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ABSTRACT

One of the major questions in developmental biology is how cells take on different cell
fates based on the molecular cues that are presented to them. During early embryonic
development, cells gradually restrict their potential to become more differentiated and take on
specific functions. One example that is implicated in this transition is a unique dual specificity
transcription factor Max gene-associated protein (MGA). MGA is known to be a tumor
suppressor for its ability to antagonize MY C dependent cell proliferation and promoting
differentiation in cell culture. Mga plays a critical role in pluripotency maintenance in mouse
epiblast. It is also required in the extraembryonic yolk syncytial layer for normal dorsoventral
patterning in zebrafish development. Here we identified a novel role of MGA in neural crest
specification during early zebrafish embryogenesis utilizing both knockdown and knockout
approaches. Depletion of Mga from 1-cell stage embryos using morpholinos resulted in defects

in various lineages of the neural crest cell population. This is due to decreased specification of



neural crest at the neural plate border. Mga depleted embryos show a decrease in Bmp signaling
activity and an increase in Myc activity. Although increased cell death was seen at later stages in
mga morphants possibly due to unopposed Myc, suppression of Myc is not able to rescue neural
crest defect. This is the first demonstration that Mga acts as a Myc antagonist in vivo, and that
the neural crest defect seen in Mga depleted embryos is due to altered Bmp signaling activity
which is independent of Myc. We successfully generated mga mutant alleles using the
CRISPR/Cas9 system. One of the potential null alleles failed to show a morphologically distinct
phenotype when compared to wild type. However, further molecular analysis in mga mutants
show similar but milder alterations that are seen in knockdown embryos. Furthermore, we
identified mga paralog, mgab and confirmed its expression at various developmental stages. We
propose that Mga promotes cell fate specification during neural crest development and may act

as a molecular switch in pluripotent cells to transition to differentiation.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1. Molecular Mechanisms of Maintenance of Pluripotency and Differentiation

One of the major questions in developmental biology is how and when cells take on various
cell fates based on the molecular cues that are presented to them. During early embryogenesis,
when a sperm fertilizes an egg, the zygote forms and has the potential to develop into all the
structures in the adult organism, a characteristic known as the totipotency. The zygote undergoes
several rounds of cell division and become blastocyst. At this stage in mammals, cells of the
blastomere make their first cell fate decision to become either inner cell mass (ICM), which later
gives rise to the embryo proper, or trophectoderm (TE) which not only provides structural
support and nutrients for the growth of embryo proper but also involves in sending molecular
cues to pattern ICM. The ICM contains cells that are transiently pluripotent as they can develop
into any cell type in the body. As development continues, cells within the ICM receive
instructions from different transcription factors and signaling pathways, further proliferate and
gradually lose their pluripotency as they become epiblast (Epi) and primitive endoderm (PE).
Even though transient, pluripotency has to be maintained in the developing blastocyst for proper
embryogenesis to occur. Disruption of these molecular pathways that either maintain the
pluripotency or instructs differentiation may result in developmental abnormalities or if severe

embryonic death. Therefore, it’s important that the expression of these molecular cues has to be



tightly regulated both spatially and temporally to generate fully functioning adult organisms.
Many regulatory mechanisms, including transcription factors, signaling pathways as well as
chromatin modifiers and cell cycle regulators, have been indicated in pluripotency maintenance
and cell fate specification. Identification of these molecular cue were made possible with the
help of in vivo and in vitro models such as Embryonic Stem Cells (ES Cells) that are derived
from ICM or induced pluripotent stem cells (iPSCs) derived from reprogramming somatic cells.
(Chen, Cheng, Yen, & Hsieh, 2017; Frum & Ralston, 2015; Paranjpe & Veenstra, 2015; Posfai,
Tam, & Rossant, 2014; Sanges & Cosma, 2011; She, Wei, Kang, & Wang, 2017; Zhao & Jin,

2017)

Transcription factors in pluripotency and cell-fate specification

Transcription factors, for example, are important intermediates in translating
environmental cues presented by cell-cell interaction and signaling pathways into cell-fate
decision.(Stadhouders, Filion, & Graf, 2019) They bind to specific regions in the genome and
activate or repress target genes, resulting in changes in gene expression landscape which helps
define cell fates or maintain their original state. One of the well-known transcription factors that
plays an important role in the earliest cell-fate determination, that is the specification of ICM and
TE, is OCT4/POUSF1. (Marikawa & Alarcon, 2009; Rossant, 2018) Oct4 is strongly expressed
in the ICM and loss of OCT4 results in differentiation of ICM into TE, indicating that Oct4 is
required for the maintenance of the ICM fate. (Nichols et al., 1998; Niwa, Miyazaki, & Smith,
2000) Through ChIP-Seq and microarray experiments using mouse ESC as well as human ES
cell lines, scientists have shown that OCT4 together with its binding partners NANOG and
SOX2 transcriptionally activate genes that are also required for maintenance of pluripotency.

(Niwa et al., 2000; Rossant, 2018) In addition, Oct4 maintains ICM fate by binding to the
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promoter region of Cdx2, which encodes a transcription factor that specifies trophoblast fate, and
repress its expression within the ICM. (Niwa et al., 2005; Rossant, 2018)

OCT4 dependent pluripotency maintenance is not only restricted to mammalian early
embryogenesis. OCT4 homolog Pou5f1/3 is also broadly expressed in many non-mammalian
vertebrates including frogs, teleost fish and chickens during early development. (Onichtchouk,
2016; Onichtchouk & Driever, 2016) Complementing mouse ESC that lack OCT4 with frog or
axolotl Pou5f3 can rescue pluripotency, indicating that maintenance of pluripotency by OCT4 is
an ancestral function common to both mammals and vertebrates. (Morrison & Brickman, 2006;
Onichtchouk, 2016) In zebrafish, pou5f3 mRNA is expressed both maternally and zygotically,
and lack of maternal and zygotic Pou5f3 leads to premature activation of genes that promotes
differentiation. (Onichtchouk, 2016; Onichtchouk & Driever, 2016; Onichtchouk et al., 2010)
Although early lineage specification of vertebrates doesn’t recapitulate mammalian early
embryonic development, the zygotic genome activation (ZGA) during mid-blastula transition
(MBT) in early zebrafish development is linked to pluripotent state. (M. T. Lee et al., 2013;
Leichsenring, Maes, Mossner, Driever, & Onichtchouk, 2013) Combinatorial loss of mammalian
pluripotency factors during zebrafish early development, including OCT4, Nanog and SoxB1,

leads to developmental arrest before the initiation of gastrulation due to failed ZGA.

Communication of cells via signaling pathways

Signaling pathways play significant roles in cell-fate specification and maintaining
pluripotency by mediating proper communication between adjacent cells or cells at a distance.
For instance, ligands can be secreted from a cell and bind to their specific receptors on the
surface of its own or other cells at a distance, such as BMP and FGF signaling pathways. On the

other hand, ligands can be localized on the cell membrane and bind to its receptor localized on
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the membrane of cell right next it, such as NOTCH. In either case, stimulation of a signaling
pathway leads to activation of a cascade of downstream effector proteins. This results in changes
in transcriptional regulation, cell adhesion and/or cell cycle regulation leading to cell-fate
specification. In mammals, the second lineage specification occurs when the ICM differentiate
into epiblast (Epi) and primitive endoderm (PE). While Epi contributes to the whole embryo
proper and extraembryonic mesoderm, PE gives rise to the endodermal layer of the yolk sac.
(Rossant, 2018) Several signaling pathways have been shown to specify and maintain Epi and
PE. For example, perturbation of FGF signaling either by mutational analysis of FGF4 ligand as
well as its receptor or by blocking FGF signaling via small molecules can result in abolishment
of PE fate and all cells within ICM transform into Epi due to loss of PE specific transcription
factor GATAG. (Feldman, Poueymirou, Papaioannou, DeChiara, & Goldfarb, 1995; Kang, Garg,
& Hadjantonakis, 2017; Yamanaka, Lanner, & Rossant, 2010) Conversely, overexpression of
exogenous FGF4 ligand is sufficient to induce all ICM to take on PE fate. (Frum & Ralston,
2015; Yamanaka et al., 2010) Differential expression of BMP signaling pathway components has
been noted during mammalian pre-implantation embryos where Bmp4 and Bmp7 are expressed
in cells of the ICM while Bmpr2 in TE. (Graham et al., 2014; Guo et al., 2010) Inhibition of
BMP signaling using drugs or siRNAs at 2-cell stage embryos results in decreased numbers of
PE cells without affecting Epi, indicating that BMP signaling is involved in maintenance of PE
fate rather than initial formation. (Graham et al., 2014)

In vitro models, such as ICM derived ESCs and Epiblast derived stem cells (EpiSCs)
contributed significantly in our understating of pluripotency maintenance. (Posfai et al., 2014)
For example, Leukemia Inhibitory Factor (LIF) maintain mouse ES cell pluripotency by

positively regulating pluripotency factors SOX2 and NANOG, OCT4 through JAK/STAT and



PI3K pathways respectively. (Nakai-Futatsugi & Niwa, 2013; Posfai et al., 2014) Activation of
FGF signaling, particularly FGF4, stimulates mouse ES cells to exit from self-renewal and
commit to somatic lineages by activating Tcf15 expression. (Davies et al., 2013; Kunath et al.,
2007) Expression of Tcf15, on the other hand, is inhibited by a basic Helix-Loop-Helix domain
protein known as Id protein, which is upregulated by BMP signaling. (Davies et al., 2013;
Kunath et al., 2007; Patel & Subramanian, 2006) On the contrary, BMPs induce differentiation to
various cell types and inhibition of BMP signaling via FGF42 or by activation of Smad2/3 is

necessary to maintain pluripotency in human ESCs. (Xu et al., 2005)

Cell cycle in pluripotency and differentiation

Another important phenomenon has to be taken into consideration in pluripotency
maintenance and cell-fate specification is the differential regulation of cell-cycle during early
embryonic development. In non-mammalian system, such as zebrafish, Xenopus and Drosophila,
the early cleavage and blastula stages are characterized by very rapid cell-division consisting of
only S- phase and M-phase, and gradual lengthening of the cell cycle as development proceeds
towards gastrulation right after MBT. (Liu, Michowski, Kolodziejczyk, & Sicinski, 2019) Like
non-mammals, peri-implantation mouse embryos spend very little time during G1 phase and sees
a lengthening of the cell-cycle during gastrulation as cells spend more time in gap phases. (Liu et
al., 2019; Soufi & Dalton, 2016) In contrast, reprograming of somatic cells (that is converting
differentiated somatic cells into induced pluripotent stem cells, aka iPSCs) using OSKM factors
(Oct4, Sox2, KIf4 and c-Myc) significantly shortens cell-cycle. (Liu et al., 2019) It is thought
that increased G1 length may provide pluripotent cells with a unique window of opportunity to
switch on lineage specific transcription factors. (Soufi and Dalton 2016) In agreement, Pauklin et

al reported that the capacity of human ES cells differentiate into three germ layers is dependent
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on the cell-cycle state, that is the pluripotent cells commit to mesoderm and endoderm during
early G1 and ectoderm during late G1 phase. (Pauklin & Vallier, 2013; Soufi & Dalton, 2016) It
is also proposed that the enhanced propensity of pluripotent stem cells to differentiate during G1
phase is be due to increased H3K4 trimethylation, which marks active chromatin, of the
developmental genes, although the level of H3K27me3 repressive marks stays constant. (Hsiung
et al., 2016) This co-occurrence of H3K4me3 and H3K27me3 in the chromatin during
mammalian G1 phase, a.k.a bivalent chromatin, is also seen immediately after the MBT of and
Zebrafish. (Vastenhouw et al., 2010) This suggests that although developmental genes are not
active during G1 phase, they are primed for rapid activation and specifies pluripotent cells into
various cell fates upon stimulation by molecular cues. (Dalton, 2015; Hsiung et al., 2016; Soufi
& Dalton, 2016)

During tumorigenesis, a small population of cells have the ability to re-establish tumor in
an ectopic region. (Kim & Orkin, 2011) These are termed cancer stem cells and behave very
much like ES cells as they can divide rapidly and maintain in stem-like state without turning on
differentiation signals. (Klimczak, 2015) It is proposed that the characteristics of cancer stem-
cells to self-renew and maintain their pluripotency is governed by molecular mechanisms that are
common in the ES cells. (Kim & Orkin, 2011; Klimczak, 2015) The genes that are normally
expressed and enriched in ES cells are often overexpressed in poorly differentiated tumors, and
may associate with poor clinical outcomes. (Ben-Porath et al., 2008) Therefore, understanding
how cells maintain their pluripotency and how do the cells know when to switch from
proliferation to differentiation and wise versa is of great importance in elucidating the

pathogenesis of various cancers and developing anti-cancer therapies.



2. Max Transcriptional Network in Development and Cancer

Max interacting network of transcriptional factors are a group of proteins that bind to
DNA in a sequence specific manner and carry out transcriptional regulation of target genes.
(Grandori, Cowley, James, & Eisenman, 2000) These proteins contain basic-Helix-Loop-Helix
(bHLH) domain and a leucine zipper (Zip) domain which directs protein-protein interaction with
other bHLH proteins and sequence specific binding to E-box elements (CACGTG) in the target
genes respectively. (Grandori et al., 2000) These proteins are involved in many cellular
processes, including cell proliferation and survival, differentiation, cell cycle regulation as well
as metabolism during embryonic development. Dysregulation of these proteins in adult tissues is
commonly associated with cancer. (Carroll, Freie, Mathsyaraja, & Eisenman, 2018) Therefore,
how these proteins interact in cells and regulate transcription is of great interest to study

tumorigenesis.

The role of Myc during vertebrate development

One of the infamous members of Max network is the protooncogene myc (myelocytosis)
which was initially discovered in the early 1980s. v-myc encodes a retroviral protein that is
commonly associated with cancer in birds. (Enrietto, Payne, & Hayman, 1983) Subsequently, the
human homologs of v-myc have been identified, including C-myc, N-myc and L-myc, and were
known to be overexpressed in many human cancers. (Grandori et al., 2000; Peter J. Hurlin &
Huang, 2006) Since its initial discovery, many efforts have been done to elucidate Myc’s role in
various cell behaviors during embryonic development and tumorigenesis. (Carroll et al., 2018) In
general, Myc forms heterodimers with Max (Myc Associated Factor X) via its C-terminal

bHLHZip domain and bind to E-box elements of target genes and activate their expression



through N-terminal transactivating domain. (Grandori et al., 2000; Peter J. Hurlin & Huang,
2006) c-Myc is one of the transcription factors that are required for induced pluripotency, and
elimination of c-Myc results in decreased reprograming efficiency. (Takahashi & Yamanaka,
2006) This is mainly due to Myc’s role in promoting cellular proliferation by lifting the
inhibition of S-phase entry by p21. (Gallant & Steiger, 2009) Although an effort to identify cell
type specific Myc target genes has been unsuccessful, it was shown that Myc regulates a core set
of genes that are involved in ribosome synthesis and RNA processing in both human and mouse
ESC as well as other cancer cell types. (Peter J. Hurlin, 2013; Ji et al., 2011) This may also
explain the low reprogramming efficiency of somatic cells in that decreased biomass
accumulation in the absence of Myc may results in defective cellular growth and cell division. (Ji
et al., 2011; Lempidinen & Shore, 2009)

In contrast to its requirement in induced pluripotency, c-Myc seems to be dispensable for
early mammalian embryonic development. Although c-Myc null mouse embryos die around
E10.5 due to defects in multi-organ development, conditional knockout of c-Myc from the
epiblast has no impact in embryonic development, and that the embryonic lethality is due to
abnormalities in definitive hematopoiesis within the placenta. (Davis, Wims, Spotts, Hann, &
Bradley, 1993; Dubois et al., 2008) Mutations in MYCN, on the other hand, is associated with a
human developmental disorder known as Feingold Syndrome, which is characterized by
microcephaly, micrognathia, and multiple organ dysplasia.(Celli, van Bokhoven, & Brunner,
2003; Marcelis et al., 2008) Mouse embryos that are homozygous null for MYCN dies around
E11.5. due to multiple organ hypoplasia. (Charron et al., 1992) However, tissue specific deletion
of MYCN from various organs revealed that MYCN is required for heart and lung development.

(Peter J. Hurlin, 2013) In zebrafish, myc homologous genes are differentially expressed during



embryonic development. (Torres, Chiu, & Depinho, 1993) Their role in vertebrate development

will be discussed in detail in the later chapters.

MAX and its interacting proteins

It’s been known that Max serves as an obligate co-factor for Myc to activate target gene
expression. (Blackwood & Eisenman, 1991) Unlike Myc, Max is ubiquitously expressed in both
embryonic and extraembryonic tissues at a constant level, and is stored maternally during
mammalian development. (Shen-Li et al., 2000) Homozygous Max null embryos die shortly after
implantation (E5.5 -6.5) due to massive cellular degeneration in embryonic and extraembryonic
tissues. (Shen-Li et al., 2000) It is proposed that sufficient amount of maternal Max is required
for proper functioning of Myc superfamily during early development. (Shen-Li et al., 2000)

Although Max can form homodimers, transcriptional activity of these homodimers is
very low. (Blackwood & Eisenman, 1991) This led to the identification of other proteins in the
Myc superfamily including Max dimerization protein families (MXD1-4), MNT and MGA.
(Blackwood & Eisenman, 1991; Grandori et al., 2000; P J Hurlin, Steingrimsson, Copeland,
Jenkins, & Eisenman, 1999; Peter J. Hurlin, 2013) These proteins also contains conserved
bHLHZip domain, and compete with Myc for binding to Max and antagonize Myc dependent
cell cycle progression and promote differentiation by repressing Myc target genes. (Blackwood
& Eisenman, 1991; P J Hurlin et al., 1999) For example, overexpression of Mxd1 during mouse
embryonic development leads to early embryonic lethality and dwarfism resulting from profound
inhibition of cell cycle progression from GO to S phase. (Quéva, McArthur, Ramos, & Eisenman,
1999) Similar phenomenon was observed in embryos overexpressing Mnt under the control of [3-
actin promoter. (Peter J. Hurlin, Quéva, & Eisenman, 1997) Furthermore, mouse embryonic

fibroblasts (MEFs) lacking Mnt shows increased CyclinE1 and Cdk4 which are known to be
9



positively regulated by Myec. (Lafita-Navarro et al., 2020) Increased expression of these cell-
cycle regulators is also seen in homozygous Mnt null embryos. (Toyo-oka et al., 2004) These
experiments further validate the Myc antagonistic role of Max interacting family proteins in cell
cycle progression and maintenance of the differentiated state. Loss of function of these Myc
antagonists may be the underlying mechanism of increased cancer risk in certain cell types due
to deregulation of Myc activity. (Bretones, Delgado, & Leon, 2015; Diolaiti, McFerrin, Carroll,
& Eisenman, 2015; Nilsson & Cleveland, 2003) Indeed, Mxd2 null mouse embryos show
increased susceptibility to squamous cell carcinoma and malignant lymphomas when treated
with carcinogens.(Schreiber-Agus et al., 1998) Similarly, conditional disruption of Mnt in mouse
mammary epithelium leads to adenocarcinoma in vivo. (Peter J Hurlin et al., 2003)

Max Gene Associated protein (MGA) is one of the least studied members of the Max
interacting protein. Although mutations in MGA is found in many cancer types according to
cancer genome atlas (TCGA) and mutation frequency in MGA is much higher than the other
Max interacting network proteins (Table 1), not much attention has been given to elucidate its
function during tumorigenesis not to mention in embryonic development. Unlike MXD proteins
and MNT, MGA is a unique member of the Max interacting proteins due to the presence of
another DNA binding domain, the T-box domain, in addition to the bHLHZip domain. The T-
box domain is also transcriptionally active. (P J Hurlin et al., 1999) Together with Max, Mga
exhibits dose dependent increase in the activation of reporter constructs that contains T-box
element. (P J Hurlin et al., 1999) T-box domain is found in a group of evolutionary ancient
transcription factors known as T-box proteins. (Naiche, Harrelson, Kelly, & Papaioannou, 2005)
Some of these proteins play critical role in early embryonic development in vertebrates. For

example, Bruchyury/T is involved in mesoderm formation in mouse, xenopus and zebrafish.
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(Papaioannou, 2001) Loss of Eomesodermin (Eomes) results in early embryonic lethality due to
defects in trophectoderm differentiation. (Russ et al., 2000) Involvement of T-box proteins in
early embryogenesis suggests that MGA may also play important roles during early
development. Indeed, Mga is expressed as early as E3.5 in mouse embryos and Mga is deposited
maternally in zebrafish eggs. (Y. Sun, Tseng, Fan, Ball, & Dougan, 2014a; Washkowitz et al.,
2015) Furthermore, mouse embryos that are lacking functional Mga die before implantation due
to loss of pluripotent cells. (Washkowitz et al., 2015) It is proposed that Mga is required for
pluripotency maintenance by positively regulating the expression of an enzyme, Ornithine
Decarboxylase 1 (ODC1), in the polyamine synthesis pathway. (Washkowitz et al., 2015)
However, the expression of Mga at later stage in mouse embryos is seen in developing heart,
brain, limbs, kidneys and gonads. (Burn, Washkowitz, Gavrilov, & Papaioannou, 2018) In
addition, mutations in MGA were found in many cancer types involving various organs (Figure
1.3). This warrants further investigations of Mga’s role during cell-fate specification and
differentiation during embryogenesis.

Due to early embryonic lethality of mouse embryos lacking Mga, ex utero developing
zebrafish embryos can be great model for studying Mga’s role in early embryonic development.
With modern genome targeting technology, such as CRISPR/Cas9, and knockdown approaches
being available in zebrafish, our studying of Mga function in zebrafish embryogenesis will
expand our knowledge of how the pluripotency is maintained and/or how cells switch from
active proliferation to differentiation. Most importantly, it will shed more lights on the

pathogenesis of cancer.
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3. TGF-B Signaling in Development

Transforming Growth Factor (TGF) beta superfamily is composed of a group of secreted
factors including Nodal, Activin, Bone Morphogenic Proteins (BMPs) and Growth and
Differentiation Factors (GDFs). These are evolutionary conserved proteins and play a wide
variety of roles ranging from early embryonic development to adult tissue homeostasis. (Weiss &
Attisano, 2013) Signaling via TGF-f superfamily work via binding of a secreted ligand to its
specific receptors, which are serine-threonine kinase receptors, on the cell surface. There are two
types of receptors, Type I and Type II receptors that form complexes upon ligand binding. This
leads to phosphorylation of Smad proteins (R-Smads) by Type I receptors which phosphorylates
different R-Smads based on the pathway that is been activated. BMP signaling pathway utilizes
Smad1/5/8, while activation of Type I receptor by TGF-f3/Nodal/Activin leads to
phosphorylation of Smad2/3. Consequently, phosphorylated R-Smads form protein complexes
with each other and with Smad4 (Co-Smad), which is a transcription factor and regulate target

gene expression within the nucleus. (Wu & Hill, 2009)

TGF-B signaling in pluripotency and early lineage specification

Components of both Nodal and BMP signaling pathways are expressed during pre-
implantation embryos and play important roles in lineage specification and pluripotency
maintenance. (Pera & Tam, 2010) It’s been shown that Nodal signaling is required to maintain
epiblast pluripotency even before the patterning of germ layers. The evidence comes from
analysis of pluripotency markers Oct4 and Foxd3 in Nodal mutant mouse embryos in which the
expression of above markers are decreased. (Mesnard, Guzman-Ayala, & Constam, 2006) In

addition, Epiblast cells that are lacking Nodal precociously differentiate into neuroepithelial
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characteristics. (Camus, Perea-Gomez, Moreau, & Collignon, 2006) As mentioned in earlier
section, BMP signaling is important for maintenance of pluripotency in mouse ESCs while
promotes differentiation in human ESCs. It’s been proposed that BMP mediated pluripotency
maintenance in mouse ESCs is due to activation of JAK-STAT signaling via LIF, which is not
active in human ESCs. (Cells, Tgf-, & Massagué, 2000) In addition, while active transcription of
pluripotency factor Nanog in human ESC requires Smad2/3 via Nodal/Activin signaling, Nanog
expression is repressed by Smad1/5 mediated by BMP signaling. (Vallier et al., 2009; Xu et al.,

2008)

TGF-B in germ layer and axes formation

The induction of three different germ layers in the epiblast is carried out by a combined
action of different signaling pathways, including BMP, Nodal, WNT and FGF signaling.
(Kiecker, Bates, & Bell, 2016) Nodal is expressed throughout the epiblast and the overlying
visceral endoderm. Nodal antagonistic signals from the anterior visceral endoderm (AVE), such
as Leftyl, Cerll and Dkk1 that are also induced by Nodal, as well as positive regulatory circuit
from the Extraembryonic Ectoderm (EXE), including BMP and Wnt signaling, further restricts
Nodal expression to the future posterior region of the epiblast where primitive streak will form.
(Conlon et al., 1994; Robertson, 2014) In mouse embryos that are lacking Nodal, the primitive
streak fail to form and gastrulation doesn’t occur.(Conlon et al., 1994) In addition, loss of
Smad2, downstream effector of Nodal signaling, results in embryos that fail to acquire A-P axis.
(Waldrip, Bikoff, Hoodless, Wrana, & Robertson, 1998) In addition to its role in axes formation,
Nodal acts as a morphogen and pattern three germ layers depending on the concentration
gradient. Patterning the germ layers utilizing Nodal gradient is evolutionary conserved among

different species, including Mouse, Chicken, Xenopus, and Zebrafish. (Tseng, Munisha,
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Gutierrez, & Dougan, 2017) Perturbation of Nodal gradient, either by overexpression or by loss-
of-function analysis of components of Nodal signaling pathway or its antagonists leads to
disruption of germ layer patterning. (Agius, Oelgeschlager, Wessely, Kemp, & De Robertis,
2000; Feldman et al., 1998; Meno et al., 2001; Piepenburg, Grimmer, Williams, & Smith, 2004;
Thisse & Thisse, 1999) In zebrafish, loss of both nodal genes, squint (sqt) and cyclops (cyc),
results in loss of mesodermal structures in the head and trunk as well as endoderm. (Feldman et
al., 1998) Consistently, embryos overexpressing Nodal antagonist Lefty2 abolishes mesodermal
fate and develop well-patterned ectoderm, and overexpression of Activin in these embryos
rescues mesoderm fate. (Thisse & Thisse, 1999) On the other hand, loss of Lefty2 in mouse
embryos results in expansion of mesoderm. (Piepenburg et al., 2004)

Unlike Nodal/Activin, Bmp is a weak mesoderm inducer,(Koster et al., 1991) but plays
important role in establishment of dorsoventral and anterior-posterior axis via acting as a
morphogen. During mammalian early development, BMP4 is expressed in the trophoblast
derived EXE and is required for the formation of Anterior Posterior Axis formation, a process
which is important for normal gastrulation to happen. (Winnier, Blessing, Labosky, & Hogan,
1995) Loss of BMP4 during early development results in abnormal node formation and posterior
morphology. (Fujiwara, Dehart, Sulik, & Hogan, 2002) The abnormalities in posterior
morphology includes loss of allantois and primordial germ cells that both arise from the proximal
epiblast. (Lawson et al., 1999) These data suggest that BMP signaling plays an important role in
anterior posterior patterning in mammalian development.

In Zebrafish and Xenopus, Bmp ligands form gradient along the ventral to dorsal axis
with high levels expressing in the ventral cells and low level in the dorsal cells. Loss of Bmp

ligands in zebrafish embryos, bmp2b or bmp7a, or their receptors, alk8, leads to dorsalization of
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the developing embryo. (Dick et al., 2000; Langdon & Mullins, 2011; Mintzer et al., 2001) The
BMP gradient is established at multiple levels. First, transcription of Bmp ligands is
differentially regulated in ventral and dorsal cell types. The zygotic BMPs, bmp2b and bmp7a is
regulated by maternal transcription factors, such as Pou2/Oct4 and maternal BMP molecule
Gdf6a/Radar. The dorsalization phenotype in both Pou2 and Radar mutant embryos can be
rescued by overexpression of BMP receptor alk8. (Reim & Brand, 2006; Sidi, Goutel, Peyriéras,
& Rosa, 2003) It’s interesting to note that another maternally deposited protein Mga, from the
Max transcription network family, can bind to the upstream regulatory element of bmp2b
together with Max and Smad4 in the YSL and activate bmp2b expression. (Y. Sun et al., 2014a)
Although the dorsalizing effect of Mga knockdown in the YSL is mild and recapitulate mini-fin
(alk8) mutants, it indicates that the signal from the extraembryonic tissue may be involved in
maintaining bmp levels during post-gastrula stage embryos for proper dorsoventral patterning. In
addition to maternal control, expression of bmp is also controlled via autoregulatory mechanism.
Loss of Smad5 in Zebrafish embryos leads to loss of both bmp2b and bmp7a. (Hild et al., 1999)
On the other hand, expression of BMPs on the dorsal side is repressed by Bozozok, whose
expression is activated by Wnt/p-catenin pathway but is repressed by vox/vent on the ventral side
of the zebrafish emrbyos.(Leung et al., 2003) Secondly, extracellular secreted molecules play
important roles in modulating Bmp signaling. Examples of such extracellular molecules include
Chordin (Chd), Nogginl, Follistatin-like 2. (Langdon & Mullins, 2011) These proteins are
expressed in the dorsal region of both Zebrafish and Xenopus blastula and early gastrula
embryos, and bind to Bmp ligands and inhibit ligand receptor binding. (Miller-Bertoglio, Fisher,
Sanchez, Mullins, & Halpern, 1997) While loss of chordin only mildly ventralizes zebrafish

embryos, loss of all three Bmp antagonizers lead to strong ventralization. (Dal-Pra, Furthauer,
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Van-Celst, Thisse, & Thisse, 2006) Some other extracellular proteins such as Tolloid and
Twisted Gastrulation (Tsg) promotes ventral cell fate by promoting Bmp signaling. Tolloid is a
metalloproteinase which cleaves Bmp antagonist Chd and patterns ventral tail tissues during
postgastrula stage. (Blader P, Rastegar S, Fischer N, 1997) Tsg was shown to bind to Chd and

Bmp complex and enhance Tolloid cleavage of Chd. (Scott et al., 2001)

4. Neural Crest Development

Neural crest cells (NCCs) a group of migratory multipotent stem cells that arise at the
border of neural and non-neural ectoderm, usually known as the neural plate border. Progenitors
of NCCs are specified at the neural plate border with the instructions of various signaling
pathways. As neural tube closes, NCCs delaminate from the dorsal neural tube through a process
known as epithelial to mesenchymal transition (EMT) and migrate to various destination in the
developing embryo and give rise to a variety of adult tissues and organs ranging from
craniofacial structures, melanocytes and peripheral nervous system.

Development of NCCs begins during early gastrulation with the combinatorial action of
multiple signaling molecules that are released from the neural and non-neural ectoderm as well
as the underlying mesoderm. (Betancur, Bronner-Fraser, & Sauka-Spengler, 2010) In response to
these signals, cells at the neural plate border are induced to take on their fate as the presumptive
neural crest. (Betancur et al., 2010) One example that is involved in the early induction of NCCs
is the BMP signaling pathway. During gastrulation, Bmp is highly expressed in the ventral non-
neural ectoderm and is repressed by its antagonists emanating from the involuting mesoderm
dorsally. (Betancur et al., 2010) While high levels of Bmp promote epidermal fate, lower level is

required for the specification of neural fate in the dorsal ectoderm. The intermediate level of
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BMP signaling, on the other hand, corresponds to the position of neural plate border in frogs and
chicks. (Wilson, Lagna, Suzuki, & Hemmati-Brivanlou, 1997) Consistent with this, Zebrafish
embryos in which Bmp levels are abolished show loss of neural crest progenitors. On the other
hand, reduced Bmp level but not complete loss leads to expansion of the neural plate border,
suggesting that BMP gradient is essential for establishment or early induction of neural crest
population. (Nguyen et al., 1998) However, Bmp gradient alone is not sufficient to induce early
neural specifiers. (Garcia-Castro, Marcelle, & Bronner-Fraser, 2002; LaBonne & Bronner-
Fraser, 1998) Adding Wnt and members of the FGF signaling pathway to the culture medium in
addition to low level of BMP can induce frog neural plate explants to take on neural crest cell
fate. (LaBonne & Bronner-Fraser, 1998) Confirming its role in neural crest induction, inhibition
of Wnt signaling during Zebrafish early neurulation using an inducible Wnt inhibitor results in
loss of early neural crest markers. (Lewis et al., 2004) In addition, Wnt6 is known to be
expressed in the ectoderm at the time of neural crest formation in chickens, and culturing naive
neural plate explants with Wnt6 induces the formation of neural crest. (Garcia-Castro et al.,
2002) Other signaling pathways, such as FGF and Notch/Delta, are also found to be involved in
neural crest development. (Betancur et al., 2010)

Although species specific differences do exits, it’s generally thought that the
combinatorial action of above-mentioned signaling pathway play important role in subsequent
activation of a cascade of transcription factors that specify neural crest population (Betancur et
al., 2010) Among these transcription factors, Msx1/2, DIx5, Pax3/7, Gbx2, and Zic proteins are
the first to appear in the neural plate border. (Betancur et al., 2010) These transcription factors
further induce expression of a set of other transcription factors, including Sox9/10, Snaill/2,

FoxD3, AP2a, Id proteins, as well as Twist and c-Myc, that promote neural crest survival as well
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as subsequent migration. (Betancur et al., 2010) As an example, Snail2 acts to negatively
regulate genes that are involved in cell adhesion, such as E-cadherin and Cad6b and promote
EMT during neural crest migration. (Cano et al., 2000; Taneyhill, Coles, & Bronner-Fraser,
2007) Mych, a c-Myc homolog in zebrafish, was shown to be important for pre-migratory neural
crest cell survival. (Hong, Tsang, & Dawid, 2008a)

Expressions of these early neural crest specifiers were examined in human embryos at the
time of early neural crest development.(Betters, Liu, Kjaeldgaard, Sundstrém, & Garcia-Castro,
2010) Sox9/10, Pax3 as well as AP2a were all shown to be expressed in the dorsal neural tube as
early as Carnegie Stage 12, marking the pre-migratory neural crest population. Mutations in
Sox10 and Pax3 in humans leads to a developmental disorder known as Waardenburg Syndrome,
which is characterized by the patchy loss of pigmentation in the skin and hair and hearing loss.
(Pingault et al., 2010) Taken together, formation of neural crest cells and their derivatives is
controlled by a complex and conserved mechanism governed by early induction via different
signaling pathways and by specification of neural crest progenitors through an intricate gene

regulatory network.
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Tables and Table Descriptions

Table 1. Mutations in MAX interacting proteins are found in various cancers. Data is
generated from the Genomic Data Commons (GDC) data portal from the National Cancer
Institute. Among 10202 total cases available on GDC, a total of 4178 cases carry Simple Somatic
Mutations (SSM) affecting MGA, MAX, c-MYC, MXDI1, MNT, MLX, MXI1/MXD2 and
MXD4. Among these 4178 cases, a total of 539 cases were tested positive for mutations in
MGA, representing the highest percentage of affected cases in Max interacting network of
transcription factors. In addition, a total of 4487 cases were analyzed for Copy Number Variation
(CNV) events, and the loss of MGA is found in 16% of cases analyzed, representing the highest
CNV loss events affecting MAX interacting proteins and supporting MGA’s role as a tumor
suppressor. It’s important to note that mutations in c-MYC were only found in less than 4% of
cases, but CNV gain event is found in as high as 36%. This data is consistent with the fact that
dysregulation of MYC in the majority of cancer is not due to mutations in DNA sequence but

rather is related to amplification of MYC activity.
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MGA, MAX

. — 539/4,178 130/ 4,487 743 / 4,487
MGA d'”;f;'::;‘“ (12.90%) 539/10,202 (2.90%) (16.56%)
MYC associated 150/ 4,178 198 / 4,487 457 / 4,487
MAX 150/ 10,202
factor X (3.59%) /10, (4.41%) (10.18%)
v-myc avian
myelocytomatosis 140/ 4,178 1595 / 4,487 102 / 4,487
-MY . 140/ 10,202
c-Myc viral oncogene (3.35%) 01620 (35.55%) (2.27%)
homolog
MAX dimerization 121/ 4,178 303/ 4,487 146 / 4,487
Mxb1 protein 1 (2.90%) 121/10,202 (6.75%) (3.25%)
MAX network
. 110/ 4,178 237 / 4,487 316/ 4,487
MNT trarr;s';:rrler;';frnal (2.63%) 110/ 10,202 (5.28%) (7.04%)
MLX, MAX
. L 89/4,178 273 /4,487 370/ 4,487
MLX d t ! 89 /10,202 ! !
'";‘:;'tzeair:m (2.13%) /10, (6.08%) (8.25%)
MAX interactor 1
. . ’ 82/4,178 263 / 4,487 539/ 4,487
Mxi1 d'";‘:;'tzeaitnm" (1.96%) B A (5.86%) (12.01%)
MAX dimerization 40/ 4,178 408 / 4,487 239 /4,487
MXD4 protein 4 (0.96%) 40/10,202 (9.09%) (5.33%)
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CHAPTER 2

MYC INDEPENDENT ROLE OF MGA IN NEURAL CREST SPECIFICATION DURING
ZEBRAFISH EARLY EMBRYONIC DEVELOPMENT!

! Munisha, M., Tseng, WC., Aston, A., Dougan, ST. To be submitted to Developmental Dynamics
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ABSTRACT

During early embryogenesis, cells gradually transition from a rapidly proliferating
pluripotent state into a non-dividing, differentiated state. A large number of transcription factors
and signaling pathways are involved in mediating this process, but the key triggers are still
unknown. Max’s giant associated protein (Mga) promotes pluripotency in mouse embryos and
mouse embryonic stem cells (ESCs). Here we identify a novel role of Mga in promoting cell fate
specification during zebrafish early embryonic development. Depletion of Mga from 1-cell stage
embryos using antisense morpholinos results in defects in various lineages of the neural crest
derivatives. This appears to be due to reduced neural crest specification at the neural plate
border. Suppression of Mga results in increased Myc activity and consequently increased
expression of Myc target genes in vivo. This is consistent with Mga’s role as a Myc antagonist in
cell culture. However, reduced specification of neural crest cells in Mga depleted embryos is not
due elevated Myc as suppression of Myc activity is not sufficient to rescue neural crest defects.
We found that Bmp signaling is decreased in mga morphants during gastrulation. These results
suggest that Mga promote neural crest specification by regulating Bmp signaling. Therefore, we
propose that Mga acts as a molecular switch in the naive ectoderm to promote neural crest fate

rather than survival of neural crest population in zebrafish.

INTRODUCTION
In vertebrates, embryonic development is characterized by rapid proliferation of
pluripotent cells during blastula stage and gradual restriction of potency during gastrulation

through which ectoderm, mesoderm and endoderm are specified. As development continues,
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cells further restrict their lineages and potencies to take on specific functions. However, even in
terminally differentiated adult tissues, some cells remain to be multipotent, which render them
the ability to self-renew and in the meantime differentiate into cells in their own lineage.
Understanding the underlying mechanism of how pluripotency or multipotency is maintained
and how cells switch from more pluripotent to less potent or differentiated state in the
developing embryos will not only contribute substantially to our knowledge in embryonic
development but also shed more lights on the pathogenesis of cancer. (Kim & Orkin, 2011;
Klimczak, 2015)

Neural crest cells are unique population of multipotent stem cells that arise in the
ectodermal germ layer, more specifically at the neural plate border between neural and non-
neural ectoderm, during late gastrulation. Although transient, neural crest cells have the ability to
differentiate into a wide variety of cell types of ectodermal and mesodermal origin, including
neurons and glia of the peripheral nervous system, chromaffin cells in the adrenal medulla,
craniofacial cartilages and bones, adipocytes, cardiac muscles, melanocytes as well as connective
tissues. (Simdes-Costa & Bronner, 2015) The potential of neural crest cells to take on cross-
lineage cell fates raises the question of how these population of cells acquire their fate from
naive ectoderm. The classic model of neural crest formation states that the initial induction event
through combinatorial action of key developmental signaling pathways emanating from the
surrounding tissues, such as BMP, WNT and FGF signaling pathways, results in the
establishment of neural plate border between neural and non-neural ectoderm.(Betancur,
Bronner-Fraser, & Sauka-Spengler, 2010) The combined action of these signaling pathways

leads to a cascade of transcriptional activation of gene regulatory network (GRN) that specify
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neural crest cell fate. (Betancur et al., 2010) However, the exact mechanism of how and when the
initial signaling induction events specify neural crest at the neural plate border is still unknown.

Here we identified a novel role of pluripotency factor Max Gene Associated protein
(MGA) in early neural crest specification. MGA 1is a transcription factor in the family of MAX
interacting network of transcription factors. Proteins in this network contain a conserved C-
terminally located bHLHZip domain that directs sequence specific binding to the E-box elements
of target genes. (Peter J. Hurlin & Huang, 2006) MGA is a unique member of the MAX
interacting network in that it contains another DNA binding motif, T-box domain, in addition to
the bHLHZip domain. (P J Hurlin, Steingrimsson, Copeland, Jenkins, & Eisenman, 1999) MGA
is initially identified for its ability to bind to MAX (MYC Associated Factor X) and inhibit MYC
dependent cell-cycle progression and promote exit from the cell-cycle and differentiation. (P J
Hurlin et al., 1999) Consistent with its role as a MYC antagonist, loss of MGA has been found in
many human cancers including colorectal cancer and the malignant transformation of chronic
lymphocytic leukemia known as the Richter Transformation. (De Paoli et al., 2013; Jo, Kim,
Yoo, & Lee, 2016) Given its involvement in tumorigenesis, MGA remains to be the least studied
member of the MAX interacting network compared to the other proteins in the family.

In contrast to promoting differentiation, Mga is also shown to be essential for
pluripotency maintenance both in vivo and in vitro. (Hu et al., 2009; Washkowitz et al., 2015)
Knocking down Mga from mouse embryonic stem cells (ESCs) leads to decreased expression of
pluripotency factors such as Oct4 and Nanog. (Hu et al., 2009) Mga also interacts with core
pluripotency factor Oct4 in mouse ESCs. (van den Berg et al., 2010) Mouse embryos lacking
functional Mga die before implantation due to failure of the ICM to maintain pluripotency.

(Washkowitz et al., 2015) The authors proposed that the decreased expression of a rate limiting
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enzyme, Ornithine Decarboxylase 1(Odc1) in the polyamine synthesis pathway contributed to
the loss of pluripotent cells in Mga mutants. (Washkowitz et al., 2015) Given the fact that
putrescine, downstream product of Odcl, partially rescued cell survival in ICM, it’s possible that
Mga may regulate pluripotency maintenance through other mechanisms that are currently
unknown. Furthermore, it’s unclear how Mga can promote differentiation in certain cells and
maintain pluripotency in a different type of cells.

Due to early embryonic lethality in mouse, and with an aim to address the above
questions, we used zebrafish embryos to study Mga function during early embryonic
development. Using gene knockdown and knockout methods, we found that Mga is essential for
early embryonic development. Knocking down Mga from 1-cell stage embryos with a high dose
morpholinos resulted in early embryonic lethality. With a lower dose, we were able to generate
highly reproducible phenotype involving defects in the neural crest derivatives, including
melanocytes, craniofacial cartilages and peripheral and enteric nervous system. We were also
able to generate mga null alleles using CRISPR/Cas9 system. Although our mutants fail to show
phenotypes present in the morphants, we found similar molecular changes in mga mutants to a
lesser degree. We believe that the lack of severity in mga mutants is possibly due to genetic
compensation as previously proposed. (El-Brolosy et al., 2019; Kok et al., 2015; Ma et al., 2019)

Nonetheless, we found that neural crest defects seen in Mga depleted embryos were due
to reduced specification of neural crest progenitors resulting from decreased Bmp signaling. This
is consistent with our previous finding where Mga positively regulates bmp2b expression in the
extraembryonic yolk syncytial layer. (Y. Sun, Tseng, Fan, Ball, & Dougan, 2014a) Consistent
with Mga’s function as a Myc antagonist, we also found that Myc activity is elevated upon

suppression of Mga. While both Myc and Bmp signaling is involved in early neural crest
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development, we found that suppression of Myc activity is not sufficient to rescue neural crest
defects. Our data suggest that Mga promotes specification of early neural crest cells by positively
regulating Bmp signaling which is independent of Myc activity. In addition, our study provides
an evidence for Mga acting as a molecular switch between pluripotency maintenance and
differentiation in cells at the neural plate border and promoting neural crest fate by regulating

Bmp signaling.

MATERIAL AND METHODS

Zebrafish care

Both wild type (WIK) and mutant fish lines are maintained at 28.5°C in the fish facility
according to Animal Use Protocol (AUP) approved by the University of Georgia IACUC
committee (A2017 08-020-Y3-A0). Embryos were collected using single or multiple pair mating
and were kept at 28.5°C in egg water (60pg/ml Instant Ocean Sea Salt Mix, 0.3pg/ml Methylene

Blue). Embryos were staged as previously described. (CB, WW, SR, B, & TF, 1995)

Generation of mga mutants

For the generation of mga mutants, target site (5’-GGAAGGTGGAGTGGTTGT-3") was
identified using online gRNA designing web tool ZiFiT target finder. (Sander et al., 2010;
Sander, Zaback, Joung, Voytas, & Dobbs, 2007) Two DNA oligos (Forward: 5°-

TAGGAAGGTGGAGTGGTTGT-3’; Reverse: 5°- AAACACAACCACTCCACCTT
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-3’) containing the target site were used to clone into pT7-gRNA plasmid. Single gRNAs were
then transcribed using MEGAshortscript T7 transcription kit (Thermo Fisher Scientific, Cat#
AM1354) according to manufacturer’s protocol. sgRNA were purified using ethanol
precipitation and dissolved in nuclease free water. Capped cas9 mRNA is transcribed using
mMessage mMachine SP6 transcription kit (Invitrogen™ AM1340) using pCS2-+-nls-zCas9-nls
plasmid which is linearized with Notl and phenol-chloroform purified prior to in vitro
transcription. 100pg of single gRNAs and 150pg of cas9 mRNA together with 0.1% phenol red
and 0.2M KCI1 were injected directly into the single cell of 1-cell stage embryos. Embryos were
then raised to adulthood and genotyped for possible indel mutations. mga*/?!~~ was genotyped
by analyzing PCR products generated from primer pairs mgaT100F (5°-
CATTAGATTAGCCTTGTCATT -3’) and mgaT100R (5’- CATGAAGAGGGCGTGACTG -

3’)on a 15% PAGE gel.

Morpholino injections

Two translation blocking morpholinos (mgaTLIMO: 5’-
ACCCTGTTTCTCTGTATCGGCC-3’ and mgaTL3MO: 5’-
TCTGGATAGCTTCTGACCCTCTCAC-3’-Lissamine) were used to knockdown Mga. A total
amount of 1.6ng of mgaTLIMO and mgaTL3MO together with 2.4ng of p53MO (5°-
GCGCCATTGCTTTGCAAGAATTG-3’) were injected into 1-cell stage embryos. For control,
1.6ng of mismatch morpholinos (mgaTL1misMO: 5’- ACgCTcTTTgTCTcTATCGcCC-3’;
mgaTL3misMO: 5°- TCaGcATAGETTCTcACgCTCTCAC-3’) were injected with 2.4ng of
p33MO. Microinjections were carried out as previously described. (Vickaryous & Mclean, 2011)

Injected embryos were kept at 28.5°C until desired stage for further analysis.
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In vitro transcription

Zebrafish mxd3 full-length cDNA (GE Lifesciences) was cloned into BamHI and Xbal
sites of pCS2+ expression vector using In-Fusion® HD Cloning Plus Kit (Clontech) following
the manufacturer’s protocol. Primers used for cloning mxd3 are Mxd3 IF_F: 5°-
TCTTTTTGCAGGATCCAAACATCTTATTATTCGAAAATGGAG -3’; Mxd3 IF_R: 5’-
TCACTATAGTTCTAGATCATAACCAGGCGTGATCCGA -3°. Mouse full-length mga
cDNA was cloned into pCS2+ vector. For microinjection controls, pCS2+-n/-gal construct is
used to make full-length fgalactosidase (f-gal) mRNA. All plasmids are linearized with Notl
and were used as a template for in vitro transcription. For transcribing capped mRNA, mMessage
mMachine SP6 transcription kit (Invitrogen™ AM1340) was used according to manufacturer’s
protocol. Transcribed mRNAs were purified using LiCl and dissolved in nuclease free water and
stored in -80°C for future injections. For rescue experiments, 100pg of mouse mga mRNA or
same amount of #gal mRNA were injected into 1- to 2 - cell stage embryos along with MOs as
described earlier. For suppressing Myc activity, 200pg of Zebrafish mxd3 mRNA or same
amount of fgal mRNA were injected into 1- to 2 - cell stage embryos along with MOs as
described. Microinjections were carried out as previously described. (Vickaryous & Mclean,

2011) Injected embryos were kept at 28.5°C until desired stage for further analysis.

RT-PCR and gRT-PCR

Total RNA was extracted at desired stages using TRIzol™ Reagent (Invitrogen™, Cat #:
15596026) For each experimental and control group, total number of 10 to 20 embryos were
used based on the developmental stage. Total RNA was dissolved in nuclease free water,

quantified using NanoDrop 2000 (Thermo Scientific™) and stored at -80°C until use. Extracted
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total RNA was treated with DNasel (Roche, Cat #: 04716728001) at 37°C for 15 minutes. cDNA
was synthesized using RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific™ Cat #:
K1622) following manufacturer’s protocol. For subsequence PCR analysis, 1ul of 10X diluted
cDNA in nuclease free water was used as template. Primers used for evaluating mga transcripts
in mgas?!”-: MgaEx14F: 5'-CAGCCCGGTCCCCATTGG-3'; MgaEx14R: 5'-
CCAGAGGCAGGCTGGGTGAC-3"; zGAPDH-Long F1: 5'- CGTCTGGTGACCCGTGCTGC-
3'; zGAPDH-Long R1 5'-TGGGGGTGGGGACACGGAAG-3'. PCR conditions for RT-PCR:
94°C for 2min, 94°C for 30sec, 63°C for 30sec, 72°C for 45sec, 35 cycles, 72°C for Smin. PCR
products were visualized using 1.5% agarose gel. For analyzing Myc target gene expression
levels: qPCR was performed with Applied Biosystems™ 7500 Real-Time PCR System using
PowerUp™ SYBR™ Green Master Mix (Applied Biosystems™, Cat #: A25742) following
manufacturer’s protocol. Primers used for qPCR: id2RTF: 5°-
CGTGATGAAACCTTGTGAACTCT-3’; id2RTR: 5°-
TCTCAGCATACAGCATAACACTTTG-3’; cdc25bRTEF: 5°-
AGTGGAGAGGCTGTTTGTTATCG -3’; cdc25bRTR: 5°-
GGGCAGTCAGGGAGAATAGGA-3’; 0odc1RTF: 5’- TACACACTGGCGGTCAACATCA-3’;
0odc1RTR: 5’- TCGGTCATTGGACACATCCTCT-3’; ccnd1RTF: 5°-
CCAGAACCTCACCAACTTCCTC-3’; cendlRTR: 5°- GACTCGATCTGTTCCTGACACG-
3’; cebpaRTF: 5°- CGAGTTCCTGGCTGACTTATTCC-3’; cebpaRTR: 5°-
TTCTTGCTTGGCTGTCGTAGATG-3". Np63F: 5’- AATGGTGCCTTCATCCCACTGC - 3’;

Np63R: 5°- CCTCAACAGGAAACTGGAAATGC -3°.
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TUNEL Assay

Programmed cell death in embryos were analyzed using DeadEnd™ Fluorometric
TUNEL System (Promega, Cat#: G3250). Embryos are fixed at desired stage with 4% PFA at
4°C overnight. Fixed embryos were then dechorionated, rinsed twice with 1X PBS, gradually
dehydrated with serial dilution of Methanol (25%, 50%, 75%) in PBST (1X PBS with 0.5%
Tween-20), and stored in 100% Methanol at -20°C until use. For TUNEL assay, embryos were
rehydrated with serial dilution of Methanol in PBST and rinsed twice with 1X PBS. 20pug/ml
Proteinase K (in 1X PBS) was added to permeabilize embryos and were incubated at room
temperature for 10 minutes. Permeabilized embryos were fixed again in 4%PFA for 20min at
room temperature to quench Proteinase K activity. Embryos were then incubated with
Equilibrium Buffer at room temperature for 10 minutes. Cell death was detected using the
mixture of fluorescein-12-dUTP and Terminal Deoxynucleotidyl Transferase (TdT). Embryos

were counterstained with DAPI (Invitrogen™, Cat#: D1306) to visualize the nuclei.

Phospho-Histone 3 Staining

Wild type and mgas*’?!"- embryos were fixed at 24hpf with 4% PFA at 4°C overnight.

Fixed embryos were dehydrated in 100% Methanol and stored at -20°C until use. Embryos were
then gradually rehydrated using serial dilution of Methanol (75%, 50%, 25%) in PBST (1XPBS
and 0.1% Tween-20). After permeabilization with acetone at -20°C for 7 minutes, embryos were
washed with water once and twice with 0.5%TritonX-100 in 1XPBS at room temperature.
Embryos were then incubated with Antibody Blocking Solution (2% BSA, 0.5% normal goat
serum, 1% DMSO, 0.5% Triton X-100 in PBS) at room temperature for 2 hours. Proliferating

cells were detected using p-Histone H3 Antibody (Ser 10) (diluted to 1:200 in antibody blocking
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solution; Santa Cruz Biotechnology; sc-8656-R) at 4°C overnight. After washing three times
with 0.5% Triton X-100 in PBS, samples were then incubated with secondary antibody goat anti-
rabbit IgG (H+L) conjugated to Alexa Fluor 488 (1:300 in antibody blocking solution, Thermo
Fisher Scientific, catalog # A-11008) at room temperature for 2 hours. After the incubation,
embryos were rinsed three times with 0.5% Triton X-100 in PBS. Embryos were counterstained

with DAPI (Invitrogen™, Cat#: D1306) to visualize the nuclei.

Luciferase Assay

Both pT2-Luci-4XEbox (from Dickmeis Lab, Karlsruhe Institute of Technology,
Germany) and pRL-TK were prepared using QIAGEN midi-prep kit prior to injection. 25pg of
each luciferase vectors were injected along with mgaMOs or misMOs into WIK embryos at 1-
cell stage. Injected embryos were collected for subsequent analysis at desired stages. Luciferase
activity was measured using Dual-Luciferase® Reporter Assay System (Promega, Cat #: E1910)
according to manufacturer’s protocol with slight adjustments. Briefly, embryos injected with
luciferase constructs were dechorionated at desired stages and placed into 96-well plates with
approximately 10 embryos in each well. Embryos in each well were incubated with 20ul of
passive lysis buffer for 15-20 minutes at room temperature. Firefly and Renilla luciferase activity
were then measured using Synergy H4 Hybrid Multi-Mode Microplate Reader (BioTek
Instruments, Inc.). For measuring firefly luciferase activity, 100ul of Luciferase Assay Reagent
IT was added to the embryo lysates. After measuring firefly luminescence, 100ul of Stop & Glo®
Reagent was added to each well for measuring Renilla luminescence. Luciferase assay was

performed in three biological replicates with three technical replicates for each experiment.
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Whole Mount in situ Hybridization (WISH)

Antisense RNA probes used in this study are tfap2a, mitfa, islet! (from Schilling Lab,
UCI, CA, USA), hand2, snailb (from Yelon Lab, UCSD, CA, USA), phox2bb (from Shepherd
Lab, Emory University, GA, USA), ifabp, tfa (from Gong Lab, NUS, Singapore), sox10, foxd3,
chordin and thx6. DIG-labeled antisense RNA probes were synthesized using DIG RNA
Labeling Kit (SP6/T7) (Roche, Cat #: 11175025910) following manufacturer’s protocol. WISH
was performed as previously described. (Vickaryous & Mclean, 2011) Probed embryos were
incubated with 1:3000 dilution of Anti-Digoxigenin-AP, Fab fragments (Roche, Cat #:
11093274910) in antibody blocking solution at 4°C overnight. Embryos were kept in the dark in
NTMT solution (100mM Tris-HCIL, pH9.5, 50mM MgCl12, 100mM NaCl, 0.1% Tween-20) with
BCIP/NBT (Roche, Cat #: 11383221001/11383213001,) for 1 to 4 hours at room temperature for

color development.

Alcian Blue Staining (Wei-Chia)

Zebrafish larvae were collected at 120hpf. For maintaining optical clarity, 0.003% 1-
phenyl 2-thiouracil (PTU) was added into the egg water at 22hpf to inhibit skin pigmentation.
After collection, larvae were fixed with 4% paraformaldehyde in 1X PBS overnight at 4°C.
Fixed larvae were stained overnight at room temperature with 0.1% Alcian Blue 8GX (A3157,
Sigma-Aldrich, St Louis, MO) in acid alcohol. Stained larvae were differentiated in acid alcohol
and rinsed with distilled water until background was clear. For whole mount imaging, stained
larvae were cleared with glycerol in 1% KOH solution and mounted in 80% glycerol. For
cartilage dissection, stained larvae were rehydrated and rinsed with saturated sodium tetraborate

solution. Larvae were digested in trypsin solution at room temperature until tissues turned loose.
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Craniofacial cartilage dissection was carried out by gently removing surrounding tissues with

fine forceps.

L-DOPA Staining (Wei-chia)

22hpf embryos were dechorinated and fixed with 4% paraformaldehyde in 1X PBS at
room temperature for 2 hours. Fixed embryos were rinsed 5 times with 1X PBS. Embryos were
then incubated with 0.1% 3,4-Dihydroxy-L-phenylalanine (L-DOPA) (D9628, Sigma-Aldrich,
St. Louis, MO) in 1X PBS at 37°C for 1.5 to 2.5 hours. The reaction was stopped by rinsing
embryos 3 times with 1X PBS when the staining reached desired intensity. Finally, embryos

were stored in 80% glycerol for photography.

Western Blot (Wei-chia)

Total embryonic lysates were prepared from 8hpf embryos. 100ul RIPA Buffer (R0278,
Sigma-Aldrich, St. Louis, MO) was added to 200 deyolked embryos for the protein extraction.
BCA Assay Kit (23227, Thermo Scientific, Rockford, IL) was used to determine the
concentration of each lysate. SDS-PAGE was carried out on a 4%-20% precast gel (456-1094,
Bio-Rad Laboratories, Hercules, CA), with 20ug total protein loaded in each lane. After
transferring to Hybond-P PVDF membranes (RPN303f, GE Healthcare, Piscataway, NJ), the
membranes were incubated with either polyclonal rabbit anti-Mga antibody (1:500, AbMart,
Shanghai, China) or 12G10 mouse monoclonal anti- a-tubulin antibody (1:500) at 4°C overnight.
Either HRP-conjugated goat-anti rabbit IgG (1:3,000, SC-2004, Santa Cruz Biotechnology,
Dallas, TX) or HRP-conjugated goat-anti mouse IgG (1:3,000, A5278, Sigma-Aldrich, St. Louis,

MO) was used as secondary antibodies. After antibody incubation, bands were developed and
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detected with the Western Blot ECL Substrate (170-5060, Bio-Rad Laboratories, Hercules, CA)

and X- OMAT LS films (864-6770, Carestream, Rochester, NY).

Imaging

For fluorescent imaging, embryos were mounted in 80% glycerol on raised coverslip
microscope slides. Fluorescent images were taken using Zeiss AXIO Imager D2 compound
fluorescence microscope with Colibri.2 LED light source and AxioCam HR CCD camera (Carl
Zeiss, Jena, Germany). For live imaging, embryos were mounted in 3% Methyl Cellulose in
microscope slides with single concave. Pictures were taken using Leica MZ FLIII
stereomicroscope (Leica Microsystems, Germany) and Moticam 5 (CMOS) 5.0MP camera
(Motic Asia, Hong Kong). WISH signals were photographed using Zeiss Axioplan 2 compound

microscope (Carl Zeiss, Germany) and RETIGA EX CCD camera (QImaging, Canada).

RESULTS

1. Generation of mga mutants using CRISPR/Cas9 system

To study Mga function during early embryonic development, we generated mutants that
are null for mga using sgRNA targeting the coding region of the T-box domain. (Figure 2.1A)
We successfully identified four different alleles with indel mutations. (Figure 2.1B) Among these
four alleles, two of them, mga%*?!"- and mga¢*/*?!"~, are potentially null. mgas*'*!*~ allele is a 5bp
deletion resulting in a frameshift mutation and multiple stop codons leading to a truncated

aga]Z]—/—

protein without functional T-box domain. Zygotic mg, embryos are indistinguishable from
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the wild type. (Data not shown) Mga is expressed both maternally and zygotically in Zebrafish
embryos. (Y. Sun et al., 2014a) To prevent the maternal contribution of Mga in early embryonic

gal2l-- adults to obtain maternal zygotic mga null embryos.

development, we in-crossed Zmga
Surprisingly, Maternal zygotic mga%*?!"- (MZmga%*'*'-") embryos develop normally just as their
wild type counterparts except for developmental delay (Figure 2.1C-F). Developmental delay
could be resulted from reduced proliferation or increased apoptosis. We first analyzed cell
proliferation profile using anti-phospho-Histone H3 (pH3) antibodies. We found that there is no
significant difference in the number of proliferating cells in MZmga%*?!"~ and in the wild type
embryos at 24hpf. (Figure 2.2 C, D) To test for increased cell death, we performed TUNEL assay
in both wild-type and MZmga%**!"* embryos at 24hpf. MZmgas*!?!”- showed increased TUNEL
positive apoptotic cells when compared to the wild type. (Figure 2.2 A, B) These data indicate
that the developmental delay in mga mutants is due to increased cell death as opposed to reduced
proliferation.

We reasoned that the lack of severity in our mutants may be due to genetic compensation.
Multiple reports have shown that mutants generated by CRISPR/Cas9 system did not recapitulate
or showed less severe phenotypes than those in knockdown assays in Zebrafish. (Kok et al.,
2015; Place & Smith, 2017; Rossi et al., 2015) This is due to genetic compensation mechanism
triggered by non-sense mediated decay (NMD) of mutant mRNAs which consequently
upregulates the expression of homologous and/or downstream genes. (EI-Brolosy et al., 2019)
We analyzed mga transcript level by RT-PCR in wild type and MZmgas*'?!-" at different
developmental stages. In wild type embryos, mga transcripts were seen at blastula stage
confirming maternal expression. (Figure 2.2E) mga expression seems to be increased during

gal2l-/-

gastrulation as well as at later stages. (Figure 2.2E) In MZmga on the other hand, mga
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expression is consistently low when compared to wild type siblings at all stages. (Figure 2.2F)
This suggest the possibility of NMD in mga mutants, and that compensation by genes that are
similar to mga may explain the lack of severe phenotype in our mutants. However, further
identification of mga homologous genes or evaluation of its downstream targets is needed to
confirm that genetic compensation is present in mga mutants. Therefore, we used translation
blocking morpholinos to knockdown Mga protein for subsequent analysis of Mga function in

Zebrafish development.

2. Mga is required for normal pigmentation in Zebrafish

To suppress Mga expression, we used two translation blocking morpholinos (mgaTLIMO
and mgaTL3MO) as previously described. (Y. Sun et al., 2014a) Majority of the embryos co-
injected with both morpholinos at an amount of 3.2ng or 2.8ng along with 2.4ng p53MO die
before 24hpf. In contrast, control embryos injected with the same amount of mismatch
morpholinos (misMOs) development normally. (Figure 2.3A) An amount of 1.6ng of mgaMOs
showed less toxicity and viable embryos showing highly reproducible phenotypes described
below. Embryos injected with mgaMOs developed slowly in the first 24 hours with an
approximately 1-2 hours delay compared to misMOs injected embryos. (Tseng, 2015) However,
developmental delay was not so evident after 24hpf. At 32hpf, embryos injected with mgaMOs
developed severely reduced pigmentation while control embryos develop normal pigments.
(Figure 2.3B, C) In addition, pigmentation is affected early during melanoblast development. At
22hpf, there’s decreased tyrosinase positive melanoblasts. (Figure S2.1A, B) Expression of the
early melanoblast marker, mitfa, is also reduced in mgaMOs injected embryos at 22hpf. (Figure

S2.1C, D) To assess if reduced pigmentation is specifically due to loss of Mga function, we co-
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injected mgaMOs with 100pg of mouse mga mRNA or 100pg of B-galactosidase (f-ga/) mRNA
into 1-cell stage embryos. Loss of pigmentation was significantly rescued by mouse mga mRNA
in Mga depleted zebrafish embryos (Figure 2.3E) while injection of f-ga/l mRNA cannot (Figure
2.3D, F). Furthermore, Mga protein level is reduced almost by half relative to the control.
(Figure 2.3G, H) Taken together, low dose mgaMOs that we used are able to knock down Mga

expression in zebrafish embryos.

3. Mga depletion also results in defects in other neural crest derivatives

Decreased early melanoblast population in mga morphants raises the possibility of early
neural crest migration or specification defects due to loss of Mga function. Neural crest cells
arise at the border of neural plate. As neural tube closes, cells at the neural plate border undergo
epithelial to mesenchymal transition (EMT). This transition allows them to delaminate from the
dorsal neural tube, migrate to various destination in the embryo and give rise to a diverse
population of cells including melanocytes, craniofacial cartilages, neurons of the peripheral
nervous system (PNS) as well as the enteric nervous system (ENS). We next examined whether
other lineages of neural crest cells are affected by the loss of Mga. We visualized craniofacial
cartilages using Alcian blue staining of 5dpf embryos injected with either mgaMOs or misMOs.
Embryos depleted from Mga showed craniofacial cartilages that were severely disorganized and
decreased in size compared to control. (Figure 2.4A-F) More specifically, the size of Meckel’s,
palatoquadrate, hyosymplectic, and ceratohyal cartilages were greatly reduced. Ceratobrachial 1-
5, basihyal, and basibrachial cartilages were missing. (Figure 2.4C-F) Craniofacial cartilages
develop from pharyngeal arches which is populated by migrating cranial neural crest cells.

(Kara, Wei, Commanday, & Patton, 2017) Expression of two craniofacial cartilage precursor
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markers, dix2a and hand?2, can be seen in the pharyngeal arches in control embryos at 36hpf.
(Figure S2.2A, C) However, dix2a and hand?2 expression is greatly reduced and is limited to the
pharyngeal arches 1 and 2 in mga morphants at the same developmental stage in the control.
(Figure S2.1B, D)

In addition to craniofacial cartilage defects, we found that the expression of islet/ and
phox2bb, which are markers for PNS and ENS respectively, is decreased in mga morphants
compared to the control. (Figure 2.4G-J) This suggests that development of PNS and ENS are
also affected in mga morphants. Taken together, loss of Mga function resulted in defects in the

development of at least four different lineages of neural crest derivatives.

4. Mga antagonizes Myc activity in zebrafish embryos

In cell culture, Mga antagonizes Myc activity by binding to Max and preventing Max
from forming a transcriptional activator complex with Myc. (Blackwood & Eisenman, 1991; P J
Hurlin et al., 1999) As Myc family proteins are also involved in neural crest development in
Zebrafish, Xenopus and Chicks, we hypothesize that neural crest defect in mga morphants is due
to dysregulation of Myc. (Bellmeyer, Krase, Lindgren, & LaBonne, 2003; Hong, Tsang, &
Dawid, 2008; Kerosuo & Bronner, 2016) To test this hypothesis, we co-injected Firefly reporter
construct containing Myc response elements (Figure 2.5C) with either mgaMOs or misMOs into
1-cell stage embryos. The Firefly and Renilla luminescence were measured at 8hpf, 24hpf, and
31hpf. Firefly/Renilla ratio is increased by 2-fold and 1.7-fold at 24hpf and 3 Lhpf respectively in
mgaMOs injected embryos compared to the control. No significant difference is observed at
8hpf. (Figure 2.5D) This shows that Myc activity is increased in mga morphants. To see if

increased Myc activity has any functional consequence, we analyzed the expression of Myc
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target genes at 24hpf using qRT-PCR. Consistent with the increased Myc activity, four out of the
five Myc target genes, id2, cdc25b, odcl and cyclindl, showed significantly increased expression
when Mga function is suppressed. (Figure 2.5E)

We asked how an increased Myc activity contributes to defects in the developing neural
crest population. As overexpression of Myc results in increased programmed cell death, we
hypothesize that increased apoptosis may account for the loss of neural crest progenitors in mga
morphants. To investigate cell death, TUNEL assay was performed in mga morphants as well as
in control embryos at 22hpf. mgaMOs injected embryos showed increased apoptosis in the
cranial and dorsal regions corresponding to the regions where pre-migratory and migratory
neural crest cells are located. (Figure 2.5B) Control embryos injected with misMOs, on the other
hand, showed very few apoptotic cells in the same regions. (Figure 2.5A) It’s possible that
defects in neural crest derivatives are resulted from decreased survival of early neural crest
progenitors. However, this doesn’t rule out Mga’s involvement in the specification of early

neural crest progenitors.

5. Mga acts early during neural crest development

Neural crest cells arise at the neural plate border which is specified as early as late
gastrulation. Mga is broadly expressed at this stage. (Rikin & Evans, 2010; Y. Sun et al., 2014a)
To investigate whether loss of Mga function affects early neural crest progenitors, we visualized
the expression pattern of early neural crest markers using in situ hybridization at 3-somite stage.
Embryos that are depleted from Mga showed decreased expression of foxd3 (Figure 2.6A, B),
tfap2  (Figure 2.6C, D), snailb (Figure S2.4C, D) as well as sox10 (Figure S2.4A, B) in the

neural plate border at 3-somite stage compared to those in control. Reduced expressions of these
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markers were persisted at 8-somite stage. (Figure S2.5) Interestingly, expression levels of foxd3
(Figure 2.6F) and tfap2a (Figure 2.6H) at 3-somite stage were slightly reduced in MZmgas®?!--
compared to the wild type (Figure 2.6E, G). Lack of neural crest phenotype in the mutants may
suggest that they somehow recover at later stages. Nonetheless, these data collectively support

Mga function during early neural crest specification at the neural plate border.

6. Depletion of Mga leads to disruption of Bmp signaling activity

It’s been shown that Bmp signaling play an important role in the early induction of
presumptive neural crest during late gastrulation. (Betancur et al., 2010; Simoes-Costa &
Bronner, 2015) Previous study showed Mga positively regulates bmp2b expression through the
formation of transcriptional complex with Smad4 and Max. (Y. Sun, Tseng, Fan, Ball, &
Dougan, 2014b) Therefore, we hypothesize that abnormal neural crest specification in mga
morphants is due to altered Bmp signaling. To investigate whether Bmp signaling is affected by
loss of Mga, we analyzed the expression of Bmp antagonist, chordin, at 8hpf using in situ
hybridization. We found that chordin expression is expanded slightly to the ventrolateral side in
mgaMOs injected embryos at 75% epiboly when compared to the control embryos. (Figure 2.7A,
B; Figure S2.4A, B) In addition, expression of thx6, a Bmp target gene, is decreased in mga
morphants at 75% epiboly. (Figure 2.7C, D; Figure S2.4C, D) Furthermore, expression of Anp63,
another direct Bmp downstream target, is significantly decreased by 70% in mga morphants
relative to the control at 75% epiboly. (Figure 2.7E) These data indicate that depletion of Mga
from 1-cell stage embryos led to a decreased Bmp activity which may further perturb early

induction events during neural crest development.
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7. Suppression of Myc activity is not sufficient to rescue neural crest phenotype

We have shown that suppression of Mga function results in decreased Bmp activity
during mid-gastrulation, which may contribute to defective neural plate border specification.
However, depletion of Mga may also affect survival of neural crest progenitors due to increased
apoptosis mediated by unopposed Myc activity. To resolve the underlying mechanism of how
Mga function during neural crest development, whether by negatively regulating Myc or by
positively controlling Bmp signaling, we overexpressed another known Myc antagonist, mxd3, in
mga morphants. Mxd3 is one of the members of the Max interacting transcription factor family,
and is shown to antagonize Myc by competitively binding to Max. (Peter J. Hurlin & Huang,
2006) We co-injected either 200pg of mxd3 mRNA or equal amount of ~gal mRNA with
mgaMOs into 1-cell stage embryos, and monitored embryos for possible neural crest phenotype.
At 32hpf, mga morphants injected with mxd3 mRNA still lacked pigmentation just as embryos
injected with /-gal mRNA or as embryos injected with mgaMOs alone. (Figure 2.8 A-D) To
confirm that the failure of mxd3 to rescue pigmentation defect is not due to shorter half-life or to
other technical issuea, we analyzed the expression level Myc target genes in mxd3 overexpressed
mga morphants. At 24hpf, mxd3 is able to suppress not all but some of the increased Myc targets,
such as odcl and cyclindl. (Figure 2.8E) Furthermore, mxd3 overexpressed embryos showed less
TUNEL positive apoptotic cells compared to gal injected mga morphants or emrbyos injected
with mgaMOs alone. (Figure 2.8F-I) These data indicate that suppression of Myc activity is not
sufficient to rescue neural crest defect in Mga depleted embryos. It’s highly likely that Mga
function during early neural crest specification by regulating Bmp signaling, and that Mga

involvement in neural crest is independent of its role as a Myc antagonist.
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DISCUSSION

Neural crest cells are a group of unique migratory multipotent stem-cells that develop
from the neural plate border in all vertebrates. Molecular mechanism of early neural crest
induction, specification, migration and differentiation has been extensively studied in different
model organisms. (Simdes-Costa & Bronner, 2015) Here we report a novel regulator of neural
crest development during zebrafish early embryogenesis. Knocking down Mga from 1-cell stage
embryos resulted in defects in the development of neural crest derivatives, including loss of skin
pigmentation, abnormal craniofacial cartilages as well as abnormalities in the PNS and ENS as
shown by the decreased expression of precursor markers, islet/ and phox2bb. Given that these
defects can be rescued by overexpressing mouse mga mRNA, we conclude that neural crest
abnormalities seen in mgaMOs injected embryos are specifically due to loss of Mga function.

Although loss of skin pigmentation was reported in a previous study, the underlying
mechanism has never been explored. (Rikin & Evans, 2010) We found that this is due to defects
in the early specification of neural crest cells. Expression of neural crest markers, such as foxd3,
sox10, tfap2a, and snailb is decreased at the neural plate border in mga morphants at 3-somite
stage. (Figure 2.6A-D, Figure S2.3A-D) Although mild, expression of foxd3 and tfap2a is also
decreased in MZmga2*'?!"~ embryos. (Figure 2.6E-H) Slight reduction in neural crest specifiers in
the mutants may not be enough to drive morphological changes. Decreased mga transcript levels
may suggest the possibility of genetic compensation. Therefore, it’s likely that increased
expression of other genes that are similar to Mga or downstream of Mga may be compensating
for the loss of Mga function. (El-Brolosy et al., 2019)

In zebrafish, Mga regulates bmp2b expression in the extraembryonic yolk syncytial layer

by forming transcriptional complex with Smad4 and Max. (Y. Sun et al., 2014a) In the
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cytoplasm, Mga also binds to Bs69 preventing it from binding to BMP type I receptor (Bmprla)
and lifting the inhibitory effect of Bs69 on Bmp signal transduction. (X. Sun et al., 2018) We
found that depletion of Mga from 1-cell stage embryos resulted in reduced Bmp levels as shown
by slightly expanded chordin expression domain as well as reduced Bmp target genes, tbx6 and
Anp63, during gastrulation. (Figure 2.7) These data are consistent with Mga’s role as a positive
regulator of Bmp signaling. In terms of neural crest development, Bmp signaling, especially the
intermediate levels of Bmp is critical for patterning of the neural plate border by directly
activating neural plate border specifiers such as pax3 and zic genes in zebrafish. (Plouhinec et al.,
2014; Reichert, Randall, & Hill, 2013; Schumacher, Hashiguchi, Nguyen, & Mullins, 2011;
Tribulo, Aybar, Nguyen, Mullins, & Mayor, 2003) These genes in turn promote cells at the
neural plate border to take on neural crest cell fate by inducing the expression of neural crest
markers such as foxd3. (Betancur et al., 2010) Therefore, decreased Bmp signaling due to
suppression of Mga may result in perturbation of Bmp gradient at the neural plate border. As a
consequence, early induction of neural crest fate can be affected. It’s important to note that,
although Bmp activity is slightly decreased during gastrulation, dorsoventral patterning is not
affected in our knockdown study. One possibility is that the amount of morpholinos used in this
study is much lower than we previously described. (Y. Sun et al., 2014a) Mga protein level is
reduced but not completely abolished with the injection of low dose morpholinos. (Figure 2.3G-
H) It’s possible that residual Mga proteins are sufficient to maintain bmp2b levels for proper
dorsoventral patterning, and that neural crest cells may be more sensitive to changes in Bmp
levels.

In addition to decreased Bmp signaling, suppression of Mga also resulted in increased

Myec activity in vivo. (Figure 2.5D) This is consistent with Mga’s role as a Myc antagonist. (P J
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Hurlin et al., 1999) Suppression of Mga expression may increase the availability of Max which
consequently increases transcriptional activation of target genes by Myc. (Blackwood &
Eisenman, 1991; P J Hurlin et al., 1999) Indeed, we found that some of the Myc target genes
were significantly elevated in mga morphants. (Figure 2.5E) Among these target genes, odc!
which encodes rate limiting enzyme Ornithine Decarboxylase 1 in the polyamine synthesis
pathway, is likely to be direct target of Mga and is shown to be downregulated in mouse embryos
that are lacking Mga. (Washkowitz et al., 2015) Our results do not exclude the fact that odc/ is
direct target gene of Mga as residual Mga protein is still present in our morphants. (Figure 2.3G-
H) We also noted an increased expression of 1d2. Id genes are directly regulated by c-Myc and
are important for survival and maintenance of neural crest progenitors. (Bellmeyer et al., 2003;
Hong et al., 2008; Kee & Bronner-Fraser, 2005; Kerosuo & Bronner, 2016; Martinsen, Bronner-
fraser, Martinsen, & Bronner-fraser, 2020) Loss of Id proteins or Myc has been linked to
decreased neural crest progenitors. (Hong et al., 2008; Kee & Bronner-Fraser, 2005; Kerosuo &
Bronner, 2016; Martinsen et al., 2020) Overexpression of 1d2/3 has been shown to promote
proliferation and expansion of neural crest progenitors in frogs. (Kee & Bronner-Fraser, 2005)
On the contrary, zebrafish embryos depleted from Mga showed decreased neural crest cells
despite elevated Myc activity. (Figure 2.5A, B) This suggests that Mga act early during neural
crest specification before neural crest cell fate and the multipotency is established. Further
confirming our hypothesis, suppressing Myc activity by overexpressing mxd3 is able to suppress
cell death but is not able to rescue neural crest phenotype. Therefore, Mga’s role during early
neural crest development is independent of Myc.

In mouse embryos, Mga is required for the maintenance of pluripotency in the ICM by

regulating the expression of ODCI, a rate limiting enzyme of the polyamine synthesis pathway.
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(Washkowitz et al., 2015) Furthermore, Mga interacts with core pluripotency factor Oct4 in
mouse ESCs and its inhibition using siRNA in ESCs leads to decreased expression of
pluripotency markers. (Hu et al., 2009; van den Berg et al., 2010) As our study supports Mga’s
role as a promoter of differentiation, it raises the question of how and when Mga take part in
pluripotency maintenance and when to promote cell fate specification. Previous studies have
shown that Mga together with Max can form transcriptional repressor complex with E2F-6 and
recruit Polycomb group proteins to suppress target genes containing E-box and T-box elements.
(Ogawa, Ishiguro, Gaubatz, Livingston, & Nakatani, 2002) Therefore, depending on the presence
of binding partners, Mga may activate or repress target genes that are either responsible for
pluripotency or differentiation. Although further experiments are needed to elucidate Mga
function in cell survival in zebrafish, we propose that Mga may act as a molecular switch at the
neural plate and promote naive ectoderm to take on multipotent neural crest cell fate by

positively regulating Bmp signaling.
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Figures and Figure Legends

Figure 2.1. Generation of mga mutants using CRISPR/Cas9 system. [A]. Schematic
representation of mga exons, and position of T-box domain and bHLHZip domain coding
regions. A sgRNA (shown as black arrow) is designed to target the coding region of the T-box
domain of Mga. [B]: Four different mga mutant alleles, mga%'?!, mga®*'%’, mgas*'*!, mgas*’*#,
were identified in F1 adults. Among these four alleles, mga%/?! and mga®**#** were hypothetically
null. Blue letters represent target sequence; PAM was shown in green; yellow dashed lines
represent deletions; Red lowercase letters represent inserted nucleotides. [C-F]: Live images of
MZmga¢*'?!~~ embryos taken when their wild type siblings were at 9.5hpf and 28hpf.
MZmga¢*'?!~~ embryos showed one to two hours of developmental delay (E, F) compared to the

wild type (C, D), without showing any morphological abnormalities.
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T-Box bHLHZip

Target Site PAM

mga"™ : 5'- AAATGGAAGGTGGAGTGGTTGTGGGAGGTG - 3’

mga®?':  5'- AAATGGAAGGTGGAGTGGT GAGGTG -3’

mga®%%: 5 - AAATGGAAGGTGGAGTGGT AGGTG -3’

mga®’?%:  5'- AAATGGAAGGTGGAGTGGgagtggtgtggctcaataagtggTGTGGGAGGTG - 3’
mga®?*:  5'- AAATGGAAGGTGGAGTGGTTtcagTcTGGGAGGTG - 3’

mga*

Mzmgaga121-/-

76



Figure 2.2. MZmga$*'?!"~ have increased cell death. [A-B]: Programmed cell death was
analyzed using TUNEL assay. There is a slightly increased apoptotic cells in the ventral trunk
regions in MZmga%*'?!"- (B) compared to the wild type (A) [C-D]: Cell proliferation was
analyzed using antibodies against phosphor-histone 3 (pH3). There is no significant difference in
proliferation in MZmga#*/?!~~ (D) when compared to the wild-type (C). For both TUNEL and
pH3 staining, anterior:left; posterior: right. Scale bar: 100um.[E-F]: Expression of mga
transcript was analyzed using RT-PCR using total RNA extracts from both wild-type (E) and

MZmga¢*'?!*~ (F) at various developmental time points.
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Figure 2.3. Mga depletion results in developmental defects in zebrafish. [A]: Titration of
mgaMOs concentration. Majority of the embryos injected with higher amount of mgaMOs die
before 24hpf. [B-C]: Live images of zebrafish embryos injected with mgaMOs and misMOs at
32hpf. Mga depleted embryos (C) show decreased pigmentation compared to the control (B). [D-
F]: Live images of embryos injected with mgaMOs and either f-gal mRNA or mouse mga
mRNA at 32hpf. Injection of mouse mga mRNA significantly rescues the pigmentation defect in
mga morphants (E) compared to those injected with ~gal mRNA (D). [G-H]: Western blot
analysis of Mga protein level in mga morphants and control embryos at 75% epiboly. Injection

of 1.6ng of mgaMOs decreases Mga protein level to 57% of the controls. (n=2; Error bar: SEM)

79



Dead at 24hpf/Total injected *k

A (percent lethality) F 1007 [ 1
90+
mgaMOs misMOs 80 Recucad
704 == Normal
60
3.2ng | 27/28(96%) 3/30 (10%) o
40-
28ng | 21729 (72%) 2/19 (10%) b
10-
2.2ng 14/59 (23%) 2/54 (3%) 0-
QY' ev'
& &
& &
2 2
£ ®
mga misMO mga MO so" “o"“
B C R ¢ $
8 e € H 20
-~ ,,.t::::;::_ ' 4 Y §
e, - == 315
c
401/405 682/698 %
G misMO mgaMO a 1.0
32hpf mga MO + B-gal mga MO + Mmga g 2
M K
D E ga : § 0.5
e = AN et p— .‘?“
v . B e
E 7 0.0
- o ; © )
ﬁg N— a-tubulin ” l%\‘\o %‘,‘o
A & «Q

80



Figure 2.4. Depletion of Mga affects multiple lineages of neural crest derivatives. [A-F]:
Alcian Blue staining of mga morphants and control embryos at 5dpf. Craniofacial cartilages are
greatly reduced in size and some of the cartilages are missing in mga morphants (B, D, F)
compared to the control (A, C, E). [G-J]: Expression of ENS and PNS markers, phox2bb (G, H)
and islet! (I, J) are reduced in the mga morphants (H, J) compared to the control (G, I). Insets
show specific areas of marker gene expression showed by the red arrows and arrowheads. T:
Trabeculae; M: Meckel’s; P: Palatoquadrate; HS: Hyosymplectic; CH: Ceratohyal. Scale

bar=100um.
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Figure 2.5. Mga antagonize Myc activity in vivo. [A-B]: Programmed cell death is analyzed
using TUNEL assay in mga morphants (B) and misMOs injected control embryos (A) at 24hpf.
Increased cell death is seen in Mga depleted embryos (B) compared to the control (A). [C]:
Luciferase assay is performed in mga morphants and control embryos at 8hpf, 24hpf and 31hpf.
Depletion of Mga leads to increased Myc activity compared to the control. (*: p = 0.005;
student’s t-test, n=3; Error bar: SEM.) D: Expression of Myc target genes, id2, cdc25b, odcl,
cebpa and cyclindl are increased in mga morphants. qQRT-PCR was performed using total RNA
extracts from mgaMOs and misMOs injected embryos at 24hpf. Relative gene expression is
calculated using 2224 method from five biological replicates, with three technical replicates for

each experiment. (*: p < 0.05; **: p <0.005. n=5; Error bars: SEM)
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Figure 2.6. Depletion of Mga affects early neural crest specification. [A-D]: Expression of
the early neural crest markers, foxd3 (A, B) and tfap2a (C, D) are decreased in mga morphants
(B, D) at 3-somite stage compared to the control (A, C). [E-H]: Expression of foxd3 (E, F) and
tfap2a (G, H) were analyzed in MZmga2*'?!"~ and mga”™ embryos at 3-somite stage. Both

markers show decreased expression in MZmga%*'?!" (F, H) compared to control (E, G).
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Figure 2.7. Bmp signaling pathway activity is decreased in mga morphants. [A-B]: in situ
hybridization of Bmp antagonist, chordin, shows ventrally expanded chordin domain mga
morphants (B) compared to the control (A) at 8hpf. [C-D]: expression of Bmp target gene tbx6 is
reduced in mga morphants (D) compared to the control (C) at 8hpf. For both in situ
hybridization, dorsal view is shown. [E]: mRNA level of 4Anp63 is reduced significantly in mga
morphants at 8hpf compared to the control. qRT-PCR was performed using total RNA extracts
from mgaMOs and misMOs injected embryos at 8hpf. Relative fold change is calculated using 2-
AACt

method from three biological replicates, with three technical replicates for each experiment.

(*: p <0.05. n=3; Error bars: SEM)
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Figure 2.8. Suppression of Myc activity in mga morphants is not sufficient to rescue neural
crest defect. [A-D]: Live images of embryos injected with misMOs (A), mgaMOs (B), mgaMOs
+ mxd3 mRNA(C) as well as mgaMOs + f-gal mRNA at 32hpf. Co-injection of 200pg of mxd3
mRNA mgaMO (C) shows no significant difference in pigmentation compared to mgaMOs
injected embryos (B) or to embryos co-injected with mgaMOs and 200pg -gal mRNA (D). [E]:
qRT-PCR analysis of Myc target genes using total RNA extracted from mgaMOs + mxd3 mRNA
and mgaMOs + f-gal mRNA injected embryos at 24hpf. Overexpression of mxd3 results in
suppression of some of the elevated Myc target genes in mga morphants compared to f-gal/
mRNA injected mga morphants. Relative fold change is calculated using 224t method from
three biological replicates, with three technical replicates for each experiment. (*: p <0.05. n=3;
Error bars: SEM) [F-I]: Analysis of programmed cell death using TUNEL assay. Overexpressing

mxd3 in mga morphants (H) is able to decrease cell death compared to control injection (I).
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SUPPLEMENTAL FIGURES

Figure S2.1. Early melanocyte precursors are decreased in mga morphants. [A-B]: L-DOPA
staining show decreased tyrosinase positive melanoblast in mga morphants (B) compared to the
control (B) at 22hpf. [C-D]: Expression of early pigmentation marker mitfa is decreased in

mgaMOs injected embryos (D) compared to the control (C) at 22hpf.
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Figure S2.2. Precursors of craniofacial cartilages are affected early in mga morphants.
Expression of early craniofacial cartilage markers, hand2 (A, B) and dix2a (C, D) are greatly

reduced in mga morphants (B, D) compared to control (A, C) at 36hpf.
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Figure S2.3. Mga acts early during neural crest development. Expression of early neural crest
markers sox/0 (A, B) and snailb (C, D) are decreased in mga morphants (B, D) compared to

control (A, C).
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Figure S2.4. Suppression of Mga leads to decreased Bmp signaling. [A-B]: Expression of
chordin is expanded ventrally in mga morphants (B) when compared to control (A). (Animal

view) [C-D]: tbx6 expression is decreased in mga morphants (D).
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Figure S2.5. Decreased expression of neural crest markers persists at 8-somite stage.
Expression of early neural crest markers are analyzed at 8-somite stage using probes specific for

foxd3 (A, B), tfap2a (C, D), sox10 (E, F) and snailb (G, H).
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CHAPTER 3
GENERATION OF ZEBRAFISH mga MUTANTS USING CRISPR/CAS9 SYSTEM TO

STUDY MGA FUCNTION IN EARLY EMBRYONIC DEVELOPMENT

INTRODUCTION

After fertilization, the totipotent zygote gives rise to every single cell type in the body
through gradual restriction of cellular potential during embryogenesis. Such process is governed
by a complex network of cellular processes including transcriptional regulation, tightly regulated
crosstalk among different signaling pathways, cell-cycle control, chromatin remodeling and so
on. Disruption of these cellular processes will not only affect normal embryonic development but
also contribute to cancer.

One of those proteins whose function is implicated in early embryogenesis as well as in
tumorigenesis is MAX Gene Associated protein (MGA). MGA is a member of the MAX
interacting transcription factor network family. Proteins of the MAX interacting network include
MY C oncoproteins, MAX and putative MY C antagonists including MXD1-4, MNT, and MGA.
(Peter J. Hurlin & Huang, 2006) They are involved in regulation of many cellular behaviors
including cell proliferation, differentiation, cell-cycle control and chromatin remodeling. (Peter J.
Hurlin & Huang, 2006) They exert transcriptional activity via forming heterodimers with MAX
through basic Helix-Loop-Helix Zipper (bHLHZip) which also directs sequence specific binding
to the upstream E-box element of target genes. (Peter J. Hurlin & Huang, 2006) MGA is a unique

member of MAX network family in that it contains another DNA binding motif, T-BOX domain,

101



in addition to the bHLHZip domain. (P J Hurlin, Steingrimsson, Copeland, Jenkins, & Eisenman,
1999) Despite its involvement in many different cancers in human patients, possibly through
mis-regulation of Myc activity, very little is known about its function during embryonic
development. Mga has been shown to promote differentiation by antagonizing Myc dependent
cell proliferation and exit from cell cycle in cell culture assays. (P J Hurlin et al., 1999)
However, more recent work by Washkowitz et al showed that Mga is required for pluripotent
cell survival, and that Mouse embryos lacking functional Mga die before implantation due to
failure of ICM to maintain pluripotency. (Washkowitz et al., 2015) Although Mga has been
found in a network of proteins that interact with core pluripotency factor Oct4 in mouse
embryonic stem cells, (van den Berg et al., 2010) the exact mechanism of how Mga regulate
pluripotency is unknown. Mga’s function to promote and inhibit differentiation maybe context
dependent. The presence of another DNA binding domain, the T-box domain, may render
complexity to Mga’s transcriptional activity through regulating the expression of a wide range of
target genes involved in pluripotency maintenance and differentiation. Therefore,
characterization of Mga function during early embryonic development will contribute
substantially to our understating of the molecular mechanism driving cell fate specification as
well as the balance between maintenance of cell identity/potential.

Due to early embryonic lethality in mouse embryos, zebrafish embryos stand out as great
model organisms to study Mga function for their availability in large numbers, short generation
time and most importantly for accessibility for live imaging during early embryonic development
due to ex utero development. In the past, study of gene function in Zebrafish has mostly utilized
N-ethyl-N-nitrosourea (ENU) based forward genetics screens and the use of antisense

oligonucleotides/morpholinos (MOs) to knockdown the expression of gene of interest. Forward
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genetic screens in zebrafish have led to the discovery of many important developmental genes
involved in early embryogenesis which contributed substantially to our understanding of human
development and diseases. (Fuentes, Letelier, Tajer, Valdivia, & Mullins, 2018) On the other
hand, due to its cost-effectiveness and faster and easier approach to study the specific gene of
interest, MOs has been widely used in zebrafish community. However, limitations do exist for
MOs. For example, MOs are known to trigger p53 dependent cell death and other cellular stress
responses. (Lai, Gagalova, Kuenne, El-Brolosy, & Stainier, 2019; Robu et al., 2007) In addition,
MOs block translation via binding to target mRNAs and have no effect on maternally loaded
proteins. This may be crucial in understanding the function of genes such as Mga which is
expressed both maternally and zygotically. (Rikin & Evans, 2010; Sun, Tseng, Fan, Ball, &
Dougan, 2014) Recent application of clustered regularly interspaced short palindromic repeats
(CRISPR) RNA guided/CRISPR-associated (Cas) system in vertebrates has been proved highly
effective reverse genetics tool to study gene function in vivo. (Hwang et al., 2013; Jao, Wente, &
Chen, 2013) By simply injecting CRISPR RNA(crRNA) and transactivating CRISPR RNA
(tracrRNA), which directs Cas9 endonuclease to the target locus and create double strand break
(DSB) 3-4 nucleotides away from the PAM sequence, together with cas9 mRNA into zebrafish
embryos, one can easily and efficiently generate mutations in any region of the zebrafish
genome. (Hwang et al., 2013; Jao et al., 2013)

In this study, by targeting the coding sequence of T-box domain of Mga using
CRISPR/Cas9 system, we successfully generated four different mga mutant alleles, among
which two of them were hypothetically null. We characterized one of the null alleles, mgas*/?!,
through phenotypic and molecular analysis. MZmga%*/?!" lacked more severe phenotype other

than developmental delay compared to the phenotype seen in mga knockdown studies or mouse
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mga mutants. (Rikin & Evans, 2010; Sun et al., 2014; Tseng, 2015; Washkowitz et al., 2015) We
found that there is slightly elevated Myc activity in MZmga$*/?!*~ when compare to those wild
type. Due to whole genome duplication during the evolution of teleost fish, we hypothesized that

the lack of severe phenotype in MZmgas*'?!-

could be due to functional redundancy or
compensation by another mga paralog which has not yet been annotated. Through
bioinformatics, we identified mga paralog, max-gene associated protein-like (or mgab), that is

gal2l-/-

expressed both maternally and zygotically. We assessed the expression of mgab in mga and

found that its expression is elevated. It’s possible that mgab act redundantly with mgaa to
regulate early embryonic development in zebrafish.

MATERIALS AND METHODS

Zebrafish care

Both wild type (WIK) and mutant fish lines are maintained at 28.5°C in the fish facility
according to Animal Use Protocol (AUP) approved by the University of Georgia
TACUC committee (A2017 08-020-Y3-A0). Embryos were collected using single or multiple
pair mating and were kept at 28.5°C in egg water (60mg/ml Instant Ocean Sea Salt Mix,
0.3mg/ml Methylene Blue). Embryos were staged as previously described. (CB, WW, SR, B, &

TF, 1995)

CRISPR/Cas9

Single gRNA targeting the T-box domain of Mga was identified using online target
finder ZiFiT. (Sander et al., 2010; Sander, Zaback, Joung, Voytas, & Dobbs, 2007) Two DNA

oligos (Forward: 5’~-TAGGAAGGTGGAGTGGTTGT-3’; Reverse: 5’-
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AAACACAACCACTCCACCTT -3’) containing the target site (5°-
GGAAGGTGGAGTGGTTGT-3") were used to clone into pT7-gRNA plasmid as previously
described. (Jao et al., 2013) sgRNAs were transcribed using MEGAshortscript T7 transcription
kit (Thermo Fisher Scientific, Cat# AM1354) according to manufacturer’s protocol. sgRNA was
purified using ethanol precipitation, dissolved in nuclease free water and quantified with
NanoDrop 2000 (Thermo Scientific™). pCS2+-nls-zCas9-nls plasmid linearized with Notl was
used as a template for making capped cas9 mRNA which was transcribed with mMessage
mMachine SP6 transcription kit (Invitrogen™ Cat#: AM1340) following manufacturer’s
protocol. cas9 mRNA was purified with 3M lithium chloride and dissolved in nuclease free

water with a final concentration of around 1pg/pl.

Microinjection

Microinjection was carried out as previously described. (Vickaryous & Mclean, 2011)
100pg of sgRNA and 150pg of cas9 mRNA along with 0.1% phenol red and 0.1M KCI were
injected directly into the single cell of the 1-cell stage wild type embryos. Injected embryos were
cultured in egg water (60pug/ml Instant Ocean Sea Salt Mix, 0.3pug/ml Methylene Blue) at
28.5°C. Damaged and unfertilized embryos were discarded at around 3-4hpf, the rest were raised

to adulthood for further screening for mutations.

Screening for mutations

sgRNA and cas9 mRNA injected embryos were raised to adulthood and named as FO.
T7E1 assay was used to screen for around fifteen FO adult fish that are carrying possible indel

mutations. F1 embryos were obtained from single pair mating of FO and wild type adult fish.
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DNA was extracted from randomly selected 15-20 F1 embryos from each pair mating at 3dpf.
PCR was carried using primer pairs mga tbox F2 (5’- ATGTGAGAGGGTCAGAAGCTA -3°)
and mga tbox R2 (5’- AGTGCCAATTGAGGATTTCCC -3’) under the following PCR
condition: 94°C for 2min; 94°C for 30 seconds, 54°C for 30 seconds, 72°C for 15 seconds, 40
cycles; 72°C for 5 minutes. PCR products were boiled initially at 95°C for 5 minutes and cooled
down slowly to room temperature in PCR cycler with a gradient of 2.5°C intervals to form
heteroduplexes. Once cooled down, PCR products were digested with T7 Endonuclease I (New
England BioLabs, Cat#: M0302) at 37°C for two hours. Digested PCR products were then
analyzed on 2% agarose gel for possible indel mutations. Once potential mutant founders (F0)
were identified, their F1 progeny were raised to adulthood and assessed for mutations
individually using DNA extracts from fin-clips. The PCR products from each F1 individual (12
adult fish raised from FO progenies) carrying indel mutation were cloned into pGEM-T Easy

vector (Promega, A1360) for sequencing.

Genotyping m gagalz 1-/-

For genotyping, DNA extracts from either 3dpf larvae or adult fin-clips were used as
templates for PCR. Genotyping PCR was carried out using primer pairs mgaT100F (5°-
CATTAGATTAGCCTTGTCATT -3’) and mgaT100R (5’- CATGAAGAGGGCGTGACTG -
3’) with the following PCR condition: 94°C for 2 minutes; 94°C for 30 seconds, 55°C for 30
seconds, 72°C for 15 seconds, 40 cycles; 72°C for 30 seconds, PCR products were resolved on

15% PAGE gel on 200V for 2.5 hours.
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RT-PCR and gRT-PCR

Total RNA was extracted from 10 embryos randomly selected from either mgas®!/?!--

or
wild type single pair mating at 24hpf using TRIzol™ Reagent (Invitrogen™, Cat #: 15596026).
Extracted total RNA was dissolved in nuclease free water, quantified with NanoDrop 2000
(Thermo Scientific™) and stored at -80°C until use. 1ng of total RNA was used to make cDNA
using RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific™ Cat #: K1622)
following manufacturer’s protocol. For subsequent PCR analysis, 2l of 10X diluted cDNA was
used as template. mgaa and mgab transcripts were analyzed using the following primer pairs:
MgaEx14F: 5'-CAGCCCGGTCCCCATTGG-3'"; MgaEx14R: 5'-
CCAGAGGCAGGCTGGGTGAC-3"; mgabEx17F: 5°- CTGAAGCGGAGGAAGACATC -37;
mgabEx17R: 5’- CAAAGCTGAGTCTGGAGAAGG -3’; For endogenous control gapdh were
used. ZGAPDH-Long F1: 5'- CGTCTGGTGACCCGTGCTGC-3"; zGAPDH-Long R1 5'-
TGGGGGTGGGGACACGGAAG-3'. PCR conditions for both MgaEx4F/R and zGAPDHF1/R1
primers: 94°C for 2min, 94°C for 30sec, 63°C for 30sec, 72°C for 45sec, 35 cycles, 72°C for
Smin. PCR condition for mgabEx17F/R: PCR products were visualized using 1.5% agarose gel.
qPCR was carried out using Applied Biosystems™ 7500 Real-Time PCR System using
PowerUp™ SYBR™ Green Master Mix (Applied Biosystems™, Cat #: A25742) following
manufacturer’s protocol. 1ul of 10X diluted cDNA was used as template. gPCR was carried out
using the following conditions: 50°C for 2 minutes; 95°C for 2 minutes; 95°C for 30 seconds,
60°C for 1 minutes, 40 cycles. Primers used for qPCR: id2RTF: 5’-
CGTGATGAAACCTTGTGAACTCT-3’; id2RTR: 5°-

TCTCAGCATACAGCATAACACTTTG-3’; cdc25bRTF: 5°-
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AGTGGAGAGGCTGTTTGTTATCG -3’; cdc25bRTR: 5°-
GGGCAGTCAGGGAGAATAGGA-3’; odc1RTF: 5’- TACACACTGGCGGTCAACATCA-3’;
odclRTR: 5’- TCGGTCATTGGACACATCCTCT-3’; cend1RTEF: 5°-
CCAGAACCTCACCAACTTCCTC-3’; cend1RTR: 5’- GACTCGATCTGTTCCTGACACG-
3’; cebpaRTF: 5’- CGAGTTCCTGGCTGACTTATTCC-3’; cebpaRTR: 5°-

TTCTTGCTTGGCTGTCGTAGATG-3".

Luciferase assay

Microinjection of luciferase constructs were carried out as previously described.
(Vickaryous & Mclean, 2011) Both pT2-Luci-4xEbox and pRL-TK luciferase vectors were
prepared using QIAGEN midi-prep kit prior to injection. 25pg of each of the luciferase
constructs were injected into both WIK and mgas*/?!-~ 1-cell stage embryos. Injected embryos
were cultured in egg water at 28.5°C until desired stage for subsequent analysis. Luciferase assay
was carried out using Dual-Luciferase® Reporter Assay System (Promega, Cat #: E1910)
according to manufacturer’s protocol with slight adjustments. Briefly, around 30 embryos, from
each WIK or mga®*/?!"~ pair mating, were collected at 8hpf, 24hpf and 32hpf, dechorionated and
placed in 96-well plate with 10 embryos for one well. Embryos were lysed in 20l Passive Lysis
Buffer (PLB) for 15-20 minutes at room temperature protected from light. Luminescence was
measured using Synergy H4 Hybrid Multi-Mode Microplate Reader (BioTek Instruments, Inc.).
For measuring firefly luminescence, 100ul of Luciferase Assay Reagent Il was added to each
well. After the readings, 100l Stop & Glo® Reagent was added to each well for measuring
Renilla luminescence. Luciferase assay was performed in three biological replicates with three

technical replicates for each experiment.
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Bioinformatics

To identify possible mgaa paralog, amino acid sequence of T-box domain of Mgaa was
searched on NCBI Basic Local Alignment Search Tool (BLAST) nucleotide collection (nr/nt)
using protein to translated nucleotide command. (Altschul et al., 1997) DNA and mRNA
accession number for mgab are LOC108180286 and XM 021468741 respectively. mgaa and
mgab synteny for zebrafish, mouse, human, and other fish species were analyzed using NCBI
Genome Data Viewer. Amino acid sequences for the T-box and bHLHZip domain were retrieved
from NCBI as FASTA format and aligned with T-COFFEE
(http://tcoffee.crg.cat/apps/tcoffee/do:regular). Alignment results from T-COFFEE were
formatted using Boxshade (https://embnet.vital-it.ch/software/BOX form.html). Sequence
identity and similarities were calculated using Iden and Sim

(https://www.bioinformatics.org/sms2/ident sim.html).

Imaging

For fluorescent imaging, embryos were mounted in 80% glycerol on raised coverslip
microscope slides. Fluorescent images were taken using Zeiss AXIO Imager D2 compound
fluorescence microscope with Colibri.2 LED light source and AxioCam HR CCD camera (Carl
Zeiss, Jena, Germany). For live imaging, embryos were mounted in 3% Methyl Cellulose in
microscope slides with single concave wells. Pictures were taken using Leica MZ FLIII
stereomicroscope (Leica Microsystems, Germany) and Moticam 5 (CMOS) 5.0MP camera

(Motic Asia, Hong Kong).
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RESULTS

1. Generation of mga mutants using CRISPR/Cas9 system

During zebrafish embryonic development, mga is broadly expressed throughout the
cleavage and blastula stages. (Rikin & Evans, 2010; Sun et al., 2014) To prevent the maternal
effect of Mga protein, we set out to generate maternal zygotic mga mutants using CRISPR/Cas9
system. We designed sgRNA targeting the coding region of T-box domain of Mga. (Figure 3.1A)
We injected 100pg t-box sgRNA along with 150pg of cas9 mRNA directly into the single of 1-
cell stage embryos. At 5dpf, some of the embryos injected showed various degrees of
developmental defects such as heart edema and truncated tails. (Figure 3.1D, E) This is likely due
to mosaicism of genome targeting during development. We then extracted DNA from ten
embryos that showed phenotypes and screened for mutations using T7 endonuclease I which
cleaves double strand DNA at positions of mismatches. (Mashal, Koontz, & Sklar, 1995) All ten
embryos showed up T7E1 positive indicating successful genome targeting at the t-box locus.
(Figure 3.1B) We next raised sgRNA and cas9 mRNA injected wild embryos/founders (F0) to
adulthood, outcrossed to wild type fish, and screened their progeny for possible indel mutations
again using T7E1 assay. Ten out of twelve FO adult fish screened carried mutations in the germ
line, with a germ line transmission rate ranging from 6.6% to 40%. F1 progenies of these 10 adult
FOs were raised to adulthood and screened for mutations using DNA extracts from fin-clips.
(Figure 3.1C) Amplicons from T7E1 positive F1 adults were sequenced. We successfully
identified four different mga alleles, mga®*’?!, mga®'%?, mga%*'** and mgas**#. (Figure 3.2A, B)
Among these four alleles, two of them, mga®*?! and mga%***> were hypothetically null. mgas*/*!

had five base pair deletions immediately next to the PAM site and created a frameshift mutation
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in the T-box coding region and multiple stop codons downstream of the mutant position, possibly
generating a truncated Mga protein without any functional DNA binding domain. mga%*#’ had
five base pair insertion which also created a frameshift mutation. We used mgas*/?! for
subsequent phenotypic and molecular analysis. Interestingly, MZmga$*/?!~ failed to recapitulate
mga morphant phenotypes except for developmental delay. (See Chapter 2, Figure 2.1C-F) The
developmental delay appears to be due to increased cell death rather than reduced cell

proliferation. (See Chapter 2, Figure 2.2A-D)

2. MZmga**?!"~ have increased Myc activity

It has been shown that overexpression of Myc can trigger apoptosis both in cell culture
and in vivo in a P53 dependent or independent manner. (McMahon, 2014) Since Mga
antagonizes Myc, we hypothesized that increased cell death seen in MZmga¢*!?!”- was due to
unopposed Myc activity. To assess whether Myc activity is affected in MZmgas*!?!"~, we injected
a reported construct containing four tandem repeats of E-box element driving firefly luciferase
gene (Figure 3.3A) along with renilla luciferase vector into both wild type and MZmgas*'*!-"
embryos at 1-cell stage. Firefly and renilla luminescence were measured at 8hpf, 24hpf as well as
31hpf. MZmga%*?!"- showed significantly increased firefly to renilla luciferase ratio at all
developmental stages tested, suggesting that Myc activity is increased in MZmgas*?!"~. (Figure
3.3B) To see if increased Myc activity has functional consequence, we analyzed expression of
Myc target genes in both wild type and MZmga%*?!-". qRT-PCR was performed using total RNA
extracts from wild type and MZmga%*'?!"- embryos at 24hpf. Expression of two of the five Myc
target genes tested, odcl and cebpa, showed significantly increased in MZmga*'?!*~ compared

to the control. (Figure 3.3C) odc! encodes an enzyme, Ornithine Decarboxylase, involved in the
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polyamine synthesis pathways. (Bachmann & Geerts, 2018) C/EBP« is a key regulator in
adipogenesis and lipid metabolism. (Salmerdn, 2018) It’s possible that delayed development in

mga mutants is due to abnormalities in various metabolic pathways triggering the cell death.

3. Identification of mga paralog

gal2l-- a5 well as in wild

We analyzed the expression level of mga transcripts in MZmga
type. We found that mga mRNA expression is decreased in the mutants. (See Chapter 2.2 E-F)
This suggests the possibility of non-sense mediated decay (NMD) of the mutant mRNA which
may trigger genetic compensation as previously described. (El-Brolosy et al., 2019; El-Brolosy
& Stainier, 2017; Ma et al., 2019) Therefore, we asked whether there are any genes that are
similar to mga that might be upregulated in MZmgas*'?!*~. Currently in zebrafish genome, there’s
only one mga gene has been annotated, that is mgaa which encodes for Mgaa protein in
zebrafish. Due to whole genome duplication event during the evolution of teleost fish, we highly
suspect that there’s another mga gene in zebrafish genome. To find mgaa paralogs, we searched
the amino acid sequence of the T-box domain of Mgaa in neucleotide collection database using
tblastn with organism limited to zebrafish. Search result returned 111 hits including many genes
of the TBX family as well as a predicted protein coding gene max-gene associated protein-like
(mgab) on chromosome 20 (accession number: XM 021468741.1). We analyzed the amino acid
sequence of Mgab and found that it contains both DNA binding domains, T-box and bHLHZip
domains, present in Mgaa. Protein sequence alignment of Mgab showed a highly conserved T-
box domain with 58% similarity to that of zebrafish Mgaa and human MGA and 53% similarity

to the mouse Mga T-box domain. (Figure 3.4A) bHLHZip domain of Mgab seems to be less

conserved showing 31% similarity to zebrafish Mgaa and 36% similarities to human and mouse
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Mga. (Figure 3.4B) We next assessed the degree of conserved synteny in the mgaa and mgab
locus in different species. Genes that are immediately flanking the zebrafish mgaa are conserved
among human, mouse and other teleost fish species including cave fish, stickleback and fugu
fish. (Figure 3.4C) Genes that are upstream of mgab are highly conserved among teleosts.
Interestingly, mitogen activated protein kinase binding protein 1(mapkbp1), which is
downstream of mgab in all teleost species but zebrafish, is downstream of mgaa locus in all
species including human and mouse. (Figure 3.4C) Taken together, mga locus in teleost fish and
tetrapods arose from the same common ancestor. However, mgab locus in zebrafish seems to be

more divergent than other fish species.

4. mgab is expressed in zebrafish embryos

To see if mgab is expressed during zebrafish early development, we performed RT-PCR
using RNA extracts at various developmental time points. mgab transcripts were seen as early as
16-cell stage embryos, suggesting that mgab is also maternally expressed. (Figure 3.5A) At later
stages, mgab seems to be expressed at a constant amount. In addition, we observed an increase in
mgab expression in MZmga2*'?"- as shown by the increased relative fold change of mgab
compared to the control. (Figure 3.5B) It’s possible that increased mgab expression is
compensating for the loss of Mgaa in MZmga2*'?!~~. However, further experiments are needed to

confirm genetic compensation.
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DISCUSSION

In this study, we aim to characterize Mga function during early embryonic development
using zebrafish embryos lacking functional Mga. Unlike other members of the Max interacting
protein network, Mga is the least studied member of the family. Mga is known as a tumor
suppressor for its ability to antagonize Myc dependent cellular transformation. (P J Hurlin et al.,
1999) Consistently, mutations or deletions in MGA have been found in many cancers including
lung adenocarcinoma, colorectal cancer and malignant transformation of chronic lymphocytic
leukemia also known as Ritcher’s Syndrome. (“Comprehensive molecular profiling of lung
adenocarcinoma.,” 2014; de Paoli et al., 2012; Jo, Kim, Yoo, & Lee, 2016; Llabata et al., 2019)
Mga also belong to another group of evolutionary conserved transcription factor family, the T-
box family, that play important roles during early embryogenesis, ranging from embryonic
patterning to many aspects of organogenesis. (Ghosh, Brook, & Wilsdon, 2017) The presence of
T-box DNA binding domain suggests that Mga may have more complicated function than solely
antagonizing Myc activity in cells. Previous knockdown studies of Mga in zebrafish have shown
that Mga is important for dorsoventral patterning, neural crest specification and organogenesis.
(Rikin & Evans, 2010; Sun et al., 2014) However, there are limitations of using morpholinos as
they don’t block maternally deposited proteins such as Mga. Therefore, we generated mga
mutants using CRISPR/Cas9 system. We successfully identified four different mutant alleles
using sgRNA that targets the coding sequence of the T-box domain of Mga. The efficiency of
gene targeting was as high as 83% and the germ line transmission ranged from 6-40%. Among

these four alleles, mga*?! and mga®*?# are hypothetically null.
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Embryos that are homozygous for zygotic mga%*/?! are viable and fertile. Interestingly,
MZmgas*'?!"" are also viable and fertile, and have no apparent developmental defects except for
developmental delay. We showed that the developmental delay in MZmgas*?!"~ was most likely
due to increased cell death rather than abnormalities in cell proliferation. (See Chapter 2 Figure
2.2A-D) Increased cell death was also observed in the pluripotent epiblast of the mouse embryos
that are lacking functional Mga. (Washkowitz et al., 2015) However, the lack of severe
phenotype is in stark contrast with the mouse Mga mutants who die during peri-implantation.
(Washkowitz et al., 2015) In addition, early embryonic lethality in mouse Mga mutants was due
to decreased expression of Ornithine decarboxylase 1(Odcl), which encodes a rate-limiting
enzyme in the polyamine synthesis pathway, in the epiblast resulting in decreased survival of
pluripotent cells. (Washkowitz et al., 2015) Odcl is positively regulated by c-Myc at the
transcriptional level and is also important for cell survival during early mouse embryonic
development. (Bello-Fernandez, Packham, & Cleveland, 1993; Pendeville et al., 2001) We found
that Myc activity is increased in MZmga*'?!- as shown by the reporter construct containing the
Myc response elements. Consistent with elevated Myc activity, expression of odcl, as well as

gal2l-- odc] expression is decreased when

another Myc target gene cebpa, is increased in MZmga
zebrafish larvae were treated with a c-Myc inhibitor. (Lee et al., 2016) This is consistent with
Mga’s function as it compete with Myc for Max to transcriptionally repress Myc target genes. (P
J Hurlin et al., 1999) The discrepancy in the regulation of Odc1 expression by Mga and Myc in
mammals and fish species could be due to species specific differences in early embryonic
development as well as differential requirements for the pluripotency factors. However, one

cannot rule out the fact that the mgas*?! allele is not a true null or that there is alternative

translation start site in the coding region of mga. The absence of highly specific antibodies for
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zebrafish Mga have created difficulties to assess Mga protein level in the mutants. Knocking in
polypeptide tags to the endogenous mga locus will be helpful in assessing Mga protein level as

well as studying Mga function in vivo.

We further investigated why MZmga¢*!?!" fail to show severe phenotype. mgas/?! allele
has five base pair deletion resulting in frameshift mutation and multiple stop codons early in the
Mga coding sequence. Premature terminating codons (PTCs) are known to trigger non-sense
mediated mRNA decay (NMD), a cellular mechanism for proper protein and mRNA quality
control. (Popp & Maquat, 2013) We have shown that MZmga%*'?!- embryos have decreased mga
transcripts compared to wild type. (See Chapter 2 Figure 2.2E, F) suggesting the presence of
NMD. Due to the fact that NMDs can trigger increased expression of genes that are ancestrally
related to the mutant gene (El-Brolosy et al., 2019; El-Brolosy & Stainier, 2017; Ma et al., 2019),
we set out to search for mga paralog that has not been annotated in the zebrafish genome. We
found a predicted protein coding gene, max-gene associated protein-like (mgab), located on the
chromosome 20 of the zebrafish genome. Mgab protein also contains two DNA binding
domains, T-box and bHLHZip domain. T-box domain of Mgab is highly conserved, but the
bHLHZip domain show around 30% similarities to the human, mouse and zebrafish bHLHZip
domain. mgab is also present in other teleost fish species including cave fish, fugu and
stickleback. Chromosomal organization around mgab is conserved among different teleost fish,
indicating that mgab arose during the whole genome duplication event happened in the evolution
of vertebrates. In addition to conserved protein structure, we found that mgab mRNA is also
expressed both maternally and zygotically. Furthermore, mgab seems to be upregulated in
MZmgas*?!”- as shown by the increased expression in the qRT-PCR analysis at 24hpf. This data

suggests the possibility of genetic compensation in MZmga¢*/?!~~. However, additional
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experiments are needed to address whether mgab has functional redundancy with mgaa. A
double knockout experiment is necessary to evaluate Mgaa and Mgab function during zebrafish
embryonic development. We predict that double knockout embryos will resemble mouse mutants
as knocking down Mga using high dose morpholinos also lead to early embryonic lethality. (see
Chapter 2.3A) In addition, further evaluation of mgab expression pattern in zebrafish embryos
may give more insights into whether mgaa and mgab have overlapping or distinct function

during embryogenesis.
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FIGURES AND FIGURE LEGENDS

Figure 3.1. Generation of mga mutants using CRISPR/Cas9 system. A. Schematic
representation of mga exons, and position of T-box domain and bHLHZip domain coding
regions. A sgRNA (shown as black arrow) is designed to target the coding region of the T-box
domain of Mga. B, C: representative gel images after screening for possible indel mutations
using T7 endonuclease I (T7E1) assay. B: 10 embryos are randomly selected from around 50
wild type embryos injected with sgRNA and cas9 mRNA and screened with T7E1 assay. First
lane represented by a dash (-) is the negative control in which DEPC water is used as template
for PCR. C: F1 progeny of Fish #11 (T11) was raised to adulthood and screened using T7E1
using DNA extracts from fin-clips. D, E: live images of t-box sgRNA and cas9 mRNA injected

embryos at Sdpf.
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Figure 3.2. mga mutant alleles generated from sgRNA targeting the T-box coding region.

A: Four different mga mutant alleles, mga$*'?!, mgas*'%?, mga®'**, mgas***?, were identified in

F1 adults. Among these four alleles, mga®?! and mga®***> were hypothetically null. Blue letters
represent target sequence; PAM was shown in green; yellow dashed lines represent deletions;
Red lowercase letters represent inserted nucleotides. B:  Chromatograms of wild type and two of

gal62

the alleles, mga®*?! and mga%*’%? were shown.
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Target Site PAM

mga"". 5" - AAATGGAAGGTGGAGTGGTTGTGGGAGGTG - 3’
mga%’?": 5' - AAATGGAAGGTGGAGTGGT GAGGTG- 3
mga%6% 5' - AAATGGAAGGTGGAGTGGT AGGTG- 3
mga®'?% 5'- AAATGGAAGGTGGAGTGGgagtggtgtggctcaataagtggTGTGGGAGGTG - 3’
mga??*: 5'- AAATGGAAGGTGGAGTGGT TtcagTcTGGGAGGTG - 3’

A A GGTG 6AGTG 6TTGGTGG GA GG
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gal2l-/-

Figure 3.3. mga have increased Myc activity. A: schematic view of the firefly luciferase

construct that is used to assess the Myc activity. Firefly luciferase gene is driven by a minimal
promoter and four tandem repeats of E-box binding sites. B: Firefly to renilla ratios were
calculated by measuring firefly and renilla luminescence at different developmental time points.

gal2l-/-

mga show increased firefly to renilla ratio (green bars) when compared to the wild type

(blue bars), suggesting increased Myc activity in mga®*/?!~. Luciferase assay was performed with
three biological replicates with three technical replicates for each experiment. (n = 3. *:P<0.05;
**: p<0.005 ***: p<0.001student t-test. Error bar: SEM) C: Expression of at least two of the
Myc target genes, odcl and cebpa, is significantly increased in mga%*/?!~~. qRT-PCR was

gal2l-/-

performed using total RNA extracts from mga and wild-type embryos at 24hpf. Relative

2—AACt

gene expression is calculated using method from three biological replicates, with three

technical replicates for each experiment. (n = 3. P<0.05; student t-test. Error bar: SEM)
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Figure 3.4. Identification of mgab. A, B: Comparison of amino acid sequences of zebrafish
Mgaa and Mgab (drMgaa and drMgab) with human (hsMGA) and mouse (mmMga). Conserved
amino acid sequences were shaded in black. (A) T-box domain of drMgab is 58% similar to that
of drMgaa and hsMGA, and 54% similar to that of mmMga. (B) The bHLHZip domain of
drMgab is 31% similar to that of drMgaa but is 36% similar to that of mmMga and hsMGA. C:
Synteny analysis of human, mouse and teleost fish mgaa locus as well as mgab locus of
zebrafish and other teleost fish species. Genes that are immediately next to mga (mgaa in teleost

species) is conserved among humans, mouse and fish.
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Figure 3.5. mgab is expressed both maternally and zygotically. A: expression of mgab mRNA
is analyzed using RT-PCR using total RNA extracts from wild-type embryos at different
developmental time points. Mgab mRNA is expressed both maternally and zygotically with the
earliest expression seen at 18-cell stage. B: expression level of mgab mRNA is analyzed using
gqRT-PCR in wild-type and mgas*/?! at 8hpf. mgab level is elevated in mgas*>!"~. Relative gene
expression is calculated using 2722 method from three biological replicates with three

technical replicates for each experiment.
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CHAPTER 4

CONCLUSIONS AND FUTURE DIRECTIONS

DISCUSSION

1. Mga is a novel regulator of zebrafish neural crest development

Mga is the least studied protein in the MAX interacting network of transcription
factor family. (Grandori, Cowley, James, & Eisenman, 2000) Due to early embryonic lethality
during mouse development, our understating of Mga function during development has been very
limited. (Washkowitz et al., 2015) In this study, we identified a novel role of Mga during
zebrafish neural crest (NC) development using both knockdown and knockout approaches.
Depletion of Mga using antisense morpholinos from 1-cell stage zebrafish embryos resulted in
defects in multiple lineages of neural crest derivatives. These defects include abnormalities in
skin pigmentation, craniofacial cartilages as well as defects in the development of peripheral and
enteric nervous system. These abnormalities were rescued with the injection of mouse mga
mRNA which contains different sequences at the translation start site that cannot be affected by
zebrafish mga morpholinos. This suggests that NC defects seen in mga morphants are
specifically due to loss of Mga function during development.

Expression pattern of Mga also correlate with its role during NC development. Mga is

expressed broadly during gastrulation, and its expression is gradually restricted to the head and
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tail at later stages. (Rikin & Evans, 2010) This time frame coincide with the patterning of neural
plate border which gives rise to presumptive NC cell population. (Pla & Monsoro-Burq, 2018)
Once neural plate border is specified, presumptive NC cells start to express transcription factors,
such as foxd3, sox10, tfap2a, snailb, that specifies NC cell fate. Expression of these transcription
factors were decreased in mga morphants at 3-somite stage. Interestingly, although MZmgas*/?!--
embryos didn’t show any neural crest defects, we noticed slightly decreased expression of foxd3
and tfap2a, suggesting reduced specification of neural crest cells. It’s possible that these mutants

recover at a later time through transcriptional adaptation which is discussed at a later section.

Taken together, our data supports Mga’s role in neural crest specification in zebrafish embryos.

2. Mga regulates neural crest development independent of Myc

Loss of pigmentation has been reported in a previous study, but the exact mechanism
has never been identified. (Rikin & Evans, 2010) In addition to loss of pigmentation, we
observed defects in multiple neural crest derivatives in our mga morphants. To study the
underlying mechanism of how Mga contribute to neural crest development, we analyzed the
molecular pathways involved in neural crest specification and are known to be regulated by Mga.
Mga was initially identified as a binding partner for Max which is an obligate co-factor for Myc.
(Blackwood & Eisenman, 1991; P J Hurlin, Steingrimsson, Copeland, Jenkins, & Eisenman,
1999) In cell culture, Mga competes for Max and sequesters Max from forming transcriptional
activating complex with Myc, resulting in the suppression of Myc target genes. (P J Hurlin et al.,
1999; Ogawa, Ishiguro, Gaubatz, Livingston, & Nakatani, 2002) Myc family genes are very well
known for their involvement in cancer, but it also regulates key developmental events including

neural crest specification. (Peter J. Hurlin, 2013) c-Myc was shown to be important for NC
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development in frogs and chickens. (Bellmeyer, Krase, Lindgren, & LaBonne, 2003; Kerosuo &
Bronner, 2016) In zebrafish, mych, a c-myc homolog, is expressed at the neural plate border and
is required for neural crest survival. (Hong, Tsang, & Dawid, 2008) We found that Myc activity
is elevated in mga morphants as shown by the increased reporter activity at 24hpf and 31hpf. As
a consequence, expression of Myc target genes, including id2, cdc235, cyclindl, cebpa and odcl,
are also elevated at 24hpf. Among these target genes, Id2, a bHLH transcription factor, was
shown to be expressed in pre-migratory and migratory NC cells in chicks. (Martinsen, Bronner-
fraser, Martinsen, & Bronner-fraser, 2020) Overexpression of chick id2 in frog embryos leads to
expansion of neural crest population due to increased cell proliferation. (Kee & Bronner-Fraser,
2005) On the contrary, mga morphants showed reduced neural crest progenitors. In addition,
there is an increase in TUNEL positive apoptotic cells in regions correlating to the pre-migratory
and migratory NC cells at 22hpf. Increased cell death in mga morphants is possibly due to
increased Myc activity. Injection of 200pg of mxd3 mRNA, which encodes another Max
interacting protein that antagonizes Myc, in mga morphants is able to rescue cell death at 22hpf
but is not able to rescue neural crest defects. These data suggest that there’s already neural crest
specification defect and that Myc elevation is not the attributing factor for neural crest defects in
mga morphants.

In many species, Bmp signaling has been shown to be important in early steps of NC
development. (Betancur, Bronner-Fraser, & Sauka-Spengler, 2010; Pla & Monsoro-Burg, 2018)
During gastrulation, high levels of Bmp are expressed in the non-neural ectoderm while low
levels are required in the neural ectoderm. Intermediate level of Bmp, on the other hand, is
required for proper positioning of the neural plate border. (Reichert, Randall, & Hill, 2013;

Schumacher, Hashiguchi, Nguyen, & Mullins, 2011; Tribulo, Aybar, Nguyen, Mullins, &
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Mayor, 2003) When Mga is suppressed from the 1-cell stage, expression of Bmp antagonist
chordin is slightly expanded ventrally at 75% epiboly. Two of the Bmp target genes, Anp63 and
tbx6, are decreased in mga morphants. These results are consistent with the previous finding
where Mga positively regulates bmp2b expression in the extraembryonic yolk syncytial layer
(YSL) together with Max and Smad4. (Sun, Tseng, Fan, Ball, & Dougan, 2014) Knocking down
Mga from 1-cell stage embryos may also knockdown Mga from the yolk syncytial layer.
Although Bmp level is decreased, we did not observe dorsoventral patterning defects. (Tseng,
2015) Since we used much lower dose of mgaMOs than previously used, residual Mga protein
level (50% of the control) can the lack of dorsoventral patterning defects. It’s possible that neural
crest cells are much sensitive to Bmp level than dorsoventral patterning. Taken together, we
conclude that Mga plays a role in fine tuning the Bmp level in the neural plate border to promote

neural crest specfication.

3. Study of Mga function in zebrafish knockout models

Through targeting the T-box coding region of Mga, we have successfully identified
four different alleles carrying indel mutations using CRISPR/Cas9 system. mgas/?! is a potential
null allele with five base-pair deletion creating a frameshift mutation and multiple stop codons
downstream. As coding region of the T-box domain is located in the first exon, mga*/?! should
produce a null allele. Zygotic mga¢*/?!~~ are viable and fertile. We were able to generate maternal
zygotic mutants by in-crossing zygotic mga¢*/?!~~ adults. To our surprise, MZmgas*'?!~
developed normally as their wild type counterparts except for one to two hours of developmental
delay. Although mga mutants failed to recapitulate morphant phenotypes, we did see similar

molecular changes. We found that there’s increased apoptosis in MZmga2*!?!" possibly due to
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increased Myc activity, although cell proliferation is not affected. Consistent with increased
Myec activity, expression of Myc target genes, odc! and cebpa, are increased in the mutants.
These findings are supported by the fact that Myc and Mga compete for Max to occupy E-box
sites and control target gene expression. (Blackwood & Eisenman, 1991; P J Hurlin et al., 1999)
Both Odcl and C/EBPa are key regulators in metabolic pathways and cellular homeostasis.
(Bachmann & Geerts, 2018; Bello-Fernandez, Packham, & Cleveland, 1993; Salmeron, 2018)
It’s possible that the dysregulation in cellular metabolism due to increased Myc activity may be

the cause of developmental delay in the mutants.

To address the lack of severe phenotype in mga mutants, we analyzed the expression
of mga transcript levels in the MZmga*?’-, We found that mga transcripts are decreased in the
mutants compared to the wild type. As stated earlier, the frameshift mutation in mga%*/*! allele
creates multiple premature termination codons (PTCs) which can trigger the degradation of
mutant mRNA known as non-sense mediated mRNA decay (NMD). Therefore, it’s possible that
the decreased mga expression is due to NMD. It’s been proposed that the NMD can activate
transcriptional adaptation to protect an organism bearing a non-sense mutations. (El-Brolosy et
al., 2019; Ma et al., 2019) Such adaptation mechanism works by upregulating similar or related
genes via epigenetic remodeling. (El-Brolosy et al., 2019; Ma et al., 2019) If transcriptional
adaptation is responsible for the lack of severity in our mutants, we should see an upregulation of
genes that are similar to mga. Interestingly, we found another mga gene, mgab, on chromosome
20 of the zebrafish genome that has not been annotated. mgab is expressed both maternally and
zygotically. Mgab protein also contains conserved T-box and bHLHZip domain. The
chromosomal organization around mgab is also conserved among teleost species. In addition,

expression of mgab mRNA is slightly increased in mga mutants. Therefore, it’s likely that Mgab
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is compensating for the loss of Mgaa in our mutants. We predict that mgaa and mgab double
knockout embryos should display more severe or lethal phenotype and should resemble those

seen in mouse embryos lacking functional Mga. (Washkowitz et al., 2015)

Although current evidences in the potentially mga null mutants recapitulate the
molecular changes that are seen in mga knockdown embryos, some caveats need to be taken into
consideration. For example, we were not able to analyze the Mga protein level in MZmgas®!?!--
embryos. It’s possible that Mga protein is made via alternative translation start site downstream
of the indel mutation. Currently, there are no commercially available antibodies that can
specifically recognize zebrafish Mga. Endogenously knocking in protein tags in mga locus using

CRISPR/Cas9 system can be helpful to evaluate protein level in the mutants. This can be also

helpful in identifying proteins that interacts with Mga and their potential target genes in vivo.

4. Mga function in general and future directions

In this study, we identified a novel role of Mga in promoting cell fate specification
during neural crest development independent of Myc. This is different from previous reports
where they found Mga promoting cell survival and pluripotency maintenance. (Hu et al., 2009;
van den Berg et al., 2010; Washkowitz et al., 2015) In fact, Mga and its cofactor Max was found
in a transcriptional repressor complex with E2F-6 to occupy and silence Myc target genes and
genes with T-box elements in GO cells. (Ogawa et al., 2002) Mga and Max can also recruit
chromatin modifiers, such as Polycomb group proteins to germ cell specific genes and repress
their expression preventing premature differentiation of embryonic stem cells. (Endoh et al.,
2017) These findings together with ours suggest that Mga can promote both differentiation and

pluripotency depending on the cell cycle and the presence of different binding partners. With two
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DNA binding domain, Mga may regulate a wide variety of target genes during development and
carry out different functions. Indeed, previous reports using knockdown methods in zebrafish
have shown Mga’s involvement in dorsoventral patterning as well as organogenesis by
regulating distinct set of genes. (Rikin & Evans, 2010; Sun et al., 2014)

Mutations in MGA have been found in many cancers such as lung adenocarcinoma,
colon cancer, malignant transformation of chronic lymphocytic leukemia. (Bachmann & Geerts,
2018; de Paoli et al., 2012; Jo, Kim, Yoo, & Lee, 2016) Understanding how and when Mga
promote differentiation or maintain pluripotency will not only contribute substantially to our
knowledge in early embryonic development but also will shed more lights on the pathogenesis
and therapeutics of cancer. With a mutant in hand and possibly with a double Mga knockouts in

the future, we will be able to uncover how Mga function in vertebrate embryonic development.
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