lines and pparαa mRNA overexpression 

causes abnormal phenotypes in zebrafish embryos 

Pparαa is a transcription factor that regulates the expression of genes involved in 

cell proliferation, cell differentiation, and immune response (Peters et al., 2012). If 

elevated levels of PPARα contributes to cohesinopathies, we reasoned that 

lymphoblastoid cell lines (LCL) from individuals with known mutations in the 

cohesin regulator NIPBL (CdLS) and ESCO2 (RBS) would similarly exhibit 

increased PPARα levels. Western blot probing for PPARα in lysates obtained from 

CdLS and RBS LCL cells, compared to lysates from healthy control LCL cells, were 

analyzed. Tubulin antibody was used as a loading control. Results suggest an increase 

of PPARα protein levels in log growing cells in both RBS cells and CdLS cells, 

compared to healthy control cell lysates (Figure 3.4). These results support LC-MS 

zebrafish findings that show increased levels of Pparαa in Smc3 KD, Esco2 KD, and 

Ddb1 KD embryos. 

To test our model that accumulation of proteins, such as Pparαa, downstream of 

the cohesin/CRL4 axis are responsible for a subset of phenotypes in cohesinopathies, 

we injected pparαa mRNA in embryos at the 1-cell stage. As expected, control 

embryos injected with phenol red produced no abnormal phenotypes. In contrast, 

pparαa mRNA injections resulted in a significant reduction of eye size (Figure 3.4A-

B). Abnormal heart phenotypes were also observed with pparαa mRNA injections, 

compared to control embryos (Figure 3.4C). Interestingly, no effect on body length 
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was observed with pparαa overexpression (Figure 3.4A-B). This suggests that an 

alternate target of CRL4 mediates this phenotype. 

 

3.5 Discussion 

  We previously reported on a unifying mechanism for cohesinopathies and 

thalidomide teratogenicity that converges through the CRL4 E3 ligase (Sanchez et 

al., 2022). One major revelation of the current study is Nipbla/b KD regulate ddb1 

expression in zebrafish embryos, similar to Esco2 KD and Smc3 KD findings. The 

relevance of this pathway is supported by findings that Nipbla/b KD phenotypes are 

rescued by exogenous ddb1 mRNA. We further reveal candidate proteins 

downstream of the cohesin/CRL4 pathway identified through proteomic mass 

spectrometry. Overexpression of Pparαa, one of the candidate proteins, produced eye 

and heart malformation in zebrafish embryos. In combination with our previous 

findings (Sanchez et al., 2022), these results provide evidence that cohesinopathies 

act on CRL4 E3 Ligase and that aberrant CRL4 function plays a role in abnormal 

development. 

  A major revelation of this study is in translating the zebrafish findings in a human 

cell line model. Our preliminary findings using a small number of CdLS and RBS 

patient cell lines suggest that PPARα protein accumulates in cohesinopathy patient 

lines compared to healthy control cell lines. Future experiments analyzing PPARα 

levels in additional patient cell lines will provide important insight into human 

disease mechanism. For instance, there is high degree of phenotypic variability in 

CdLS patients (Krantz et al., 2004; Deardoff et al., 2007). We are currently 
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expanding this study to include multiple CdLS cell lines with other NIPBL 

mutations. Our cross-model approach (zebrafish and human cell line) will provide 

insight into our the extent that our zebrafish LC-MS data translated to human 

cohesinopathies. Additionally, this strategy provides tangible support for future 

studies to identify possible therapeutics. 
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3.6 Figures and Tables 

 

 

Figure 3.1. nipbla/b MOs phenotypes include reduced body and eye size, and 

abnormal heart development. (A) Representative images of control embryos (SC MO 

injected), nipbla/b MO injected embryos. For all experiments, 15-31 72hpf embryos were 
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analyzed from a minimum of 3 independent trials. (B) Quantification of body and eye 

sizes from MO injected embryos were compared to SC MO injected embryos. The graph 

reveals significant reductions of body length and eye diameter in nipbla/b MO injected 

embryos compared to control embryos (error bars represent s.e.m., one-way ANOVA 

with Turkey’s multiple comparison, *P<0.05). (C) Heart looping phenotypes observed in 

nipbla/b MO injected embryos compared to SC injected embryos. cmcl2-EGFP 

transgenic line was used to visualize heart phenotypes. The graph shows percent 

phenotype observed with MO treatments. Reduced or no-jogging phenotypes were 

characterized as Type A, while cardiac bifida was characterized as Type B. Control 

embryos all exhibited normal heart looping phenotypes, while nipbla/b MO injected 

embryos all exhibited heart defects. 
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Figure 3.2. Exogenous expression of ddb1 rescues Nipbla/b KD phenotypes. (A) Gene 

expression levels were measured by qRT-PCR analysis in nipbla/b MO injected embryos. 

The graph shows fold difference in expression levels from each replicate (black) and the 
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average expression (black line) for each gene. Keratin was used as the internal refence 

gene control for fold difference calculations. A fold difference of 1 is considered no 

change with respect to SC MO injected embryos (represented by red line). ddb1 

expression is significantly downregulated in Nipbla/b KD embryos (un-paired t-test, 

P<0.05). (B) Ddb1 protein levels were measured through Western Blot of nipbla/b MO 

injected embryo lysates compared to SC MO lysate controls. Immunoblots were probed 

with Ddb1 and Tubulin antibodies. Analysis detects Ddb1 at a predicted size of 130 kDa 

and Tubulin at the predicted size of 50 kDa. Graph shows the average relative densities of 

the Ddb1 bands between experimental and control sample from 3 biological replicates. 

Ddb1 protein levels are significantly reduced by 32% with MO injection compared to SC 

injected embryos (error bars represent s.e.m., un-paired t-test, *P<0.05). (C) Exogenous 

ddb1 mRNA was injected to WT embryos at the 1-cell stage immediately following 

nipbla/b MO injections. Rescue of body and eye sizes observed with ddb1 

overexpression. 31-35 replicates were analyzed and at least 3 independent trials were 

performed. Phenotypes were imaged and measured at 72 hpf.   
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Figure 3.3. Identification of candidates coordinately regulated across Esco2/cohesin 

and CRL4 pathway. (A) Workflow for liquid chromatography mass spectrometry 

performed on 3 independent replicates of Esco2 KD embryo lysates, Smc3 KD embryo 

lysates, and Ddb1 KD embryo lysates. Each lysate replicate contained 3-6 embryos for a 
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total of 9-18 embryos analyzed per treatment. SC injected embryo lysates were used as 

control. About 100 ug of each lysate were digested using standard gel-plug protocol. Half 

of each sample was labeled with TMT11 plex reagent. 10plex TMT was used for isobaric 

labels. Reporter ion mass tolerance was set at 0.003Da. LC-MS data were searched 

against the most up to date Uniprot zebrafish proteome database with addition of 

potential contaminants. The protein group results were analyzed using Perseus (version 

1.6.10.43). (B) Volcano plots of 3422 protein groups identified with FDR<1% proteins in 

esco2 MO vs. SC MO analysis, smc3 MO vs. SC MO analysis, and ddb1MO vs. SC MO 

analysis. Red dots represent significant accumulated significant proteins in common 

between the 3 treatments. 
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Figure 3.4. RBS and CdLS patient cell lines exhibit increased levels of PPARα. 

Western Blot of PPARA protein levels were measured through Western Blot of healthy 

control, RBS and CdLS cell line lysate. Immunoblots were probed with PPARA and 

Tubulin antibodies. Analysis detects PPARα at a predicted size of 68 kDa and Tubulin at 

the predicted size of 50 kDa. 
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Figure 3.5. pparαa mRNA produces abnormal phenotypes in zebrafish embryos. (A) 

Representative images of control embryos (phenol red injected), and pparαa mRNA 

injected embryos. For all experiments, 11-23 72hpf embryos were analyzed from a 

minimum of 3 independent trials. (B) Quantification of body and eye sizes from mRNA 
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injected embryos compared to controls. The graph reveals significant reduction in eye 

diameter in pparαa mRNA injected embryos compared to control embryos (error bars 

represent s.e.m., one-way ANOVA with Turkey’s multiple comparison, *P<0.05). No 

significant difference in body length observed between pparαa mRNA injected and 

control embryos (C) Abnormal heart phenotypes observed in pparαa mRNA injected 

embryos compared to control injected embryos. cmcl2-EGFP transgenic line was used to 

visualize heart phenotypes.  
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    Esco2 KD vs. SC Smc3 KD vs. SC Ddb1 KD vs. SC 

Protein ID 
Gene 
Name Difference Difference Difference 

Q1RLT0 mat2al 1.23655351 1.073552608 0.35800815 
Q90ZZ7;I3IT92 aldh3b1 0.494288286 0.395914078 0.35357213 
Q6GQM3 psma6l 1.088751316 0.837722143 0.30382752 
Q4V984;F1QYB
8;A0A2R8RJG0 rab1bb 0.580788771 0.813877106 0.2985847 
E7FBN4 ccdc97 0.561916351 0.583009879 0.20322633 
Q9PT95;A0A0R4
IVC3 rbp4 1.01729695 1.019125938 0.28981805 
Q6DRF3 psmb1 0.508434137 0.430668831 0.16333699 
Q6P3J2 arhgdia 0.467732906 0.589079539 0.56137013 
A0A2R8Q009;F1
QAE8;Q6NWX7 ntmt1 0.812605063 0.784346263 0.5553925 
F8W4P0;F1QSP5
;F8W3U8;F1R6
M3;Q8QGG8;E7
EZA2 ddx4 0.41194582 0.531398455 0.19382787 
A0A2R8RHW2;
A0A2R8RVB7;F
1R2T3;Q1MTC6;
A0A2R8QQ28 vtg7 1.306207498 1.316763719 0.831429 
F1QXE8;A0A2R
8QN72 glb1l 1.378790855 1.532193025 0.70665479 
Q804G7 anxa4 0.544283072 0.565238953 0.22565961 
E7F5V3;A0A2R8
Q644 fasn 0.558222294 0.521127383 0.18008065 
F1Q7L0 vtg4 0.929385662 0.895548344 0.20674562 
A0A2R8QA33;E
7F4U1;A0A2R8
Q3N3 arhgef2 1.487620831 1.232399305 0.65551162 
B0R174 rbp1 0.904615879 0.672195117 0.13635087 

Q5RHE5 
si:dkey-
90m5.4 0.583061218 0.646815459 0.31550813 

F2Z4T7 lman2lb 1.200867494 1.066747983 0.67841077 
F6NHA0;B8JIH2 vcla 0.598661423 0.612442493 0.20521474 
Q7ZV08;F8W3F
9;E9QBN9;E9QII
2;F1QNP1;A0A0
R4IYL9;F1Q589 scamp2 0.7122159 0.670710564 0.54768968 
A0A0R4IA33;A0
A0R4INF8   1.889341672 1.904612382 0.53111768 
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O93423;A0A2R8
Q993;F1QCQ7;A
0A2R8RTR5;A0
A2R8QIZ7;A0A2
R8QD47;A0A0R
4IGK4;E9QIN9;F
1R5A4;A5PLE0 stom 0.90393877 0.94673125 0.6107924 
A0A2R8QPY5;A
8E7G5 sfxn4 0.696242015 1.484941324 0.6757133 
F1R1P4 sesn3 0.862670263 0.887174447 0.42437291 
F1QC84 f13a1a.1 2.177110195 2.086372693 0.30634189 
B1H1M3 prosc 0.614677588 0.441312154 0.21430326 
Q6NV34 decr2 1.179144859 0.638601144 0.23723769 
A0A2R8QBG3;F
1QV15;A0A2R8
QKR3;A0A2R8R
SX9 vtg6 1.051682631 0.963767529 0.23556376 
Q5RGZ2 Pparαa 0.804489772 0.586190383 0.3081305 

 
Table 3.1. Significant accumulated proteins in independent Esco2 KD, Smc3 KD 

and Ddb1 KD zebrafish embryos. Zebrafish protein ID and gene name provided. Only 

proteins with FDR <1% were reported and student t-test was used for group comparisons. 
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3.7 Supplemental Figures and Tables 

 

Supplemental Figure 3.1. ddb1 mRNA injections in zebrafish result in increased 

Ddb1 protein levels. Ddb1 protein levels were measured through Western Blot of ddb1 

mRNA injected embryo lysates compared to phenol red injected embryo lysate controls. 

Immunoblots were probed with Ddb1 and Tubulin antibodies. Analysis detects Ddb1 at a 

predicted size of 130 kDa and Tubulin at the predicted size of 50 kDa. 
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Supplemental Figure 3.2. Quantification of Nipbla/b KD phenotype rescue by ddb1 

mRNA. (left) Quantification of eye phenotypes from injected embryos were compared to 

un-injected WT embryos to obtain percent similarity. Bar graph reveals significant rescue 

of eye diameter in Nipbl KD + ddb1 mRNA compared to Nipbl KD alone (error bars 

represent s.e.m., one-way ANOVA with Turkey’s multiple comparison, *P<0.05) (right) 

Graph shows percent of normal, fused, small, or absent otolith phenotypes with nipbla/b 

MO treatments. Data reveals 0% of Nipbla/b KD embryos displayed normal otoliths. 

Nipbla/b KD + ddb1 mRNA embryos exhibited an 18% increase in normal otoliths 

phenotypes compared to 0% normal otolith phenotypes in Nipbla/b KD alone. 
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CHAPTER 4 

REMAINING QUESTIONS AND FUTURE DIRECTIONS  
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4.1 Introduction 

The focus of my thesis dissertation revealed new mechanisms in developmental 

pathways. Here, we revealed a unifying molecular pathway contributing to abnormal 

development in cohesinopathies and thalidomide teratogenicity. In Chapters 2 and 3, I 

provide evidence that cohesin and auxiliary proteins regulate the expression of ddb1, 

a subunit of the CRL4 E3 ligase that thalidomide targets. In this model (Figure 4.1), 

we proposed that decreased expression of ddb1 in cohesinopathies inhibits the proper 

formation of CRL4 E3. In turn, less CRL4 function results in accumulated proteins 

that would otherwise be targeted for degradation during normal development. 

My research next provides insight into potential endogenous targets of CRL4 and, 

importantly, those in common with cohesinopathies that impact specific 

developmental processes. I obtained potential protein targets of the cohesin/CRL4 

pathway through LC-MS. I performed independent MO-mediated knockdowns of the 

cohesin subunit, Smc3, the cohesin activator, Esco2, and the CRL4 component, 

Ddb1, to compare differentially regulated proteins with each knockdown compared to 

controls (detailed method outlined in Chapter 3). Accumulated proteins were relevant, 

given the role of E3 ligases in targeting proteins for degradation. A list of prioritized 

proteins was made from the significant accumulated proteins in independent Esco2 

KD, Smc3 KD, and Ddb1 KD zebrafish embryos (listed in Table 3.1). This list of top 

10 proteins for further studies was based on evidence of developmental process 

involvement, localization of gene expression, and evidence for ubiquitination (Table 

4.1).  
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Still, several questions remain unsolved regarding (1) the downstream targets of 

cohesin/CRL4 E3 ligase axis that are necessary for proper development, (2) the extent 

of unifying mechanism leading to organ malformation in similar multi-spectrum 

syndromes. This chapter provides a synopsis of my preliminary work to start 

addressing these questions. 

 

4.2 LC-MS Identifies promising common targets of CRL4 and cohesin 

 In Chapter 3, I focused on Pparαa and provided preliminary evidence of PPARα 

levels increased in patient cell lines. We have additional patient cell lines with severe 

clinically diagnosed CdLS and characterized NIPBL frameshift and nonsense 

mutations (Table 4.2). Cell lysates from these new CdLS lines will be obtained, and 

PPARα levels will be analyzed with an appropriate loading control. Assessing DDB1 

protein levels in our patient cell lines will also be necessary. These results will 

provide insight into the extent that human NIPBL mutations regulate CRL4. 

From the list of prioritized proteins (Table 4.1), additional candidates should be 

pursued, some which have associated human conditions may be of interest. For 

instance, ARHGDIA mutations in humans have been associated with necrotic 

syndrome type 8, a developmental abnormality of kidney malformation (Gupta et al., 

2013; Gee et al., 2013). ARHGEF2 mutations are associated with 

neurodevelopmental disorder with midbrain and hindbrain malformations and 

unilateral focal polymicrogyria (Ravindran et al., 2017). RBP4 mutations result in 

vision impairment and eye malformation, including retinal dystrophy and 

microphthalmia (Seelinger et al., 1999; Cukras et al., 2012; Chou et al., 2015). All 
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these tissues are impacted in both cohesinopathies and thalidomide teratogenicity 

syndromes. 

Evidence of ubiquitination in almost all the proteins in our list of prioritized 

proteins has been found in humans (Wagner et al., 2011; Danielsen et al., 2011; 

Udeshi et al., 2013; Blanquart et al., 2002). However, one important hypothesis to test 

is whether our LC-MS candidate proteins are direct or indirect targets of the CRL4 E3 

Ligase. At least in one case, the mechanism ubiquitination is known, MAT2A is 

targeted for degradation by a Cullin family E3 ligase based on studies performed in 

HEK293T cells (Wang et al., 2016). Thus, it’s important to test if CRL4, specifically, 

plays a role in direct regulation of this, and other candidate proteins. This could be 

achieved by co-immunoprecipitation or fluorescence resonance energy transfer 

(FRET) experiments in LCL cell lines. These experiments would provide novel 

endogenous substrates of the CRL4.  

Our model hinges on the role of poly ubiquitination for proteasomal targeting of 

the CRL4 E3 ligases, yet mono ubiquitination of substrates can regulate signal 

transduction, transcription, DNA repair, and many other cellular processes (Chen and 

Mallampalli, 2009; Zeng et al., 2016; Braten et al., 2016). While my focus has been 

on accumulated proteins due to the role of CRL4 degradation, other downstream 

impacts of the cohesin/CRL4 pathway, outside of the ubiquitin-proteasome system, 

must be assessed. For instance, using the LC-MS results to identify aberrant 

regulation of proteins in a tissue-specific manner. For instance, searching for known  

eye development markers or cilia related proteins from the data set, would provide 

insight into tissue-specific impacts of cohesin/CRL4 pathway. Similarly, finding the 
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independently regulated proteins between cohesin pathway knockdowns and Ddb1 

knockdowns can provide clues as to the extent of the shared mechanisms.   

 

4.3 Evidence that cx43 is a common target of CRL4 and cohesin 

A promising indirect cohesin/CRL4 target for further study is connexin43 

(cx43), a gap junction important for bone and joint development. Our lab 

previously implicated downregulation of cx43 in RBS and CdLS models in the 

zebrafish regenerating fin (Banerji et al., 2016; Banerji et al., 2017). I performed 

smc3-MO injection at the 1-cell stage of zebrafish embryos and extracted RNA at 

24hpf. Through qRT-PCR using cx43 specific primers and keratin-4 primers as 

my housekeeping control, I found downregulation of cx43 transcript levels in 

smc3-MO injected embryos (Figure 4.1). However, I additionally investigated the 

effect of Ddb1 knockdown in cx43 expression. Fist, using ddb1-MO and SC-MO, 

I injected zebrafish embryos at the 1-cell stage. RNA of injected embryos was 

extracted and tested using qRT-PCR to look for cx43 transcript levels. My results 

showed that cx43 is significantly downregulated in Ddb1 knockdown embryos, 

compared to SC MO injected embryos (data not shown).  

To assess the role of Ddb1 in the developmental phenotypes that arise due 

to decreased cx43 levels, I used embryos obtained from our sof b123 transgenic 

line. The sof b123 line exhibits reduced levels of Cx43 due to hypomorphic 

mutations of cx43 (Iovine et al., 2005). If Ddb1plays a role in phenotypes that 

arise due to reduced cx43 levels, then exogenous expression of ddb1 should 

rescue such phenotypes. The overexpression of ddb1 mRNA in sof b123 resulted in 
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an increase of eye size, resembling wild-type eye size levels (Figure 4.1). sof b123 

embryos, on the other hand, do not impact ddb1 transcription, as assessed through 

qRT PCR (data not shown). Taken together, this provides evidence that CRL4 

may be upstream of cx43 expression important for eye development that should 

be further investigated. 

A possible molecular pathway regulated by cohesin/CRL4 for proper eye 

development is the Wnt signaling pathway. Disruption in canonical Wnt signal 

impact eye development in zebrafish embryos (Cheng et al. 2003; Cavodeassi et 

al. 2005). CRL4 subunit mutations cause eye malformation in drosophila through  

dysregulation of Wnt signaling (Tare et al., 2016). Moreover, Cx43 is highly 

expressed in zebrafish eyes during development, and it has been shown to 

regulate Wnt signaling in other tissues (Cheng et al. 2003; Cavodeassi et al. 2005; 

Bhattacharya et al. 2018). Future studies are required to test the extent to which 

CRL4 regulates cx43 and whether the canonical Wnt signaling is involved in this 

pathway for eye development.  

 

4.4 Possible interplay between cohesins and cilia 

In some instances, the phenotypic similarities between cohesinopathies 

and other multi-spectrum syndromes have revealed shared disease mechanisms. 

For example, my research implicates shared molecular mechanisms of 

cohesinopathies with the thalidomide drug pathway. Additionally, 

ribosomopathies, such as Diamond–Blackfan Anemia and Treacher–Collins 

Syndrome, share striking similarities to a subset of clinical presentations in 
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cohesinopathies. Studies find that ribosomal RNA production and protein 

synthesis deficiency, a hallmark of ribosomopathies, is also implicated in 

RBS/CdLS (Bose et al., 2012; Xu et al., 2013; Zakari et al., 2015; Xu et al., 

2016). Another family of syndromes resembling cohesinopathies is ciliopathies, 

which arise due to genetic mutations that result in abnormal cilia formation or 

function (Waters and Beales, 2011). Primary cilia are found in nearly all 

eukaryotic cells and function in motility, transduction of sensory information, and 

transduction of signaling pathways (May-Simera and Kelley, 2012, Bangs and 

Anderson, 2017; Ishikawa and Marshall, 2011). Cilia comprise 9 doublet 

microtubules called the axoneme extending from the cell surface (Zhao et al., 

2023). Cells in sensory organs have specialized cilia. For instance, hair cells in the 

vertebrate auditory and vestibular systems have specialized cilia termed kinocilia 

(Whitfield, 2020). Hair cell kinocilia play a significant role in otolith formation in 

zebrafish development. Kinocilia guide otolith particle tethering to the otic vesicle 

poles. Disruption in hair cells leads to abnormal otoliths, such as missing or added 

otolith and untethered otoliths (Stooke-Vaughan et al., 2012).  

My findings show that RBS (Esco2 KD) and CdLS (Smc3 KD and 

Nipbla/b KD) models in zebrafish embryos exhibit otolith malformation 

phenotypes (see Figures 2.1 and Supplemental Figure 3.2). Thus, I hypothesize 

that cohesinopathy models in zebrafish impact kinocilia function. Cohesin 

proteins have previously been observed in axonemes and basal bodies of cilia in 

the retina and oviduct tissues (Khanna et al., 2005; Guan et al. 2008). The 

question as to whether cohesin is present in the hair cell kinocilia is something I 
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sought to address. The cohesin subunit, Smc3, is indeed localized to the kinocilia 

(Figure 4.3). If Smc3 is important for kinocilia formation or stabilization, then 

knockdowns of Smc3 would result in kinocilia malformation. To test this model, I 

performed Smc3 KD and compared the kinocilia phenotypes control embryos. 

Results show shorter kinocilia in Smc3 KD embryos compared to controls (Figure 

4.4). This suggests a functional role of cohesins in kinocilia development. 

A previous study found SMC3 interacts with the cilia protein RPGR, in 

retina cells (Khanna et al., 2005). A yeast-2-hybrid screen, using cilia related 

protein library, would provide evidence as to whether SMC3 only interacts with 

RPGR or multiple cilia proteins. Additionally, zebrafish can be a useful model to 

study cohesin localization throughout kinocilia development. A transgenic line 

carrying a cohesin reporter (such as an inducible mCherry tagged Smc3 protein) 

can help visualize cohesin protein in early development. These experiments 

would give insight into a possible role of cohesin outside of the nucleus, as others 

report extra-nuclear pools of cohesin proteins (Sadano et al., 2000; Gregson et al. 

2001). Additionally, mechanistically linking cohesinopathies to ciliopathies, 

unifies efforts in the understanding of these etiologies. Future studies should aim 

to understand cohesin interaction with cilia-related proteins. 

 

4.5 Discussion 

The mechanisms for developmental diseases are complex and often tissue 

specific. Using molecular and biochemical approaches, downstream targets of the 

cohesin/CRL4 pathway that may contribute to organ malformations were identified. 
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Future work to further explore the common downstream targets between CRL4 and 

cohesin, both in patient cell lines and zebrafish, may elucidate new developmental 

pathways. Additionally, cohesin colocalization and its impact on zebrafish kinocilia 

suggest a relationship between cohesin and cilia. Future work to explore this 

connection may reveal novel extra-nuclear roles of cohesin. Understanding the 

downstream events of cohesin in development can influence the future development 

of therapeutic approaches for cohesinopathies and related etiologies. 
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4.6 Figures and Tables 

 

 

Figure 4.1. Proposed model for inhibition of CRL4 function in RBS and CdLS. 

CRL4 ubiquitinates substrates for targeted degradation, a process important for normal 

development. Both Esco2 knockdowns and Smc3 knockdowns in zebrafish, models for 

RBS and CdLS respectively, downregulate expression of ddb1, an essential component of 

CRL4. Improper CRL4 function fails to clear substrates from the embryo and 

accumulation of these leads to improper development, a similar mechanism that gives 

rise to thalidomide teratogenicity. 
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Figure 4.2. Cohesin and CRL4 impact cx43 pathway. (A) qRT-PCR of whole embryo RNA 

isolation shows downregulation of cx43 expression in cohesin subunit, Smc3, knockdowns 

(KD). T-test = 0.0049 (B-C) sof b123 embryos, which exhibits decreased cx43 expression levels, 

show a significant reduction in eye size compared to wild-type control at 72hpf. 

Overexpression of CRL4 subunit, Ddb1, through mRNA injection significantly increases eye 

sizes in sof b123 embryos.  

A B 

C 
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Figure 4.3. Smc3 is present at hair cell kinocilia in zebrafish. Cohesin subunit, Smc3 

(green), colocalizes (yellow) to acetylated tubulin (red) in immunofluorescence imaging. 

Similar findings in other tissues and model organisms have been previously reported. 

Results suggest a role of cohesin in cilia function or development. 
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Figure 4.4. Cohesin knockdowns impact hair cell kinocilia in zebrafish embryos. 

Immunofluorescence of Acetylated Tubulin (green; labels kinocilia), Phalloidin (red, 

labels stereocilia) and DAPI (blue, labels nucleus), show shorter kinocilia in Smc3 KD 

zebrafish embryos.  

  



152		

 

 

Table 4.1. Prioritized list of cohesin/CRL targets identified using LC-MS. Candidate 

proteins downstream of the Esco2-cohesin-CRL4 axis of regulation. Each gene is 

conserved (human homolog shown at far right). Protein names in bold reflect evidence of 

Ubiquitination (shown only for human homologs). 

  

D. rerio Function Tissue Expression 
Expression 

Timeline 
Human 
Homolog 

Arhgdia 
Rho GDP Dissociation 

Factor 
Eye (Veldman et al., 2007) 48hpf ARHGDIA 

Mat2al 
S-adenosylmethionine 

synthase 
Eye, brain, otic placode 

(Lee et al., 2012) 
5hpf-72hpf MAT2A 

Ntmt1 N-Methyltransferase 1 
Eye, brain, muscles 
(Thisse et al., 2005) 

5hpf-48hpf NTMT1 

Pparαa Transcription factor 

Eye, brain, jaw, heart, 
intestine (Collins et al., 

2019; Hsieh et al., 2018; 
Levi et al., 2012) 

All stages PPARA 

Aldh3b1 
ROS response, 
dehydrogenase 

Otic placode, pharynx 
(Thisse et al., 2001) 

5hpf-48hpf ALDH3B1 

Arhgef2 Rho GTPase Heart (Lu et al., 2019) 24hpf ARHGEF2 

Rab1bb Ras-like GTPase 
Brain, otic placode (Thisse 

et al., 2004) 
10hpf-48hpf RAB1B 

Rbp4 Retinol Binding Protein 

All anatomical structures 
(Tingaud-Seeira et al., 
2006; Li et al., 2007; 
Sumanas et al., 2005) 

All stages RBP4  

Sesn3 
Sestrin Stress (ROS)-

induced 
Brain, otic placode (Thisse 

et al., 2001) 
5hpf-72hpf SESN3 

Sfxn2 
Mitochondrial AA 

transporter 
All anatomical structures 

(Thisse et al., 2004) 
All stages SFXN2 
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ID Sex Age Genotype Clinical Evaluation 

C1 F 12 WT None 

C1 M 8 WT None 

C3 F 7 WT None 

C4 M 8 WT None 

C5 M 5 WT None 

C6 M 12 WT None 

C7 F 25 WT None 

PT1 M 6.9 6407insA / Frameshift  CdLS / Severe 

PT2 M 11.9 5167C>T / Nonsense  CdLS / Severe 

PT3 F 5.3 4193C>G / Nonsense  CdLS / Severe 

PT4 F 7 
742_743delCT / 
Frameshift  CdLS / Severe 

PT5 M 10.5 2969delG / Frameshift  CdLS / Severe 

PT6 M 6.7 
1902_1903insA / 
Frameshift  CdLS / Severe 

PT7 F 8.3 2494C>T / nonsense  CdLS / Severe 

PT8 F 9 4606C>T / Nonsense  CdLS / Severe 

PT9 M 1 
5721_5726del / 
Frameshift CdLS / Severe 

PT10 F 37 
603C>T / Nonsense  
752del / Frameshift RBS / Severe 
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Table 4.2. Description of control and cohesinopathy patient cell lines. C1-C6 and 

PT1-PT8 cell lines previously obtained from Dr. Ian Krantz at CHOP and used in Liu et 

al., 2008. C7 and PT9-PT10 cell lines obtained from Corriel Institute.   
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with the Associate Vice President for Government Relations and associated offices. 
Informed Lehigh’s graduate student population of governmental policies pertaining to 
their studies and issued statements on executive senate positions. Coordinated and 
implemented communication with organizations outside of Lehigh University, including 
NAGPS, the graduate student coalitions, and graduate student governments. Effectively 
led the distribution and drafting of executive and legislative letters sent to government 
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officials and the local and national level as well as Graduate Student senate position 
statements and legislative action items statements sent to government relations offices. 
Continue to serve as external affairs committee member where I researched and compiled 
data on legislature changes affecting graduate students. 

 
Lehigh University Creative Inquiry  
Creative Scholarship Institute Scholar October 2022- February2021 
Selected to be a part of the 2020 cohort for the Creative Scholarship Institute 
Mountaintop Initiative. Participated in immersive workshops and roundtables covering 
topics such as creativity and innovation, building a professional identity, communicating 
your research, authentic leadership, inclusive excellence, ethics and integrity and 
negotiating and resolving conflicts. 

 
Graduate Life Office at Lehigh University 
Provost Diversity, Inclusion and Equity Advisory Board August 2020 – December 2020 
Advised and contributed to discussions on diversity, inclusion, and equity for the Provost 
for Graduate Studies. Shared resources and contributed to idea and project developments. 
Reviewed university diversity, equity and inclusion workplan and provided feedback. 
 
Graduate Student Orientation Ambassador     August 2020 – January 2021 
Contributed to incoming graduate student orientation development with the Dean of 
Graduate Studies. Participated in orientation videos and contributed to content. Assisted 
incoming graduate students with questions or concerns.  
 
Biological Organization of Graduate Students at Lehigh University 
President June 2019 – May 2020 
Facilitate and handle logistics of the organization, such as scheduling, budgeting, and 
meetings. Developed an officer’s responsibility and budget tracking documents for future 
officers. Served as head of graduate student representative for the Biological Sciences 
Department. Successfully led and planned educational workshops and social events for 
all graduate students in the Biological Sciences department and university wide. 
 
Health Sciences Club at Shippensburg University 
Vice President April 2013 – April 2014 
Collaborated with President to create and organize club schedules and budgets. Led and 
organized scheduled meetings, fundraisers, and student activities. Successfully led and 
organized trips and events to health-related museum for over 20 members. 
 
Tri-Beta Biological Honor’s Society at Shippensburg University 
Treasurer March 2013 – April 2014 
Maintained accurate financial records and managed organizations funds. Worked 
alongside faculty advisor to properly allocate funds for the organization. 

Alpha Phi International Fraternity at Shippensburg University 
Director of Finance      November 2012 – November 2013 
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Collaborated with vice president of chapter operations to manage and collect chapter 
funds. Led new member meetings and developed computer-based payment options for all 
members.  

TEACHING AND MENTORING EXPERIENCE 
Mentor Collective 
Mentor August 2020 – August 2022 
Served as mentor for two first-year Lehigh University College of Arts and Sciences 
graduate students. Met regularly and provided advice and resources for students. 
Provided mentor collective and the graduate life office feedback and areas of focus.  
 
Lehigh University 
Teaching Assistant for Dr. Michael Kuchka February 2021 – May 2022 
Howard Hughes Medical Institute SEA-GENES Lab and January 2020 – May 2020 
Collaborated in the research and implementation of the Howard Hughes Medical Institute 
SEA-GENES course. Graded all lab reports, prepared equipment and reagents, and 
contributed to data analysis. Aided in transition to online learning due to COVID-19 
pandemic. Troubleshooted and explained laboratory molecular biology techniques such 
as PCR, molecular cloning, bacterial transformations, isothermal assembly, super 
immunity assays and cytotoxicity assays. 

Teaching Assistant for Dr. Lynne Cassimeris August 2019 – December 2019 
Cell Biology 
Graded and proctored exams and assignments. Assisted students with course material and 
met with students upon request. Worked alongside professor and assisted during lectures 
when needed. 

Teaching Assistant for Dr. Katie Hoffman January 2019 – May 2019 
Principles of Cell Biology 
Collaborated and led in the development of active learning activities, led recitations and 
assisted professor during lectures, met with students upon request, administered exam 
grades for the course. 

Teaching Assistant for Dr. Margaret Kenna August 2017-December 2017 
Principle of Cell Biology Lab and Introduction to Genetics Lab      and January 2018 – 
May 2018 
Collaborated on curriculum and exam development, led laboratory lectures and explained 
protocols, met with students upon request, administered all grades for the course. 
Explained laboratory techniques such as bacterial and yeast transformations, 
complementation experiments, tumor suppressor activity identification in yeast, 
spontaneous mutations through evolution experiments, UV damage experiments and 
mutation screens. 
 
Nationalities Service Center 
Homework Help Tutor August 2020 – December 2020 
Assisted high school student transition to online learning environment for all their 
courses. Shared resources with student and family members. Received training from the 
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Philadelphia Nationalities Service Center for implementing effective tutor strategies for 
their diverse population of students. 
 
Eurofins Lancaster Laboratories 
New Employee Trainer February 2016 – July 2017 
Pharmaceutical Microbiology Department 
Trained new employees on autoclave and water content equipment use. Assisted in 
Microbial Limits Testing, Antimicrobial Effectiveness Study and MALDI Sequencing 
Protocol training to new employees. Created and updated laboratory procedures to meet 
regulatory requirements. 
 
Shippensburg University 
Tutor January 2012 – May 2014  
University Learning Center 
Met with student for one-on-one or group sessions to assist with class material 
understanding for their beginning or advanced Spanish courses as well as pre-calculus 
and calculus courses, scheduled tutor meetings for the learning center.  

PROFFESIONAL SOCIETIES  
Society for Research in Child Development 
Society for Developmental Biology  
National Association for Graduate and Professional Studies 
American Society for Cell Biology 
Genetics Society of America 
Biological Organization of Graduate Students at Lehigh University 
Graduate Student Senate at Lehigh University 
Beta Beta Beta Honor’s Biological Society Rho Epsilon Chapter 
Order of Omega Leadership Honor Society Eta Upsilon Chapter 
Alpha Phi International Fraternity Theta Xi Chapter 

 


