Purdue University

Purdue e-Pubs
Open Access Theses

Theses and Dissertations

8-2018

Chromatin remodeling in early embryogenesis
Bethany Weldon
Purdue University

Follow this and additional works at: https://docs.lib.purdue.edu/open_access_theses

Recommended Citation
Weldon, Bethany, "Chromatin remodeling in early embryogenesis" (2018). Open Access Theses. 1612.
https://docs.lib.purdue.edu/open_access_theses/1612

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries.
Please contact epubs@purdue.edu for additional information.

CHROMATIN REMODELING IN EARLY EMBRYOGENESIS
by
Bethany Weldon

A Thesis
Submitted to the Faculty of Purdue University
In Partial Fulfillment of the Requirements for the degree of

Master of Science

Department of Animal Sciences
West Lafayette, Indiana
August 2018

ii

THE PURDUE UNIVERSITY GRADUATE SCHOOL
STATEMENT OF COMMITTEE APPROVAL

Dr. Ryan Cabot
College of Animal Science
Dr. Zoltan Machaty
College of Animal Science
Dr. Karen Plaut
College of Animal Science

Approved by:
Dr. Ryan Cabot
Head of the Graduate Program

iii

Dedicated to my wonderful husband, who always encouraged me and believed in me, even when
I didn’t believe in myself. To my family, who inspired me to challenge myself and supported me
when I needed them most.

iv

ACKNOWLEDGMENTS

I would first like to thank Dr. Ryan Cabot for being a supportive mentor and teacher for the two
years of my Masters. I would not have been able to complete this Thesis without his help.
I would like to thank my committee members, Dr. Zoltan Machaty, and Dr. Karen Plaut for their
helpful insight during my research projects. I especially would like to thank Dr. Plaut for being
my supporter for five years and teaching me how to become a researcher. I would not have any
of the opportunities I have had without her guidance.
In addition to my committee members, I would like to thank Dr. Theresa Casey, her advisement
and friendship over the course of my time at Purdue has gotten me through some of my toughest
and best times. She has been one of my biggest supporters and I cannot thank her enough for her
encouragement.
I would like to thank Dr. Andy Schaber who helped me immensely with imaging and
understanding imaging analysis.
My sincere thanks go to the member in our lab. Jennifer Crodian for always being available and
knowledgably in good lab techniques that have set me up to be successful. Ben Tseng for always
helping me with my experiments and coaching me through difficult lab techniques. Hayly
Goebel for always being there for me when I needed it and stepping in when I needed someone
to help. I appreciate all the help everyone has given me and it will truly make me a better
researcher.
I would also like to thank members from other labs, Natalie Ehmke from Dr. Machaty’s lab for
sharing supplies and ovaries with us. I would like to thank her for becoming one of my closest
friends and helping me through difficult times. I can honestly say I don’t think I would have
made it without her friendship. I would like to thank Drew Lugar for helping our lab with the
male portion of our research and helping me become a better teacher. I would also like to thank
KaLynn Harlow, and Griffin Nicholls for all the laughs and the friendship.

v
Last but certainly not least, I would like to thank my family. I want to thank my parents for
giving me a loving home and inspiring me to become an animal science. I want to thank them for
pushing me to be the best I can be and supporting me when I needed it most. I want to thank my
siblings for everything they do for me and all of their love and support. I want to thank my
husband Dillon Lowder for loving me no matter what and always standing by my side and my
other family and friends for being there for me.

vi

TABLE OF CONTENTS

LIST OF TABLES ....................................................................................................................... viii
LIST OF FIGURES ....................................................................................................................... ix
ABSTRACT .................................................................................................................................. xii
REVIEW OF THE LITERATURE..................................................................... 14
1.1 Introduction ....................................................................................................................... 14
1.2 Fertilization ....................................................................................................................... 15
1.3 Assisted Reproductive Technologies ................................................................................ 19
1.4 Epigenetic modifications and chromatin remodeling ....................................................... 20
1.5 Covalent modifications ..................................................................................................... 21
1.6 Non-covalent modifications .............................................................................................. 25
1.7 Nuclear transport processes .............................................................................................. 29
1.8 References ......................................................................................................................... 32
ROLE OF CRM1-MEDIATED NUCLEAR EXPORT ON THE
INTRACELLULAR LOCALIZATION OF SWI/SNF CHROMATIN REMODELING
SUBUNITS DURING PORCINE EMBRYOGENESIS. ............................................................. 42
2.1 Abstract ............................................................................................................................. 42
2.2 Introduction ....................................................................................................................... 43
2.3 Results ............................................................................................................................... 46
2.3.1 Intracellular localization of SWI/SNF subunits in oocytes derived from small and
large ovarian follicles ............................................................................................................ 46
2.3.2 Effect of LMB on SWI/SNF subunit localization in porcine oocytes ....................... 47
2.3.3 Effect of LMB on SWI/SNF subunit localization in 4-cell stage porcine embryos .. 48
2.4 Discussion ......................................................................................................................... 49
2.5 Materials and Methods ...................................................................................................... 53
2.5.1 Porcine oocyte collection ........................................................................................... 53
2.5.2 In vitro maturation ..................................................................................................... 53
2.5.3 In vitro fertilization .................................................................................................... 54
2.5.4 Embryo culture .......................................................................................................... 54
2.5.5 Leptomycin B culture experiments ............................................................................ 54

vii
2.5.6 NES identification ..................................................................................................... 55
2.5.7 Immunocytochemical analysis................................................................................... 56
2.5.8 Confocal imaging....................................................................................................... 56
2.6 Statistical analyses ............................................................................................................ 57
2.7 Acknowledgements ........................................................................................................... 57
2.8 References ......................................................................................................................... 58
ROLE OF KARYOPHERIN ALPHA-MEDIATED NUCLEAR IMPORT ON
THE INTRACELLULAR LOCALIZATION OF SWI/SNF CHROMATIN REMODELING
SUBUNITS DURING PORCINE EMBRYOGENESIS .............................................................. 66
3.1 Abstract ............................................................................................................................. 66
3.2 Introduction ....................................................................................................................... 67
3.3 Results ............................................................................................................................... 71
3.3.1 Effect of ivermectin on SWI/SNF subunit localization in porcine oocytes ............... 71
3.3.2 Effect of Ivermectin on SWI/SNF subunit localization in 4-cell stage porcine
embryos.................................................................................................................................. 72
3.3.3 Effect of KPNA7 RNAi on localization of BRD7 in four cell stage embryos .......... 74
3.4 Discussion ......................................................................................................................... 74
3.5 Materials and Methods ...................................................................................................... 77
3.5.1 Porcine oocyte collection ........................................................................................... 78
3.5.2 In vitro maturation ..................................................................................................... 78
3.5.3 In vitro fertilization .................................................................................................... 78
3.5.4 Embryo culture .......................................................................................................... 79
3.5.5 Ivermectin culture experiments ................................................................................. 79
3.5.6 NLS identification ..................................................................................................... 80
3.5.7 Microinjection of embryos and RNA interference .................................................... 80
3.5.8 Immunocytochemical analysis ................................................................................... 81
3.5.9

Confocal imaging....................................................................................................... 82

3.6 Statistical analyses ............................................................................................................ 83
3.7 Acknowledgements ........................................................................................................... 83
3.8 References ......................................................................................................................... 84
CONCLUSIONS ................................................................................................. 91

viii

LIST OF TABLES

Table 2.1 Nuclear export signal locations on BRD7, ARID1A, ARID2 and SMARCB1 ........... 65
Table 3.1. Nuclear localization signal locations in BRD7, ARID1A, ARID2, and SMARCB1 .. 90

ix

LIST OF FIGURES

Figure 2.1. Intracellular localization of SWI/SNF subunits in immature porcine oocytes. ......... 63
Figure 2.2. Effect of LMB on the intracellular localization of SWI/SNF subunits in porcine
oocytes and embryos. .................................................................................................................... 64
Figure 3.1.: Effect of IVER on the intracellular localization of SWI/SNF subunits in porcine
oocytes and embryos. Panels a, b, I and j represent embryos and oocytes probed with ARID1A
antibody. Panels c, d, k, and l represents oocytes and embryos probed with ARID2 antibody. Panels
e, f, m and n represent oocytes and embryos probed with the BRD7 antibody. Panels g, h, o and p
represent oocytes and embryos probed with SMARCB1 antibody. Panels with like letters are
images taken of the same optical section, panels1 reflecting immunocytochemical staining of the
SWI/SNF subunit and panels 2 reflecting DNA staining to define the location of nuclei. .......... 88
Figure 3.2. Effect of KPNA7 interfering RNA on the intracellular localization of SWI/SNF
subunits porcine embryos. Intracellular localization of BRD7 when treated with interfering RNA,
and controls. Panels labeled a, are the non-injected control embryos. The panels labeled with b are
the scramble RNA injected control embryos and panels labeled with c are KPNA7 RNAi injected
embryos. Panels with like letters are images taken of the same optical section, panels1 reflecting
DNA staining to define the location of nuclei, panels 2 reflecting immunocytochemical staining of
the SWI/SNF subunit. ................................................................................................................... 89

x
LIST OF ABBREVIATIONS
BRG1

brahma-related gene 1

BRM

brahma

SWI/SNF

switch/sucrose non-fermentable

ARID1A

AT-rich interactive domain-containing protein 1A

GV

germinal vesicle

BAF170

BRG1 associated factor 170

BAF155

BRG1 associated factor 155

SMARCB1

SWI/SNF related, matrix associated, actin dependent regulator of chromatin,
subfamily B, member 1

PZM3

porcine zygote medium 3

mTBM

modified Tris-buffered medium

DPBS

Dulbecco's phosphate-buffered saline

PBST

phosphate buffered saline with 0.1% Tween-20

FITC

fluorescein isothiocyanate

ARID2

AT-rich interaction domain 2

BRD7

Bromodomain containing 7

SMARCB1

SWI/SNF related, matrix associated, actin dependent regulator of chromatin,
subfamily b, member 1

BAF

Bromodomain associated factor

PBAF

Polybromodomain associated factor

CRM1

Chromatin region maintenance 1 protein

NES

Nuclear export signal

xi
LMB

Leptomycin B

IVER

Ivermectin

NPC

Nuclear pore complex

KPNA7

Karyopherin α 7

xii

ABSTRACT

Author: Weldon, Bethany, M. MS
Institution: Purdue University
Degree Received: August 2018
Title: Chromatin Remodeling in Early Embryogenesis.
Committee Chair: Ryan Cabot
Epigenetic marks are globally remodeled during mammalian embryo development. Chromatin
remodeling mediated by the SWI/SNF (Switch/Sucrose non-fermentable) complexes can
participate in epigenetic remodeling during cleavage development. SWI/SNF complexes are
multi-subunit complexes that contain a core catalytic subunit (SMARCA4 or SMARCA2) and a
collection of additional subunits that guide the complexes to their appropriate loci. It has been
reported that discrete SWI/SNF subunits adopt different intracellular localization patterns as
porcine embryos proceed through cleavage development.

In the work presented here, we

investigated how these SWI/SNF subunits are trafficked during embryo development. We
hypothesized that the localization patterns of the SWI/SNF chromatin remodeling complex
subunits ARID1A, BRD7, SMARCB1, and ARID2 were transported out of nuclei in a CRM1dependent manner and that they are transported into the nucleus by karyopherin α mediated import.

In our first experiment porcine embryos were treated with leptomycin B (LMB), an inhibitor of
CRM1-mediated nuclear export to test this hypothesis.

BRD7 displayed a significant

redistribution upon LMB treatment (as compared to control embryos). This finding suggests that
BRD7, unlike other SWI/SNF subunits, actively shuttles between the nuclear and cytoplasm
during cleavage development. The shuttling of BRD7 indicates that it may serve a unique role
mediating chromatin remodeling during this critical developmental window.

Our second experiment we investigated how SWI/SNF complexes are transported by karyopherins
through the embryo during development. We hypothesized that the SWI/SNF chromatin
remodeling subunits ARID1A, BRD7, SMARCB1 and ARID2 were transported into the nuclei
using karyopherin α mediated transport. Porcine embryos were treated with ivermectin (IVER), a
karpherin α mediated transport inhibitor to test this hypothesis. While we found no difference in

xiii
localization patterns in ARID1A, ARID2, and BRD7 intracellular location between embryos
treated with IVER and controls, SMARCB1 had a significant redistribution upon IVER treatment
when compared to controls. This suggests SMARCB1 is shuttled into the nucleus utilizing
karyopherin α mediated transport at the four cells stage of development. We then utilized a specific
interfering RNA to inhibit KPNA7 mediated transport to understand how this effects BRD7
distribution during embryo development. We saw no significant difference between the control
injected and the RNAi injected embryos.
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REVIEW OF THE LITERATURE

1.1

Introduction

The development of a mammalian embryo is a complex and very highly regulated process. The
amount of regulation involved in producing a healthy viable embryo also allows for failures during
regulation steps in DNA replication. When these regulation steps don’t go as planned it could lead
many couples to struggle to obtain pregnancy. Infertility has a large emotional impact on many
couples and has since created a need for in vitro produced embryos. In-vitro produced embryos
are less viable than embryos produced naturally, this could be because of disruptions during the in
vitro process (Holm et al., 1996) . In vitro produced embryos undergo handling procedures that
could possibly disrupt healthy patterns of development. The first week of development is critical
for the survival and implantation potential of an embryo, disruptions during this period of time
could lead to embryonic loss or malformations in the potential fetus (Daas et al., 1997).

Studies suggest that children born from in vitro fertilization have an increased risk of developing
diseases with an epigenetic origin (Maher et al., 2003). Epigenetic reprogramming happens at the
chromatin level to alter what genes are expressed. There are two different types of chromatin
alterations, covalent and non-covalent. Covalent modifications include chemical alterations at the
chromatin level such the addition of methyl groups to DNA or acetyl groups to histone proteins.
Non-covalent modifications include the uncoiling and shifting of the DNA around the histone
proteins to alter transcription factor accessibility (Wang et al., 2007). Eukaryotes possess a family
of remodeling agents called the SNF2-type ATP dependent chromatin remodeling complexes.
These complexes are able to reassemble the nucleosome onto the DNA template. How these
subunits are trafficked throughout the embryo during development is largely unknown. The
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SWI/SNF complex is formed within the nucleus of a cell in preparation for transcription. Our
objective was to determine how discrete protein subunits of SWI/SNF chromatin remodeling
complexes are trafficked between the nucleus and cytoplasm during embryo development, and
what the possible ramifications of blocking these pathways would be on development. The process
of producing embryos in-vitro could upset these transport pathways reducing the efficiency of in
vitro fertilization. Understanding these transport pathways is the first step in understanding how
they affect efficiency of in vitro fertilization.

1.2

Fertilization

The process of fertilization involves a series of coordinated interactions between a single
spermatozoon and an oocyte. Sperm first go through capacitation and migrate through the cumulus
cell complex that surrounds the oocyte, the acrosome reaction will then allow the sperm to
penetrate the zona pellucida, only then can the sperm and oocyte plasma membranes fuse together
(Roberts et al., 1985). Once inside the oocyte, components within the sperm modify proteins within
the oocyte that result in meiotic resumption, and initiate the first cell cycle of the newly formed
embryo.

After release from the follicle the oocyte goes through germinal vesical breakdown. The oocyte
germinal vesical breakdown is directed by maturation promoting factor (MPF) (Hashimoto et al.,
1988). MPF levels are high in the metaphase II-arrested oocyte, MPF levels decrease after sperm
enters the oocyte. The decrease in MPF allows for sperm decondensation and the formation of the
female pronucleus (Adenot et al., 1991). The oocyte is released from its arrest and proceeds
through anaphase where half of the sister chromatids are extruded to from the second polar body.
The oocyte chromosomes then decondense and the nuclear envelope is assembled around it to form
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the female pronucleus. The completion of these events results in a zygote, a one cell stage embryo
that then proceeds to develop into a blastocyst.

Sperm are not properly equipped to fertilize an oocyte after ejaculation. Sperm undergo a process
called capacitation as they migrate through the female reproductive tract. Capacitation is the
acquisition of the ability of a sperm to undergo the acrosome reaction (Roberts et al., 1985).
Capacitation involves removing the seminal plasma proteins, carbohydrates, and other surface
molecules that coat the surface of the spermatozoa. Capacitation also involves the opening of the
voltage gated proton channel 1(Hv1). The Hv1 channel opens, allowing protons out of the sperm
head increasing the intracellular pH of the sperm (Sasaki et al., 2006; Ramsey et al., 2006). The
efflux of protons and subsequent change in pH lead to the opening of the cation channel spermassociated protein 1(CatSper1) located in the principal part of the sperm tail increasing the calcium
concentration within the sperm (Kirichok et al., 2006). The alkalinization process leads to
hyperactivation, which is the change in tail motion of the sperm, it changes from a straightforward
symmetric movement to an asymmetric motion that is no longer straightforward. The change in
motion facilitates the penetration of the cumulus layers and the zona pellucida (Strauss et al., 1995).

The zona pellucida is a protein matrix that surrounds the oocyte. The zona pellucida is made up
of three different glycoproteins in the mouse, zona proteins 1,2, and 3 (ZP1, ZP2, and ZP3). ZP1
and ZP2 are structural proteins and ZP3 serves as a receptor for capacitated sperm. ZP3 binds to
the β1,4-galactosyltransferase-1 on the spermatozoa (Bleil et al., 1990). The binding of the
spermatozoa to ZP3 initiates the acrosome reaction (Bleil et al., 1983). The acrosome is a cap-like
structure that covers the sperm head. The acrosome reaction is stimulated by an increase in
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intracellular calcium directed by the opening of the CatSper1 channels during capacitation. The
increase of intracellular calcium increase triggers acrosomal exocytosis and leads to the fusion of
the sperm plasma membrane and the outer acrosomal membrane. After fusion, acrosomal enzymes
(e.g., acrosin) contained within the acrosome are released that hydrolyze the zona pellucida and
allow the sperm to penetrate through the zona pellucida (Kennedy et al., 1989). These enzymes
only dissolve a small hole through the zona pellucida, leaving the rest of the zona pellucida
undisturbed. Sperm resides in the perivitelline space after penetrating the zona pellucida and binds
to the oocyte plasma membrane.

Multiple proteins aid in the binding of the sperm and oocyte plasma membranes. The sperm
contains a family of proteins called ADAMS (a disintegrin and metalloproteinase) that are used
during the binding of the membrane, ADAMS serve as ligands that bind to integrin receptors on
the oocyte cell membrane (Yuan et al. 1997). ADAM 2 (fertilin β) and ADAM 3 (cyritestin) are
necessary for sperm and oocyte membrane binding (Yuan et al., 1997). ADAM proteins bind to
integrins resulting it the binding of the two cells. After binding, fusion takes place and fusion
requires a different group of proteins. Specifically, the integrin CD9 is necessary for sperm and
oocyte fusion and when CD9 is knocked out the sperm and egg are unable to fuse (Miyado et al.
2000). In addition to CD9 and ADAM proteins two important proteins for sperm and egg fusion
are Izumo and Juno. Izumo is an essential sperm cell-surface protein that binds to Juno on the egg
(Bianchi et al., 2014). Female mice that don’t have Juno are infertile and don’t fuse with normal
sperm (Bianchi et al., 2014).

18
After membrane fusion, the tail of the sperm is immobilized and taken into the oocyte where the
components that make up the tail are degraded. Membrane fusion triggers a series of reactions in
the oocyte that collectively result in oocyte activation. Oocyte activation ultimately allows the
oocyte to complete meiosis, undergo syngamy with sperm chromatin, and initiate embryonic
development. The first step of activation consists of electrophysiological changes, membrane
hyperpolarization or depolarization depending on the species of animal (Cuthbertson et al. 1981).
The last step is an increase in free calcium from intracellular stores (Cuthbertson et al. 1981).

Calcium release is stimulated by phospholipase C zeta (PLCzeta), an enzyme that targets
phosphatidylinositol 4,5-bisphosphate (PIP2) (Saunders et al., 2002). The cleavage of PIP2
produces inositol trisphosphate (IP3) and diacylglycerol (DAG). IP3 then targets inositol 1,4,5trisphosphate receptor (IP3R) on the surface of the endoplasmic reticulum (Miyazaki et al., 1993).
The binding of IP3 to IP3R releases calcium in an oscillating pattern. The first calcium wave begins
at the site of sperm and egg fusion and diffuses throughout the entire oocyte.

Calcium binds to calmodulin, which results in the activation of calcium/calmodulin-dependent
protein kinase II (CaMKII) (Markoulaki et al., 2003). CaMKII activates the anaphase promoting
complex to allow the resumption of meiosis (Markoulaki et al., 2003). The increase in intracellular
calcium levels also triggers the cortical reaction.

Cortical granules are excretory organelles present in mammalian oocytes. During the development
of the oocyte, the Golgi apparatus proliferates and releases small vesicles that travel to the oocyte
subcortical region (Austin et al., 1956). Cortical granules are not renewed once they are released,
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dissociating them from all other organelles. Several different proteins have been found within
mammalian cortical granules, such as; carbohydrates, proteinases, ovoperoxidase, calrecticulin,
and peptidylarginine deiminase (Liu et al., 2011). All of the molecules encapsulate within the
cortical granule assist in hardening the zona pellucida preventing polyspermy. Polyspermy is the
result of multiple sperm gaining access to the oocyte and results in a block in development.

Once inside the oocyte, the sperm membrane becomes permeable. The demembraned sperm is
then susceptible to ooplasmic factors, especially thiol reducing agents (Perreault et al., 1984). The
decondensation of DNA utilizes glutathione, to reduce the disulphide bonds in protamines
(Perreault et al., 1984; Perreault et al., 1988). As the disphulphide bonds are severed the chromatin
is uncoiled and allows other factors to further decondense the chromatin (Zirkin et al., 1989).
Sperm decondensation is completed as the protamines are replaced with histones of the oocyte
(Zirkin et al., 1989). The nuclear envelope is reassembled around the decondensed sperm nucleus
to form the male pronucleus.

1.3

Assisted Reproductive Technologies

Assisted reproductive technologies (ART) are used widely throughout the world for human
reproduction purposes and in animal production systems. ART includes, artificial insemination,
in vitro fertilization and embryo transfer, these processes are used to increase reproductive
efficiency in animal production systems, increase progeny, and safety of farm staff (Moore, K. &
Thatcher, W. W.) For example, in dairy operations, ART ensure that breeding can be effectively
timed with lactation cycles without housing a bull on -site. ART-based approaches are also used
in most animal production systems and working animals such as race and draft horses. Assisted
reproductive technologies are used in human clinical settings to assist couples that struggle to
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conceive on their own. In efforts to improve ART for humans, a lot of research is done on animals.
Specifically larger mammals are used in place of human embryos for research projects.

Porcine embryos are often used in research settings, as a model for human embryos. Porcine
embryos share the same bilaminar disc shape as human embryos and follow similar developmental
patterns. In addition to the shape, porcine embryos also undergo zygotic genome activation (ZGA)
at the four cell stage of development coinciding with human zygotic genome activation (Telford
et al., 1990). While methods to support culture of porcine embryos were established during the
1980s and 1990s, embryos could only be cultured briefly before they arrested development.
Porcine embryos typically arrest at the 4-cell stage of development because of unfit culture
conditions (Machaty et al., 1998). This developmental block coincides with the zygotic genome
activation (ZGA). During this time of development porcine embryos are sensitive to aberrant
culture conditions; a failure to meet the correct conditions leads to an arrest in development.
Culturing porcine embryos beyond the four cell stage was a major challenge in porcine embryo
culture; the development of culture conditions that could support porcine embryo development to
the blastocyst stage of development was a major achievement (Hagen et al., 1993). Scientists are
now culturing developmentally competent embryos in laboratory settings for research in human
and animal embryology. For example, recently porcine embryos have been used to understand how
gene modifications can affect development instead of human embryos (Park et al., 2017).

1.4

Epigenetic modifications and chromatin remodeling

The DNA sequence is the same within all somatic cells of a given individual; however, there are
specific structures and functions that make one cell type distinct from another. These differences
are due to the cell’s unique gene expression patterns that are determined during cellular
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differentiation (Jaenisch et al. 2003). Differences in transcriptional patterns among cells, tissues,
and organs are regulated by epigenetic modifications. Epigenetic modifications impact phenotype
without altering the genotype. Examples of epigenetic modifications include methylation of DNA,
acetylation of histone proteins, and changes in chromatin structure.

The nucleosome is the functional unit of chromatin and consists of 147 base pairs of DNA wrapped
around an octamer of core histone proteins. The core is formed by two H2A-H2B dimers making
up one half of the octamer and a H3-H4 tetramer forming the other half of the octamer (Luger et
al., 1997). The four core histone proteins are highly conserved across mammalian species, and
share a long amino acid tail where post translational modification takes place. The coordinated
process of manipulating chromatin structure to enable or inhibit gene transcription is called
chromatin remodeling. Epigenetic reprogramming can be done through either covalent mechanism,
such as DNA methylation or histone acetylation or non-covalent mechanisms, such as
repositioning nucleosomes on chromatin.

Mammalian embryos undergo a large amount of epigenetic remodeling during early stages of
development that can have an impact on developmental potential and gene expression. The
epigenetic state of the chromatin in the developing embryo is reprogrammed by both covalent and
non-covalent processes.

1.5

Covalent modifications

DNA methylation refers to the addition of a methyl group to the 5-position of cytosines. DNA
methylation results in the formation of 5-methylcytosine, which alters the major groove of DNA
and changes how DNA binding proteins adhere to DNA (Jones et al., 2001). Addition of methyl
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groups to DNA is catalyzed by DNA methyltransferases (DNMTs).

DNMT1 (DNA

methyltransferase 1) is a maintenance methyltranferase that is responsible for catalyzing the
transfer of methyl groups to specific CpG structures in DNA (Okano et al., 1998). DNMT1 is
essential for embryonic development, mouse embryos that are homozygous for a deletion in
DNMT1 die at 10-11 days gestation (Li et al., 1992).

Modified cytosine residues usually lie next to a guanine base (CpG methylation) and the result is
two methylated cytosines positioned diagonally to each other on opposite strands of DNA. These
CpG sites are underrepresented in the genome and often reside in clusters or groups referred to as
CpG islands (Jones et al., 2001). CpG islands are regions in DNA usually greater than 200bp, and
have a G+C content greater than 50%. CpG islands reside near the 3’ end of DNA and near
promoters in association with genes, with ~50% of CpG islands located in gene promoter regions
(Saxonov et al., 2006). The majority of CpG islands are constitutively unmethylated, with only 10%
of CpG islands methylated in somatic tissues. Methylation of CpG-rich promoters blocks
transcription initiation (Antequera et al., 1990). DNA methylation may affect transcription by
directly preventing transcription factor accessibility or by recruiting methyl-CpG-binding
domain proteins (MBDs) (Hendrich et al., 1998). Once MBD proteins are bound to methylated
DNA, MBD proteins recruit chromatin remodeling factors to further alter chromatin structure.
Thus methylated CpGs restrict transcription while unmethylated CpGs allow transcription to
proceed.

While the methylation status of CpG dinucleotides is a heritable epigenetic mark, DNA
methylation is lost during the first cell divisions following fertilization before being re-established
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later in development (Monk et al., 1987). One example of how methylation of CpG islands play
a role in regulating gene expression is in the process of X chromosome inactivation. De novo
methylation of the promoters of X-linked genes occurs on the inactive X chromosome, but not
active X chromosome (Jones et al., 2001).

Histone proteins can be modified covalently throughout their peptide sequence, but the N terminal
tail is the primary target for post transcriptional modifications. Acetylation and methylation
modifications of histone proteins affect the access of transcription factors to DNA. All three of
these modifications have the potential to either activate or repress transcription factor binding to a
DNA sequence (Liu et al., 2005).

Acetylation of histones is associated with the activation of transcription (Liu et al., 2005). Histone
acetylation neutralizes the charges on histones to allow the DNA to loosen up from the histone
octomer, allowing other complexes access to the DNA. Acetyltransferases are divided into several
families that target different amino acids. Acetyltransferase enzymes target the N-terminal tail of
the histone proteins. WNT1 inducible signaling pathway protein-2 (WISP2) was one of the first
transcription related histone acetyltransferases characterized. A deletion of connective tissue
growth factor/cysteine-rich 61/nephroblastoma overexpressed 5 (ccn5) in mice leads to early
embryonic lethality (Bu et al., 2007).

Acetyl groups can be removed from acetylated histones by the action of histone deactylases
(HDACs). Histone deacetylation is generally associated with transcriptional repression (Heinzel
et al., 1997). Class I, class II, and class III NAD-dependent enzymes of the Sir family make up the
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three families of the histone deacetylases (Vaquero et al. 2006). The Sir2 family of deacetylases is
characterized by a 200-amino acid sequence needed for NAD+ dependent deacetylase activity
(Landry et al., 2000). Deacetylases are involved in multiple signaling pathways, present in several
repressive chromatin complexes, and do not appear to be specific for discrete positions on histone
tails. Histone Deacetylase 1 (HDAC1) has been shown to play a role in the shift from using
maternal RNA stores to RNA synthesized by the embryo at the time of zygotic genome activation
(Pengpeng et al., 2008).

Histone modifications are utilized as a code that is recognized by transcription factors, and during
embryonic development mistakes made during modification could affect normal development. For
example acetylation of H4 at a specific location is an epigenetic signature of proliferation and is
essential for embryogenesis (Gupta et al., 2007). If there is an absence of the acetyltransferase
then development is halted.

In addition to histone acetylation status, addition of methyl groups to specific lysine and arginine
residues on histones can also impact transcription (Jin et al., 2011). Trimethylation of the lysine 4
residue of histone protein H3 (H3K4me3) has been shown to mark regions of active transcription
(Gupta et al., 2010). The site of methylation serves as a marker for recruitment for proteins or
protein complexes that regulate transcription. Some common methylation sites that are associated
with transcription activation include H3K4, H3K48, and H3K79; sites associated with
transcription repression include H3K9 and H3K27 (Greer et al., 2012).
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Inactivation of EHMT2 a gene that encodes for a H3K9 methyltransferase, leads to embryonic
lethality (Tachibana et al., 2002). Inactivation of other methyltransferases only results in the death
of some but not all double mutant embryos, meaning that some embryos are able to survive without
some methyltransferases while others are always necessary (Peters et al., 2001).

1.6

Non-covalent modifications

Chromatin modifications are also mediated by ATP-dependent complexes. ATP-dependent
complexes are specialized protein complexes able to restructure the nucleosome to make DNA
accessible during transcription. Chromatin remodeling factors reposition nucleosomes on a
chromatin template using the energy from ATP hydrolysis to alter the contact between DNA and
histone proteins. This process results in the recruitment of a transcriptional apparatus to
nucleosomal DNA, allowing DNA transcription to take place (Ho et al., 2010).

The SWI/SNF family of ATP dependent chromatin remodeling complexes is a well-characterized
group of chromatin modifying proteins that impact on gene expression. SWI/SNF complexes are
involved in both the activation and repression of gene expression (Mohrmann et al., 2005).
SWI/SNF complexes are highly conserved between eukaryotes (Saha et al., 2006). The SWI/SNF
complexes, being ATP dependent, contain one of two ATPases, brahma (BRM) or brahma related
gene 1 (BRG1). The ATPases are accompanied by a core group of brg1 related factors (BAF)
subunits, SWI/SNF Related, Matrix Associated, Actin Dependent Regulator Of Chromatin,
Subfamily B, Member 1(SMARCB1),brg1 associated factor 155 (BAF155), and brg1 associated
factor 170 (BAF 170). The combination of additional BAF subunits that associate together define
the activity of a specific SWI/SNF complex.
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The SWI/SNF family is comprised of two complexes, BAF and Polybromo-associated factors
(PBAF). The BAF complex can contain one of two ATPase subunits, hBRM (human Brahma) or
BRG1 (Brahma-related Gene 1) (Tang et al., 2010). This large complex is comprised of many
different subunits that open up the nucleosome allowing the DNA to become accessible for
transcription factors. BRG1 and BRM provide the ATPase activity and the other subunits act as
modulators that mediate interactions with transcription factors (Phelan et al., 1999). Depending
on developmental stage and cell type, SWI/SNF chromatin remodeling complexes recruit different
groups of subunits to create a unique complex for specific cellular functions. The SWI/SNF family
of nucleosome remodeling complexes have been shown to play a role in gene expression by
activating transcription in SWI/SNF mutants in Saccharomyces cerecisiae (Sudarsanam et al.,
2000). Some of the SWI/SNF complex subunits are necessary for embryonic development, such
as the deletion of BRG1 or SMARCB1 leads to the death of the embryo at the peri-implantation
stage (Bultman et al., 2000; Magnani et al., 2006).

SWI/SNF ATPases have been shown to be necessary for embryonic development in several
different species. BRG1 null mice fail to develop past blastocysts stage (Bultman et al., 2000)
while BRM knockout embryos only show a mild phenotypic difference (Reyes et al., 1998). BRG1
also has been shown to regulate zygotic genome activation as well as the development of the
trophectoderm of the mouse embryo (Bultman et al., 2006; Wang et al., 2010). BRG1 cooperates
with CHD4 (chromodomain helicase DNA binding protein 4), a protein that belongs to the
SNF2/RAD54 helicase family and functions as epigenetic transcriptional repressor (Singh et al.,
2014). BRG1 knockout mice show a reduction in trimethyl H3K27, which leads to increased
apoptosis and growth retardation (Singh et al., 2016). Alterations in BRG1 expression levels can
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influence the methylation status of the lysine 4 residue of histone protein H3 (H3K4) (Glanzner et
al., 2017), negatively affect porcine embryo development, and subsequently change the expression
levels of other chromatin remodeling proteins (Magnani and Cabot, 2009).

All SWI/SNF complexes contain a core group of subunits comprised of: BAF155, BAF170,
SMARCB1 and one of the ATPases (either BRG1 or BRM). This core group of subunits is highly
conserved and are necessary for the full remodeling activity of the SWI/SNF complex (Phelan et
al., 1999). When this core group of subunits or ATPases are down regulated there is an interruption
of gene expression and cell cycle arrest (Phelan et al., 1999). BAF 155 and BAF 170 are
scaffolding proteins that are required for the SWI/SNF complex formation and function and are
required for development (Phelan et al., 1999). BAF45a/53a are necessary for neural progenitor
proliferation (Lessard et al., 2007). BAF155 has a higher expression level in undifferentiated ES
cells and decreases when cells undergo differentiation (Yan et al., 2008).

In addition to the core group of subunits and ATPases, other BAF subunits have been shown to
have a significant role in embryonic development. ARID2 and ARID1A are two large BAF
subunits that are mutually exclusive and found in the SWI/SNF complex (Lemon et al., 2001).
There is an upregulation of ARID1B, BAF 155, and SMARCA2 in the rhesus monkey blastocyst
stage embryos that suggests they are related to cell lineage commitment (Zheng et al., 2004).
ARID1A cooperates with elongin C, cullin 2, and Roc1 to form an E3 ubiquitin ligase, which
becomes an adapter for lysine 120 of histone 2B (H2B K120) to be remodeled by the SWI/SNF
complex (Xi et al, 2008). ARID1A plays a role in differentiation, and cell lineage decisions, and
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ARID1A knockout mice fail to finish gastrulation (Wang et al, 2004; Gao et al, 2008; Li et al,
2010).

Bromodomain containing protein 7 (BRD7) is ubiquitously expressed in many tissues, including
liver, brain, heart, lung, colon, and skin, as well as tissues and cells in the reproductive, urinary,
and immune systems. BRD7 has been shown to be involved in the inhibition of cell growth and
cell cycle progression (Zhou et al., 2004). BRD7 has also been shown to play a role in several
human cancers, it was found to be decreased in nasopharyngeal carcinoma and act as a tumor
suppressor by binding P53 and breast cancer gene 1 (BRACA 1) (Drost et al., 2010 ; Harte et al.,
2010). BRD7 has recently been shown to be involved with glucose metabolism and insulin
signaling (Park et al., 2014). Reduced levels of BRD7 in obesity leads to the development of ER
stress, glucose intolerance and type 2 diabetes (Park et al., 2014). Homozygous BRD7 knockout
mice die at embryonic day 16.5 (Kim et al., 2016).

SMARCB1 is a highly conserved core subunit of the SWI/SNF complex involved in ATP
dependent chromatin remodeling. SMARCB1 is necessary for correct cell cycle regulation and has
been shown to regulate P53 transcriptional activity (Lee et al., 2002). P53 is a transcription factor
that regulates cell cycle death in response to stress, cells lacking P53 are more unstable and prone
to tumor development (Ko et al., 1996). SMARCB1 is found to be mutilated or deleted in a range
of malignancies, including rhabadoid tumors, brain and lung cancers, and bone marrow cancers
(Versteege et al., 1998; Sevenet et al., 1999a, 1999b; Roberts et al., 2004, Roberts et al., 2000,
2002). SMARCB1 is required for cell viability during early embryo development and successful
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embryo development, as SMARCB1 null embryos fail to develop past the peri-implantation stage
(Klochendler‐Yeivin et al., 2000).

1.7

Nuclear transport processes

The nuclear envelop separates eukaryotic cells into nuclear and cytoplasmic compartments. The
barrier presented by the nuclear envelope necessitates transport systems to move large
macromolecules between these two cellular compartments. The nuclear pore complexes (NPCs)
are large multi-protein assemblies embedded in the nuclear envelope that form passageways
connecting the two cellular compartments (Alber et al., 2007). Nucleocytoplasmic transport relies
on the relationship between soluble transport factors, their cargo, and the NPC.

A series of transport receptors have been characterized in eukaryotes that can mediate import or
export of intracellular proteins by binding cargo and navigating through the NPC (Allen et al.,
2000). Protein cargos interact with discrete transport receptors though localization signals in their
amino acid sequence. Nuclear localization signals (NLSs), for example, are recognized by nuclear
import receptors, while nuclear export signals (NESs) are recognized by nuclear export receptors.
Multiple classes of nuclear import, nuclear export, and bi-directional shuttling receptors have been
characterized (Allen et al., 2000).

Chromosome maintenance region 1 (CRM1) is a major nuclear export receptor and binds to
classical NESs, leucine rich signal. Human immunodeficiency virus 1 (HIV-1) Rev also traverses
through the cell using a NES (Henderson et al., 1997). CRM1 is a member of the importin β family
of transport receptors and interacts with a large variety of proteins including transcription factors.
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CRM1 mediated export occurs throughout cleavage development and is not necessary until after
the four cell stage of porcine embryos (Cabot et al., 2002).

Import into the nucleus of the cell is governed by several key nuclear import systems. The NLS
dependent nuclear import is carried out by importin α also known as karyopherin α and importin
β. Importin α and importin β form a heterodimer when bound together. Importin α binds to the
NLS cargo and then binds to importin β through N terminal importin β binding domain. This
trimeric complex interacts with the structural proteins of the NPC to move the protein into the
nucleus.

Seven importin α subtypes have been identified in mammals, KPNA1-KPNA7 (Cabot et al., 2003;
Tejomurtula et al., 2009; Kelley et al., 2010; Hu et al., 2010). Karyopherin α subtypes are not
expressed equally in all tissues and share 50-80% sequence identity with each other (Kamei et al.
1999). In the mouse testis, KPNA3 and KPNA4 have been detectable in the Leydig cells compared
to KPNA1, KPNA5 and KPNA6 which have been detected in the seminiferous tubules as well as
the Leydig cells (Kamei et al., 1999). Previous studies have shown that although each
karyopherin α subtype can transport NLS-bearing substrates, some NLS’s are preferentially
imported by only specific karyopherin α subtypes. For example RanBP3 and RCC1 are
preferentially imported by KPNA3 (Welch et al., 1999; Talcott et al., 2000). KPNA2 and KPNA1
have been shown to have different affinities for NLS from in vivo to in vitro (Köhler et al., 1999).
Overexpression and ablation studies have shown that individual karyopherin α transport separate
classes of intracellular proteins. In murine embryonic stem (ES) cells over expression of KPNA2
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and ablation of KPNA1 both selectively block differentiation of ES cells in media that promotes
differentiation (Yasuhara et al., 2007).

KPNA7 is the most recently discovered karyopherin α subtype. This receptor was first discovered
in cattle and was exclusively found in ovarian tissues, oocytes and cleavage stage embryos
(Tejomurtula et al., 2009). RNAi mediated knockdown of KPNA7 in bovine embryos leads to
defects in cleavage development (Tejomurtula et al., 2009). In mice embryos KPNA7 knock out
mice have been generated, they are viable but they have reduced fertility (Hu et al., 2010). In pigs
KPNA7 is reported to be predominantly expressed in oocytes and cleavage stage embryos, by
blastocyst stage expression significantly decreases both at the mRNA and protein levels (Wang et
al., 2011). KPNA7 is localized in nucleus in germinal vesicle stage oocytes, 2 and 4 cells stage
embryos, suggesting KPNA7 is required for cleavage development (Wang et al., 2011). The way
that proteins and transcription factors are moved throughout the embryo during development could
potentially impact the health and viability of the conceptus.

As research continues to improve the efficiency of in vitro produced embryos to help couples fulfill
the desire to have their own offspring, scientists are trying to understand epigenetics’ role in
developmental competency.

Developing mammalian embryos undergo dramatic epigenetic

reprogramming that could potentially impact the disease state and overall health of a newborn. The
SWI/SNF chromatin remodeling complex plays a large role in embryo development.
Understanding how and when these complexes form within the embryo could give a better idea in
how they are participating in gene regulation in a growing embryo.
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ROLE OF CRM1-MEDIATED NUCLEAR EXPORT ON
THE INTRACELLULAR LOCALIZATION OF SWI/SNF
CHROMATIN REMODELING SUBUNITS DURING PORCINE
EMBRYOGENESIS.

2.1

Abstract

Epigenetic marks are globally remodeled during mammalian embryo development. Chromatin
remodeling mediated by the SWI/SNF (Switch/Sucrose non-fermentable) complexes can
participate in epigenetic remodeling during cleavage development. SWI/SNF complexes are
multi-subunit complexes that contain a core catalytic subunit (SMARCA4 or SMARCA2) and a
collection of additional subunits that guide the complexes to their appropriate loci. It has been
reported that discrete SWI/SNF subunits adopt different intracellular localization patterns as
porcine embryos proceed through cleavage development.

In the work presented here, we

investigated how these SWI/SNF subunits are trafficked during embryo development. We
hypothesized that the localization patterns of the SWI/SNF chromatin remodeling complex
subunits ARID1A, BRD7, SMARCB1, and ARID2 were transported out of nuclei in a CRM1dependent manner. Porcine embryos were treated with leptomycin B (LMB), an inhibitor of
CRM1-mediated nuclear export to test this hypothesis.

BRD7 displayed a significant

redistribution upon LMB treatment (as compared to control embryos). This finding suggests that
BRD7, unlike other SWI/SNF subunits, actively shuttles between the nuclear and cytoplasm
during cleavage development. The shuttling of BRD7 indicates that it may serve a unique role
mediating chromatin remodeling during this critical developmental window.
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2.2

Introduction

Dynamic changes in chromatin structure occur during the first week of mammalian embryo
development that can impact developmental competence. These early changes include remodeling
of epigenetic marks, which include heritable covalent and non-covalent modifications to DNA that
impact gene expression. Changes in chromatin structure that impact transcription must be tightly
regulated to ensure successful embryo development.

Epigenetic marks accumulated during germ cell development are remodeled during the cleavage
stage to prepare for further differentiation (Sasaki, 2008). Both covalent and non-covalent
chromatin modifications take place during early embryo development. An example of a covalent
epigenetic modification is the methylation of either DNA or histone proteins. DNA can be
methylated at the cytosine-5 position. DNA methylation is dramatically remodeled on a global
level during cleavage development and is required for successful embryo development (Li et al.,
1992).

Non-covalent chromatin modifications involve repositioning and restructuring nucleosomes
(Bartholomew, 2014). Chromatin remodeling machinery utilizes the energy released from ATP
hydrolysis to reposition nucleosomes to facilitate activation or repression of transcription. The
SWI/SNF (SWItch/Sucrose Non-Fermentable) chromatin remodeling complexes are one group of
ATP-dependent chromatin remodeling complexes. SWI/SNF chromatin remodeling complexes
are utilized extensively during embryonic development in mammalian embryos (Bultman et al.,
2006).
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The large multi-subunit SWI/SNF complexes contain a catalytic subunit, either BRG1 (Brahmarelated Gene 1/SMARCA4) or BRM (Brahma/SMARCA2). These catalytic subunits have ATPase
activity and are needed for complexes to reposition the nucleosomes (Clapier et al., 2009). A
functional SWI/SNF chromatin remodeling complex contains a collection of BRG1 Associated
Factors (BAFs) in addition to the catalytic subunit. The specific combination of BAFs that
associate with the catalytic subunit create unique SWI/SNF complexes that act at discrete loci
within the genome (Clapier et al., 2009).

SWI/SNF chromatin remodeling complexes participate in a myriad of cellular processes. It has
been shown that SWI/SNF mediated chromatin remodeling is necessary for mammalian embryo
development. Chromatin structure has been shown to change during oocyte development within
the follicle. When BRG1 is knocked out in murine embryos, they fail to develop past the blastocyst
stage (Bultman et al., 2000). When BRM is knocked out in embryos, the embryos develop to full
term but display a mild overgrowth phenotype as adults (Reyes et al., 1998). BRG1 appears to also
be required for zygotic genome activation and trophectoderm development (Bultman et al., 2006;
Wang et al., 2010). In addition to these two catalytic subunits, SWI/SNF complexes contain a core
group of subunits that include BAF150, BAF170, and SMARCB1 (SNF5). These BAFs are also
required for development (Euskirchen et al., 2012; Cabot et al., 2018).

Each BAF subunit has a unique role within a given SWI/SNF chromatin remodeling complex. The
subunits that make up the functional core of the SWI/SNF complex are essential for full
remodeling activity; down regulation of these subunits result in defects in transcription (Phelan et
al., 1999). The ARID family of BAF subunits are utilized for DNA binding (Wilsker et al., 2005)
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and are needed for appropriate cell cycle control (Nagl et al., 2005). BRD7 is a Polybromoassociated factor (PBAF) that is found in both undifferentiated embryonic stem cells and
differentiated cells (Kaeser et al., 2008). In embryonic stem cells, BRD7 and ARID1A work to
control the expression of SWI/SNF target genes (Kaeser et al., 2008).

ARID1A and ARID2 are large, mutually exclusive BAF subunits (Lemon et el., 2001). The
expression of ARID1A is up-regulated in rhesus monkey blastocyst-stage embryos, which
suggests that this subunit functions during cell lineage commitment (Zheng et al., 2004).
ARID1A-knockout mice fail to complete gastrulation (Gao et al., 2008). SMARCB1 is a core
subunit that is required for the SWI/SNF complex chromatin remodeling activity. BRD7 has
previously been investigated for its role the cell cycle and has been shown to be necessary for
mouse development; BRD7 null mice fail to develop past embryonic day 16.5 (Kim et al., 2016).

Mammalian embryo development requires dynamic regulation of the localization of intracellular
proteins. Movement of intracellular proteins between the nucleus and cytoplasm is mediated by a
host of transport factors. CRM1 is a nuclear export factor that functions to carry proteins that
possess a nuclear export signal (NES) out of the nucleus. The nuclear export signal is a leucine
rich short amino acid sequence that is recognized by CRM1 (Fukuda et al., 1997). If this NES is
disrupted, CRM1 can no longer export the cargo to the cytoplasm. CRM1-mediated transport
occurs in GV stage porcine oocytes and throughout cleavage development, but CRM1-mediated
export is not required for development until the 4-cell stage of development (Cabot et al., 2002).
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SWI/SNF chromatin remodeling subunits have been shown to adopt unique localization patterns
at discrete stages of porcine embryo development (Cabot et al., 2017). Because intracellular
proteins are trafficked to cellular compartments by various transport receptors, we wanted to
determine if CRM1-mediated nuclear export was involved in transporting chromatin remodeling
subunits within oocytes and cleavage stage embryos. We hypothesized that ARID1A, ARID2,
SMARCB1, and BRD7 are exported from the nuclei of porcine oocytes/embryos in a CRM1dependent manner. To test this hypothesis, GV stage porcine oocytes and 4-cell stage porcine
embryos were incubated with Leptomycin B (LMB), an inhibitor of CRM1-mediated nuclear
export. We then determined the intracellular localization of these subunits. Our results show that
inhibitory CRM1-mediated export serves a role in partitioning some SWI/SNF chromatin
remodeling subunits during cleavage development.

2.3

Results

2.3.1 Intracellular localization of SWI/SNF subunits in oocytes derived from small and
large ovarian follicles
No significant differences between localization patterns of ARID1A, ARID2, BRD7, or
SMARCB1 were observed in oocytes derived from ovarian follicles 3-6 mm in diameter (large
follicle derived, LFD) or ovarian follicles less than 2 mm in diameter (small follicle derived, SFD).
ARID2 was observed to occupy both the nucleus and cytoplasm in the majority of oocytes
examined (N=25/36, N=29/39 for LFD and SFD, respectively). ARID2 was found to accumulate
in the nucleus in the remaining oocytes (N=11/36, N=10/39 for LFD and SFD oocytes,
respectively). ARID1A displayed a nuclear localization in the majority of oocytes examined
(N=17/20, N=25/31 for LFD and SFD, respectively). The remainder of the oocytes showed an
even distribution of ARID1A between the nucleus and cytoplasm (N=3/20, N=6/31 LFD and SFD,
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respectively). BRD7 was observed to be evenly distributed between the nucleus and cytoplasm in
the majority of oocytes examined (N=24/25, N=26/31 LFD and SFD, respectively). The remaining
oocytes displayed a predominant cytoplasmic localization (N=1/25 and N=5/31 for LFD and SFD,
respectively). SMARCB1 was observed to have a strong nuclear localization for the majority of
oocytes (N=14/16, N=14/21 for LFD and SFD, respectively). The remaining oocytes were
observed to have an even distribution between the nucleus and cytoplasm (N=2/16, N=7/21 for
LFD and SFD, respectively; Figure 1).
2.3.2 Effect of LMB on SWI/SNF subunit localization in porcine oocytes
Putative NESs were identified in ARID1A, ARID2, BRD7, and SMARCB1 (Table 1). No
significant differences between localization patterns of ARID1A, ARID2, BRD7, or SMARCB1
were detected in GV stage oocytes in the respective LMB and ETOH treatment groups. ARID1A
was found to have a nuclear accumulation in all oocytes examined (N=6/6, N=19/19 for LMB and
ETOH treatments, respectively). The average nuclear intensity in the ETOH treatment group was
2.53± 1.12 average digital units (ADU) per µm and the average nuclear intensity in the LMB
treatment groups was 2.40± 0.65 ADU per µm. ARID2 was found to have a nuclear localization
in all oocytes analyzed (N=11/11, N=19/19 for LMB and ETOH treatments, respectively). The
average nuclear intensity in the ETOH treatment groups was 1.90± 0.39 ADU per µm and the
average nuclear intensity in the LMB treatment groups was 1.98± 0.52 ADU per µm. SMARCB1
was found to have a strong nuclear localization in all oocytes examined (n=10/10, n=14/14 for
LMB and ETOH treatments, respectively). The average nuclear intensity in the ETOH treatment
group was 1.99± 0.65 ADU per µm and the average nuclear intensity in the LMB treatment group
was 2.75± 1.06 ADU per µm. BRD7 was found to have an even distribution between nuclear and
cytoplasmic compartments in all oocytes examined (n=9/9, n=13/13 for LMB and ETOH
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treatments, respectively). The nuclear intensity of the ETOH treatment group was 1.17± 0.37 ADU
per µm and the average nuclear intensity of the LMB treatment group was 1.09± 0.26 ADU per
µm. Representative images are shown in Figure 2.
2.3.3 Effect of LMB on SWI/SNF subunit localization in 4-cell stage porcine embryos
No significant differences between localization patterns of ARID1A, ARID2, or SMARCB1 were
detected in 4-cell stage embryos in the respective LMB or ETOH treatment groups. ARID1A was
found to have a strong nuclear localization in blastomeres of all embryos examined (n=11/11,
n=5/5 for LMB and ETOH treatments, respectively). The average nuclear intensity in the ETOH
treatment group was 3.46± 1.05ADU per µm and the average nuclear intensity in the LMB
treatment group was 3.64± 1.06 ADU per µm. SMARCB1 was found to have a strong average
nuclear intensity in blastomeres of all embryos examined (n=8/8, n=13/13 for LMB and ETOH
treatments, respectively). The nuclear intensity of the ETOH treatment group was 4.74± 3.88 ADU
per µm and the average nuclear intensity of the LMB treatment group was 2.92± 1.49 ADU per
µm. ARID2 was found to have a strong nuclear localization in blastomeres of all embryos
examined (n=12/12, n=15/15 for LMB and ETOH treatments, respectively). The average nuclear
intensity in the ETOH treatment group was 4.04± 1.21 ADU per µm and the average nuclear
intensity in the LMB treatment group was 3.18± 1.03 ADU per µm.

The distribution of BRD7 was significantly different between LMB and ETOH treatment groups.
Embryos in the ETOH treatment displayed two distribution patterns, either even distribution of
BRD7 between the nucleus and cytoplasm (n=8/15), or cytoplasmic localization (n=7/15).
Embryos in the LMB treatment group possessed a dramatic nuclear localization of BRD7 (n=7/7).
The average nuclear intensity in the ETOH treatment group was 1.17± 0.29 ADU per µm and the
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average nuclear intensity in the LMB treatment group was 10.72± 2.82 ADU per µm (LMB vs
ETOH, p< 0.05). Representative images are shown in Figure 2.

2.4

Discussion

The SWI/SNF chromatin remodeling complexes play an essential role during early embryogenesis,
zygotic genome activation, and trophectoderm differentiation (Bultman et al., 2006). The
collection of BAF subunits that associate with one another determine the activity of a given
SWI/SNF chromatin remodeling complex.

For a given SWI/SNF complex to function in

chromatin remodeling, the collection of subunits must associate with one another in the nucleus
during interphase. Determining the mechanisms that regulate the intracellular localization of
discrete BAF subunits will help us understand which SWI/SNF complexes can exist at specific
time points during early embryogenesis. This knowledge could further our understanding of how
in vitro embryo manipulation influences embryo developmental competence.

The developmental competence of an oocyte increases with the growth of the follicle. The
localization of chromatin in the mouse oocyte changes as the oocyte approaches ovulation
(Erickson et al.,1974; Zuccotti et al., 1995). Initially chromatin is found to be present on the nuclear
surface and not surrounding the nucleolus. This is referred to as the non-surrounded configuration.
During follicle growth chromatin becomes reorganized to adopt what has been called the
surrounded configuration. Here, the chromatin adopts a threadlike organization that partially
surrounds the nucleolus (Zuccotti et al., 1995). Because chromatin structure has been shown to
change during oocyte development in the follicle, we hypothesized that the intracellular
localization of discrete SWI/SNF chromatin remodeling subunits would change during follicular
growth. However, we determined that the intracellular localization patterns of BRD7, ARID1A,
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ARID2, and SMARCB1 do not differ between oocytes derived from large and small follicles. This
suggests that these particular subunits have the same ability to function in chromatin remodeling
at these two different stages of oocyte development.

Intracellular proteins are trafficked to different intracellular compartments during the cell cycle.
Proteins are moved throughout the cell during normal cell function for various purposes. As
proteins are needed for functions within the cell they are trafficked to their designated locations.
Import and export of proteins is regulated by post translational modifications. Post translational
modifications occur dynamically and regulate protein function. These modifications also affect the
protein trafficking rate throughout cellular compartments. If a specific protein is needed in the
nucleus for its function it would remain there until its task is complete. The nuclear pore complex
allows the trafficking of larger proteins in and out of the nucleus. The nuclear pore complexes
allow passive diffusion of molecules up to ∼60 kD in size into and out of the nucleus. Transport
of larger proteins requires soluble shuttling receptors that recognize nuclear localization signals
(NLSs) or nuclear export signals (NESs) for movement into or out of the nucleus, respectively.

CRM1 is a nuclear export factor that transports nuclear proteins with classic nuclear export signals
(NES) to the cytoplasm (Fukuda et al., 1997). CRM1-mediated nuclear export occurs in GV stage
porcine oocytes and in cleavage stage embryos, although CRM1-mediated nuclear export is not
required for embryo development prior to 4-cell stage (Cabot et al., 2002). We were able to identify
putative NESs in ARID1A, ARID2, BRD7, and SMARCB1 (Table 1); an atypical NES was
previously identified in BRD7 (Zhou et al., 2011). Our results show that while the intracellular
localization patterns of ARID2, ARID1A, and SMARCB1 are not altered in 4-cell stage embryos
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in response to LMB treatment, the distribution of BRD7 changes dramatically and adopts a clear
nuclear localization in response to LMB treatment. The accumulation of BRD7 in nuclei indicates
that BRD7, but not ARID2, ARID1A, and SMARCB1, shuttles between the nucleus and the
cytoplasm during the 4-cell stage of development.

Porcine embryos used in the nuclear export assay we reported here were cultured in the presence
of LMB for 12 hours. This incubation time does not allow us to ascertain how rapidly (or frequently)
a given SWI/SNF subunit transits between the nucleus and cytoplasm. There are some differences
in localization patterns between what we have reported here and what was previously published
by (Cabot et al., 2017). For instance, we previous reported BRD7 shows a cytoplasmic localization
in the majority of embryos at the 4-cell stage of development, while 47% of our control embryos
had a cytoplasmic localization of BRD7 and 53% revealed an even distribution between the
nucleus and cytoplasm. This subtle difference is likely due to the different age of the 4-cell stage
embryos in the two studies. Four cell stage embryos were fixed 48 hours after gamete mixing in
the former study (Cabot et al., 2017); 4-cell stage embryos in the current study were collected 48
hours after gamete mixing and then incubated for 12 hours prior to fixation. It is plausible that the
shuttling of BRD7 may serve a role in directing specific SWI/SNF complexes to genomic loci at
discrete time points during the cell cycle, or a role in remodeling chromatin to mediate aspects of
zygotic genome activation. BRD7 has been shown to be associated with embryonic stem cell
differentiation (Kaeser et al., 2008). Studies have also shown that BRD7 aids in cell cycle
regulation and serves to repress proliferation (Burrows et al., 2010). BRD7 has been shown to act
with P53 in regulating tumor growth (Drost et al., 2010). A developing embryo has a lot of
proliferating cells which could indicate BRD7 an important regulator of embryo growth.
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Zygotic genome activation occurs during the 4-cell stage in the porcine embryo (Prather et al.,
1991). The shuttling of BRD7 at this stage may reflect a role that BRD7-containing SWI/SNF
complexes serve in modifying chromatin structure in preparation for the global increase in
transcription observed at the 4-cell stage. Previously published data have shown that CRM1mediated nuclear export occurs prior to the 4-cell stage (Cabot et al., 2002). It is possible that
BRD7-containing SWI/SNF complexes also serve a role in regulating the low level of transcription
prior to the 4-cell stage.

The localization patterns observed for the subunit ARID2 are slightly different than what was
previously reported (Cabot et al., 2017), where ARID2 was found to be tightly associated with
chromatin in GV stage porcine oocytes. This may be due to the timeframe when GV stage oocytes
were fixed. GV-stage oocytes were cultured in their respective treatments for 12 hours after
removal from ovarian follicle in the experiments reported here. In contrast, an earlier study fixed
GV-stage oocytes shortly after isolation from the ovary. It is possible that chromatin structure
changed during this in vitro incubation, although ARID2 was still detected as a nuclear protein.

SWI/SNF chromatin remodeling complexes are known to serve critical roles in the events of
zygotic genome activation and trophectoderm formation. The findings in this work add to our
understanding of how discrete SWI/SNF complex subunits are partitioned between the nucleus
and cytoplasm in cleavage stage embryos. Understanding the mechanism by which these protein
subunits are partitioned within cells of the cleavage stage embryo will help us determine the types
of SWI/SNF complexes that exist at discrete time points during development.

Future

investigations that examine how these subunits gain entry to the nucleus and how transcript
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profiles change when the trafficking of discrete subunits is altered will help us determine the
networks that are regulated by SWI/SNF chromatin remodeling. This new knowledge will
improve our understanding of mammalian embryogenesis and provide a means to develop new
and novel approaches to improve current conditions for handling embryos in vitro.

2.5

Materials and Methods

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless stated otherwise.
2.5.1 Porcine oocyte collection
Ovaries from pre-pubertal gilts were collected from a local meat processing facility, rinsed in a
saline solution containing 75 µg/ml penicillin and 50 µg/ml streptomycin at 37oC, and transported
in an insulated container to the laboratory for processing. Antral ovarian follicles were manually
aspirated with a sterile 18 gauge needle and 10 cc syringe; follicular fluid was pooled and held at
39oC. Cumulus-oocyte complexes (COCs) were allowed to settle by gravity, follicular fluid was
discarded, and COCs were resuspended in a HEPES-buffered medium containing 0.01% polyvinyl
alcohol (Abeydeera et al., 1998). Cumulus-oocyte complexes with multiple layers of intact
cumulus cells were selected for experiments. Cumulus cells were removed from selected COCs
immediately after selection for immunocytochemical staining assays involving germinal vesicle
(GV) stage oocytes. For experiments involving embryo production by in vitro fertilization, antral
follicles 3-6mm in diameter were aspirated.
2.5.2

In vitro maturation

Fifty to one hundred COCs were placed in 500 µl of Medium 199 containing 0.14% PVA, 10ng/ml
epidermal growth factor, 0.57 mM cysteine, 0.5 IU/ml FSH and 0.5 IU/ml LH, as previously
described (Abeydeera et al., 1998). The COCs were matured for 42-44 hours in a humidified
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incubator (100% humidity) at 39°C with 5% CO2 in air. Cumulus cells were removed from
matured COCs by vortexing in 0.1% hyaluronidase in a HEPES-buffered medium containing 0.01%
PVA for 4 minutes.
2.5.3 In vitro fertilization
Denuded oocytes were transferred to a modified Tris-buffered medium (mTBM) and fertilized as
previously described (Abeydeera et al., 1997). Fresh semen was collected from a mature boar with
proven fertility housed at Purdue’s Animal Science Research and Educational Center and extended
with a commercial semen extender (EnduraGuard Plus; Mofa Global, Verona, WI), and stored at
17.5°C until use for in vitro fertilization. The sperm was washed three times in Dulbecco’s PBS
and then resuspended in mTBM. The sperm suspension was added to droplets containing 15-30
mature oocytes such that the final concentration of sperm during gamete co-incubation was 5 x105
sperm per ml. The gametes were allowed to co-incubate for 5 hours and were then transferred to
Porcine Zygotic Medium 3 (PZM3), an embryo culture medium (Yoshioka et al., 2002)
supplemented with 3mg/mL of bovine serum albumin (BSA).
2.5.4 Embryo culture
Fertilized oocytes were cultured in PZM3 containing 3 mg/mL BSA, under mineral oil in a
humidified incubator (100% humidity, 39°C with 5% CO2 in air) until the appropriate stage of
embryogenesis. Embryos were analyzed at the 4-cell stage (48 hours after gamete mixing) and at
the blastocyst stage of development (six days after gamete mixing).
2.5.5 Leptomycin B culture experiments
Leptomycin B (LMB) was added to in vitro maturation medium (7nM LMB final concentration in
ethanol; LMB treatment) and denuded GV-stage oocytes were incubated for 12 hours. As a control,
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ethanol was added to in vitro maturation medium (1 l ethanol per 500l maturation medium;
0.2% ethanol, ETOH treatment) and denuded GV-stage oocytes were incubated for 12 hours.
Following the 12-hour incubation, all cells were fixed in 3.7% paraformaldehyde for 1 hour and
subjected to an immunocytochemical staining protocol and evaluated using confocal microscopy
(Nikon A1R-MP; Nikon Tokyo, Japan).

For experiments involving porcine embryos, oocytes were matured and fertilized in vitro;
immediately after gamete co-incubation the embryos were moved to embryo culture medium for
48 hours. After 48 hours 4 cell stage embryos were moved to embryo culture medium contained
either 7nM LMB (LMB treatment) or 0.2% ethanol (ETOH treatment) for 12 hours. At this point,
4-cell stage embryos were fixed in 3.7% paraformaldehyde, subjected to an immunocytochemical
staining protocol, and evaluated using confocal microscopy. To determine the quality of the
embryos produced in each biological replicate, a group of LMB and ETOH embryos were also
cultured to day 6 after gamete co-incubation. LMB treated embryos cultured to day 6 all arrested
in development by the 4-cell stage of development as anticipated (Cabot et al., 2002). Replicates
in which control (ETOH treated) embryos failed to yield blastocyst stage embryos by Day 6 after
fertilization were excluded from our analysis.
2.5.6 NES identification
Putative NESs were found within BRD7 (UniProt accession number I3L640), ARID2 (UniProt
accession number I3LU38), ARID1A (UniProt accession number F1STS2), and SMARCB1
(UniProt accession number F2Z4X9) using an online NES prediction platform sponsored by The
Netherlands Cancer Institute (http://research.nki.nl/fornerodlab/NES-Finder.htm). The BRD7
region from aa219 to aa450 is generally defined as an atypical NES.
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2.5.7 Immunocytochemical analysis
Oocytes and embryos were processed according to an established immunocytochemical staining
protocol (Cabot et al., 2017). Briefly, oocytes and embryos were fixed in 3.7% paraformaldehyde
for 1 hour at 4°C. After fixation the embryos and oocytes were washed three times in 500 µl of
PBS containing 0.1% Tween-20 for 30 minutes at 4°C. Oocytes and embryos were stored in 500
µl of PBS containing 0.1% Tween-20 (PBST) and stored up to three days at 4° C until further
processing. All incubations were carried out at 4° C. Fixed oocytes and embryos were
permeabilized with 1% Triton X-100 in PBS for one hour. Embryos and oocytes were then placed
in blocking solution consisting of 0.1 M glycine, 1% goat serum, 0.01% Trition X-100, 1%
powdered nonfat dry milk, 0.5% BSA and 0.02% sodium azide in PBS (Prather et al., 1992). Cells
were probed with antibodies that recognized ARID2, ARID1A, BRD7, and SMARCB1 (Catalog
Numbers Ab113283, Ab182560, Ab5630162, Ab12167 respectively; Abcam; Cambridge, United
Kingdom). All antibodies were diluted 1:500 in PBS containing 0.1% Tween-20 and were
incubated for 16 hours with embryos and oocytes. After primary antibody incubation, the oocytes
and embryos were washed three times in PBS containing 0.1% Tween-20 for 30 minutes. Embryos
and oocytes were placed in a secondary antibody (FITC-conjugated anti-rabbit IgG; F0382), which
was diluted 1:500 in PBS containing 0.1% Tween-20 for 16 hours. Embryos and oocytes were
stained with Hoechst 33342 (2 µg/mL) in PBS for 15 minutes, mounted on slides using Vectasheild
mounting medium, and viewed on the confocal microscope (Nikon A1R-MP; Nikon Tokyo,
Japan).
2.5.8 Confocal imaging
Images were taken on a confocal microscope equipped with a camera, with a max fluorescence
below 4000 optical units. Photos were taken of an optical section of oocytes and embryos at 461
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nm and 495 nm in order to capture Hoechst and FITC staining, respectively. Analytical imaging
software (Nikon Elements; Nikon Corporation, Tokyo, Japan) was used to analyze the images
taken at the confocal microscope for the sum intensity of fluorescence of nuclear localization in
comparison to cytoplasmic localization by using regions of interest (ROI) around each respective
area. The nuclear ROI was determined based on Hoechst staining that showed the edges of the
nucleus. The cytoplasmic ROI was determined based on the edge of the oocyte or blastomere. The
nuclear to cytoplasmic ratio was calculated by dividing the sum intensity by the ROI area for the
nuclear and cytoplasmic regions. The intensity was measured in terms of optical density using the
Nikon Elements software, and recorded as analog to digital units (ADU).

2.6

Statistical analyses

The ratio of nuclear to cytoplasmic intensity was calculated on each individual oocyte or embryo.
A higher ratio indicated an increased nuclear localization. Nikon Elements was used to measure
the ADU’s for the cytoplasm and the nucleus. The measurements of intracellular localization of
SWI/SNF subunits were analyzed by two-way ANOVA using RStudio. Interaction of time and
group was also considered, and significance was determined by a two-sample t-test. A P-value less
than 0.05 was considered significant.
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Figure 2.1. Intracellular localization of SWI/SNF subunits in immature porcine oocytes.
The intracellular localization of ARID1A, ARID2, BRD7, and SMARCB1 in oocytes derived from
large ovarian follicles are shown in panels a, c, e, and g, respectively; these subunits in oocytes
derived from small ovarian follicles are shown in panels b, d, f, and h, respectively. Panels with
like letters are images taken of the same optical section, panels1 reflecting DNA staining to define
the location of nuclei, panels 2 reflecting immunocytochemical staining of the SWI/SNF subunit.
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Figure 2.2. Effect of LMB on the intracellular localization of SWI/SNF subunits in porcine
oocytes and embryos.
Panels a, b, i and j represent embryos and oocytes probed with ARID1A antibody. Panels c, d, k,
and l represents oocytes and embryos probed with ARID2 antibody. Panels e, f, m and n represent
oocytes and embryos probed with the BRD7 antibody. Panels g, h, o and p represent oocytes and
embryos probed with SMARCB1 antibody. Panels with like letters are images taken of the same
optical section, panels1 reflecting immunocytochemical staining of the SWI/SNF subunit and
panels 2 reflecting DNA staining to define the location of nuclei.
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Table 2.1 Nuclear export signal locations on BRD7, ARID1A, ARID2 and SMARCB1
Protein
BRD7

Protein ID
number
I3L640

ARID1A

F1STS2

ARID2

I3LU38

SMARCB1

F2Z4X9

NES Location

NES Sequence

193
237
259
1323
1421
1600
1680
1734
289
223
412
415
436
447
266

IEELKDNFKL
IQSLKQSIDF
LSGSIDDLPM
LSQLPGLLEL
LISKFDKLPV
VSNTIRSLSF
LANISGQLDL
VLETLSKLSI
IAVILRNLSF
HFISLRQLGL
VLLVISTLEV
VISTLEVLYM
IAKVEKSIDM
VCLVSMDIQM
LNIHVGNISL
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ROLE OF KARYOPHERIN ALPHA-MEDIATED
NUCLEAR IMPORT ON THE INTRACELLULAR LOCALIZATION
OF SWI/SNF CHROMATIN REMODELING SUBUNITS DURING
PORCINE EMBRYOGENESIS

3.1

Abstract

In mammalian development, epigenetic marks are remodeled as undifferentiated cells develop into
their designated tissues. SWI/SNF (switch/sucrose non-fermentable) complexes participate in
epigenetic remodeling during cleavage development. These complexes are large multi-subunit
complexes that contain a core catalytic subunit and additional subunits that help guide the complex
to a specific location. SWI/SNF subunits traverse through the embryo during cleavage
development. Large proteins utilize the nuclear pore complex (NPC) to navigate across the nuclear
membrane and gain access into and out of the nucleus. Several transport systems have been shown
to utilize the NPC to transport their cargo to their respective cellular locations. The karyopherin
α/β heterodimer is one of the most well-known transport systems that utilized the NPC.
Karyopherin α 7 (KPNA7) is the most abundant KPNA subtype in oocytes and early cleavage
stage embryos. In the work we present here we investigated how SWI/SNF complexes are
transported by karyopherins through the embryo during development. We hypothesized that the
SWI/SNF chromatin remodeling subunits ARID1A, BRD7, SMARCB1 and ARID2 were
transported into the nuclei using karyopherin α mediated transport. Porcine embryos and oocytes
were treated with ivermectin (IVER), a karpherin α mediated transport inhibitor to test this
hypothesis. We found no localization changes in ARID1A, ARID2, BRD7, or SMARCB1 in
oocytes. While we found no difference in localization patterns in ARID1A, ARID2, and BRD7
intracellular location between embryos treated with IVER and controls, SMARCB1 had a
significant redistribution upon IVER treatment when compared to controls. This suggests

67
SMARCB1 is shuttled into the nucleus utilizing karyopherin α mediated transport at the four cells
stage of development. We then utilized a specific interfering RNA to inhibit KPNA7 mediated
transport to understand how this effects BRD7 distribution during embryo development. We saw
no significant difference between the control injected and the RNAi injected embryos.

3.2

Introduction

Early embryonic development in mammals is characterized by large amount of epigenetic
programming. Epigenetic reprogramming is not always completed accurately and can lead to
disorders in the growing fetus. Beckwith-Wiedemann syndrome is an epigenetic disorder
characterized by an increase in risk for pediatric cancer (DeBaun et al., 1998). In-vitro produced
embryos are at an increased risk of developing this disorder (Gicquel et al., 2003). Some epigenetic
remodelers are responsible for major reprogramming events are necessary for embryonic
development, including some of the SWI/SNF chromatin remodeling complexes.

SWI/SNF chromatin remodeling complexes are comprised of a core group of subunits along with
an ATPase. The SWI/SNF family is comprised of two major complexes, BAF (Brg1 associated
factors) and PBAF (Polybromo-associated factors). The BAF complex can contain one of two
ATPase subunits, hBRM (human Brahma) or BRG1 (Brahma-related Gene 1) (Tang et al., 2010).
The deletion of BRG1 leads to a halt in embryo development (Bultman et al., 2000; Magnani et
al., 2007). These complexes are large and contain not only the core group of subunits and ATPases
but additional subunits that play a role in embryonic development. ARID1A knockout mice fail to
finish gastrulation and ARID1A has also been tied to pluripotency in ES cells (Wang et al., 2004;
Gao et al., 2008; Li et al., 2010). There is an upregulation of ARID1B, BAF155, and SMARCA2
in the rhesus monkey blastocyst stage embryos (Zheng et al., 2004). These subunits come together
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in the nucleus and combine with the core subunits and ATPase to form a SWI/SNF complex with
a more specific activity. How these subunits are traversing throughout the cell could give us more
information of how in-vitro processes could be interfering with these delicate systems and possibly
affecting the development of a fetus.

Eukaryotic cells contain a membrane bound nucleus that necessitates a transportation system to
allow the import and export of proteins, ribosomal subunits and RNAs. These macromolecules are
transported through nuclear pore complexes (NPCs) to reach their designated location. NPCs are
large aqueous multi-protein complexes approximately 125 MDa in size in vertebrates and contain
around 50-100 proteins (Reichelt et al., 1990). NPCs are imbedded in the nuclear envelope and
allow transporters to pass through with their attached cargo (Dworetzky et al., 1988). During cell
division NPCs are completely broken down and then reassembled as new cells are formed. NPCs
are highly conserved across all vertebrate species, and the number of NPCs vary a great deal
depending on cell type (Reichelt et al. 1990; Cordes et al. 1995). In human lymphocytes there are
8.41 pores per µm but in HeLa cells there are 11.24 pores per µm (Maul et al., 1977).

One of the most documented transport pathways is import by the karyopherin α/β heterodimer
(also referred to as importin α/β) (Gӧrlich et al., 1999). Karyopherin α functions as an adaptor, and
binds to proteins that contain a nuclear localization signal (NLS). Classical NLSs typically consist
of short stretches of basic amino acids, typically lysine residues. There are two different forms of
NLSs, either monopartite or bipartite. Monopartite NLSs generally resemble NLSs from the SV40T antigen (-PKKKRKV-) and bipartite NLSs found in the protein nucleoplasmin is a prototypical
bipartite NLS, characterized by two groups of basic amino acids separated by a spacer
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( KRPAATKKAGQAKKK) (Reichelt et al., 1990). Once karyopherin α binds to the NLS region
of the cargo, it forms a trimeric complex with karyopherin β (Goldfarb et al., 2004). Karyopherin
α/β- cargo trimeric complex then moves through the NPC by interactions with the NPC proteins
(Pemberton et al., 2005). Once the trimeric complex enters the nucleus, karyopherin β binds to the
guanosine triphosphate (GTP)-bound form of the GTPase Ran, binding of RNA-GTP causes the
complex to disassociate (Ribbeck et al., 1998). The karyopherin α and β proteins are exported back
to the cytoplasm where they will bind another cargo containing an NLS signal.

There are seven different karyopherin α subtypes that have been identified in mammals,
karyopherin α 1-7 (KPNA1-KPNA7) (Cabot et al., 2003; Tejomurtula et al., 2009; Kelley et al.,
2010; Hu et al., 2010). The karyopherin α subtypes all have a β region that interacts with the cargo
and α region. The karyopherin α binding domain for karyopherin β is known as the importin β
binding domain or IBB (Cingolani et al., 1999). The IBB is well conserved and karyopherin β
wraps around the IBB with two separate regions of karyopherin β recognizing the IBB domain,
allowing karyopherin β to bind to karyopherin α securely (Cingolani et al., 1999). Karyopherin α
forms a helix that contain 10 armadillo repeats, named after the drosophilia ARM protein (Conti
et al., 1998). The ARM repeats form a twisted structure that serves as the NLS binding site (Fontes
et al., 1999).

Karyopherins share 50%-80% of the same sequence, indicating that they all have similar functions.
The subtypes are not equally expressed in all tissues showing a specificity to certain locations
(Kamei et al., 1999). For example, in mouse testis KPNA3 and KPNA4 have been detected in
Leydig cells, while KPNA1, 5 and 6 have been detected in all cells of the seminiferous tubules as
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well as the Leydig cells (Kamei et al., 1999). Undifferentiated embryonic stem cells express a high
level of KPNA2 and lower levels of KPNA1 and KPNA4 (Yasuhara et al., 2007). As
differentiation occurs the expression levels change and KPNA1 and 4 increase and KPNA2
decreases (Yasuhara et al., 2007). These findings suggest that in specific tissues the need for each
subtype varies. This could indicate different transport needs in different tissues.

While all the karyopherins can bind to cargo containing an NLS, some karyopherins preferentially
carry certain cargos over others. In murine embryonic stem cells, ablation and overexpression
experiments have shown that karyopherin α subtypes transport separate classes of intracellular
proteins. Altered expression of these karyopherin α subtypes has been shown to impact
differentiation of embryonic stem cells (Yasuhara et al., 2007). Ablation of KPNA1 and
overexpression of KPNA2 both lead to a block in differentiation in murine embryonic stem cells,
when the cells are held in a media that promotes differentiation (Yasuhara et al., 2007). RNAi
mediated knockdown of specific karyopherin α subtypes suggests that karyopherin α subtypes are
needed in specific cellular pathways (Quensel et al., 2004).

A more recently discovered karyopherin, karyopherin α 7, was first shown to be expressed in
bovine ovarian tissue, oocytes and cleavage stage embryos (Tejomurtula et al., 2009). A RNAi
mediated knockdown of KPNA7 leads to defects in cleavage stage embryos (Tejomurtula et al.,
2009). KPNA7 has also been shown to be expressed in porcine oocytes and early stage embryos
(Wang et al., 2012), suggesting that KPNA7 is involved with cleavage development.
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Early embryonic development is a complicated process that involves coordinated shuttling of
transcription factors and chromatin remodeling proteins to direct transcription to control
development. In our study we wanted to investigate how blocking karyopherin α/β mediated
transport would affect the transport of SWI/SNF chromatin remodeling subunits.

3.3

Results

In our experiments we used Ivermectin to inhibit Kayropherin α mediated transport in 4 cell stage
porcine embryos to understand their role in the transport of SWI/SNF subunits ARID1A, ARID2,
BRD7 and SMARCB1. We then used a specific KPNA7 interfering RNA to understand the role
of KPNA7 in the transport of BRD7.
3.3.1 Effect of ivermectin on SWI/SNF subunit localization in porcine oocytes
Putative NLSs were identified in ARID1A, ARID2, BRD7, and SMARCB1 (Table 2). No
significant differences between localization patterns of ARID2, BRD7, ARID1A or SMARCB1
were detected in GV stage oocytes in the respective IVER and DMSO treatment groups.

ARID1A was found to have a nuclear localization pattern in control oocytes in the DMSO
treatment group (n=31/33), the majority of ivermectin treated oocytes were found to have an even
distribution of ARID1A throughout nuclear and cytoplasmic compartments (n=30/30). The
average nuclear intensity in the DMSO treatment group was 4.96± 9.86 average digital units (ADU)
per µm and the average nuclear intensity in the IVER treatment groups was 4.18± 5.66 ADU per
µm.
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ARID2 was found to have a nuclear localization in the majority of oocytes analyzed (n=13/24,
N=13/24 for DMSO and IVER treatments, respectively). The remaining oocytes (n=11/24,
n=11/24 for DMSO and IVER treatments, respectively) showed even staining throughout the
nucleus and cytoplasm. The average nuclear intensity in the DMSO treatment groups was 3.09±
1.99 ADU per µm and the average nuclear intensity in the IVER treatment groups was 2.48± 1.64
ADU per µm.

SMARCB1 was found to have a strong nuclear localization in all oocytes examined (n=26/26,
n=17/17 for DMSO and IVER treatments, respectively). The average nuclear intensity in the
DMSO treatment group was 2.60± 2.40 ADU per µm and the average nuclear intensity in the IVER
treatment group was 2.39± 1.22 ADU per µm.

BRD7 was found to have an even distribution between nuclear and cytoplasmic compartments in
the majority oocytes examined (n=21/33, n=20/25 for DMSO and IVER treatments, respectively).
The remaining oocytes showed a cytoplasmic localization (n=12/33, n=5/25 for DMSO and IVER
treatments, respectively). The nuclear intensity of the DMSO treatment group was 0.95± 0.55
ADU per µm and the average nuclear intensity of the IVER treatment group was 0.88± 0.39 ADU
per µm. Representative images are shown in Figure 3.
3.3.2 Effect of Ivermectin on SWI/SNF subunit localization in 4-cell stage porcine embryos
No significant differences between localization patterns of ARID1A, ARID2, or BRD7 were
detected in 4-cell stage embryos in the respective DMSO or IVER treatment groups. ARID1A was
found to have a strong nuclear localization in the majority of embryos examined (n=15/19, n=6/8
for DMSO and IVER treatments, respectively). The remaining embryos showed ubiquitous
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staining throughout the nucleus and cytoplasm (n=4/19, n=2/8 for DMSO and IVER treatments,
respectively). The average nuclear intensity in the DMSO treatment group was 6.12 ± 5.11 ADU
per µm and the average nuclear intensity in the IVER treatment group was 6.58 ± 2.39 ADU per
µm. ARID2 was found to have a strong nuclear localization in embryos of the majority of embryos
examined (n=9/10, n=12/13 for DMSO and IVER treatments, respectively). The remaining
embryos displayed a ubiquitous staining pattern throughout nuclear and cytoplasmic
compartments (n=1/10, n=1/13 for DMSO and IVER treatments, respectively). The average
nuclear intensity in the DMSO treatment group was 4.07± 2.04 ADU per µm and the average
nuclear intensity in the IVER treatment group was 3.97± 1.71 ADU per µm. BRD7 was found to
have a ubiquitous staining throughout the nucleus and cytoplasm in blastomeres of all embryos
examined (n=7/7, n=7/7 for DMSO and IVER treatments, respectively). The nuclear intensity of
the DMSO treatment group was 3.25 ± 1.07 ADU per µm and the average nuclear intensity of the
IVER treatment group was 3.20 ± 1.60 ADU per µm.

The intracellular distribution of SMARCB1 was significantly different between 4-cell stage
embryos in the DMSO and IVER treatment groups. SMARCB1 was found to be evenly distributed
between the nucleus and cytoplasm (n=3/5), or was found to have a nuclear localization (n=2/5)
in the control DMSO-treatment group. The majority of embryos in the IVER treatment group
possessed an even distribution between cytoplasmic and nuclear compartments (n=8/11), while
the remaining embryos had a nuclear localization (n=3/11). The average nuclear intensity in the
DMSO treatment group was 2.96 ± 0.66 ADU per µm and the average nuclear intensity in the
IVER treatment group was 4.44 ± 0.57 ADU per µm (IVER vs DMSO, p< 0.05). Representative
images are shown in Figure 3.
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3.3.3 Effect of KPNA7 RNAi on localization of BRD7 in four cell stage embryos
RNAi was used to selectively ablate KPNA7 to determine if KPNA7 played a role in transporting
chromatin remodeling subunits to the nucleus. All embryos that were examined showed a
cytoplasmic localization of all embryos analyzed (n=6/6, n=15/15, and n=21/21 of non-injected
control, scramble injected control, and RNAi injected, respectively.) The average nuclear intensity
of the non-injected control was 4.70 ± 0.86 ADU per µm and the average nuclear intensity of the
scramble injected control was 3.77 ± 1.68 ADU per µm. The average nuclear intensity of the RNAi
injected embryos was 3.78 ± 1.99 ADU per µm. There was a significant difference (P<0.05)
between the non-injected control and the scramble injected control, and a significant difference
between the non-injected control and the RNAi injected (P<0.05). Representative images are
shown in Figure 4.

3.4

Discussion

Mammalian embryo development is a dynamic process that involves coordinated trafficking of
intracellular factors. The SWI/SNF chromatin remodeling complexes are made up of many
different subunits that have to travel to the nucleus to come together to regulate transcription.
SWI/SNF complexes are involved in the non-covalent chromatin remodeling necessary during
embryo development. We hypothesized that they would be trafficked throughout the cytoplasm
and nucleus during cleavage development. Specific SWI/SNF subunits are recruited to form a
SWI/SNF complex for a given function. The mechanism of how these BAF subunits are
translocated to different cellular compartments is relatively unknown. Understanding how these
subunits move throughout a growing embryo could give insight on how in vitro manipulation
effects the growth and development of an embryo.
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Intracellular transport of macromolecules is mediated by transport proteins in eukaryotic cells.
Karyopherin α/β-mediated transport is one of the best-characterized pathways that controls import
of intracellular cargos into the nucleus. This study aimed to determine if discrete SWI/SNF
chromatin remodeling subunits are trafficked to the nucleus using the karyopherin α/β-mediated
import.

There several core subunits that are required for SWI/SNF complex function, BAF155, BAF170,
and SMARCB1 also known as SNF5. The core subunits have been shown to be necessary for
development and a down regulation results in defects in transcription (Euskirchen et al., 2012;
Cabot et al., 2018; Phelan et al., 1999). Different subunits have individual roles within a given
SWI/SNF complex and come together to form unique remodeling complexes. The ARID (ATRich interaction domain) family of proteins contains ARID1A and ARID2. ARID1A and ARID2
are both in the ARID family. ARID1A has been found to be turned off or silenced in some kidney
and breast tumors (Decristofaro et al., 2001). ARID1A has been found to be upregulated in rhesus
monkey blastocyst stage embryos and ablation of this subunit in mice leads to a failure to complete
gastrulation (Zheng et al., 2004; Gao et al., 2008). BRD7 has mainly been investigated as a cell
cycle regulator and its role in tumor suppression. Recently it has been shown that BRD7 is
necessary for development, BRD7 null mice fail to develop past E16.5

Our objective of this study was to determine if BRD7, ARID1A, ARID2, and SMARCB1 are
trafficked to the nucleus in porcine oocytes and embryos using the karyopherin α/β-mediated
transport. Ivermectin has been shown to inhibit karyopherin α/β mediated transport (Panchal et
al., 2014). Ivermectin has previously been shown to block import at a concentration of 50µM in
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HeLa cells (Wagstaff et al., 2012). In a preliminary study, increasing doses of ivermectin were
used to test the efficiency of the dose on karyopherin α/β inhibition on oocytes. The most effective
dose used was 200µM (data not shown). We added ivermectin to the culture medium for 12 hours
for GV stage oocytes and for embryos 48 hours after fertilization to test how the movement of
these SWI/SNF chromatin remodeling subunits was effected. Our results show that there was no
change in localization of any of the subunits in GV stage oocytes. This is likely because ivermectin
does not completely block all import only karyopherin α/β mediated import (Wagstaff et al., 2012).

Additionally, this could mean that in the GV stage these subunits are trafficked by other import
system or, because if karyopherin α import is blocked the embryo compensates for that by using
another import system for these proteins. At the four cell stage there was no change in localization
in BRD7, ARID2, or ARID1A when treated with IVER compared to controls. There was a
significant difference between the control group and IVER treated group for SMARCB1.
SMARCB1 is generally very strongly localized within the nucleus, after IVER treatment we see a
reduction in the amount of nuclear localization. There was not a complete shift in localization
pattern, suggesting there was multiple transport pathways used. This could mean that this specific
subunit is preferentially translocated by the karyopherin α/β system.

RNAi mediated knockdown of KPNA7 led to reduced cell numbers in bovine and porcine embryos
(Tejomurtula et al. 2009; Wang et al., 2012). Our results for the RNAi mediated knockdown of
KPNA7 are interesting because they show a significant difference in localization pattern between
the RNAi injected, and the non-injected control but no difference between the RNAi injected and
the scramble injected control. There was no effect of RNAi knockdown on BRD7 movement
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throughout the embryo at the 4-cell stage. KPNA7 is the most abundant karyopherin α subtype in
GV stage oocytes (Wang et al., 2012). KPNA7 is also present in cleavage stage embryos but its
levels decrease dramatically from the 4-cell to the blastocyst stage of development. (Wang et al.,
2012). We cannot rule out the possibility of another karyopherin α subtype from being involved in
the import of BRD7. All karyopherin α subtypes have been detected in porcine oocytes, and the
abundance of them fluctuates during cleavage development (Wang et al., 2012). KPNA2 has been
detected in GV stage oocytes and in the nuclei of blastocyst stage embryos immunocytochemically
(Wang et al., 2012). KPNA2 is present during development meaning that it has a role in developing
embryos. It is possible that KPNA2 is responsible for the nuclear transport of BRD7 during
cleavage development. This could help us understand why blocking KPNA7 doesn’t have any
effect on the localization patterns seen.

All of the embryos produced during these experiments were produced from in vitro production.
Oocyte and embryo handling protocols were followed throughout these experiments (oocytes were
obtained from pre-pubertal gilts, fertilized after 48 hours of maturation and cultured to blastocyst
stage in the laboratory) that have been used in the past to produce viable offspring. In-vitro
produced embryos are known to have a reduced developmental competence when compared to in
vivo produced embryos. The difference in embryo quality could have an effect on intracellular
trafficking patterns and therefore effect the specific transport mechanism of BRD7.

3.5

Materials and Methods

All chemicals were obtained from Sigma-Aldrich (St. Louis, MO) unless stated otherwise.
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3.5.1 Porcine oocyte collection
Ovaries from pre-pubertal gilts were collected from a local meat processing facility, rinsed in a
saline solution containing 75 µg/ml penicillin and 50 µg/ml streptomycin at 37oC, and transported
in an insulated container to the laboratory for processing. Antral ovarian follicles 3-6 mm in
diameter were manually aspirated with a sterile 18 gauge needle and 10 cc syringe; follicular fluid
was pooled and held at 39oC. Cumulus-oocyte complexes (COCs) were allowed to settle by
gravity, follicular fluid was discarded, and COCs were resuspended in a HEPES-buffered medium
containing 0.01% polyvinyl alcohol (Abeydeera et al., 1998). Cumulus-oocyte complexes with
multiple layers of intact cumulus cells were selected for experiments. Cumulus cells were removed
from selected COCs immediately after selection for immunocytochemical staining assays
involving germinal vesicle (GV) stage oocytes.
3.5.2

In vitro maturation

Fifty to one hundred COCs were placed in 500 µl of Medium 199 containing 0.14% PVA, 10ng/ml
epidermal growth factor, 0.57 mM cysteine, 0.5 IU/ml FSH and 0.5 IU/ml LH, as previously
described (Abeydeera et al., 1998). The COCs were matured for 42-44 hours in a humidified
incubator (100% humidity) at 39°C with 5% CO2 in air. Cumulus cells were removed from
matured COCs by vortexing in 0.1% hyaluronidase in a HEPES-buffered medium containing 0.01%
PVA for 4 minutes.
3.5.3 In vitro fertilization
Denuded oocytes were transferred to a modified Tris-buffered medium (mTBM) and fertilized as
previously described (Abeydeera et al., 1997). Fresh semen was collected from a mature boar with
proven fertility housed at Purdue’s Animal Science Research and Educational Center and extended
with a commercial semen extender (EnduraGuard Plus; Mofa Global, Verona, WI), and stored at
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17.5°C until use for in vitro fertilization. The sperm was washed three times in Dulbecco’s PBS
and then resuspended in mTBM. The sperm suspension was added to droplets containing 15-30
mature oocytes such that the final concentration of sperm during gamete co-incubation was 5 x105
sperm per ml. The gametes were allowed to co-incubate for 5 hours and were then transferred to
Porcine Zygotic Medium 3 (PZM3), an embryo culture medium (Yoshioka et al., 2002)
supplemented with 3mg/mL of bovine serum albumin (BSA).
3.5.4 Embryo culture
Fertilized oocytes were cultured in PZM3 containing 3 mg/mL BSA, under mineral oil in a
humidified incubator (100% humidity, 39°C with 5% CO2 in air) until the appropriate stage of
embryogenesis. Embryos were analyzed at the 4-cell stage (48 hours after gamete mixing) and at
the blastocyst stage of development (six days after gamete mixing).
3.5.5 Ivermectin culture experiments
To determine the role of karyopherin α/β-mediated import in GV stage oocytes, denuded GV stage
oocytes were added to maturation medium that contained either 200µM ivermectin in DMSO
(IVER treatment) or 4% dimethyl sulfoxide (20 µl DMSO in 500 µl maturation medium.
Following a 12-hour incubation, all cells were fixed in 3.7% paraformaldehyde for 1 hour and
subjected to an immunocytochemical staining protocol and evaluated using confocal microscopy
(Nikon A1R-MP; Nikon Tokyo, Japan).

For experiments involving porcine embryos, oocytes were matured and fertilized in vitro;
immediately after gamete co-incubation the embryos were moved to embryo culture medium for
48 hours. After 48 hours 4 cell stage embryos were moved to embryo culture medium containing
either 200µM ivermectin (IVER treatment) or 4.0% dimethyl sulfoxide (DMSO treatment) for 12
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hours. After a 12 hour incubation time 4-cell stage embryos were fixed in 3.7% paraformaldehyde,
subjected to an immunocytochemical staining protocol, and evaluated using confocal microscopy.
To determine the quality of the embryos produced in each biological replicate, a group of IVER
and DMSO embryos were also cultured to day 6 after gamete co-incubation. Replicates in which
control (DMSO treated) embryos failed to yield blastocyst stage embryos by Day 6 after
fertilization were excluded from our analysis.
3.5.6 NLS identification
Putative NLSs were found within BRD7 (UniProt accession number I3L640), ARID2 (UniProt
accession number I3LU38), ARID1A (UniProt accession number F1STS2), and SMARCB1
(UniProt accession number F2Z4X9) using an online NLS prediction platform sponsored by
Institute

for

Advanced

Biosciences,

Keio

University,

Tsuruoka

(http://nlsmapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi).
3.5.7 Microinjection of embryos and RNA interference
Duplex oligonucleotides were designed using the BLOCK-iT™ RNAi Designer (Invitrogen)
based on the full-length porcine KPNA7 open reading frame. Custom made StealthTM RNAi
nucleotides targeting porcine KPNA7 were 5′ CAUGAAUGCUUAACGCCCUUAACAA and 5′UUGUUAAGGGCGUUAAGCAUUCAUG; control StealthTM RNAi nucleotides were 5′CAUCGUAAAUUCCGCAUUCAAGCAA and 5′- UUGCUUGAAUGCGGAAUUUACGAUG
(Wang et al., 2012). Duplexed StealthTM RNAi nucleotides were diluted in Rnase-free water to a
concentration of 20 µM; aliquots were frozen at –20°C. For injections, one aliquot was diluted to
1 µM before injection. Glass capillaries were back-filled with 1 µM duplex StealthTM RNAi
nucleotides and fixed to a Femtojet microinjector (Eppendorf, Hauppauge, NY, USA). Oocytes
that lysed immediately after injection were discarded from further analysis.
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To determine the effectiveness of the KPNA7-interfering RNAs, denuded GV-stage oocytes were
assigned to one of three treatment groups: Non-injected, injected with control RNAi (scramble) or
injected with KPNA7 RNAi. Following injection, all oocytes in their respective treatment groups
were placed in in-vitro maturation medium for 24 h. Messenger RNA was then isolated from equal
numbers of intact oocytes from each treatment using Dynabeads; RT-PCR was performed on each
mRNA sample using primers to amplify YWHAG and KPNA7 from each sample using
methodology

previously

reported

(Wang

et

al.,

2012). To

determine

the

effect

of KPNA7 knockdown on BRD7 localization at the four cell stage, fertilized oocytes were
assigned to one of the following treatment groups 5 hours after gamete mixing: non-injected,
injected with control RNAi, or injected with KPNA7 RNAi. Prior to microinjection oocytes were
vortexed for 1 min in 0.1% hyaluronidase in Hepes-buffered medium containing 0.01% PVA to
remove zona-bound spermatozoa. After injection, presumptive embryos were transferred into
PZM3 for embryo culture. For each experimental replicate, embryos from a cohort of in
vitro matured oocytes were assigned to each of the treatment groups. After 48 hours morphological
four cell stage embryos underwent immunocytochemical staining and viewed by confocal
microscopy (Nikon A1R-MP; Nikon Tokyo, Japan) and then analyzed with statistical analysis. A
cohort of non-injected control embryos were left to culture for 6 days to ensure developmental
competence, after 6 days embryos where stained with Hoechst 33342 (2 µg/mL) in PBS for 15
minutes, and the nuclei were counted. Any replicate that did not have any embryos develop to
blastocyst stage were excluded.
3.5.8 Immunocytochemical analysis
Oocytes and embryos were processed according to an established immunocytochemical staining
protocol (Cabot et al., 2017). Briefly, oocytes and embryos were fixed in 3.7% paraformaldehyde
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for 1 hour at 4°C. After fixation the embryos and oocytes were washed three times in 500 µl of
PBS containing 0.1% Tween-20 for 30 minutes at 4°C. Oocytes and embryos were stored in 500
µl of PBS containing 0.1% Tween-20 (PBST) and stored up to three days at 4° C until further
processing. All incubations were carried out at 4° C. Fixed oocytes and embryos were
permeabilized with 1% Triton X-100 in PBS for one hour. Embryos and oocytes were then placed
in blocking solution consisting of 0.1 M glycine, 1% goat serum, 0.01% Trition X-100, 1%
powdered nonfat dry milk, 0.5% BSA and 0.02% sodium azide in PBS (Prather et al., 1992). Cells
were probed with antibodies that recognized ARID2, ARID1A, BRD7, and SMARCB1 (Catalog
Numbers Ab113283, Ab182560, Ab5630162, Ab12167 respectively; Abcam; Cambridge, United
Kingdom). All antibodies were diluted 1:500 in PBS containing 0.1% Tween-20 and were
incubated for 16 hours with embryos and oocytes. After primary antibody incubation, the oocytes
and embryos were washed three times in PBS containing 0.1% Tween-20 for 30 minutes. Embryos
and oocytes were placed in a secondary antibody (FITC-conjugated anti-rabbit IgG; F0382), which
was diluted 1:500 in PBS containing 0.1% Tween-20 for 16 hours. Embryos and oocytes were
stained with Hoechst 33342 (2 µg/mL) in PBS for 15 minutes, mounted on slides using Vectasheild
mounting medium, and viewed on the confocal microscope (Nikon A1R-MP; Nikon Tokyo,
Japan).
3.5.9 Confocal imaging
Images were taken on a confocal microscope equipped with a camera, with a max fluorescence
below 4000 optical units. Photos were taken of an optical section of oocytes and embryos at 461
nm and 495 nm in order to capture Hoechst and FITC staining, respectively. Analytical imaging
software (Nikon Elements; Nikon Corporation, Tokyo, Japan) was used to analyze the images
taken at the confocal microscope for the sum intensity of fluorescence of nuclear localization in
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comparison to cytoplasmic localization by using regions of interest (ROI) around each respective
area. The nuclear ROI was determined based on Hoechst staining that showed the edges of the
nucleus. The cytoplasmic ROI was determined based on the edge of the oocyte or blastomere.
The nuclear to cytoplasmic ratio was calculated by dividing the sum intensity by the ROI area for
the nuclear and cytoplasmic regions. The intensity was measured in terms of optical density
using the Nikon Elements software, and recorded as analog to digital units (ADU).

3.6

Statistical analyses

The ratio of nuclear to cytoplasmic intensity was calculated on each individual oocyte or
embryo. A higher ratio indicated an increased nuclear localization. Nikon Elements was used to
measure the ADU’s for the cytoplasm and the nucleus. The measurements of intracellular
localization of SWI/SNF subunits were analyzed by two-way ANOVA using RStudio.
Interaction of time and group was also considered, and significance was determined by a twosample t-test. A P-value less than 0.05 was considered significant.
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Figure 3.1.: Effect of IVER on the intracellular localization of SWI/SNF subunits in porcine
oocytes and embryos. Panels a, b, I and j represent embryos and oocytes probed with ARID1A
antibody. Panels c, d, k, and l represents oocytes and embryos probed with ARID2 antibody. Panels
e, f, m and n represent oocytes and embryos probed with the BRD7 antibody. Panels g, h, o and p
represent oocytes and embryos probed with SMARCB1 antibody. Panels with like letters are
images taken of the same optical section, panels1 reflecting immunocytochemical staining of the
SWI/SNF subunit and panels 2 reflecting DNA staining to define the location of nuclei.
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Figure 3.2. Effect of KPNA7 interfering RNA on the intracellular localization of SWI/SNF
subunits porcine embryos. Intracellular localization of BRD7 when treated with interfering RNA,
and controls. Panels labeled a, are the non-injected control embryos. The panels labeled with b are
the scramble RNA injected control embryos and panels labeled with c are KPNA7 RNAi injected
embryos. Panels with like letters are images taken of the same optical section, panels1 reflecting
DNA staining to define the location of nuclei, panels 2 reflecting immunocytochemical staining of
the SWI/SNF subunit.
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Table 3.1. Nuclear localization signal locations in BRD7, ARID1A, ARID2, and SMARCB1

BRD7

ARID2
ARID1A
SMARCB
1

NLs Sequence

Posito
n

MGKKHKKHKSDKHLY
HKDRKRKKRK
KDRKRKKRKK
DRKRKKRKKG
DRKRKKRKKGE
DRKRKKRKKGE
RKRKKRKKGEK
KGRKRRRVK
EKGRKRRRVKE
GKKHKKHKSDKHLYEEYVEKPLKLVL
HKKHKSDKHLYEEYVEKPLKLVL
KDRKRKKRKKGEKQVPGEEKGRKRRRVK
KDRKRKKRKKGEKQVPGEEKGRKRRRVKED
DRKRKKRKKGEKQVPGEEKGRKRRRVK
DRKRKKRKKGEKQVPGEEKGRKRRRVKEDKK
K
DRKRKKRKKGEKQVPGEEKGRKRRR
DRKRKKRKKGEKQVPGEEKGRKRRRVK
DRKRKKRKKGEKQVPGEEKGRKRRRVKED
DRKRKKRKKGEKQVPGEEKGRKRRRVKEDKK
K
RKRKKRKKGEKQVPGEEKGRKRRRVK
RKRKKRKKGEKQVPGEEKGRKRRRVK
IEELKDNFKLMCTNAMIYNKPETIYYKAAK
KILSQERIQSLKQSIDFMADLQKSRKQK
VGVKRRAIPL
KRVEDSSNNGQAHIHVVGVKRRAIP
RKPLDLYRLYVSVKEIGGLTQVNKNKKW
NYKRPMDGTYGPPAKRHEGE
RDKKRTFPLCF

1
58
59
60
60
60
61
78
77
2
5
59
59
60
60
60
60
60
60
61
61
193
230

Monopartit
e or
Bipartite
Monopartite
Monopartite
Monopartite
Monopartite
Monopartite
Monopartite
Monopartite
Monopartite
Monopartite
Bipartite
Bipartite
Bipartite
Bipartite
Bipartite
Bipartite
Bipartite
Bipartite
Bipartite
Bipartite
Bipartite
Bipartite
Bipartite
Bipartite

597
581
663
985
158

Monopartite
Bipartite
Bipartite
Bipartite
Monopartite
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CONCLUSIONS

More couples are utilizing assisted reproductive technologies (ART) as an effective option to
produce their own offspring. In vitro fertilization is one ART technique that is utilized for this
purpose, and has since been tied with some epigenetic disorders. During early embryonic
development there is a large amount of epigenetic reprogramming. We investigate the noncovalent chromatin remodeling SWI/SNF (Switch/sucrose non fermentable) complexes. These
complexes are large multi-subunit complexes that contain a core group of subunits with additional
subunits that direct the complex to specific loci. In these studies we investigated how SWI/SNF
chromatin remodeling subunits are trafficked during oocyte and embryo development.

We started in chapter two by identifying if there are any changes in subunit location in oocytes
derived from small and large follicles. We hypothesized that as follicles grew larger there would
be a relocalization of chromatin remodeling subunits in preparation for ovulation. We also wanted
to make sure that during aspiration if oocytes were taken from smaller follicles it would not affect
future results. We determined that the location of ARID1A, ARID2, BRD7 and SMARB1 is not
significantly different between oocytes derived from large and small follicles. This preliminary
experiment helped to identify if there were any changes in localization as follicles grow in
preparation for ovulation.

Previous experiments done by our lab identified that localization of these subunits change
throughout development. SWI/SNF subunit show dynamic patterns of movement in and out of the
nucleus. For example, during development the localization of BRD7 changes as development
continues, demonstrating that these subunits are moving throughout the embryo. Our next
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experiment in chapter 2 was to utilize leptomycin B (LMB) a CRM1 mediated nuclear export
inhibitor to test how these subunits exit the nucleus. We incubated four cell stage embryos and GV
stage oocytes with LMB and examined the localization of the SWI/SNF subunits ARID1A, ARID2,
SMARCB1 and BRD7. We hypothesized that LMB would block CRM1 mediated export, and the
SWI/SNF subunits would adopt a strictly nuclear localization pattern. Interestingly what we did
see was that BRD7, which normally adopts a cytoplasmic localization pattern at the 4-cell stage,
had a completely nuclear localization after exposure to LMB. This shows that BRD7 shuttles in
and out of the nucleus during the 4 cell stage of embryo development. The information gained
from this experiment raises even more questions, is BRD7 being shuttled this way throughout all
of development, or just at the four cell stage? Further investigation on how exactly CRM1 mediated
nuclear export effects embryo development and specifically chromatin remodeling factors is
needed. A possible next step would be to incubate different stages of embryo development with
LMB to see the possible localization patterns as development continues.

Chapter 3 focuses on the next logical step, nuclear import. We wanted to investigate how SWI/SNF
subunits enter the nucleus. SWI/SNF subunits enter the nucleus to actively alter transcription and
gene expression. We used ivermectin (IVER) which inhibits karyopherin α mediated import, to
understand the effect on porcine oocytes and 4 cell stage embryos. We saw several interesting
things, in porcine oocytes we saw a significant difference in ARID1A localization between IVER
treated and controls. In 4 cell stage embryos we saw a significant difference in the localization
patterns of SMARCB1 between IVER treated and control group. This suggests that ARID1A is
being imported into the nucleus in GV stage oocytes suggesting a need for that particular subunit
to alter the expression of a gene at that time. We also saw that there was a significant difference in
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SMARCB1 localization in 4 cell stage embryos. SMARCB1 normally adopts a nuclear localization
pattern at the 4 cell stage, and after IVER incubation there was a decrease in the nuclear intensity,
suggesting that there was a decrease in the amount of SMARCB1 present in the nucleus. The
change in intensity indicates that karyopherin mediated transport was involved in the movement
of SMARCB1. Experiments that could be done in the future would be, to repeat this experiment
at different stages of development to understand when karyopherin α mediated import is utilized
by SWI/SNF subunits. Looking at the 8 cell stage could give more insight on what SWI/SNF
subunits are utilized in upregulating genes associated glycolysis. Embryos utilize the citric acid
cycle up until morula stage of development, where they undergo a change in metabolism to use
glycolysis. This change in metabolism would be directed by changes in gene expression, and a
changes in metabolism could affect developmental competence.

Karyopherin α 7 (KPNA7) is the most abundant karyopherin α subtype in oocytes and early
embryos. The increase in abundance during cleavage development indicates a need for this
transporter during this time point. We wanted to know if this was the transporter responsible for
the shuttling of BRD7 into the nucleus at the 4 cell stage. We used interfering RNA (RNAi) to
ablate KPNA7 in fertilized embryos and the cultured them for 48 hours and examined the
localization patterns of BRD7. We found there was significant difference in the localization
between RNAi injected and control injected. There are seven other karyopherin α subtypes that
have been detected within oocytes and embryos, one of those transport systems could transport
BRD7. In addition to these experiments it would be beneficial to inhibit other karyopherin α
subtypes to locate how exactly this protein is partitioned within a growing embryo.
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The results presented throughout this thesis give some insight into how SWI/SNF chromatin
remodeling subunits are trafficked to different cellular locations during development. This could
help us understand what is happening during in-vitro development to reduce the quality of
embryos produced and hopefully more insight on how to eliminate epigenetic disorders from
appearing in the future.

