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ABSTRACT

MicroRNAs (miRNAs) are small non-coding RNAs that regulate gene
expression by binding to the 3’UTR of their target and silencing translation. In
vertebrates, miR-1 is known to regulate cardiac development, skeletal muscle
proliferation and differentiation, and blood vessel formation. In the sea urchin embryo,
miR-1 may play a crucial role in early embryonic development since miR-1
overexpression (OE) significantly delayed developmental progression, leading to a
high percentage of embryos arrested at the cleavage stage and embryonic lethality.
Our results indicate that miR-1 OE leads to chromosomal segregation defects,
misaligned mitotic spindles, and defective cytokinesis, potentially leading to
embryonic arrest. The functional role of miR-1 in mitosis and cell division is
unknown; however, we have bioinformatically identified potential binding sites for
miR-1 within Cdc42 and LGN-Gai-NuMA transcripts, which are involved in anchoring
astral microtubules to the cell cortex to mediate the spindle orientation during cell
division. Cdc42 also mediates the binding of microtubules to the kinetochores of
chromosomes, as well as remodeling actin polymerization to facilitate proper
cytokinesis. Prior studies showed that perturbation of either the Cdc42 or members of
the LGN-Gai-NuMA complex leads to cytokinesis failure and misaligned mitotic
spindles, respectively. Based on their role in mitosis and the potential miR-1 binding
sites within Cdc42 and LGN-Gai-NuMA, we hypothesize that miR-1 suppresses these
transcripts to mediate mitosis. Using site-directed mutagenesis and dual luciferase
assay, we demonstrated that miR-1 directly suppresses Cdc42. To examine the specific
impact of miR-1’s suppression of Cdc42, we tested the loss-of-function of Cdc42 and

observed similar phenotypes as miR-1 OE, indicating that miR-1 regulates mitosis at
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least in part through its regulation of Cdc42. This work provides a deeper
understanding of post-transcriptional regulation of an evolutionarily conserved
miRNA and its novel role in embryogenesis. The understanding of how miRNAs
regulate cell division contributes to our knowledge of early development, birth defects,

and predisposition to cancer.
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Chapter 1

INTRODUCTION

miRNA biogenesis and function

Gene regulation, crucial for the survival of living organisms, involves the
action of microRNAs (miRNAs), which are small (~22nt), highly conserved non-
coding RNAs that repress gene expression via inducing target degradation or
translational silencing (Chen et al., 2006; Bhaskaran & Mohan, 2014; Liu et al., 2017;
Bartel, 2018; Correia De Sousa. et al., 2019; Khan et al., 2022). The seed sequence of
a miRNA, located at the 5’ end from nucleotide positions 2 to 7, allows for target
recognition via sequence complementarity. The complementary binding sites found in
the target mRNAs are usually located in the 3’UTR; however, miRNAs can bind to
any region of the transcript to mediate gene repression (Chen et al., 2006; Bhaskaran
& Mohan, 2014; Liu et al., 2017; Bartel, 2018; Correia De Sousa. et al., 2019; Khan et
al., 2022). miRNAs are encoded in the genome where they are transcribed by RNA
Polymerase II followed by sequential processing by Drosha and Dicer enzymes (Fig.
1.1) (Bhaskaran & Mohan, 2014; Liu et al., 2017; Bartel, 2018; Correia De Sousa. et
al., 2019; Khan et al., 2022). A single strand of the shortened processed miRNA gets
incorporated into the RNA Induced Silencing Complex (RISC), where miRNA
recognizes its target transcripts based on sequence complementarity (Fig. 1.1). One

mRNA target can exhibit multiple binding sites for the same miRNA or be regulated



by several distinct miRNAs, highlighting the profound impact that miRNAs can exert

on their targets (Chen et al., 2006; Liu et al., 2017; Bartel, 2018).
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Figure 1.1: MicroRNAs undergo a series of sequential processing steps to achieve
their functional role in gene repression. Initially transcribed from the genome,
miRNAs undergo multiple cleavage events before being integrated into the RNA-
induced silencing complex (RISC). Figure from Bartel, 2018.



miRNAs are recognized for their role in regulation across various biological
processes, ranging from development and organogenesis to immunity and metabolism
(Bhaskaran & Mohan, 2014; Bartel, 2018; Khan et al., 2022). In mammals, miRNAs
are estimated to exert regulatory control over approximately 30% of protein-encoding
genes (Bhaskaran & Mohan, 2014; Zhao, N. et al., 2021). Moreover, miRNAs are also
known to play a role in cancer, cardiovascular diseases, obesity, metabolic diseases,
neurological disorders, infectious diseases, autoimmune diseases, and more
(Bhaskaran & Mohan, 2014; Liu, B et al., 2014; Bartel, 2018; Correia De Sousa. et al.,
2019). Given their diverse roles and substantial influence on biological systems,

miRNAs emerge as a critical group of regulators governing gene expression.

miR-1 function

miR-1 is highly conserved and is found to be specifically expressed in muscle
tissue, such as cardiac and skeletal muscle (Lagos-Quintana et al., 2002; Zhao, Y. et
al., 2005; Chen et al., 2006; Bhaskaran & Mohan, 2014; Wei et al., 2014; Zhao, N. et
al., 2021). miR-1's involvement in numerous cellular processes is evident through its
ability to target a diverse range of transcripts encoding proteins associated with cell
differentiation, proliferation, cell cycle regulation, and apoptosis, including Kruppel-
like factor 4 (KLF4), Heat shock protein 60 (HSP60), Heart- and neural crest
derivatives-expressed protein 2 (Hand2), Stanniocalcin-2 (STC2), Transforming
growth factor beta (TGF-B), and histone deacetylase 4 (HDAC4, a transcription factor
known to suppress the expression of muscle-specific genes and promote myogenesis)
(Zhao, Y. et al., 2005; Chen et al., 2006; Safa et al., 2020; Khan et al., 2022).
Moreover, miR-1 can be regulated by transcription factors that coordinate muscle gene

expression, such as Serum response factor (SRF), myoblast determination protein 1



(MyoD), and Myocyte Enhancer Factor 2 (Mef2) (Zhao, Y. et al., 2005; Chen et al.,
2006; Khan et al., 2022). In studies involving myoblast cell lines derived from mice,
the overexpression of miR-1 was observed to enhance skeletal muscle differentiation,
as evidenced by the increased expression of myogenic markers, which can be
attributed, at least in part, to the suppression of HDAC4 by miR-1. Furthermore, miR-
1 overexpression (OE) led to a reduction in cell proliferation, as indicated by a
decrease in phosphorylated histone H3 (marker for mitotic nuclei) levels in the same
cells. (Chen et al., 20006). In vivo assays examining development of mice hearts, miR-1
OE has been shown to cause developmental arrest accompanied by thinned ventricular
walls and eventual heart failure due to loss of proliferation and cardiomyocyte
expansion (Zhao, Y. et al., 2005). The observed phenotype of underdeveloped hearts
could be partly attributed to miR-1’s direct suppression of Hand2, which encodes a
transcription factor involved in regulating the expansion of cardiomyocytes, where
Hand2 knockdown experiments have demonstrated similar outcomes (Zhao, Y. et al.,
2005). Together, these studies suggest that miR-1 OE results in accelerated
differentiation of myoblasts, coupled with reduced proliferation, leading to an
inadequate pool of undifferentiated myoblasts, resulting in hypoplasia (Zhao, Y. et al.,
2005; Chen et al., 2006). In comparison, miR-1 inhibition resulted in enlarged hearts
and impaired cardiac function in fetal mice, indicated by increased proliferation and
apoptosis (Wei et al., 2014). By directly suppressing Estrogen-related Receptor f3
(Err), a regulator of sarcomere protein expression, miR-1 overexpression leads to an
elevation in the levels of fetal sarcomere-associated genes that are typically
downregulated in adult hearts, offering a partial explanation for the observed defects,

as sarcomeres are involved in the mechanical contraction of the heart (Wei et al.,



2014). Inhibition of miR-1 in zebrafish results in comparable outcomes, including an
enlarged heart and reduced size of the head and mandible, which can be attributed to
an increase in apoptotic cells impacting the migration and differentiation of neural
crest cells (NCCs), which are necessary for the proper formation of the affected tissues
(Zhao, N. et al., 2021). Consistent with the phenotypes observed in miR-1 OE, the
inhibition of miR-1 leads to increased proliferation and reduced differentiation, as
indicated by the increased expression of fetal gene markers (Wei et al., 2014) and
decreased expression of Neurogl (ngnl, which encodes a transcription factor involved
in differentiation of NCCs) (Zhao, N. et al., 2021). Collectively, these investigations
demonstrate the indispensable role of miR-1 in cardiac and skeletal muscle
development, as well as its significant involvement in cell cycle regulation. Therefore,
miR-1 emerges as a pivotal candidate implicated in multiple cellular processes.
Extensive research has been conducted on the role of miR-1 in cancer,
revealing its predominant function as a tumor-suppressor miRNA in most cases (Khan
et al., 2022). Downregulated miR-1 can be the cause of many cancers such as lung
cancer, breast cancer, colon cancer, colorectal cancer, pancreatic cancer, prostate
cancer, genitourinary cancer, thyroid cancer, Sarcoma, and more (Childs et al., 2009;
Sarver et al., 2009; Taulli et al., 2009; Hu et al., 2010; Wang, F et al., 2011; Yoshino
at al., 2011; Kojima at el., 2012; Wei, W et al., 2012; Duan at al., 2014; Deng et al.,
2021; Lv et al., 2021; Reviewed in Han et al., 2014 and Khan et al., 2022). miR-1
overexpression in these cases offers a therapeutic treatment by inducing chemo-
sensitization, increasing apoptosis, inhibiting tumor cell growth, and reducing
metastasis (Yan et al., 2009; Hu et al., 2010; Migliore et al., 2012; Reid et al., 2012

Duan at al., 2014; Reviewed in Han et al., 2014 and Khan et al., 2022). In vitro studies



using human prostate cell lines showed that conferred miR-1 expression lead to a
decrease in mitotic cells and proliferation, coupled with an increase in cells in the
DNA synthesis (S) phase of mitosis, suggesting that miR-1 may prevent cell cycle
progression in cancer cells, potentially through its regulation of genes involved in
DNA repair in part through its direct regulation of breast cancer 1 early onset
(BRCAT) which plays a role in the G2/M DNA damage checkpoint (Hudson et al.,
2011). Furthermore, upregulation of miR-1 in human prostate cancer cells leads to a
decrease in YH2A.X levels, a key regulator in the DNA damage response (Hudson et
al., 2011). Subsequently, when exposed to radiation, the diminished YH2A.X levels
contribute to a reduced population of cells capable of surviving the radiation
treatment, thus inducing radiosensitivity (Hudson et al., 2011). These studies
emphasize the critical role of miR-1 in the regulation of the cell cycle and suggest its
potential therapeutic significance in cancer.

However, the functional role of miR-1 during early development remains
largely unknown. One study shows that overexpression of miR-1 during the one-cell
stage in the X. laevis embryo resulted in developmental defects, such as shortened
body axis, disorganized somites, and decreased mitotic cells (Chen et al., 2006). This
body axis defect may be due, in part, to miR-1’s direct regulation of Tankyrase 2
(TNKS2), an activator of the Wnt/p-catenin signaling pathway (Fu et al., 2022). The
Wnt/B-catenin signaling pathway is involved in cell proliferation and polarity, notably,
Wnt3a has a specific role in establishing the anterior-posterior axis (Nakaya et al.,
2005). In addition, it has been shown that miR-1 is one of the most highly expressed
miRNAs throughout all the stages of early development in the sea urchin (Song et al.,

2012). In an experiment depleting miRNA processing enzymes Drosha and/or Dicer,



miR-1 along with three other of the most highly sequenced miRNAs, was sufficient to
rescue embryonic lethality caused by the depletion (Song et al., 2012). Together, these
investigations suggest that miR-1 plays a crucial role in early embryonic development.
My project is to discover the function of miR-1 in early development and define

its regulatory mechanism.

Sea urchin as a model organism

As a model organism, the sea urchin has been used as a tool to study
developmental biology for over a century; however, the first experimental use of the
sea urchin dates back to 1894, where Hans Driesch separated an early cleavage stage
embryo which resulted in two adult sea urchins (Huneman, 2013). The sea urchin
embryos have many characteristics that make them a useful model organism for
studying developmental biology. Sea urchins, positioned as a sister group of chordates
such as humans on the phylogenetic tree (Fig. 1.2A) (McClay, 2011), exhibit shared
major gene families and similar developmental patterns (McClay, 2011). The sea
urchin undergoes external fertilization, from which their development is synchronous,
resulting in transparent embryos which allows for easy visualization of key
developmental processes and phenotyping (Fig 1.2B) (McClay, 2011). The developing
sea urchin embryos are able to withstand experimental manipulations, such as
injections, which is useful to study developmental mechanisms (McClay, 2011). In
addition, the sea urchin embryo has a very well documented developmental gene
regulatory network (dGRN) that documents key transcription factors and signaling
pathways critical for cell specification and differentiation, which make it easy to track
the effects of perturbation in early development (Davidson et al., 2002; Yuh et al.,

2002; Revilla-I-Domingo et al., 2007). For example, the establishment of the Dorsal-



Ventral axis in the sea urchin relies on the essential involvement of Nodal and
opposing BMP signaling, a regulatory network that is widely conserved across
bilatarian organisms (Dal-Pra et al., 2006). Together, these characteristics make the
sea urchin a suitable and tractable model organism for studying developmental
mechanisms.

Given the established role of miRNAs as pivotal regulators of developmental
processes, understanding more deeply the function of miRNAs is important (Zhao, Y.
et al., 2005; Chen et al., 2006; Safa et al., 2020; Khan et al., 2022). The sea urchin
only has around 50 annotated miRNAs, while humans have more than 500 (Song et
al., 2012; Bartel, 2018). Additionally, sea urchin miRNA families nearly all contain a
single member, leading to functional non-redundancy, making the sea urchin embryo a
tractable model to examine the function of a single miRNA (Song et al., 2012). For
example, there is one copy of miR-1 in the sea urchin, whereas most mammalians
contain two miR-1 genes (Song et al., 2012; Heidersbach et al., 2013). By utilizing the
simplified sea urchin model to investigate the evolutionarily conserved regulatory
functions of miRNAs in embryonic development, we can gain a deeper understanding

of their roles in development across metazoa.
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Figure 1.2: Sea urchins are used as a developmental model. (A) Phylogenetic tree
of Bilateria showing Sea urchins as a sister sub-group to chordates, characterized
deuterostomes based on developmental process. Image created in BioRender. (B) Sea
urchin embryos develop in a temporally regulated manner.

Mitosis

Mitosis is a crucial process required by all living things in order to replicate.
This process occurs when the chromosomes of one cell are fully segregated, and the
cell cleaves to form two identical daughter cells. In a typical cell cycle, a cell will
spend some time in interphase where they will go through distinct phases to prepare
for mitosis (M phase) (Park et al., 2019). In gap phase 1 (G1 phase), the cell grows in
preparation for the DNA synthesis that occurs in synthesis phase (S phase) (Park et al.,
2019). This follows to the next cell cycle phase, gap phase 2 (G2 phase), where the
cell will perform any final checks before cell division (Park et al., 2019). However, in
mammals and several other species, immediately following fertilization, during the

early cleavage stage, cell divisions occur rapidly and cycles between mitosis and DNA



synthesis with minimal gap phases (Brantley & Talia, 2021). This rapid division will
eventually slow once the developing embryos reach gastrulation (Brantley & Talia,
2021). The absence of gap phases during cell division requires specialized
coordination and regulation for proper segregation (Mitsushima et al., 2009; Brantley
& Talia, 2021; Lacroix & Dumont, 2022).

The highly regulated and dynamic process of mitosis involves the coordinated
action of hundreds of proteins and can be divided into six distinct phases (McIntosh,
2016; Park et al., 2019). Prophase indicates the onset of mitosis, where the nuclear
envelope breaks down and the chromosomes condense (Park et al., 2019). In this
phase, the mitotic spindle will begin to form from the microtubule organizing center
(MTOC). Prometaphase exhibits the bi-oriented attachment of the microtubules to the
kinetochores of the chromosomes and will begin to move the chromosomes to the
metaphase plate. Metaphase consists of the aligned and stabilized chromosomes along
the metaphase plate. This phase consists of the Spindle Assembly Checkpoint (SAC)
that ensures that no chromosomes are segregated unless they have achieved the bi-
oriented attachments by the microtubules. Anaphase will occur once the SAC is
passed. In anaphase, the chromosomes are physically pulled towards opposite ends of
the cell. Once the chromosomes have been fully segregated and have reached their
designated poles, telophase occurs where the nuclear envelope will start to re-from and
the chromosomes can de-condense. Cytokinesis is the final phase in which one cell
will physically separate into two (Park et al., 2019). Therefore, this critical process
involves numerous components to facilitate its regulation.

The mitotic spindle apparatus is the main organelle responsible for segregation

of chromosomes during cell division (Mitsushima et al., 2009; Lacroix & Dumont,
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2022). Proper orientation of the spindle is crucial for cell differentiation and
morphogenesis, organogenesis, and embryogenesis (Mitsushima et al., 2009;
Kamranvar et al., 2022) and when the spindle is misoriented it can result in
developmental defects, cancer development and progression, and other diseases
(Lamson et al., 2019; Park et al., 2019; Kamranvar et al., 2022). The mitotic spindle,
composed mainly of microtubules, is organized and regulated by motor proteins, the
cytoskeleton, and anchoring proteins, as well as many non-protein factors, such as
non-proteinaceous enzymes like Poly ADP-ribose (PAR), that ensure proper
orientation and coordination (Chang et al., 2004; Bergstralh & Johnstona, 2014;
Lamson et al., 2019; Guilloux & Gibeaux, 2020). The three primary populations of
microtubules include astral microtubules, which link the MTOC:Ss to the cell cortex and
provide spindle orientation, kinetochore microtubules, which connect the MTOC to
the chromosomes themselves, and non-kinetochore microtubules, which align in
parallel to kinetochore microtubules to aid in stabilization but do not directly interact
with kinetochores (Fig. 1.3) (Chircop, 2014). As one of the major components
regulating the mitotic spindle, there is evidence of filamentous actin (F-actin)
interacting with microtubules and undergoing significant reorganization during cell
division in epithelial cells (Kita et al., 2019). Treatment of these cells with SMIFH2,
an inhibitor of formin proteins that regulate actin polymerization, led to mitotic defects
including shortened microtubules and prolonged mitotic duration (Kita et al., 2019).
These findings suggest that F-actin plays a vital role in the formation and function of

the mitotic spindle (Kita et al., 2019).
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Figure 1.3: The mitotic spindle microtubules. The microtubules (MTs) are a
component of the mitotic spindle that physically bind to the chromosomes and
facilitate their segregation. The astral MTs anchor the mitotic spindle to the cell
cortex. The MTOC or centrosome is the central point from which the MTs emanate
from. The kinetochore MTs physically connect to the chromosomes at the spindle
midzone, while the interpolar MTs are cross-linked and provide stabilization at the
midzone. Figure from Fraschini, 2016.

There are many key players involved in the orientation of the mitotic spindle
during the early cleavage stage such as Nuclear and Mitotic Apparatus protein
(NuMA), Leucine-Glycine-Asparagine repeat protein (LGN), G protein Gai. NuMA,
LGN, and Gai form a complex at the inner cell membrane where the astral
microtubules will bind and anchor (Zhu et al., 2011). LGN localizes to the apical
cortex and associates with Gai to get phosphorylated. Activated LGN then binds to
NuMA at the apical cortex, where it will bind to the motor protein dynein and mediate

pulling forces for the MTs to segregate chromosomes (Fig. 4.1) (Kotak et al., 2012).
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Knockdown of any of these three protein components leads to spindle orientation
defects and a higher incidence of randomized division planes (Peyre et al., 2011). The
resulting generation of ectopic neural progenitor cells is due to defects in the
asymmetric division process, which is crucial for the self-renewal of progenitor cells
(Peyre et al., 2011).

Another key player involved in orientation of the mitotic spindle is Cdc42.
Cdc42 is a small G protein of the Rho GTPase family, where it cycles between an
active GTP-bound state and inactive GDP-bound state, a process regulated by guanine
nucleotide-exchange factors (GEFs) and GTPase-activating proteins (GAPs) (Chircop,
2014). In mammalian cells, Cdc42 is known to play a role during mitosis at three
important junctures; at the cell cortex, at the centrosome, and at the kinetochores
(Yasuda et al., 2004; Jaffe et al., 2008; Kodani et al., 2009; Rodriguez-Fraticelli, et
al., 2010; Reviewed in Chircop, 2014). Intersectin 2 (INTS2), a Cdc42-sepcific GEF,
activates Cdc42 at the cell cortex and assists in the regulation of mitotic spindle
orientation, possibly through LGN, as knocking down any of these three components
results in comparable defects in mitotic spindle orientation (Rodriguez-Fraticelli et al.,
2010). Active Cdc42 is also required at the cell cortex to mediate the cortical actin
network through WASP/Arp2/3 actin nucleation (Fig. 4.1) (Vodicska et al., 2018).
This actin network is important in spindle orientation as well as providing a
scaffolding for other proteins involved in anchoring the astral MTs to the cell cortex to
maintain orientation (Carmanti et al., 2016; Vodicska et al., 2018; Svitkina, 2020).
INTS?2 is also found at the centrosomes (Rodriguez-Fraticelli et al., 2010) along with
another Cdc42-specific GEF, Tuba, to regulate centrosome organization potentially

through its effectors Pak and Par6a to maintain cell polarity (Kodani et al., 2009). The
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Par6 and aPKC pathway that regulates the anchoring of the astral MTs to the cell
cortex may also play a role in the cell polarity and orientation of the MTOCSs through
downstream effectors (Fig. 4.1) (Schlessinger et al., 2007). Constitutively inactive
Cdc42 produced multipolar spindles as well as aberrant spindles which are unable to
align and segregate chromosomes (Kodani et al., 2009). Cdc42 is also involved in the
bi-oriented attachment of the microtubules to the kinetochores by sequestering mDia3,
a protein usually involved in actin polymerization, to the kinetochores to stabilize the
attachment, independent of mDia3’s function with actin (Yasuda et al., 2004).
Inactivation of either Cdc42 or mDia3 produced similar phenotypes of misaligned
spindles and miss-segregation of chromosomes, as well as cytokinesis defects
indicated by multiple nuclei (Yasuda et al., 2004). Overall, the depletion of active
Cdc42 protein results in cells that are arrested in prometaphase, misoriented mitotic
spindles, multipolar spindles, and impaired chromosome congression, similar to the
phenotypes we observe in Cdc42 KD embryos and miR-1 OE embryos (Yasuda et al.,
2004; Oceguera-Yanez et al., 2005; Kodani et al., 2009). In the sea urchin, Cdc42 has
been shown to be important for cell polarity as it co-localizes with proteins of the Par
complex at the apical cortex, starting as early as 2-cell (Moorhouse et al., 2015). When
the localization of Cdc42 is disrupted, the sea urchin embryos were unable to develop
to the blastula stage (Moorhouse et al., 2015). An additional study has shown that
depletion of active Cdc42 protein result in arrested sea urchin embryo at the early
cleavage stage (Sepulveda-Ramirez et al., 2018). Furthermore, Cdc42 plays a role in
regulating actin cytoskeleton remodeling during mitosis in mammalian cells, which, in
turn, influences spindle orientation (Mitsushima et al., 2009). The maintenance of

spindle orientation is, in part, facilitated by Cdc42's regulation of p21-activated kinase
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2 (Pak2), as indicated by the misorientation of spindles observed upon depletion of
either Cdc42 or Pak (Mitsushima et al., 2009). These key players important for spindle
orientation and ultimately cell division have potential miR-1 binding sites, leading us

to hypothesize that miR-1 regulates Cdc42, NuMA, LGN, and Gai to mediate mitosis.
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Chapter 2

MATERIALS AND METHODS

Animal acquisition
Strongylocentrotus purpuratus adults were collected and shipped from
Marinus Scientific, LLC (Lakewood, CA). The shedding of gametes was induced by
either vigorous shaking or injection of sea urchins with 0.5 M potassium chloride.
Natural sea water was obtained from the Indian River Inlet, after which it was stored
at the University of Delaware campus in Lewes, DE. Injected embryos were cultured

in filtered natural sea water and maintained at 15°C.

Whole mount fluorescent in situ hybridization (WMFISH)

To detect spatial and temporal localization of potential target transcripts,
embryos were collected and fixed at 16-32-cell stage. WMFISH was performed as
previously described (Sethi, Angerer et al. 2014; Samplio et al., 2021) using 0.5 ng/uLL
probe in hybridization buffer and incubated for 5 days. The probe was detected using
anti-digoxigenin-POD antibody (Millipore Sigma, St. Louis, MO) and exposed to
TSA Plus amplification system (PerkinElmer, Waltham, MA) for 6 minutes. Embryos
were then stained with NucBlue Fixed Cell Stain ReadyProbes diluted in MOPS
buffer (0.1M MOPS pH 7, 0.5 M sodium chloride, 0.1% Tween 20, and DEPC-treated
water) to visualize DNA as well as E7 (DSHB, Iowa City, lowa) at 1:10 dilution in
PBST (0.1% Triton), or anti-a-tubulin (Proteintech, Rosemont, IL) at 1:100 dilution

in PBST (0.1% Triton) to visualize microtubules.
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Injections

Injection solutions contained 20% sterile glycerol, 2 mg/mL 10,000 MW FITC
lysine charged dextran (ThermoFisher Scientific, Waltham, MA), and 1.0 uM of
control or Cdc42 MASO or 20 mM of control mimic miR-1 LNA mimic. The Cdc42
MASO was designed against sea urchin Cdc42 while the negative control MASO was
designed against human beta-globin intron (Table 2.1) (Gene Tools, LLC, Philomath,
Oregon). The miR-1 mimic is designed against conserved mature miR-1 sequence and
the negative control mimic is a scrambled RNA (Table 2.1) (QIAGEN Sciences Inc,
Germantown, MD). Microinjections were performed as previously described (Konrad

and Song 2022; Stepicheva and Song 2014).

Luciferase Assay

The 3’UTR of Cdc42 is cloned using the sea urchin cDNA. PCR primers were
designed and the amplified product was cloned into pCR-Blunt vector (Thermo Fisher
Scientific, Waltham, MA). Plasmids containing potential cloned DNA inserts were
subjected to DNA sequencing (Genewiz Services, South Plainfield, NJ). These were
subcloned downstream of the Renilla luciferase (Rluc) as described previously
(Konrad and Song 2022). The miR-1 binding sites within Cdc42 3’UTR were
mutagenized at the third and fifth binding sites by using the QuikChange Lightning
Kit (Table 2.2) (Agilent Technologies, San Jose, CA). Clones were sequenced to
check for the mutated miR-1 binding site (Genewiz Services, South Plainfield, NJ).
Firefly construct (FF) was linearized using Spel and in vitro transcribed with SP6
RNA polymerase. Mutated Cdc42 reporter construct was linearized using Notl and in
vitro transcribed with SP6 RNA polymerase. Transcripts were purified using the RNA

Nucleospin Clean-up kit (Macherey-Nagel, Bethlehem, PA). FF and reporter RLuc
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constructs were co-injected at 50 ng/uL. 40 embryos at the mesenchyme blastula stage
(24 hpf) were collected in 25 pL of 1X Promega passive lysis buffer and vortexed at
RT. Dual-luciferase assays were performed using the Promega™ Dual-Luciferase™
Reporter (DLR™) Assay Systems with the Promega™ GloMax™ 20/20 Luminometry
System (Promega, Madison, WI). The rest of the assay was performed as previously

described (Konrad and Song 2022)

Immunolabeling and Phalloidin Staining

Embryos were collected at 16-32 cell stage and fixed with 100% methanol on
ice for 10 minutes for Cdc42 immunolabeling or 4% PFA overnight at 4°C for alpha-
tubulin immunolabeling. Embryos were washed three times with 1x PBST
(0.1%Triton) for 15 minutes and then incubated with 4% sheep serum in 1x PBST
(0.1% Triton) for 1 hour at room temperature. Cdc42 antibody (ProteinTech,
Rosemont, IL) was added in 1:100 dilution in 4% sheep serum in 1x PBST (0.1%
Triton) and incubated overnight at 4°C. Anti-a-tubulin antibody (ProteinTech,
Rosemont, IL) was added 1:100 dilution in 4% sheep serum in 1x PBST (0.1% Triton)
incubated overnight at 4°C. The embryos were washed using 1x PBST (0.1%Triton)
before incubating in secondary antibody in 4% sheep serum in 1x PBST (0.1% Triton)
for 1 hour at room temperature. The embryos were washed three times with 1x PBST
(0.1% Triton) before imaging, NucBlue (1:1000) (ThermoFisher Scientific, Waltham,
MA) was added to visualize DNA.

To examine F-actin, embryos were labeled with fluorescently conjugated
phalloidin as previously described (Konrad and Song, 2022) with minor modifications.
AlexaFluor-647 conjugated phalloidin was reconstituted in DMSO, then diluted to 10

U/mL in PBST (0.1% Triton). Embryos were washed three times with PBST (0.1%
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Triton) and incubated with AlexaFluor-488 conjugated tubulin (ThermoFisher
Scientific, Waltham, MA) overnight at 4°C. Embryos were incubated in PBST (0.1%
Triton) for 10 minutes and washed with 1xPBS two times. Embryos were then
counterstained with NucBlue (1:1000) (ThermoFisher Scientific, Waltham, MA).
Images were obtained using Zen software and obtained with a Zeiss LSM 780 or 880

scanning confocal microscope (Carl Zeiss Incorporation, Thorwood, NY).

Imaging and image processing
Images for WMFISH, tubulin immunolabeling, and phalloidin were taken
using a Zeiss LSM 780 or 880 scanning confocal microscope (Carl Zeiss
Incorporation, Thorwood, NY) and processed with Zen software (Zeiss Incorporated)
and Adobe Photoshop. Images for Cdc42 protein expression over time were taken with

Zeiss Observer Z1 microscope and processed in the same way.

Image J Analysis

To quantitatively analyze the change of transcripts expression and localization,
single plane images of embryos containing blastomeres in interphase were exported
from Zen as TIFFs. These images were analyzed using ImageJ (Schneider et al.,
2012). A circular region was drawn around a whole blastomere of an embryo and the
mean fluorescence intensity (MFI) was measured. To perform the line scan, a line
spanning a whole blastomere of an embryo starting from outermost apical side to the
inner part of the embryo, crossing the nuclear region was drawn and mean

fluorescence intensity (MFI) was measured.

19



Table 2.1: Sequence of LNA mimics and MASOs injected

Sequence (5°-3°)

miR-1 LNA mimic

ACATACTTCTTTACATTCCA

Scrambled LNA mimic

UGGAAUGUAAAGAAGUAUGUAU

miR-1 LNA detection probe

ATACATACTTCTTTACATTCCA

Scrambled LNA detection probe

GTGTAACACGTCTATACGCCCA

Cdc42 translational MASO

AAGGATGACCTTTTCGATGTAATC

globin)

Negative control MASO (Human j-

CCTCTTACCTCAGTTACAATTTATA

Table 2.2: Primers used to clone into Renilla luciferase reporter construct

Gene Name

Forward Primer (5’ to 3°)

Reverse Primer (5° to 3”) (Red
nucleotides were ones that were
mutated)

Cdc42 seed 1

ACCTAGCAAGCCATAGTG | GTGTTATATGACAGTGTTT

mutagenesis AGGGACGTTAAACACTGT | AACGTCCCTCACTATGGCT
CATATAACAC TGCTAGGT

Cdc42 seed2 | GATGGTTATCTACACAAAC | GACCCGCTTTATACCCTAG

mutagenesis GGGACGTCTAGGTTATAA | ACGTCCCGTTTGTGTAGAT

AGCGGGTC

AACCATC
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Chapter 3

RESULTS

miR-1 localization is cell cycle-dependent.

We have previously examined the spatial and temporal localization of miR-1 in
various early developmental stages (Sampilo and Song, 2023, in revision). miR-1
exhibits maternal expression with enrichment in the perinuclear region during the 32-
cell stage. Subsequently, its expression reaches a peak during the gastrula stage,
displaying ubiquitous distribution. Throughout the larval stage, miR-1 maintains
widespread expression, with a slight concentration observed in the gut and ciliary
band. Here we focus on the cleavage stage 16-32 cell stage embryos at 6 hours post
fertilization (6hpf), where we observe a dynamic localization of miR-1 that correlates
with the cell cycle. In non-dividing blastomeres, miR-1 is enriched at the cell cortex
while in dividing blastomeres, miR-1 localizes to the chromosomes and between
dividing nuclei (spindle midzone) in metaphase and anaphase blastomeres,
respectively (Fig. 3.1). This cell cycle-dependent subcellular localization of miR-1

suggests that it plays a role in mitosis.
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Figure 3.1: miR-1 localization correlates with the cell cycle. Embryos in the 16-32
cell stage (6 hpf) are subjected to fluorescent in situ hybridization (FISH). Maximum
intensity projections of confocal images of single blastomeres of the 16-32 cell stage
embryo are shown. Following FISH, embryos were immunolabeled for tubulin (red)
and counterstained with DAPI to visualize DNA (blue). miR-1 localizes to the cell
cortex in interphase, along the chromosomes in metaphase, and between dividing
nuclei in blastomeres in anaphase (white arrows). 3 biological replicates. Scale bar =
20 um

miR-1 is essential for developmental progression and proper chromosomal
segregation.

In order to identify the function of miR-1, we microinjected zygotes with a

miR-1 mimic to investigate the overexpression phenotype. In following their
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developmental progression, we observed that zygotes injected with miR-1 mimic
(overexpression; OE) were significantly delayed in their development, starting as early
as 2 hpf that persisted until the blastula stage at 24 hpf. Over 43% of the embryos
injected with the miR-1 mimic experienced embryonic lethality as compared to about
26% of the control mimic-injected embryos (Fig. 3.2). This indicates that miR-1 is

critical for the developmental progression of early cleavage stage embryos.

One of the hallmarks of early cleavage stage embryos is their rapid cell
division, where the embryo has limited time to undergo proper chromosomal
segregation. To gain an understanding of how miR-1 overexpression induces
developmental delays, we examined the chromosomal integrity of the miR-1 mimic-
injected embryos compared to control embryos (Fig. 3.3). In prophase, control
embryos have condensed chromosomes. In dividing embryos, blastomeres in control
embryos have compacted chromosomes aligned along the metaphase plate in
metaphase, as well as condensed and fully separated chromosomes in blastomeres in
anaphase. miR-1 mimic-injected embryos exhibit a significantly higher percentage of
chromosomal abnormalities compared to the control (Fig. 3.3). These chromosomal
defects include uncondensed chromosomes, DNA bridges, multinucleated
blastomeres, and lagging chromosomes. Since the main organelle responsible for
chromosomal segregation during mitosis is the mitotic spindle, we examined its
structure. Wild type dividing blastomeres have mitotic spindle aligned in the same
plane. However, dividing blastomeres in miR-1 mimic-injected embryos contained

several types of microtubule defects, including bent microtubules, multiple spindle
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apparatus, and multiple mitotic organizing centers (Fig 3.4). The significantly
increased percentage of chromosomal and microtubule defects in miR-1 mimic-
injected embryos compared to the controls indicates that miR-1 regulates mitotic

spindle structure and chromosomal segregation.
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Figure 3.2: miR-1 overexpression results in significant developmental delay.
Embryos were injected with control mimic or miR-1 mimic (overexpression; OE)
immediately following fertilization. Embryos were tabulated for developmental
progression every hour, starting at 2 hpf to 6 hpf and again at 24 hpf. miR-1 mimic-
injected embryos exhibited significant developmental delay, starting at 2 hpf and
persists to 24 hpf with 40% embryonic lethality. **p-value <0.005 using Cochran-
Mantel-Haenszel Test. The number of control embryos examined is 212 and the
number of embryos examined miR-1 OE is 192 in 3 biological replicates.
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Figure 3.3: miR-1 OE results in chromosomal segregation defects. Zygotes were
injected with control or miR-1 mimic (overexpression; OE) and cultured to 6 hpf and
fixed in 4% PFA. Maximum intensity projections of confocal images of single
blastomeres of the 16-32 cell stage embryo are shown. Embryos were counterstained
with DAPI to visualize DNA (blue) and imaged to phenotype chromosomal defects.
A) miR-1 mimic injected embryos displayed chromosomal abnormalities when
compared to control embryos. The chromosomal abnormalities were categorized into
compaction defects (white arrows), DNA bridge (white arrow), multinucleated (white
arrows), and lagging chromosomes. Representative images of each chromosomal
defect are depicted in colored boxes in A. Scale bar =20 um. B) Chromosomal defects
were quantified based on frequency of occurrence. Standard error of the mean (SEM)
is graphed. 3 biological replicates, N= number of single blastomeres, **p-value
<0.005 using Cochran-Mantel-Haenszel Test.
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Figure 3.4: miR-1 OE results in microtubule defects. Zygotes were injected with
control or miR-1 mimic (overexpression; OE) immediately following fertilization,
cultured to 6 hpf, and fixed in 4% PFA. 16-32 cell stage embryos were immunolabeled
for tubulin (green) and counterstained with DAPI to visualize DNA (blue). Maximum
intensity projections of confocal images of single blastomeres of the 16-32 cell stage
embryo are shown. A) miR-1 mimic-injected embryos displayed microtubule
abnormalities when compared to control embryos. The microtubule abnormalities
were categorized into bent microtubules (MT) (white arrows), multiple spindle
apparatus (white arrows), and multiple presumptive MTOCSs (white arrows).
Representative images of each microtubule defect are depicted in colored boxes in A.
The inset image (red box) indicates an enlarged image of the presumptive multiple
MTOC:s. Scale bar = 20 um. B) Chromosomal defects were quantified based on
frequency of occurrence. SEM is graphed. 3 biological replicates. N=number of
single blastomeres **p-value <0.005 using Cochran—Mantel-Haenszel Test.

Cdc42 is a bona fide target of miR-1.

To identify the molecular mechanism of how miR-1 regulates early
development, we took a candidate approach to bioinformatically identify potential
miR-1 binding sites within transcripts encoding proteins involved in mitotic spindle
orientation and anchoring. We identified two potential miR-1 binding sites within the

Cdc42 3°’UTR. We cloned its 3’'UTR downstream of Renilla luciferase reporter
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construct. To validate the potential target, we utilize site-directed mutagenesis to
mutate the two predicted miR-1 binding sites and test miR-1’s regulation in dual
luciferase assays as previously described (Fig. 3.5 A and B) (Remsburg et al., 2019).

Results indicate that miR-1 directly suppresses Cdc42 (Fig. 3.5 C).

A. C
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¥ ¥ Cdc42 Luciferase Assay
Transcript WT  Globin 5' UTR | R. Luciferase % 3 UTR* PolyA Tail 180 1
*
{mlR-1 ACGTCCC 160 4
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Mutated Globin 5' UTR |R. Luciferase 3'UTR PolyA Tail 140
) ; = 120
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B. WT Seed gr—é 80
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c—— 0 A
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Figure 3.5: miR-1 directly suppresses Cdc42. A) The 3’UTR of Cdc42 is cloned
downstream of a Renilla Luciferase reporter (Rluc) construct. The construct contains
either a wild type 3’UTR or a mutated 3’UTR where 2 of the nucleotides in the
potential miR-1 binding site are changed using site-directed mutagenesis, abolishing
miR-1’s binding to Cdc42. Firefly is used as a control in the dual luciferase assay. B)
These RNA constructs are then injected in newly fertilized eggs. In embryos injected
with the Rluc with WT Cdc42, the endogenous miR-1 binds and suppresses translation
of the Cdc42 Rluc, giving a basal luciferase signal. In the embryos injected with the
Cdc42 Rluc construct containing the mutated miR-1 binding sites, the endogenous
miR-1 does not bind to suppress its translation, resulting in increased luciferase signal.
C) miR-1 directly suppresses Cdc42. 3 biological replicates. Each replicate contains
40 embryos. *p-value <0.05 using Student T-Test.
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miR-1 and its target transcript co-localize.

In order for miRNAs to repress the gene expression of their targets, they have
to bind directly to their target transcripts. We use dFISH to detect where and when
miR-1 and its target Cdc42 may interact within the dividing blastomeres. Results
indicate that miR-1 and Cdc42 co-localize along the chromosomes in metaphase and
between dividing nuclei in anaphase (Fig. 3.6 A). These results further validate the
regulatory relationship between miR-1 and Cdc42. FISH also demonstrates Cdc42
expression in the cytoplasm, whereas miR-1 expression is lower and more ubiquitous
(Figs. 3.1, 3.6 A). This result suggests that miR-1 does not always functionally interact
with Cdc42, indicating that subcellular Cdc42 is not always under miR-1 regulation.
We observe a similar co-localization between miR-1 and its potential targets,
including NuMA, LGN, and Gai (Fig. 3.6 B). NuMA is localized at the spindle
midzone and the presumptive MTOC, similar to prior publication (Remsburg et al.,
2023). LGN is localized to the presumptive MTOC and along the central spindle; Gai
is localized to the spindle midzone. Thus, results indicate that miR-1 co-localizes to its

direct target Cdc42 and potential targets, NuMA, LGN, and Gai.
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Figure 3.6: miR-1 and Cdc42 mRNA co-localize. A) 16-32 cell stage embryos
(6hpf) were subjected to double fluorescent in situ hybridization (dFISH) against
Cdc42 mRNA (red) and miR-1 (green). Following dFISH, embryos were
immunolabeled for tubulin (magenta) and counterstained with DAPI to visualize DNA
(blue). Maximum intensity projections of confocal images of whole embryos of the
16-32 cell stage are shown. miR-1 and Cdc42 co-localize at the cell cortex, spindle
midzone, and along the chromosomes in dividing embryos (white arrows). Firefly and
Scramble negative were used as negative controls. Scale bar = 50 um. B) 16-32 cell
stage embryos (6hpf) were subjected to fluorescent in situ hybridization (FISH)
against miR-1 potential targets, NuMA, LGN, and Gai (green). Maximum intensity
projections of confocal images of single blastomeres of the 16-32 cell stage embryo
are shown. Following FISH, embryos were immunolabeled for tubulin (magenta). The
NuMA and LGN transcripts localize to the presumptive MTOC (yellow arrows). The

Gai and LGN transcripts localize in the spindle midzone (white arrows). Firefly was
used as a negative control. Scale bar =20 pm.
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miR-1 overexpression leads to significantly decreased Cdc42 protein.
Since we identified that miR-1 directly suppresses Cdc42, an overexpression of
miR-1 would lead to decreased Cdc42 protein. To test this, control mimic and miR-1

mimic-injected embryos were immunolabeled for Cdc42. In control embryos, Cdc42
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protein localizes to the mitotic spindles of blastomeres in metaphase and to the spindle
midzone of blastomeres in anaphase (Figs. 3.7 and B2). In miR-1 overexpressing
embryos, we observed a significant decrease in Cdc42 protein in blastomeres in both
metaphase and anaphase. These results further validate that miR-1 directly suppresses

Cdc42.
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Figure 3.7: miR-1 mimic results in decreased Cdc42 protein. Zygotes were injected
with control or miR-1 mimic and cultured to the 16-32 cell stage (6 hpf). Embryos
were immunolabeled for Cdc42 (red) and counterstained with DAPI to visualize DNA
(blue). A) Maximum intensity projections of confocal images of single blastomeres of
the 16-32 cell stage embryo are shown. miR-1 mimic-injected embryos have
significantly decreased level of Cdc42 protein when compared to control embryos.
Scale bar =20 um. B) The levels of Cdc42 protein of a whole blastomere were
quantified using Image J. 3 biological replicates. N = number of single blastomeres
**p-value <0.005 using Student T-Test.

Cdc42 MASO decreases Cdc42 protein expression.
Since miR-1 directly suppresses Cdc42 and that miR-1 overexpression leads to

significantly decreased Cdc42 protein, we expect that Cdc42 knockdown phenotype
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would phenocopy that of miR-1 overexpression. By knocking down Cdc42
specifically, we will be able to focus on the effect of miR-1’s suppression of Cdc42 to
gain a better understanding towards the mechanism of how miR-1’s direct regulation
of Cdc42 affects early development. To do this, we utilize a Morpholino Antisense
Oligonucleotide (MASO) that inhibits the translation of newly synthesized Cdc42
protein. To examine the efficacy of the knock down, we immunolabeled control and
Cdc42 MASO-injected embryos with Cdc42 antibody. Cdc42 MASO-injected
embryos exhibit a depletion of Cdc42 protein (Fig. 3.8). This result indicates that the
Cdc42 MASO is effective in inhibiting translation of Cdc42. This is also consistent
with our observation that Cdc42 protein is significantly increased from 8-cell stage to
16-cell stage and decreased again at the 32-cell stage (Fig. B3), indicating that MASO
can function in the early cleavage stage. Blocking newly synthesized Cdc42 early on
was sufficient to result in a significant depletion of Cdc42 at the 16-32 cell stage

embryo.
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Figure 3.8: Cdc42 MASO depletes Cdc42 protein. Zygotes were injected with
Control or Cdc42 MASO (Knockdown; KD) and cultured to 6 hpf. A) Embryos were
immunolabeled for Cdc42 (red) and counterstained with DAPI to visualize DNA
(blue). Maximum intensity projections of confocal images of whole embryos of the
16-32 cell stage are shown. Cdc42 MASO-injected embryos have decreased Cdc42
protein when compared to control injected embryos. Scale bar = 50 um. B) The levels
of Cdc42 protein of whole blastomeres were quantified using Image J. 2 biological
replicates, N = number of single blastomeres. **p-value <0.005 using Student T-Test.

miR-1 regulates chromosomal segregation and mitotic spindle structure in part
via its regulation of Cdc42.

Cdc42 MASO-injected embryos exhibit chromosomal abnormalities, including
uncondensed chromosomes, multinucleated blastomeres, and lagging chromosomes
(Fig. 3.9 A). For the most part, these chromosomal defects phenocopy what we
observed in miR-1 mimic-injected embryos (Figs. 3.3, 3.4, 3.9, 3.10). Both miR-1
mimic-injected and Cdc42 MASO-injected embryos have a similar percentage of
possessing uncondensed chromosomes (23% vs. 21%, respectively; Figs. 3.3, 3.9).
However, we did not observe any DNA bridges defect in Cdc42 MASO-injected
embryos, compared to 4.8% of miR-1 mimic-injected blastomeres displaying this
defect. Other differences between Cdc42-MASO-injected and miR-1 mimic-injected

embryos include that Cdc42 MASO-injected embryos have twice as many

33



multinucleated blastomeres compared to the miR-1 mimic-injected embryos (22% vs.
8.7%, respectively). On the other hand, Cdc42-MASO-injected embryos have
approximately three times less lagging chromosomal defects compared to the miR-1
mimic-injected embryos (6.5% vs. 25%, respectively; Figs. 3.3, 3.9).

In terms of microtubule structures, in general Cdc42 MASO-injected embryos
display all the categories of microtubule defects as miR-1 mimic-injected embryos,
such as multiple mitotic spindles and microtubules organizing centers in a single
blastomere (Figs. 3.4 and 3.10). Both Cdc42 MASO and miR-1 mimic-injected
embryos have similar percentage of blastomeres possessing multiple MTOCs (12% vs.
12.3%, respectively; Figs. 3.4, 3.10). However, Cdc42 MASO-injected embryo
contains 3 times less microtubule bent phenotypes compared to miR-1 mimic-injected
embryos (8.6% vs. 25%, respectively; Figs. 3.4, 3.10). In contrast, Cdc42 MASO-
injected embryos have 3 times more blastomeres with multiple spindle apparatus
phenotype, compared to the miR-1 mimic-injected embryos (31% vs. 9.5%,
respectively; Figs. 3.4, 3.10). These results suggest that Cdc42 plays an important role
during mitotic division to ensure proper chromosomal segregation and that miR-1
overexpression induced phenotypes may be in part due to miR-1’s direct suppression

of Cdc42.
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Figure 3.9: Cdc42 KD results in chromosomal segregation defects. Zygotes were
injected with control or Cdc42 MASO and cultured to 16-32 cell stage at 6 hpf.
Embryos were counterstained with DAPI to visualize DNA (blue) and imaged to
tabulate chromosomal defects. Maximum intensity projections of confocal images of
single blastomeres of the 16-32 cell stage embryo are shown. A) Cdc42 MASO-
injected embryos displayed chromosomal abnormalities when compared to control
embryos. The chromosomal abnormalities, including compaction defects (white
arrow), multinucleated blastomeres (white arrows), and lagging chromosomes (white
arrow). Representative images of each chromosomal defect are depicted in colored
boxes in A. Scale bar =20 um. B) Chromosomal defects were quantified based on
frequency of occurrence. SEM is graphed. 3 biological replicates, N= number of
single blastomeres. **p-value <0.005 using Cochran—Mantel-Haenszel Test.
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Figure 3.10: Cdc42 KD results in microtubule defects. Zygotes were injected with
control or Cdc42 MASO and cultured to 16-32 cell stage at 6 hpf. Embryos were
immunolabeled for tubulin (green) and counterstained with DAPI to visualize DNA
(blue). Maximum intensity projections of confocal images of whole embryos of the
16-32 cell stage are shown. A) Cdc42 MASO-injected embryos possess microtubule
abnormalities when compared to control embryos. Microtubule defects include bent
microtubules, multiple spindle apparatus (white arrows), and presumptive multiple
MTOCs (white arrows). Representative images of each microtubule defect are
depicted in colored boxes in A. Scale bar = 20 pm. B) Chromosomal defects were
quantified based on frequency of occurrence. SEM is graphed. 3 biological replicates.
N = number of single blastomeres. **p-value <0.005 using Cochran—Mantel-Haenszel
Test.

Cdc42 regulates F-actin levels.
Cdc42 is known to regulate actin remodeling during mitosis to mediate spindle
orientation at the cell cortex (Mitsushima et al. 2009), so we examined F-actin levels

in Cdc42 MASO-injected embryos. Results indicate that Cdc42 MASO-injected
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embryos exhibit an increase in F-actin levels compared to control (Fig. 3.11). Control
embryos exhibit localized F-actin at the cell cortex and in the nuclear region. The
Cdc42 MASO-injected embryos display an overall increase in F- actin levels (Fig.
3.11 A). This overall increase was quantified by measuring the F-actin levels of the
whole blastomere (Fig. 3.11 B). To examine subcellular changes of F-actin, we used a
line scan to examine the subcellular F-actin localization and observe that the Cdc42
MASO-injected embryos display significantly increased levels of F-actin in the
cytoplasm when compared to the control (Fig. 3.11 C). Interestingly, we did not
observe significant change in F-actin levels in the miR-1 mimic- or control mimic-

injected embryos (Fig. B4).
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Figure 3.11: Cdc42 MASO results in increased F-actin levels. Zygotes were
injected with control or Cdc42 MASO and cultured to 16-32 cell stage at 6 hpf.
Embryos were treated with phalloidin to detect Filamentous-actin (F-actin; red). A) A
single slice of a confocal image of a whole embryo of the 16-32 stage is shown. Scale
bar = 50 um. B) Total levels of F-actin were quantified in 16-32 cell stage blastomeres
in interphase between control and Cdc42 MASO-injected embryos. **p-value <0.005
using Cochran—Mantel-Haenszel Test. N = number of single blastomeres. C) A line
scan shows the distribution of F-actin across the cell, 0 pixels starting at the apical
surface of the blastomere (facing outside of the embryo), spanning to the cortex of the
blastomere facing the inner basal surface of the embryo (dotted yellow arrow serves as
an example). The number of embryos examined in control and MASO-injected
embryos is 6. **p-value <0.005 using Student T-Test. 1 biological replicate.
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Chapter 4

DISCUSSION AND FUTURE DIRECTIONS

Discussion

This study reveals a novel regulatory role of miR-1 during mitosis in early
development. We have shown that miR-1 overexpression leads to defective mitotic
spindle structure and orientation and chromosomal segregation. We propose that miR-
1’s direct suppression of Cdc42 is important for mitosis, as miR-1 OE and Cdc42 KD
result in similar chromosomal and tubulin defects. Overall, this study contributes to
our understanding of miR-1’s regulatory role during the cleavage stage embryo, when
it undergoes rapid cell divisions when protein regulation is critical.

We have previously shown that miR-1 is highly expressed throughout various
stages of development in the sea urchin (Song et al., 2012). Specifically, miR-1 has a
perinuclear localization in the 16-32 cell stage embryos (Sampilo and Song,
Developmental Biology, in revision). Further investigation of the subcellular
localization of miR-1 during the 16-32 cell stage revealed that miR-1’s localization
correlates with the cell cycle (Fig. 3.1). To date, the subcellular localization and
regulation of miR-1 during the early cleavage stages of development have not yet been
studied. Previously, miR-1 has been found to be expressed at low levels in the murine
embryonic heart and skeletal muscles and continued to increase to adulthood, when
the expression of miR-1 was at its highest (Chen et al., 2006). Prior studies focused on
miR-1’s role in differentiation and proliferation of established skeletal and cardiac cell
types which occur during and after gastrulation in mice, Drosophila, and X. laevis
(Zhao, Y et al., 2005; Chen et al., 2006; Qian et al., 2011; Zhao, N et al., 2011; Wei et

al., 2014; Liu, L et al., 2017; Song, Y et al., 2022), when in general cell divisions have
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begun to slow down (Brantley & Talia, 2021). No prior studies of miR-1 have
examined the earlier role of miR-1 in regulating the rapid cell divisions during the
early cleavage stage. Because miR-1 localization correlates with the cell cycle, we
hypothesize that miR-1 regulates mitosis.

To examine the function of miR-1, we injected newly fertilized eggs with miR-
1 mimic to test the gain-of-function of miR-1. Results indicate that miR-1 OE leads to
significant developmental delays as early as 2 hpf, with over 40% of embryos
experiencing embryonic lethality by the blastula stage at 24 hpf (Fig. 3.2). Previously,
overexpression of miR-1 in X. laevis resulted in shortened posterior-anterior and
lengthened dorsal-ventral body axis, absent heart formation, and disorganized tissue
due in part to miR-1’s excessive suppression of HDAC4 to promote myogenesis,
causing aberrant tissue structures (Chen et al., 2006). miR-1 mimic induced
overexpression (OE) can also be explained by miR-1's capacity to directly inhibit
TNKS?2, an activator of the Wnt/B-catenin signaling pathway, leading to elevated
nuclear B-catenin levels through the destabilization of AXIN (axis inhibition protein
2), a protein involved in B-catenin degradation (Nakaya et al., 2005; Fu et al., 2022).
The Wnt/B-catenin signaling pathway plays a role in cell proliferation and polarity,
with Wnt3a specifically involved in establishing the anterior-posterior axis (Nakaya et
al., 2005). Thus, miR-1’s effect on body axis through its regulation of HDAC4 and
TNKS?2 may contribute to the delayed development or embryonic lethality. However,
the mechanism by which miR-1 overexpression induces early developmental delay,
even in the first division (Fig. 3.2), cannot be accounted for by miR-1’s impact on

body axis formation, which typically occurs beyond the initial few cell divisions.
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Following fertilization, all metazoan cleavage stage embryos undergo several
rounds of rapid cell divisions, cycling between mitosis (M) and synthesis (S) phases of
the cell cycle, without the gap phases (Siefert et al., 2015). This process is tightly
controlled to ensure that all daughter cells receive a proper complement of
chromosomes and cellular machinery. Results indicate that miR-1 OE embryos have
defects in chromosomal segregation and improper mitotic spindle structures (Figs. 3.3,
3.4). To better understand the mechanism of miR-1’s regulation on cell division, we
bioinformatically identified several targets of miR-1 that are known to regulate the
mitotic spindle during mitosis, including Cdc42, NuMA, LGN, and Gai. We
demonstrated that miR-1 directly suppresses Cdc42 (Fig. 3.5). This is consistent with
a prior study using mammalian cardiomyocyte cell lines that demonstrated miR-1
directly suppressed Cdc42, in which the inverse relationship between changes in miR-
1 expression and Cdc42 levels was observed, indicating that miR-1’s direct
suppression of Cdc42 is evolutionarily conserved (Fig. 3.7) (Qian et al., 2011). In
developing Drosophila dorsal vessel, equivalent to the heart, Cdc42 maintains the
alignment, organization, and structure of myofibrils by interacting with Pak to regulate
actin filament assembly within the myofibrils (Qian et al., 2011). Consequently, miR-1
regulates Cdc42 to mediate cardiac development and function of the fly (Qian et al.,
2011). Further, the overexpression of miR-1 and the knockdown of Cdc42 both
resulted in comparable defects in cardiac contractility and beating patterns, potentially
through modulation of actin organization (Qian et al., 2011). However, this regulatory
relationship has not been observed in the context of early embryogenesis.

We observe that miR-1 and Cdc42 mRNA co-localize to similar subcellular

space (Fig. 3.6A). In mitotic blastomeres, both miR-1 and Cdc42 mRNA are enriched
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at the cell cortex and associate with the mitotic spindle and the chromosomes. Cdc42
is also highly expressed in the cytoplasm, whereas miR-1 has low cytoplasmic
expression (Figs. 3.1, 3.6). This result suggests that miR-1 does not always
functionally interact with Cdc42 and that only a subset of subcellular Cdc42 is under
miR-1 regulation. For example, one notable difference between miR-1 OE and Cdc42
KD phenotype is that F-actin is significantly increased in Cdc42 KD embryos but not
altered in miR-1 OE embryos (Figs. 3.11, B3). Cdc42 is known to regulate the actin
cytoskeleton remodeling during mitosis which in turn regulates spindle orientation
(Mitsushima et al., 2009). This discrepancy may be because Cdc42 KD embryos have
a greater depletion of Cdc42 protein, whereas miR-1 OE does not decrease the Cdc42
protein level as drastically, allowing a sufficient level of Cdc42 to regulate the actin
(compare Figs. 3.7 B and 3.8 B). The significant overall increase of F-actin in Cdc42
MASO embryos is consistent with increased F-actin phenotype observed in Cdc42
RNAI transfected HeLa cells (Mitsushima et al., 2009), suggesting that depletion of
Cdc42 protein drastically affects actin organization.

While the subcellular localization of Cdc42 mRNA during cell division has not
been previously explored, its protein subcellular localization in HeLa cells had been
observed at the minus end of the spindle of prometaphase cells, at the midzone of
anaphase cells, and in the midbody at the end of cellular division (Oceguera-Yanez et
al., 2005). This is in general similar to what we observe in the sea urchin embryo,
where in non-dividing blastomeres, Cdc42 protein is enriched at the cell cortex and
cytoplasm; and in dividing blastomeres, Cdc42 protein is enriched at the mitotic
spindles, similar to its transcript localization (Figs. 3.6, 3.7, B2). While Cdc42's

involvement at the kinetochore has been documented (Yasuda et al., 2004; Chircop,
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2014), its protein localization near the chromosomes, as observed in physiological sea
urchin embryos (Fig. B2), has not been previously demonstrated in these cell line
studies.

We focus on Cdc42 for further investigation, since it has been shown to play a
critical role in regulating the mitotic spindle orientation, integrity of the centrosomes,
and the bi-orientated microtubule binding at kinetochores (Yasuda et al., 2004; Jaffe et
al., 2008; Kodani et al., 2009; Rodriguez-Fraticelli, at al., 2010; Reviewed in Chircop,
2014). Since miR-1 can have numerous targets, we investigate the specific impact of
miR-1’s regulatory effect on Cdc42, by examining Cdc42 KD phenotypes. The
rationale is that miR-1 OE would lead to a decrease in Cdc42 protein, since miR-1
directly suppresses Cdc42 (Figs. 3.5, 3.7). To test this idea, we used a Cdc42 MASO
to inhibit the translation of Cdc42 protein to compare its phenotypes with the miR-1
OE embryos. We validated that the MASO effectively inhibited the translation of
Cdc42 protein (Fig. 3.8). The relative level of Cdc42 protein in Cdc42 KD embryos is
decreased to a higher level in comparison to decreased level of Cdc42 protein in miR-
1 OE embryos (compare Figs. 3.7 B and 3.8 B, Fig. B3). This result is consistent with
the function of miRNAs in fine-tuning levels of its target transcripts, whereas the
morpholino knockdown is effective in complete inhibition of translation. The antibody
used to detect Cdc42 protein does not distinguish between active or inactive states of
the small GTPase, so the measured levels of Cdc42 in Cdc42 MASO and miR-1
mimic injected embryos do not necessarily correlate with Cdc42 activity.

We observe shared miR-1 OE and Cdc42 KD-induced defects, such as having
similar percentage of blastomeres with multiple presumptive MTOCs compared to

their respective controls (12% vs. 12.3%, respectively) (Figs. 3.4, 3.10). This shared
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phenotype between miR-1 OE and Cdc42 KD is consistent with HeLa cells transfected
with constitutively inactive Cdc42, further indicating that this phenotype is likely due
to miR-1’s direct suppression of Cdc42 (Kodani et al., 2009). Another shared
phenotype between miR-1 OE and Cdc42 KD that we observe is multiple spindle
apparatuses at 9.5% in miR-1 OE embryos and 31% in Cdc42 KD embryos (Figs. 3.4,
3.10). This shared phenotype is also observed in mouse oocytes in which the
knockdown of Epsin2, a protein that interacts with Cdc42-specific GAPs, results in
inactive Cdc42 protein (Li et al., 2016). The multiple apparatuses can also be an
indirect effect from failed cytokinesis, as Cdc42 regulates the actomyosin ring to
mediate cytokinesis (Campbell et al., 2022). For example, C. elegans embryos
depleted of a cyk-4, a Rho Family GTPase Activating Protein that is able to activate
Cdc42, were able to initiate but not complete cytokinesis, indicating that active Cdc42
is needed for cytokinesis (Jantsch-Plunger et al., 2000). The lack of active Cdc42 in
these embryos resulted in multipolar spindles, comparable to the phenotypes we
observe in miR-1 OE and Cdc42 KD embryos (Jantsch-Plunger et al., 2000). The
higher percentage of multiple spindle apparatuses observed in Cdc42 KD embryos
compared to miR-1 OE may also be attributed to the greater decrease of Cdc42 protein
caused by the MASO knockdown. These findings suggest that the observed phenotype
is likely in part a result of the direct suppression of Cdc42 by miR-1.

Further, the additional phenotype of bent mitotic spindles observed in Cdc42
KD embryos can be partially explained by the role of Cdc42 in regulating the
cytoskeleton, which is known to influence the alignment of microtubule organizing
centers (MTOCs) (Gomes et al., 2005). An effector of Cdc42, myotonic dystrophy

kinase-related Cdc42-binding kinases (MRCK), is capable of activating myosin
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phosphorylation to stabilize and orientate the MTOC (Gomes et al., 2005). The bent
MT phenotype observed in our miR-1 OE and Cdc42 KD embryos shares similarities
with the phenotype observed in epithelial kidney cells with inhibited Myosin 11
activity (Rosenblatt et al., 2004). In migratory cells, Myosin II activity is required for
nuclear movement as the nuclear region migrates in a rearward fashion after the
nuclear envelope is degraded (Rosenblatt et al., 2004). Without Myosin II activity, the
nuclear movement after nuclear envelope break down is inhibited and cause a
phenotype where the centrosomes are immobilized on the same side of the
chromosomes, similar to what we observe in our bent phenotype (Fig. 3.4) (Rosenblatt
et al., 2004). The centrosomes are anchored to the cell through the Par6/aPKC
pathway which is required to keep the centrosomes centered (Gomes et al., 2005).
This coordinated movement between the nucleus and the centrosome centration is
crucial for proper orientation of the spindle in migratory cells and inhibition of this
regulation leads to a misaligned mitotic spindle (Fig. 4.1) (Rosenblatt et al., 2004;
Gomes et al., 2005). The knockdown of Cdc42 could potentially contribute to
inactivation of Myosin II, as well as the Par6/aPKC pathway that is required to anchor
and center MTOC:s, thereby contributing to the bent phenotype observed in the Cdc42
KD embryos. Likewise, the observed spindle defects in miR-1 OE embryos can be
partially explained by its regulation of Cdc42. Moreover, miR-1 OE embryos exhibit a
larger portion of bent microtubules than Cdc42 KD embryos, at 25% and 8.6%,
respectively. This can be attributed to the fact that miR-1 have multiple targets, in
addition to Cdc42, so miR-1 may regulate other potential transcripts that encode

proteins that impact actin filament network, microtubule motor activity, and
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microtubule binding (Hudson et al., 2012; Wen et al., 2022). The exact regulatory
relationship between miR-1 and these components has not been established.

miR-1 OF and Cdc42 KD result in a similar percentage of blastomeres with
uncondensed chromosomes at 23% and 21%, respectively (Figs. 3.3, 3.9). The precise
mechanism of how Cdc42 may regulate chromosomal condensation is not fully
understood; however, GTP-bound Cdc42 has been shown to activate p21-activated
kinase-1 (Pakl) via autophosphorylation, which has been shown to phosphorylate
histone H3 and potentially contribute to chromatin condensation (Li, F et al., 2002).
Additional chromosomal defects may be a secondary effect from abnormal spindles,
since inactive Cdc42 produces aberrant spindles which are unable to align and
segregate chromosomes (Kodani et al., 2009). Cdc42 plays a crucial role in the
nucleation of F-actin at the cell cortex, which provides the meshwork for the proteins
involved in anchoring the astral MTs to the cell cortex, through the WASP/Arp2/3
pathway (Vodicska et al., 2018). Cdc42 is also involved in the bi-oriented attachment
of the microtubules to the kinetochores by sequestering mDia3, a formin protein
usually involved in actin polymerization, to the kinetochores to stabilize the
attachment, although this function is independent of mDia3’s role in actin
polymerization (Yasuda et al., 2004). Inactivation of either Cdc42 or mDia3 produced
similar phenotypes of misaligned spindles and miss-segregation of chromosomes, as
well as cytokinesis defects indicated by multiple nuclei (Yasuda et al., 2004). The
phenotypes observed in Cdc42 inactivation closely resemble those observed in Cdc42
KD and miR-1 OE embryos (Figs. 3.9 and 3.10), correlating that these phenotypes

arise from decreased levels of active Cdc42.

47



In addition, miR-1 OE embryos exhibit approximately 25% of blastomeres
with lagging chromosomes, while Cdc42 KD embryos display 6.5% of blastomeres
experiencing lagging chromosomes (Figs. 3.3, 3.9). This result indicates that Cdc42
inactivation contributes to the miss-segregation of chromosomes and potentially
explains the observed phenotypes in miR-1 OE embryos. However, we do not know
the exact mechanism of how Cdc42 regulates chromosomal segregation. Since miR-1
OE embryos have four times more blastomeres with lagging chromosomes, this may
be due to miR-1’s regulation of additional transcripts. For example, miR-1 has been
shown to directly regulate transcripts that encode various proteins involved in
cytoskeletal organization (LASP1, FN1), DNA replication (MCM7, PTMA), DNA
repair (BRCA1), DNA damage checkpoints (CHK 1), and chromatin compaction
(YH2A.X) (Hudson et al., 2012).

The percentage of multinucleated cells is observed in miR-1 OE embryos and
Cdc42 KD embryos are at 8.7% and 22%, respectively (Figs. 3.3, 3.9), indicating that
Cdc42 plays a crucial role in mediating cytokinesis. This is supported by findings in
Xenopus, where the introduction of a constitutively inactive form of Cdc42 was able to
hinder the formation of the cleavage furrow in early cleavage stage embryos (Dreschel
et. al., 1996), where Cdc42 is activated at the actomyosin ring to recruit enzymes
important in septum synthesizing enzymes and membrane remodeling (Campbell et
al., 2022). Unphosphorylated myosin regulatory light chain (MLC), a component of
Myosin II, exhibits an inability to interact with actin at the cleavage furrow, leading to
defective cytokinesis and the formation of multinucleated cells (Wu et al., 2010),
consistent with the phenotypes we observe in miR-1 OE and Cdc42 KD embryos

(Figs. 3.3, 3.9). These findings highlight the critical role of Myosin II in cytokinesis
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and support the notion that the observed phenotypes are a result of miR-1's direct
suppression of Cdc42, which in turn leads to cytokinesis defects mediated by inactive
Myosin II, ultimately resulting in the formation of multinucleated embryos (Wu et al.,
2010). The higher percentage of the multinucleated phenotype in Cdc42 KD embryos
may be attributed to the greater depletion of Cdc42 protein in the MASO injected
embryos compared to miR-1 OE (compare Figs. 3.7 and 3.8), with failed cytokinesis.

miR-1 OE embryos exhibited DNA bridges in approximately 4.8% of
embryos, an observation absent in Cdc42 KD embryos, indicating that this
phenomenon may be due to miR-1's suppression of other targets. DNA bridges can be
caused by problems in DNA replication, inappropriate resolution of DNA
recombination intermediates, or improper double-strand DNA break repair resulting in
aberrant chromosome fusions (Hudson et al., 2012; Vohhodina et al., 2012; Simpson
et al., 2015; Reviewed in Petsalaki & Zachos, 2019). This suggests that miR-1 OE
may impact chromosomal integrity by its direct regulation of proteins involved in
DNA repair and recombination transcripts, such as BRCA1, CHK1, H2A X, resulting
in the occurrence of DNA bridges (Hudson et al., 2012). Reduced BRCA1, which
interacts with telomeres, results in telomere instability and an increase in telomere-free
ends, rendering the telomeres susceptible to fusion, consequently contributing to DNA
bridging (Vohhodina et al., 2012; Simpson et al., 2015).

In conclusion, this study uncovers a novel function for miR-1 in early cleavage
stage of development. We have shown that miR-1 directly suppresses Cdc42 and
propose that some of the miR-1 overexpression induced chromosomal miss-
segregation and mitotic spindle defective phenotypes are in part through miR-1’s

regulation of Cdc42. Our bioinformatic analysis indicate that miR-1 may regulate
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additional transcripts such as NuMA, LGN, and Gai, which display a similar
localization as miR-1, where they are enriched at the spindle midzone and at the
presumptive MTOCs (Fig. 3.6 B) (Remsburg et al., 2023). NuMA has the ability to
directly attach to microtubules as well as the dynein/dynactin complex; Gai localizes
specifically to the apical cortex through its interaction with Dlg; and LGN facilitates
the interaction between NuMA and Gai, thereby this complex works together to orient
the mitotic spindle and regulate the division plane (Zhu et al., 2011).

Our working model is that Cdc42 has several functions at the kinetochore,
MTOC, and at the cell cortex (Fig. 4.1). Levels of Cdc42 regulated by miR-1 can
impact overall chromosomal segregation and mitotic spindle alignment and
orientation. At the cell cortex, Cdc42 can regulate anchoring of astral microtubules to
the cell cortex via two main ways. The first is that activated Cdc42 links to F-actin
stabilized by IQGAP1 (Ras GTPase-activating-like protein), where Cdc42 promotes
actin nucleation through WASP and Arp2/3 (Vodicska et al., 2018). The cortical F-
actin network is crucial for MT organization and maintaining spindle orientation. The
second way is that activated Cdc42 at the cortex can promote localized activation of
the Par6/aPKC complex and in turn promote the interaction of Dishevelled and aPKC
at the cell cortex (Shlessinger et al., 2007), where Dishevelled can interact with
Afadin, a cross-linker between F-actin and proteins (Carminati et al., 2018). In
parallel, the activated Cdc42/Par6/aPKC complex is required to recruit DIg to the cell
cortex (Shlessinger et al., 2007), which is activated by Dishevelled at the cortex
(Garcia et al., 2014), allowing for Dlg to bind to Gai (Carminati et al., 2006). The
interaction between Dishevelled and Afadin is needed to recruit NuMA and LGN to

the cell cortex (Johnston et al., 2013), where LGN can be activated by Gai to form a
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ternary complex with NuMA (Kotak et al., 2012; Zheng et al., 2013). Through
NuMA'’s interaction with the Dynein/Dynactin complex, the NuMA/LGN/Gai
complex can link the astral MTs to the cell cortex to provide anchoring (Kotak et al.,
2012; Tuncay et al., 2015; Rizelli et al., 2020). Loss-of-function perturbations of any
of these proteins is sufficient to induce abnormal orientation of the mitotic spindle,
subsequently altering the plane of cell division and resulting in defects in
chromosomal congression and segregation defects (Zhu et al., 2011; Chishiki et al.,
2017; Sun et al., 2021). The connection between the astral microtubules and F-actin
facilitates the anchoring force needed for the spindle to segregate the chromosomes.
This anchoring of the MTs to the cell cortex is also crucial for the maintained,
centralized localization of the MTOCs (Gomes et al., 2005). This anchoring is
maintained by Cdc42’s activation of the Par6/aPKC pathway (Gomes et al., 2005) and
potentially acts through binding interactions between Dynein/Dynactin and the
NuMA/LGN/Gai complex to provide stabilized central localization. In addition, an
effector of Cdc42, myotonic dystrophy kinase-related Cdc42-binding kinases
(MRCK), is capable of activating myosin phosphorylation to induce nuclear
movement during cell migration (Gomes et al., 2005). Downstream of MRCK,
Myosin II activity is required for nuclear movement to potentially affect the spatial
position of chromosomes to the mitotic spindle, impacting spindle orientation
(Rosenblatt et al., 2004). Active Cdc42 is able to recruit mDia3 to the kinetochores at
the chromosomes where it can bind with EB1, stabilizing the bioriented attachment of
the MTs to the kinetochores (Yasuda et al., 2004). Overall, we propose that miR-1
may be able to directly regulate Cdc42 at any of the important junctures. Through its

regulation of Cdc42 and potential additional targets (ie. NuMA, LGN, and Gai)
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involved in mitosis and the cell cycle, miR-1 plays a crucial role in ensuring precise
chromosome segregation and mitotic spindle structure during rapid cell divisions that
occur in the cleavage stage embryos. This study provides valuable insights into the

novel regulatory role of miR-1 in early development.
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Figure 4.1: Proposed Model of how miR-1 regulates chromosomal segregation
and mitotic spindle orientation via its suppression of Cdc42. We have shown that
miR-1 directly suppresses Cdc42 and propose that some of the miR-1 overexpression
phenotypes are in part through miR-1’s regulation of Cdc42. Cdc42 has several
functions at the kinetochore, MTOC, and at the cell cortex. At the cortex, Cdc42 can
regulate anchoring of astral microtubules to the cell cortex via two main ways. The
first is that activated Cdc42 links to F-actin stabilized by IQGAP1 (Ras GTPase-
activating-like protein), where Cdc42 promotes actin nucleation through WASP and
Arp2/3. The cortical F-actin network is crucial for MT organization and maintaining
spindle orientation. The second way is that activated Cdc42 is able to activate PK6 and
aPKC and form a complex which is required to recruit Dlg to the cell cortex. Cdc42
activation is also required for aPKC to interact with Dishevelled, a cell-polarity
protein involved in non-canonical Wnt signaling. Dishevelled is able to bind to
Afadin, a cross-linker between F-actin and proteins, at the cortex to be able to recruit
NuMA and LGN. Cortical Dlg phosphorylates Gai at the cell membrane which in turn
activates LGN, that can then form a complex with NuMA. This complex is able to
bind to Dynein/Dynactin, which acts as a crosslinker between the astral microtubules
to F-actin at the cell cortex. This connection between the astral microtubules and F-
actin facilitates the anchoring force needed for the spindle to segregate the
chromosomes. This anchoring of the MTs to the cell cortex is also crucial for the
maintained, centralized localization of the MTOCs. At the chromosome, active Cdc42
is able to recruit mDia3 to the kinetochores where it can bind with EB1. This
interaction is required for the stabilization of the bioriented attachment of the MTs to
the kinetochores. This function of mDia3 is independent of its usual actin nucleation.
miR-1 may be able to directly regulate Cdc42 at any of the important junctures. miR-1
may also potentially regulate the NuMA/LGN/Gai complex and DIg. Thus, through
regulation of its targets, miR-1 is able to mediate the orientation of the mitotic spindle.
Made with Biorender.com.

Future Directions
Since the co-localization of miR-1 and Cdc42 mRNA has not been observed in
mammalian cells, I plan to perform dFISH on Acute Myeloid Leukemic Cells (AML,
MV4;11) to demonstrate that this regulatory relationship is conserved. miR-1 is
typically downregulated in cancers, acting as a tumor suppressor miR (Khan et al.,
2022); however, miR-1 is known to be upregulated in AML where it increases

oxidative phosphorylation resulting in decreased survival in patients (Ghazarya et al.,
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2023). The upregulation of miR-1 in this cell line will provide a better chance of
observing its subcellular localization. I have cloned the mammalian Cdc42 gene from
the Chinese Hamster Ovary (CHO) cDNA and will use this to detect miR-1 and Cdc42
in mammalian cells. Interaction between miR-1 and Cdc42 has been previously
identified in HL-1 cells, making this cell line worth using to observe the exact
subcellular localization (Qian et al., 2011).

Another key experiment to be conducted in the near future is to directly
demonstrate the regulatory relationship between miR-1 and its direct target, Cdc42. 1
will co-inject miR-1 mimic and Cdc42 mRNA to test their regulatory relationship.
miR-1 mimic injected embryos will be able to utilize exogenous Cdc42 mRNA to
replenish Cdc42 protein levels to rescue any phenotypes caused by miR-1’s direct
suppression of Cdc42. Based on the results covered in this thesis, I expect partial
rescue of multiple MTOCSs and uncondensed chromosomes as these phenotypes
overlapped between miR-1 OE and Cdc42 KD. I do not expect a rescue in the DNA
bridge phenotype, as this is most likely caused by miR-1s suppression of an alternative
target.

To further elucidate the mechanism behind miR-1’s regulation of mitosis,
validation and exploration of other potential miR-1 targets, NuMA/LGN/Gai, would
provide a more detailed understanding. Using site-directed mutagenesis and luciferase
assay to validate the targets, we would be able to demonstrate miR-1’s direct
suppression of the potential targets. Once validated, we could utilize the same
techniques to explore their regulation on mitosis to examine how they might be
contributing to the phenotypes we observe in miR-1 OE embryos. Using MASOs to

investigate their individual and combined contribution to chromosomal and tubulin
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defects, we would acquire a more in-depth understanding of their influence during
mitosis. dFISH can be used to observe the co-localization and non-overlapping
localization to see when and where miR-1 may be regulating them. Based on the FISH
data presented, I expect the mRNA of NuMA/LGN/Gai to co-localize with miR-1
between dividing nuclei and along the microtubules. miR-1 OE followed by
immunofluorescence of these proteins could aid in showing when and where miR-1 is
regulating these potential targets. I expect to observe reduced protein levels where the

mRNA of the target and miR-1 overlap, indicating specific spatiotemporal regulation.
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Appendix B

SUPPLEMENTAL FIGURES
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Figure B.1: miR-1 mimic and Cdc42 MASO induce dose dependent
developmental delay. To determine the dose of miR-1 mimic and Cdc42 MASO to
use, we conducted a dose-response of these reagents. A) Zygotes were injected with
either control mimic or miR-1 mimic and cultured to 16-32 cell stage at 6 hpf.
Embryos were tabulated for developmental progression to establish working doseage
at inducing 50% aberrant embryos. B) Zygotes were injected with either control
MASO or Cdc42 MASO and cultured to 16-32 cell stage embryos to 6 hpf. Embryos
were tabulated for developmental progression to establish working doseage. Working
doses used for experiments are 1.0 pM MASO and 20 pM miR-1 mimic because they
exhibit similar number of normal embryos at 30% and 45%, respectively. 3 biological
replicates, N = number of single blastomeres. *=p-value <0.05 and **=p-value <0.005
using Cochran—Mantel-Haenszel Test.
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Figure B.2: Cdc42 protein localization across different mitotic phases.
Physiological 16-32 cell stage embryos were cultured to 6 hpf and immunolabeled for
Cdc42 (red) and counterstained with DAPI to visualize DNA (blue). Maximum
intensity projections of a confocal image of a whole embryo of the 16-32 stage is
shown. Cdc42 protein localization is dependent on cell cycle. Cdc42 is localized to the
presumptive MTOCS in interphase blastomeres, along the microtubules in metaphase
blastomeres, and in between dividing nuclei in anaphase blastomeres (white
arrowheads). Inset images to the right are enlarged views and adjusted differently to
highlight the subcellular localization of Cdc42.
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Cdc42 Protein Expression Over Time
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Figure B.3: Cdc42 protein expression in cleavage stage embryos. Physiological
embryos were cultured to 2, 3, 4, 5, and 6 hpf. Embryos were immunolabeled for
Cdc42 (red) and imaged to capture each developmental time point. A single slice of
conventional fluorescent images of whole embryos at the 16-32 cell stage is shown.
Cdc42 protein mean fluorescent intensity was measured using Imagel. 2 biological
replicates. N = number of single blastomeres. *=p-value <0.05 using Tukey-Kramer
Test.
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Figure B.4: miR-1 mimic does not result in altered F-actin levels. Zygotes were
injected with Cdc42 MASO and cultured to 6 hpf. Embryos were treated with
phalloidin for F-actin labeling. A) A single slice of a conventional fluorescent image
of whole embryos at the 16-32 cell stage is shown. Scale bar = 50 pm. B) F-actin
levels were quantified in 16-32 cell stage blastomeres in interphase. C) A line scan
shows the distribution of F-actin across the cell. The number of embryos examined in
control and MASO injected embryos is 6. 1 biological replicate, N = number of single
blastomeres. n.s.= not significant; p-value >0.05 using Student T-Test
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