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ABSTRACT

Ward, Melissa Jordan. Ph.D., Biomedical Sciences Ph.D. Program, Wright State
University, 2022. The role of SON in chromatin-mediated gene expression.

Gene expression in mammalian cells requires complex nuclear choreography, and
there is increasing evidence that spatiotemporal organization of chromatin and nuclear
compartments plays an important role in gene expression. In this dissertation, I examined
the function of SON, a splicing factor with a known role in nuclear organization, in
chromatin-mediated gene expression. SON association with a transcriptionally inactive
U20S 2-6-3 reporter gene array provided a useful model to study SON’s chromatin
dynamics. | demonstrated that SON associates with the inactive but not the activated
array, and that SON’s RNA binding domains are not necessary for that association.
Second, I discovered a new role for SON in maintaining chromatin condensation.
Whereas chromatin decondensation is typically correlated with transcription activation, |
have demonstrated that reporter transcripts are not produced at decondensed SON-
depleted U20S 2-6-3 reporter gene loci, and that SON-depleted loci contain histone H3
that is trimethylated on lysine 9, a marker for transcriptionally silent chromatin. We
found that SON depleted reporter loci are still transcriptionally activatable, and that
inhibiting transcription elongation is not sufficient to condense the enlarged SON
depleted reporter locus. These findings suggest that higher order chromatin structure and

transcription activation are functionally distinct mechanisms of gene regulation that can
iii



be uncoupled. Finally, I investigated SON’s role in genome-wide chromatin organization.
SON-depleted cells are more susceptible to DNase digestion, implicating SON in the
maintenance of chromatin stability globally. In conclusion, this study demonstrates a new

function for the splicing factor SON in maintaining chromatin organization.
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CHAPER |

INTRODUCTION

Mammalian Cell Nucleus Organization

Eukaryotic cells are highly compartmentalized, with spatially separated organelles
executing cellular functions in a dynamic, 4-dimensional space. Lipid membranes
physically separate many of these organelles to create microenvironments. These
microenvironments have distinct compositions that allow for biochemical gradients and
increased availability of organelle-specific factors, thereby increasing the efficiency of
biochemical reactions. The eukaryotic cell nucleus in particular is an extraordinarily
complex and dynamic membranous cellular organelle that contains nearly all of the cell’s

DNA and the factors necessary for gene expression.

Phase Separation

In humans and other higher order eukaryotes, the cell nucleus is further
compartmentalized by many non-membranous bodies that self-associate by phase
separation and are the storage and assembly sites for factors involved in major processes
such as transcription, DNA replication, and cell cycle regulation. The largest nuclear
subcompartment, nucleoli, was observed as early as the 1800’s (Wagner, 1835).

Understanding the process by which these “biomolecular condensates” self-associate and



their involvement in gene expression has gained ever increasing popularity in the cell
biology and biophysics realms over the past 20 years (Banani et al., 2017; Boeynaems et
al., 2018 and Lesne et al., 2019). The simplest example of phase separation is the
nonmixing of oil and vinegar or cornstarch and water, where aggregates called colloids
form to visibly separate immiscible substances. In cells, concentrated biomolecules
including proteins and RNAs are thought to self-associate to form droplets via low-
entropy interactions between low-complexity (more homogenous) amino acid regions

(Brangwynne et al., 2009; Feric et al., 2016; Hennig et al., 2015; Hondele et al., 2019).

Much like how oil and vinegar can be mixed by shaking or unmixed by allowing
to settle, phase separated nuclear bodies are dynamic and can associate or dissociate
based on cell cycle phase, stress response, or modulation in gene expression (Alberti et
al., 2020; Nott et al., 2015; Phair and Mistelli, 2000). Phase separation has been proposed
as a mechanism in the formation of several types of nuclear nonmembranous
subcompartments including nucleoli, paraspeckles, PML bodies, Cajal bodies, and
nuclear speckles (Sawyer et al., 2018). These nuclear bodies have increased
concentrations of functionally distinct biomolecules relative to the nucleoplasm,
effectively forming storage and assembly sites for factors involved in processes such as
ribosomal biogenesis (nucleoli), stress response (PML bodies), histone gene synthesis
(histone locus body), snRNP assembly (Cajal bodies), and mRNA processing (nuclear
speckles and paraspeckles). A cartoon of selected nonmembranous bodies in mammalian

cell nuclei is depicted in Figure i.



Figure i. Cartoon depiction of mammalian cell nucleus organization.

The mammalian cell nucleus contains a variety of nonmembranous bodies and higher
order organization in space and time. Tightly compacted transcriptionally inactive
heterochromatin tends to localize to the nuclear periphery (green), while more active and
decondensed euchromatin organize to the nuclear interior. Interphase chromosomes,
although less restricted than during mitosis, are spatially separated into chromosome
territories. The nucleolus is a large and rounded granular structure functioning in
ribogenesis (dark blue). Nuclear speckles reside in gene-poor regions of the nucleus and
are the storage and assembly sites for pre-mRNA processing factors (green). Paraspeckles
localize near speckles and function in RNA retention (blue). Cajal bodies function in
SsnRNP assembly (orange), and PML bodies are localized near DNA loops and involved

in cellular stress response (red).
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Nuclear Speckles

Nuclear speckles are the storage and assembly sites for mMRNA processing factors.
Interphase nuclei have 20-50 nuclear speckles that range from 0.5 um to a few microns in
diameter and exhibit a granular morphology (Spector and Lamond, 2011). They are
typically found near active transcription sites, although little to no DNA or mRNA has
been detected inside the speckle core (Galganski et al., 2017; Mintz et al., 1999; Saitoh et
al., 2004; Spector and Lamond, 2011). Disruption in speckle assembly or function has
disastrous effects on pre-mRNA processing and disease due to splicing malfunction

(Tripathi et al., 2012).

Speckles contain both protein and non-coding RNA (ncRNA) components and are
reliably identified by the presence of SRSF2 (also known as SC35) protein (Fei et al.,
2017). Speckles have an inner core of SRSF2 and SON, and an outer coat of MALAT1
IncRNA and small nuclear ribo-nuclear proteins (SnRNPs) (Fei et al., 2017; Sun et al.,
2018, Tripathi et al., 2010). This proteinaceous inner core has led to some interest in
potential liquid-liquid phase separation (LLPS) properties, and recent studies suggest
that LLPS may enhance nuclear speckle nucleation (Lesne et al., 2019; Nott et al., 2015;
Banani et al., 2017; Uversky, 2016). This phase separation is perhaps due to the
abundance of low-complexity regions (LCRs) in nuclear speckle proteins (Galganski et
al., 2017; Marzahn et al., 2016), although the exact assembly mechanism of nuclear

speckles remains unclear (Mao et al., 2011).

Similar to other nonmembranous organelles, nuclear speckle organization is
highly dynamic, with a constant flux of factors despite appearing positionally stable

throughout interphase by microscopy (Phair and Mistelli 2000). Storage of pre-mRNA
5



processing factors in nuclear speckles regulates the availability of splicing factors at
transcription sites. Speckle-associated SR proteins are stored until phosphorylation by
CIk1 kinase for recruitment to active transcription sites (Bubulya et al., 2004; Misteli et
al., 1998; Sacco-Bubulya and Spector, 2002). In fact, when CIk1 is overexpressed,
nuclear speckles are abolished, and splicing factors disbursed throughout the nucleus
(Sacco-Bubulya and Spector, 2002). Increased availability of splicing factors via nuclear
speckle disbursement is associated with faster splicing kinetics and decreased mRNA

retention at active transcription sites (Hochberg-Laufer et al., 2019).

Although splicing does not occur to a large extent inside speckles, chromatin
regions containing highly transcribed genes are located near the nuclear speckle
periphery (Brown et al., 2008; Hu et al., 2010; Quinodoz et al., 2018; Yang et al. 2011).
Positional analysis of housekeeping genes by chromatin conformation capture (3C) has
shown that housekeeping genes can cluster into large gene-expression hubs that interact
with nuclear bodies and drive transcription. Newer evidence has emerged that heat shock
proteins are clustered around the edge of nuclear speckles, and that dissociation of
speckles results in a decrease in transcription at these gene expression hubs. Chen et al.
(2018) found that “transcriptional hot zones,” including housekeeping genes, early
replicating regions, genes with low transcriptional pausing, and super-enhancers are more
likely to be positioned near speckles (Speckle Associated Domains; SPADS) in K562
cells. Furthermore, disruption of nuclear speckle assembly by knockdown of Srrm2
reduced the overall number of chromatin interactions in topologically associated domains

(Hu et al., 2019; llik et al., 2020). Therefore, the spatiotemporal positioning of speckles



may be closely tied to the surrounding chromatin structures and provide a proximity hub

to increase the efficiency of pre-mRNA processing of actively transcribed genes.

3D Chromatin Organization

The interphase eukaryotic cell nucleus contains about 2 meters of DNA that is
highly organized and compacted. 147 bp of DNA are wrapped 1.7 negatively supercoiled
turns around the core nucleosome, with a 10-80 bp variable linker DNA between
nucleosomes. This DNA-nucleosome complex forms the 10 nm fiber, also considered the
“beads on a string” model where the beads are the nucleosomes and string is the linker
DNA. This fiber can be further condensed into a helical 30 nm fiber, and supercompacted

into chromosomes in mitosis (Hubner et al., 2013; Zidovska, 2020).

A model for how spatial positioning of chromatin fibers can affect gene
expression is the lampbrush chromosome in amphibian oocytes (Callan, 1986). In
lampbrush chromosomes, active chromatin regions are decondensed and loop outwards,
while transcriptionally inactive chromatin is highly condensed at internal centromeric
regions. Another example is polytene chromosomes in Drosophila. In this model, the 30
nm chromatin fiber is organized by looping along a protein scaffold. When genes are
activated, these chromatin loops puff outward, causing gene specific decondensation,
which increases chromatin accessibility and promotes gene expression. Polytene
chromosomes are large enough that chromatin organization can be visualized by light
microscopy. Darker banding of the chromosomes corresponds to regions of highly
condensed, silent chromatin, while the lighter corresponds with the transcriptionally

active gene puffs. The transitions between condensed and decondensed chromatin is



dynamic, and the transcriptionally active puffs eventually recede. The lampbrush and
polytene chromosomes describe a chromatin structure where chromatin decondensation is

coupled with transcription activation (Callen, 1986; Morgan, 2002).

There has been a massive effort to improve our understanding of higher order
chromatin structure in the last few decades. The development of the 3C technique has
been especially critical in mapping the chromatin organization (Dekker et al., 2002). In
3C, crosslinked chromatin is subjected to restriction enzyme digestion and proximity
ligation to generate chimeric biomolecules that are sequenced and function as evidence of
intra-chromatin interactions (McCord et al., 2020; Tena and Santos-Periera, 2021). This
method can be applied genome-wide in high-resolution (Hi-C), generating a map of

short-range and long-range chromatin interactions (Belton et al., 2012).

Understanding which chromatin regions interact in 4D space and the effect of
chromatin organization in gene expression and disease is the subject of the NIH-funded
4D Nucleome [4DN] consortium. 4DN was created in 2014 and is a global network of
researchers working to further our understanding of 3D nuclear organization in space and
time (4D Nucleome, 2021). To date, the consortium has published over 600 papers and
developed dozens of new software packages and methodologies. As part of this effort,
some of the classical models of nuclear organization have been updated to include new

descriptive terms of 3D structure, which I will be describing here.

In interphase nuclei, chromatin fibers are spatially organized into loops called
topologically associated domains (TADs). Chromatin fibers are not arranged in a linear
sequence, but rather organize in clusters with other loops that may be kilobases away in

2D space but associate together in 3D nuclear space. TAD boundaries are enriched in

8



housekeeping genes, tRNA and the protein CTCF (Anania and Lupianez, 2020; Wang et
al., 2021). Transcriptionally active and inactive TADs are designated as compartment A
or compartment B chromatin, respectively, and are further organized in radial space
(Chung et al., 2016). Compartment B chromatin is generally organized at the nuclear
periphery (lamina associated domain: LAD), while Compartment A chromatin is
positioned near the nuclear interior (nucleolus associated domain: NAD). At the highest
level of interphase organization, whole chromosomes occupy distinct nuclear territories

(Cremer and Cremer, 2010).

The phrase “structure determines function” is especially relevant when thinking of
higher order chromatin organization. A recent report found that TAD boundaries are
more evolutionarily conserved than TADs themselves, and TAD boundaries tend to be
cell-type specific (McArthur and Capra, 2021). Depletion of boundary proteins CTCF or
cohesin decreased the intensity of intra-TAD interactions without affecting TAD nuclear
positioning (Zuin et al., 2013). These reports support a chromatin organization model
where short-range TAD interactions are dynamic and flexible, while long-range
interactions between TADs are more tightly regulated with more stable boundaries. In
acute myeloid leukemia (AML), an inversion on chromosome 3 leads to TAD
breakdown, and the formation of two new TADs. This nuclear repositioning results in
both haploinsufficiency of GATA-2 which is dysregulated in AML, and misplacement of
the GATA-2 enhancer near the EVI oncogene, contributing to tumor formation (Dekker
and Heard, 2015; Groschel et al., 2014). These studies show that chromatin fibers are
nonrandomly positioned, cluster into higher-order functional domains, and suggest that

perturbation in 3D chromatin organization can contribute to disease.



SON protein

SON structure

SON is a large (250 kD) protein that was first identified in proteomic analysis of
nuclear speckles, formerly known as interchromatin granule clusters (Saitoh et al., 2004;
Takada et al., 2009). SON is evolutionarily conserved in higher eukaryotes. A smaller
SON sequence containing the C-terminal G-patch and RNA recognition motifs is highly
conserved in non-mammal vertebrates, whereas the N-terminus and repeat domain is
specific to mammals (Wynn et al., 2001). SON is ubiquitously expressed in human
tissues, although higher SON expression has been reported in hematopoietic organs (Ahn
et al., 2013) and undifferentiated embryonic stem cells (Hoffman et al., 2008). The
conserved stable expression of SON in human tissues supports a role for SON in cellular

maintenance and stability (Hickey et al., 2014).

Our laboratory was the first to identify SON’s role in nuclear speckle
organization. Sharma et al., (2010) examined SON’s function in nuclear speckle integrity
and cell-cycle regulation, using fluorescent microscopy to identify endogenous SON
localization and examine the effect of SON depletion on cell integrity. Instead of round,
regular speckles, the SON-depleted speckles appear distinctly donut-shaped, resulting in
a reorganization of several nuclear speckle proteins including U1-70K and SRSFL1.
Subsequent studies have further identified that SON is localized to the core of nuclear
speckles with SC35 (Fei et al., 2017; Hu et al., 2019; llik et al., 2020), and that SON is
required for serine/threonine kinase CK1 localization to speckles (Kuga et al., 2016),

suggesting a role for SON in speckle seeding and/or scaffolding.

10



A schematic diagram of SON sequence motifs is shown in Figure ii. About a third
of SON’s amino acid (AA) sequence consists of a unique tandem repeat domain that is
still relatively uncharacterized. The repeat domain is required for nuclear speckle
organization (Sharma et al., 2010) and recruitment of SON to the reporter BTM locus
(Battini et al., 2010). More studies are needed to biochemically characterize these repeats
and the role they may play in nuclear organization. Downstream of the repeat motifs,
SON contains a series of RNA recognition motifs, including a G-patch, double-stranded
RNA binding motif (DSRBM) and an RS domain that is a hallmark of a class of mMRNA
processing factors called SR proteins. Our laboratory previously developed a C-terminal
SON antibody (WU13) to examine endogenous SON dynamics, which recognizes the

full-length SON isoform (Sharma 2011).

Truncated SON isoforms have also been identified, including SON-B and SON-E
(Kim et al., 2016). SON-B is missing the C-terminal RNA recognition domains DSRBM
and G-patch, while SON-E is missing these RNA-binding domains as well as the SR
domain. In normal conditions, full-length SON-F represses target gene promoters and
prevents mixed lineage leukemia (MLL) complex assembly. However, in leukemic
conditions, the shorter SON-B and SON-E isoforms are over expressed and outcompete
SON-F to associate with target gene promoters. The shorter isoforms are not capable of
repressing MLL complex, resulting in de-repression of multiple leukemia-associated

genes (Kim et al., 2016).

11



Figure ii: Schematic of SON protein domains

The SON amino acid sequence contains multiple functional domains. Tandem repeat
motifs span from residues 334 — 1493. An RS domain spans residues 1830 — 2040. At the

C-terminal end is a G-patch and double stranded RNA binding motif.

G-patch

DSRBM
SON protein I_* v

Tandem repeat motifs RS | | | |

1 334 1,493 1,830 - 2,040 2,530
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SON in splicing

SON is the largest SR protein, and as such, contains a serine/arginine-rich domain
(RS domain). SR proteins are a class of proteins that have an RS domain, classified as a
domain that is arginine and serine-rich. Phosphorylation of serines in the RS domain
releases SR proteins from nuclear speckles and promotes assembly into splicing
complexes on nascent pre-mRNAs (Tripathi et al., 2012). SR proteins regulate alternative
splicing in a concentration and phosphorylation-dependent manner (Tripathi et al., 2010).
The RS domain suggests regulation of SON functions by phosphorylation. SON also
contains a G-patch and RNA binding motifs that function in weak splice-site detection

and a putative DNA-binding domain, although the exact sequence is unknown.

SON has been identified as a constitutive protein in the regulation of weak splice
sites, specifically requiring the C-terminal RS domain and G-patch. In Ahn et al. (2011),
reporter minigenes mimicking weak splice sites were downregulated following SON
depletion. Moreover, when these minigenes were altered to mimic strong splice sites, the
exon-intron junctions were not affected by SON depletion, suggesting SON is critical in
the regulation of weak splice sites. SON also facilitates the recruitment of SR protein
SC35 to RNAPII complexes (Ahn et al., 2011). SON knockdown results in the
downregulation of genes primarily involved in DNA replication/repair and cell cycle
regulation, suggesting SON is essential for the regulation of these processes (Sharma et
al., 2011). It is currently unknown if SON’s role in splicing regulation is separate from its

chromatin stability and nuclear speckle organization functions.

13



Spatial coordination of SON-mediated gene expression

SON facilitates splicing through SR protein recruitment to splice sites, and SON
depletion results in increased splicing defects. However, the exact mechanism of SON-
dependent splicing is unknown. A relatively new class of proteins named splicing
adapters has been shown to regulate pre-mRNA processing through chromatin
association and modification (De Almeida and Carmo-Fonseca, 2012; Matveeva et al.,
2016). Namely, these adaptors can read chromatin marks and interact with splicing
machinery (Agirre et al., 2015; Luco et al., 2010; Luco et al., 2011). Given SON’s role in
splicing factor recruitment and regulatory chromatin association, SON may alter the
chromatin landscape of target genes as a mechanism for splicing regulation. Indeed, SON
binding sites near transcription start sites (TSS) are closely associated with the activating
histone modification H3K4me3, with high peaks of H3K4me3 corresponding with the
valleys of SON peaks, and vice versa (Kim et al., 2016). Preliminary studies from our
laboratory show SON colocalizes with a transcriptionally inactive gene locus and is
removed upon transcription activation (Sharma 2011). A pilot SON-ChIP-seq study in
our laboratory shows a preference for SON binding to promoters (unpublished),
corroborating the findings in Kim et al. (2016). Understanding how SON’s putative
chromatin association effects downstream gene regulation is a long-term goal of our

laboratory.

14



SON in disease

Given the importance of SON in essential cellular processes like cell cycle
regulation, pre-mRNA processing, and nuclear organization, it is no surprise then that
SON is dysregulated in many diseases. SON is overexpressed in glioblastoma multiforme
(GBM), and knockdown of SON causes intron retention of the oncogenic splicing
regulator PTBP1 and inhibits the proliferation and clonogenicity of GBM cells in vitro
(Kim et al., 2021). In pancreatic cancer, SON knockdown suppressed pancreatic cancer
cell proliferation and was associated with increased survival (Furakawa et al., 2012).
Most notably, the newly identified neurodevelopmental disorder Zhu-Tokita-Takenouchi-
Kim (ZTTK) syndrome is characterized by de-novo heterozygous loss-of-function (LoF)
mutations in SON (Kim et al., 2016b). Affected individuals present with facial
dysmorphisms, short stature, and intellectual disability, along with significant brain
malformations and musculoskeletal abnormalities. SON LoF occurred via de novo
frameshift mutations in exon 3 that were mostly localized to the RS domain and the
repeat domain motifs closest to the RS domain (Kim et al., 2016b). Consistent with
SON’s RS domain being essential for splicing regulation, splicing defects were observed
in individuals with SON LoF mutations, including exon skipping in HDAC6 and ADA
MRNA as previously reported by our laboratory (Battini et al., 2013; Sharma et al.,
2011). The ZTTK SON-Shine Foundation has been created as a hub for ongoing ZTTK

research efforts and community support (ZTTK-SON-Shine Foundation, n.d.).

SON has also been implicated in another neurological disorder, Alzheimer’s. The
well-known tau aggregates that are a hallmark of Alzheimer’s disease have shown LLPS

properties in the nucleus and/or cytoplasm. Tau aggregates have been reported to localize
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to nuclear speckles and carry speckle factors including core speckle protein Srrm2 into
the cytoplasm, disrupting pre-mRNA processing (Lester et al., 2021). Furthermore, tau
accumulation at nuclear speckles alters their spatial positioning and creating speckle
subdomains. SON was found to reorganize to the speckle periphery when tau was
aggregated at speckles, which is striking since SON typically localized to the stable
speckle core. In neuronal cells, hyperphosphorylated tau increases LLPS, increasing the
likelihood of tau aggregation (Wegmann et al., 2018). These data place SON at the
intersection of nuclear speckle organization, phase separation, and spatial positioning in
tau-aggregated cells, and further highlights the importance of nuclear integrity in disease.
Similar droplet-to-aggregate transitions have also been identified in the Parkinson’s
associated protein a-synuclein, and the amyotrophic lateral sclerosis (ALS) associated
nuclear protein FUS and TDP-43 (Pakravan et al., 2021 and Zbinden et al., 2020). SON’s
involvement in a broad range of cancer types and diseases suggests that SON is a master

regulator that is essential for cell health and gene expression regulation.

U20S 2-6-3 reporter gene array

The U20S 2-6-3 reporter gene array is a useful model to investigate SON’s role
in chromatin-mediated gene expression. The U20S 2-6-3 reporter gene array is stably
incorporated into chromosome 1p36 of U20S osteosarcoma cells, and there are
approximately 200 copies at the integration site (Janicki et al., 2004). A schematic of the
inducible U20S 2-6-3 reporter gene construct is shown in Figure iii. The 5° end of the

construct contains 256 copies of lac operator sequence that serve as a docking site for a
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stably incorporated Lac Repressor fusion protein. Unless otherwise indicated, | used
U20S 2-6-3 cells that have a stably incorporated mCherry-Lacl, which I will refer to as
the “mU20S” cell line. The Lac Repressor fusion protein binds to the Lac Operator
repeats, allowing us to visualize the transgene array. When transcription is off, the
chromatin is condensed (i.e., closed), and the mCherry-Lacl is detected as a small (0.89 £
0.12 um diameter) circular dot by microscopy (Janicki et al. 2004). When transcription is
on, the chromatin is decondensed (i.e., open), and the mCherry-Lacl is detected as an
expanded and irregular-shaped spot (~2.0 - 4.5 um diameter) by microscopy (Janicki et
al. 2004). Thus, we can determine the chromatin conformation status of the U20S 2-6-3
gene locus by microscopy using the Lac system. Immediately downstream of the lac
operator repeats, 96 copies of the tetracycline response element (TRE) allow for
inducible transcription of the reporter gene. When transfected with tetracycline-controlled
transactivator (rTetR fused to the VP16 activation domain; pTet-On) in the presence of
doxycycline (dox), pTet-ON binds to the TREs and induces transcription by activation of
a downstream CMV minimal promoter. The transcribed RNA encodes a cyan fluorescent
protein with a peroxisomal targeting sequence (CFP-SKL). When translated, CFP-SKL
allows for visualization of protein product when transcription is activated. The reporter
gene also codes for MS2 repeats, which, when transcribed, form stem-loops in the
reporter mMRNA that can be visualized by expression of MS2-coat-YFP fusion protein
(YFP-MS2BP). The gene also includes a beta-globin intron-exon cassette to ensure

proper pre-mRNA processing and a cleavage/polyadenylation signal.

In the literature, the U20S 2-6-3 reporter gene array has been used extensively to

visualize the dynamics of gene expression. The reporter cell line has been utilized in
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mapping the kinetics of co-transcriptional processing (Brody et al., 2011; Hochberg-
Laufer et al., 2019; Varia et al., 2013), liquid-liquid phase separation (Boija et al., 2018;
Chong et al., 2018; Schneider et al., 2021), mitosis (Zhao et al., 2011), and nuclear
organization (Giri et al., 2015; Tripathi et al., 2012; Youmans et al., 2018) among others.
Lacl or TetON fusion proteins allow molecular tethering of factors to the reporter gene
locus (Giri et al., 2015, Tripathi et al., 2012). Altogether, U20S 2-6-3 cell line provides a
way to indirectly visualize DNA, RNA, and protein at an inducible gene locus by

microscopy.
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Figure iii: Cartoon of the mU20S reporter gene array

A. Adapted from Janicki et al. 2004 (not to scale). The U20S 2-6-3 reporter gene array
consists of approximately 200 copies of the p3216PECMS2p plasmid. Each plasmid
copy is 19.19 kilobases in length, and the whole array is stably integrated into
chromosome 1p36. The plasmid consists of 5° Lac operator repeats (bp 34 — 9383),
TRE (bp 9398 — 13475) and CMV minimal promoter (bp 13486 — 13613). The
transcription unit (bp 13539 — 16617) consists of a CFP-SKL fluorescent peroxisomal
targeting sequence (bp 13646 — 14464), MS2 module (bp 14497 — 15809), and B3-
globin unit (exon-intron-exon-polyA signal-polyA site-3’ UTR; bp 15811 — 16974).
Downstream of the transcription unit is the pUC-derived vector ori and amp
sequences (bp 17128 — 19186). In mU20S cells, mCherry-Lacl is stably incorporated
and binds to the Lac operator repeats.

B. Inactive. The mU20S reporter gene array is observed by stable mCherry-Lacl
expression as a bright, rounded dot by microscopy when transcriptionally silent (red).
Expression of YFP-MS2BP does not label the inactive locus because reporter
transcript is not present (green). Reporter protein product CFP-SKL is not produced.
Reporter gene chromatin is highly condensed and heterochromatic (inset). Active.
The mU20S reporter gene array is observed by stable mCherry-Lacl as an irregularly
shaped, globular, enlarged locus by microscopy when transcriptionally active (red).
YFP-MS2BP labeled MS2 stem loops accumulate at the active locus to visualize
reporter transcripts (green). Reporter protein product CFP-SKL is translated and
localized to peroxisomes (blue). Reporter gene chromatin is fully decondensed

(inset). Not to scale.
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CHAPTER I

OBJECTIVES

Expression of protein-coding genes is a complex operation requiring tight spatial
and temporal coordination of co-transcriptional pre-mRNA processing factors. Although
individual steps of transcription are relatively well understood, not much is known about
the transitions governing promoter activation versus inactivation, the chromatin
modifications driving these transitions, or the dynamic coupling of transcription to
downstream processing steps. Moreover, gene-specific chromatin modifications driving
transcription regulation are not well known. The long-term goal of this project is to
understand the relationship between SON-dependent chromatin changes and gene

regulation.

SON has recently been identified at gene promoters, revealing a new function for
SON in gene regulation via chromatin association. Combined with our preliminary
findings that SON localizes to a transcriptionally inactive reporter gene locus, we sought
to determine the dynamics of SON’s association with chromatin and its effect on gene
expression. In my thesis, | utilize the U20S 2-6-3 reporter gene array to elucidate how
SON associates with a heterochromatic reporter gene locus, and the role of SON in gene
regulation via chromatin association. My overall hypothesis is that SON chromatin
association regulates gene expression.
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Aim 1: Define how SON interacts with the transcriptionally inactive U20S 2-6-3

reporter gene locus.

In aim 1, | characterized SON localization to the U20S 2-6-3 reporter gene locus.
Colocalization studies were conducted to assess SON’s localization with the inactive vs
active reporter gene locus, and whether SON association with the locus was reversible
and or/correlated with transcription status. | also identified the protein domains required

for reporter locus colocalization, and where along the reporter gene SON associates.

Aim 2: Identify how SON regulates gene expression through chromatin association.

In aim 2, | determined how SON affects chromatin condensation at the reporter
gene locus. SON was depleted from reporter cells and locus organization observed. Next,
the effects of RNA pol Il inhibition on SON-depleted chromatin organization were
assessed to see if SON’s chromatin organization function was dependent on transcription
elongation. | also determined how SON depletion affects the localization of epigenetic

markers. Finally, SON’s role in genome-wide chromatin accessibility was examined.
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CHAPTER 11

MATERIALS AND METHODS

Cell Lines and Plasmids

Human osteosarcoma U20S 2-6-3 cells were a gift from David Spector (Cold
Spring Harbor Laboratory; Janicki et al., 2004). U20S 2-6-3 cells stably expressing
mCherry-Lacl (mU20S) were a gift from Prasanth Kannanganattu (University of Illinois
at Urbana-Champaign). CFP-Lacl, pEYFP-MS2BP, pTetON, and pTetOFF were a gift
from David Spector (Cold Spring Harbor Laboratory; Janicki et al., 2004). siRNA-
refractory YFP-SON plasmids were previously developed by Alok Sharma (Sharma et

al., 2011).

Cell Culture

U20S-263 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% Tet. approved fetal bovine serum (R&D Systems) and 1%
penicillin/streptomycin. Cells were incubated at 37° C and 5% CO.. Cells were kept
under passage 25 and maintained at greater than 30% confluency to preserve reporter

gene integrity.
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Antibodies

Affinity-purified rabbit polyclonal antibodies were generated at Covance (Denver,
PA) against the C-terminal peptide sequence SPNKKHAKATAATYV of SON (1:500;
WU13) and C-terminal peptide sequence ERPSTTKDKHKEEDKNS of Btf (1:1000;
WU10). TRAP150 antibody was purchased from Bethyl (1:1000; Cat#: A300-956A). The
following additional antibodies were purchased from Abcam. H3K9me3 (ab8898),
H3K4me3 (ab8580), H3K9ac (ab4441), HP1a (ab77256). Anti-RNA pol Il was

purchased from Diagenode (Cat#: C15200004-10)

Primer Design

Primers along the 2-6-3 transcript first exon, intron, intron-exon boundary, and CFP open
reading frame were designed using IDT PrimerQuest by Jacob Ward. SON and GAPDH
primers were previously designed by Vishnu Battini. Primer sets along the U20S 2-6-3
gene (A, B, C, D, E) replicated those used in Janicki et al. (2004), gene desert negative
control gene (OR4F5), and active promoter positive control genes (ACTB-2; Pol2-69)
were a gift from Joanna Wysocka (Stanford University). The KAT5 primer set was
designed using IDT PrimerQuest against the SON ChlP-seq peak (from Jennifer Pence).

A list of primer sequences is available in Table 1.
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Table 1: List of Primer Sequences

Primer Set Sequence
263 ECFP Left 13710-13729 ACGTAAACGGCCACAAGTTC
263 ECFP Right 13877-13896 AAGTCGTGCTGCTTCATGTG
263 Beta Intron Left 15933-15952 TGTATCACCATGGACCCTCA
263 Beta Intron Right 16122-16141 |ACCCTGATTGCCTTGAAAAA
263 Beta Exon Left 16499-15518 ATGCCCTGGCTCACAAATAC
263 Beta exon Right 16647-16666 CCCATATGTCCTTCCGAGTG
263 Beta Junction Left 16371-16390 |TTCATGCCTTCTTCTCTTTCC
263 Beta Junction Right 16469-16488 |GCCACCACCTTCTGATAGGC
SON Forw RT CAGAACTACGATATAAGCC
SON Rev RT GATACAACTGACAGTTCTGC

GAPDH Forw RT

ATGGGGAAGGTGAAGGTCGGAG

GAPDH Rev RT

CATGTAGTTGAGGTCAATGAAGG

KAT5 prom peak 2 Forw q

ATACACGTGACCAGCTTCG

KATS prom peak 2 Rev q

CGAGCCCTAGGTGGAAAC
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gRT-PCR

Total RNA extraction was performed using the Qiagen RNeasy kit (Qiagen; Cat#:
74104) per manufacturer’s instructions. RNA concentration was determined by Nanodrop
(Thermo Fisher Scientific). cDNA was synthesized using gScript cDNA Synthesis Kit
from Quantabio (VWR; Cat#: 101414-098) from 500 ng-1 pug of RNA. RT-PCR was
performed in Cepheid Step RT-PCR machine for 40 cycles. cDNA samples were then
diluted (1:10 for 1 pug RNA input) and added to a 96-well plate with 2x PerfeCTa
SYBER Green SuperMix Low ROX (Quantabio from VWR; Cat#: 101414-158),
nuclease free water, and 2 pL of 5 uM primer mix per well for a 20 pL reaction volume.
gPCR was performed for 40 cycles in the QuantStudio Flex 7. Fold change was

calculated using the AACt method (Pfaffl, 2001) and normalized to GAPDH.

Transfection

U20S 2-6-3 cells with stably expressed mCherry-Lacl were transfected as
previously described (Janicki et al., 2004) by electroporation using a Gene-Pulser 11 (Bio-
Rad) (170 V, 950 uF) and 40 pg sheared salmon sperm DNA as a carrier. Cells were
transfected with 2 pg of plasmid (rtTA (pTetON); CFP-Lacl; YFP-MS2BP), and 3 hours
after transfection the reporter gene was activated by addition of doxycycline (1 pg/mL) to
the culture medium. Cells were processed for microscopy 2.5 hours after doxycycline
addition. mU20S promoter inactivation was achieved by electroporation of pTetOFF.
Three hours post-transfection, doxycycline was added to the culture medium and cells

processed for microscopy 2.5 hrs after dox addition. For time course experiments, dox
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addition began 3 hours after pTetON transfection until all cells were harvested 5.5 hours
post transfection. For dox washout, cells were treated with media containing dox (1
pg/mL) for 2.5 hours, followed by two washes with 1x PBS and replenishment with

media without dox for 3 hours before immunofluorescence processing.

Coverslip Preparation

Coverslips were prepared in large batches by washing thoroughly in one part nitric acid
and two parts hydrochloric acid for 2 hours with occasional stirring. They were then
rinsed in distilled water until the wash reached pH 7.0 and were subsequently stored in
70% ethanol. Coverslips were passed through a Bunsen burner flame for sterilization

before experimental use.

Immunofluorescence

Indirect immunofluorescence was performed as described (Sharma et al. 2010).
Briefly, cells were grown on acid-washed glass coverslips in a 6-well dish. Cells were
washed with phosphate buffered saline (PBS) and immediately fixed with 2%
formaldehyde in PBS for 15 min at room temperature. After three PBS washes (5 min
each), cells were permeabilized with 0.2% Triton X-100 (in PBS) for 5 min at room
temperature. The cells were rinsed 3 times for 5 min each in PBS containing 0.5% normal
goat serum (NGS) and incubated with primary antibody for 1 hour at room temperature in
a humidified chamber. Goat anti-HP1a was blocked in PBS + BSA instead of NGS.
Primary antibody used was anti-SON WU13 (1:500) for all experiments. After three
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washes with PBS/NGS, cells were incubated with secondary antibody goat anti-rabbit
conjugated with Alexa Fluor 488 (1:500; Jackson Immunoresearch Cat # 711-545-152).
Mouse antibodies were incubated with secondary antibody goat anti-mouse FITC (1:500;
Jackson Immunoresearch). The cells were washed twice in PBS, and a final wash of
DAPI (1:20,000) in PBS was used to label DNA. Coverslips were then mounted on slides
with Vectashield antifade mounting medium (Vector labs Cat # H-1000) and stored at -

80° C until imaged.

Chromatin Immunoprecipitation

Protocol was adapted from Agilent. mU20S cells at 80-90% confluency (~1x10’
cells/dish) were fixed by adding 1 mL formaldehyde solution (50 mM HEPES-KOH, pH
7.5; 100 mM NaCl; 1 mM EDTA; 11% formaldehyde) directly to the culture medium and
incubating at room temperature for 10 min. Fixation was stopped by adding 500 pL of
2.5 M glycine to quench the formaldehyde and incubated at room temperature for 5 min.
Cells were washed twice with 1x PBS and harvested using a rubber cell scraper (USA
Scientific; Cat#: CC7600-0220) before transferring to a conical tube on ice and
centrifuged to pellet. Cells were resuspended in 1X PBS to clear the residual culture
medium, centrifuged, the supernatant discarded, and the cell pellet flash frozen at -80° C

for 30 min.

The remaining steps were done on ice unless indicated. The frozen cell pellet was
then resuspended in cold Lysis Buffer 1 (50 mM HEPES-KOH, pH 7.5; 140 mM NaCl; 1

mM EDTA; 10% glycerol; 0.5% NP-40; 0.25% Triton X-100; 1X Roche cOmplete

28



ULTRA protease inhibitor tablet EDTA-free Cat#:5892953001) at a concentration of
1.66 mL per 1 x 107 cells and rotated at 4° C for 10 min, followed by 5 min
centrifugation at 1,350 x g and the supernatant discarded. The pellet was then
resuspended in Lysis Buffer 2 (10 mM Tris-HCI, pH 8.0; 200 mM NaCl; 1 mM EDTA,;
0.5 mM EGTA; 1x protease inhibitor tablet) at a concentration of 1.66 mL per 1 x 10’
cells and rotated at room temperature for 10 min, followed by 5 min centrifugation at
1,350 x g and the supernatant discarded. Pelleted nuclei were then resuspended in Lysis
Buffer 3 (10 mM Tris-HCI, pH 8.0; 100 mM NaCl; 1 mM EDTA; 0.5 mM EGTA; 0.1%
Na-Deoxycholate; 0.5% N-lauroylsarcosine; 1X protease inhibitor tablet) at a
concentration of 1 mL per 1 x 107 cells. The lysate was then sonicated for 2 x 7.5 min on
HIGH 30 sec on/off cycles (Diagenode Bioruptor), 1/10th volume of 10% Triton X-100
added and centrifuged at 20,000 x g for 10 min to pellet cellular debris. The freshly
prepared lysate was collected and divided into 440 pL extract/ChlIP reaction. Each ChIP

had 5 L target antibody or no antibody control, and reactions rotated overnight at 4° C.

Protein A magnetic Dynabeads (Invitrogen; Cat#: 10002D) were prepared by
washing 3 x 1 mL Wash Solution (1X PBS; 0.5% BSA w/v) and resuspended in Lysis
Buffer 3 for equilibration. Bead volume 100 pL/reaction was added to the protein-
antibody complexes and rotated for 4 hours at 4° C. Immunoprecipitated protein
complexes were captured by a magnetic stand on ice and washed 5 x 1 mL in cold RIPA
Wash Buffer (50 mM HEPES-KOH, pH 7.5; 250 mM LiCl; 1 mM EDTA; 1% NP-40;
0.7% Na-Deoxycholate) followed by a final wash in 1 mM TE + 50 mM NaCl. Beads
were centrifuged for 3 min at 960 x g, the supernatant removed, and 210 pL Elution

Buffer (50 mM Tris-HCI, pH 8.0; 10 mM EDTA,; 1% SDS) added to each ChlP.
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Complexes were eluted at 65° C for 15 min, centrifuged 1 min at 16,000 x g, and 200 pL
eluate transferred to a fresh tube. Eluates and WCE were adjusted to 50 mM NaCl by
adding 2 pL 5 M NaCl to each tube, and all samples were reverse crosslinked overnight

at 65° C.

Reverse crosslinked samples were diluted with 200 pL TE and digested with 8 pL
of 10 mg/mL RNAse A for 30 min at 37° C followed by 7 pL CaCl, Stock Solution (300
mM CaClz in 10 mM Tris HCI, pH 8.0) addition and 4 pL of 20 mg/mL proteinase K

digestion for 30 min at 55° C.

DNA was extracted by adding 400 pL phenol:chloroform:isoamyl alcohol
(Invitrogen; Cat#: 15593-031), vortexed, and centrifuged for 5 min at 16,000 x g. The
supernatant was transferred to a fresh tube and 16 pL of 5 M NaCl, 1.5 pL of 20 pg/puL
glycogen (Roche; Cat#: 10-901-393-001), and 880 pL ice cold 100% ethanol added
before the mixture was cooled for 45 min at -80° C. The cold mixture was then
centrifuged for 10 min at 20,000 x g at 4° C to create DNA pellets, the supernatant
removed, and pellets left to dry for at least 15 min before purified DNA was resuspended

in 200 pL nuclease-free water and qPCR performed.

Input WCE ChIP-DNA in nuclease-free water was diluted 1:10 compared to ChIP
samples, resulting in 1.14% input in gPCR reactions. Each gPCR well contained 10 pL
2X SYBER SuperMix Low ROX, 4 uL ChIP DNA, 4 pL nuclease-free water, and 2 pL
of 5 uM primer mix. After qPCR in the QuantStudio Flex 7, data was analyzed via the
percent input method (Thermo Fisher). Input Cts were adjusted to 100% by Ctinput —

6.459 (dilution factor of 1.14% input = l0g»88). Then, % input calculated by 100 x

2(adjusted input — Ct sample)
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Silencing and Overexpression

mU20S cells were seeded in a 6-well dish prior to transfection. A double dose of
Oligofectamine (Invitrogen from Fisher Scientific; Cat#: 12-252-011) transfection was
performed (at 24 hours and 48 hours) with 60 pmol of either non-targeting control sSiRNA
duplex for luciferase (Dharmacon siGENOME; Cat#: D-001206-14-20) or SON siRNA
duplexes 1 (Dharmacon siGENOME; Cat#: D-012983-01-0050) and 4 (Dharmacon
SiIGENOME; Cat#: D-012983-05-0050). 72 hours post-transfection, cells were
electroporated with carrier DNA or pTetON plasmids as described in transfection
methods. For overexpression, YFP-siR-SON plasmid was transfected into cells via
Lipofectamine 3000 (Invitrogen from Fisher Scientific; Cat#: L300008) 24 hrs post-
seeding per manufacturer’s instructions and processed for microscopy 48 hrs post-

transfection.

DNAse-gPCR

Protocol was adapted from Nepon-Sixt and Alexandrow (2019). mU20S cells
were treated with non-targeting siRNAs or SON sil+4 as described in silencing methods
above in 5 wells each of a 6-well dish. Cells were washed twice with PBS, pooled by
control vs SON KD condition, and collected by rubber policeman scraping before
resuspension in 300 puL. Chromatin Lysis Buffer and 5 min incubation on ice. Whole cell
lysate was then centrifuged and pelleted nuclei resuspended in Chromatin Buffer.
Samples were divided into 3 tubes x 100 puL representing “uncut” and “cut,” and third

tube to save. “Cut” samples had 3 uL. DNase I (Thermo Fisher Scientific; Cat #:

31



FERENO0521) added and both samples had 10 uL MgCL2/CaCl, (Thermo Fisher
Scientific; Cat#: FERB43) added before subjection to 5 min at 65° C. The DNase
digestion was stopped with 0.25 M EDTA and 100 mM EGTA and incubated at 65° C for
10 min. SDS (10%) was added and reactions were sonicated for 8 min on high for 30 sec
on/off cycles (Diagenode Bioruptor). After sonication, RNase A (Thermo Scientific;
Cat#: FERENO0531) was added and reactions incubated at 37° C for 30 min, followed by
overnight proteinase K (Thermo Scientific Cat#: FEREO0491) digestion at 42° C. The
next day, DNA was extracted using PCIA and purified DNA was analyzed by 1.5%
agarose gel electrophoresis and qPCR. Data was converted as percent of “cut” chromatin
relative to “uncut” chromatin by calculating 100 / 2t CHneUtC for control and SON KD
cells. Then, SON KD percent input chromatin was normalized to Control cells to
determine the amount of chromatin left after DNase treatment in SON KD cells
compared to the amount of chromatin left after DNase treatment of Control cells. A final
value of 0.6 for SON KD cells, for example, would indicate that DNase digestion of SON

KD cells resulted in gPCR product recovery of 60% compared to Control cells.

a-Amanitin Treatment

For inhibition or RNA Polymerase Il transcription, cells were electroporated and
plated on coverslips. After 3 hours, the medium was changed with media containing 50
ug/mL a-amanitin. Dox was added (1 pg/mL) after 3 hours amanitin treatment, and cells
were processed for immunofluorescence after 3 hours dox for a total a-amanitin

treatment of 6 hours.
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Microscopy

Images were acquired on Olympus 1X83 inverted fluorescence microscope using
a 100x objective (1.3 numerical aperture; Olympus) and low autofluorescence immersion
oil (Olympus, n = 1.518; Fisher Sci Cat #NC0297589). Exposure time was based on
optimal signal-to-noise ratio for each image. Raw images were saved as TIFs, imported
into ImageJ, pseudo-colored, and saved as individual channel JPEGs or PNGs. Images
were cropped and stretched as indicated by scale bar (5 um). Some images underwent
background subtraction in ImageJ to reduce background fluorescence and those are

denoted in the associated figure legends.

Cell Scoring

Raw TIF images acquired on 1X83 microscope were analyzed for colocalization
using Olympus CellSens Dimension software. The region-of-interest (ROI) was
determined by manually drawing a 2-point circle, oval or freehand polygon around the
mCherry-Lacl labeled U20S 2-6-3 gene locus. To assess colocalization between
mCherry-Lacl and FITC-SON, a red vs. green pixel scatter plot was generated for the
identified locus and Pearson Correlation Coefficient (PCC) generated using the
Colocalization function in CellSens. PCCs were designated as negative colocalization
(PCC <-0.1), no colocalization (-0.099 < PCC > 0.099), or positive colocalization (PCC
> 0.1). I considered a PCC > 0.1 to indicate colocalization because the heterochromatic,
highly condensed inactive reporter locus can limit antibody accessibility and make it

difficult to assess direct colocalization by microscopy. Also, the spatial separation
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between the Lac Operator repeats and gene body lowers the PCC of regulatory factors
that colocalize with the non-labelled downstream reporter gene (Varia et al., 2013). For
epigenetic factor localization in aim 2b, loci were designated as positive colocalization
(PCC > 0.2) because the diffuse nuclear staining of these factors can artificially inflate
PCCs, so a higher threshold for colocalization was used. When comparing locus size,
cells were scored based on PCC as well as ROl area. Loci < 2.0um? were scored

small/closed/inactive and loci > 2.0um? scored large/open/active.

Chromatin Compaction DAPI Analysis

DAPI-stained nuclei from the same a-amanitin experimental slides described in
Figures 16-18 were imaged under the 100x objective and individually cropped to yield
one cell per 8-bit TIFF image. For each condition, 20-45 individual cells were captured
(separate cells imaged than those analyzed in the SON a-amanitin Figures 16-18). Image
processing and numerical CCP data was obtained in collaboration with undergraduate
researcher Joshua Ward with MATLAB code adapted from Irianto et al. (2014). |
conducted the experiment, imaged the cells, analyzed the resulting numerical data, and

created the figures.

A summary of the MATLAB workflow from raw image to CCP calculation is as
follows. First, a given cell image was read. Threshmode function was used to generate a
pixel intensity histogram for each cell, identify the peak pixel intensity, and identify the
pixel threshold separating cell boundary from background (threshold was empirically

determined, Figure 27). Cells underwent two iterations of smoothing using the fspecial

34



function, signal threshold was applied to each smooth image, and holes in the image were
filled with a black background. The nucleus from the raw input image was placed on a
black background and pixel intensities redistributed to make the range of intensities 0 to
255. Images were reduced by a pixel reduction factor of 4 (empirically determined,
Figure 27). Sobel edge detection was applied using the “edge” function and holes were
filled with black background. The cell perimeter of the Sobel edge detected nucleus was
removed and the inner nucleus was placed on a background. Nucleus area was
determined from the cell perimeter. The length of the Sobel edge vector was identified
and the CCP was calculated by taking the number of pixels identified in the Sobel edge
detection vector divided by the total pixel area of the nucleus. Individual CCPs were
calculated for each image in a given condition. The full MATLAB code is available in

Appendix B.

Statistical analysis

The number of biological replicates for a given data set is described in figure
legends. When multiple replicates of cell scoring data was collected, the data from all
replicates was pooled for a given condition for statistical analysis. In microscopy studies,
the experimental unit consisted of all cellular conditions that were tested in tandem
originating from the same seeding cell population. When only selected conditions from a
given experimental unit are displayed in a figure, statistical analysis was performed on
the entire data set. For studies comparing the average PCC between different
transcription conditions, an unpaired two-tailed Student’s T-test was performed with

Welch’s correction without assumption of equal standard deviation. For studies
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comparing transcription status and SON KD vs. Control, a two-way ANOVA with
Sidak’s multiple comparisons test was performed. For Figures 28-30 examining
transcription status, a-amanitin treatment, and SON KD vs. Control, a three-way
ANOVA was performed, followed by Tukey’s multiple comparison test. The statistical
analyses described above was performed by me using GraphPad Prism version 9.3.1 for

Windows, GraphPad Software, San Diego, California USA, www.graphpad.com.

The following tests were conducted using SAS version 9.4 (SAS Institute, Inc.,
Cary, NC) in collaboration with Michael Bottomley of the Statistical Consulting Center.
For Figure 1, independent samples t-test was performed with Satterthwaite’s method of
calculating degrees of freedom to overcome the violation of constant variance. In Figure
6, a one-way ANOVA and post hoc Tukey’s multiple comparisons procedure was
employed. For Figures 16-18 examining transcription status, a-amanitin treatment, and
SON KD vs. Control, a three-way ANOVA with Games-Howell procedure for unequal

variances was conducted, followed by Tukey’s multiple comparison test.
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CHAPTER IV

AIM 1 RESULTS

Subaim la: Characterize SON’s localization to the U20S 2-6-3 locus.

SON is a large, repetitive nuclear speckle protein with established roles in pre-
MRNA processing and nuclear speckle organization. SON depletion alters the splicing of
pre-mRNA transcripts but does not affect global mRNA levels (Sharma et al., 2011). The
specifics of how SON interacts with a gene, where SON associates along a gene, and at
what step in gene expression SON is involved is currently unknown. In this specific aim,
| investigated the dynamics of SON’s role in transcription using the U20S 2-6-3 reporter
gene array. The U20S 2-6-3 reporter gene locus allows us to visually detect locus
chromatin organization, transcription and pre-mRNA processing status, mMRNA export,
and reporter protein production. | used colocalization analyses to assess SON localization
to the reporter locus following transcription activation/inactivation to identify how SON

interacts with the reporter array.

SON colocalizes with the transcriptionally inactive U20S 2-6-3 locus

The U20S 2-6-3 reporter gene locus allows visual detection of locus chromatin

organization, transcription and pre-mRNA processing status, mRNA export, and reporter
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protein production (Janicki et al., 2004; schematic in Figure 1a). An initial pilot study
was performed to test the visibility of the mU20S locus, the efficiency of pTetON
transfection, and the selectivity of reporter gene activation with only pTetON in the
presence of doxycycline (results in Appendix A Figure A1-A4). The U20S 2-6-3 reporter
gene is tightly controlled by a tetracycline response element. Reporter gene activation
requires expression of rtTA (rTetR fused to the VP16 activation domain) that binds to
tetracycline response elements and drives CMV minimal promoter activation and reporter

gene transcription only in the presence of doxycycline.

SON localization in relation to the mU20S inducible reporter locus was assessed
to determine the role of SON in gene expression. SON colocalization with mCherry-Lacl
was determined by Pearson Correlation Coefficient (PCC), which is a measure of the
degree of correlation between two variables generated from a FITC vs. mCherry-Lacl
scatterplot of pixel intensity. A PCC maximum of 1.0 indicates a perfect positive
correlation, and a PCC minimum -1.0 indicates a perfect negative correlation. A PCC of

0 indicates no correlation between the two channels.

Unlike pre-mRNA processing factors Btf, TRAP150, and SRSF1 which are
observed at the active U20S 2-6-3 reporter locus (Janicki et al., 2004; Varia et al., 2013),
endogenous SON did not colocalize with the active locus (Figure 1b; panels a-c) in the
majority of large loci. For the 103 total cells scored in the “TetON + dox” condition, loci
had an average PCC of 0.014 + 0.180 (Figure 1c). Approximately 20% of the loci scored
remained condensed after 2.5 hrs post-dox, most likely because of TetON transfection

efficiency or some cells not being activatable in the experimental timeframe.
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Interestingly, SON instead colocalized with the inactive, condensed reporter locus
(Fig. 1b; panels d-f). SON colocalization with mCherry-Lacl was observed in the
majority of inactive cells with small loci (locus area < 2.0 pm?). SON-Lacl average PCC
was significantly increased in the inactive condition compared to the transcriptionally
active condition (Figure 1c). For 101 total cells scored, loci had an average PCC of 0.133
+ 0.249. Association of SON with the transcriptionally inactive gene locus suggests a

previously unknown role for SON in gene silencing.

To rule out that SON colocalization could be due to some ‘leaky transcription’ of
the reporter gene causing pre-mRNA processing factor recruitment, SON colocalization
with mCherry-Lacl was assessed in a series of transcription controls (TetON schematic in
Figure 2a). Wild-type loci (non-transfected control; Figure 2b; panels a-c), mock
transfected with carrier DNA only (electroporation control; Figure 2b; panels d-f), loci
treated with “dox only” (to assesses any spontaneous locus activation by doxycycline
only; Figure 2b; panels g-i), or loci treated with “TetON only” to examine loci activated
by TetON transfection alone (Figure 2b; panels j-1). In all cases except “TetON + dox”
SON colocalized with the mCherry-Lacl labeled locus in the majority of cells scored
(Figure 2c). These results reaffirm the initial cell line characterization experiments
(Appendix A) that the mU20S locus is tightly regulated and only cells expressing TetON
in the presence of dox can be transcriptionally active. SON colocalizes with the
transcriptionally silent locus in all negative controls and has not been observed to

colocalize with the transcriptionally active mU20S locus.

SON localization was also assessed in U20S 2-6-3 cells that did not stably

express mCherry-Lacl. Endogenous SON colocalized with a transcriptionally inactive
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CFP-lacl labelled reporter locus (Figure 3; panels a-c) and did not colocalize with the
transcriptionally active CFP-Lacl locus (Figure 3; panels f-h). Transcription status was
assessed by YFP-MS2BP colocalization with the active gene locus (Figure 3; panels d, i).
These results, taken together with the mU20S SON colocalization studies in Figure 1 and
2, indicate endogenous SON localization with the 2-6-3 gene is specific to
transcriptionally silent loci, and SON is not detectable at the transcriptionally active,

decondensed locus.
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Figure 1: SON colocalizes with the transcriptionally inactive U20S 2-6-3 gene locus.

A. Schematic representation of the reporter construct used to generate U20S 2-6-3 cell
line (adapted from Janicki et al., 2004).

B. Endogenous SON is not detected at activated mU20S reporter loci (a-c; PCC < 0.1,
67/102 cells) but is colocalized with inactive loci (d-f; PCC > 0.1; 58/100 cells)
Upper right value in Lacl channel indicates locus area (um?); upper right value in
merge channel indicates PCC. Scale bar =5 pm.

C. Plot of pooled locus PCCs from n = 2 independent replicates with 101 (inactive) or
103 (active) total cells scored. Bars denote mean and standard deviation. P-value =
0.0001 and was computed by independent samples t-test with Satterthwaite’s

correction for unequal variance.
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Figure 2: SON localization at the U20S 2-6-3 locus is not due to leaky reporter

transcription.

A. Schematic representation of the TetON system. When pTetON is expressed in
mU20S in cells without doxycycline, the encoded rtTA cannot bind to the TREs and
the reporter gene remains inactive. In the presence of doxycycline, rtTA binds to the

TREs, activating reporter gene expression from the CMV promoter.

B. U20S 2-6-3 cells stably expressing mCherry-lacl were either left untransfected and
uninduced (WT; a-c), transfected with carrier DNA and uninduced (mock; d-f), or
induced with dox (dox only; g-i), or transfected with TetON and uninduced (TetON
only; j-I) or induced with dox (TetON+dox; m-0). At 2.5 h after dox addition, the
cells were processed for immunofluorescence localization with anti-SON WU13.
Scale bar =5 pm.

C. Chart shows the percentage of cells showing SON colocalization with mCherry-Lacl

(PCC > 0.1), n =30 cells for all conditions from n = 1 biological replicate.
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Figure 3: SON colocalizes with the inactive U20S 2-6-3 locus in cells without stably

incorporated mCherry-Lacl.

Reporter loci were labelled with CFP-Lacl and MS2 loops labelled with YFP-MS2BP in
inactive (noTetON-dox; a-e) or active (TetON+dox; f-j) cells. 2.5 h post-dox, cells were
immunolabeled with anti-SON WU13 and a Texas Red-conjugated secondary antibodly.

Background subtraction was performed in the CFP and Texas-Red channels in ImageJ to

minimize background fluorescence. Scale bar = 5 pum.
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SON is depleted from the mU20S locus before visible chromatin decondensation.

SON colocalizes with the heterochromatic mU20S locus and is not detectable at
the transcriptionally active locus, but the dynamics of this shift in localization are
unknown. Reporter transcript can be visualized as early as 7.5 min post-dox treatment,
peaking around 2.5 hrs post-induction when the locus chromatin also becomes fully
decondensed (Janicki et al., 2004). mU20S cells were processed for immunolocalization
of SON at 5 min, 10 min, 30 min, 60 min, 90 min, 120 min, or 150 min following locus
activation to determine when SON is no longer detectable at the locus (representative
images in Figure 4a). At each timepoint, cells were scored for locus area and SON
colocalization with mCherry-Lacl as Colocalized (PCC > 0.1), No Correlation (-0.1 <
PCC <0.1) or Removed (PCC < -0.1). The third classifier “Removed” was added

because a negative correlation would indicate absence of SON at the locus.

The results of the cell scoring are displayed as a heat map in Figure 4b. The
proportion of scored loci with SON colocalization decreased within the first 60 min of
locus activation. In loci that remained inactive/small at timepoints after 90 min dox, SON
was still colocalized, suggesting these cells did not get activated (most likely related to
pTetON transfection efficiency). The highest proportion of scored loci were decondensed
by 60 min - 90 min dox treatment, and the large loci corresponded with decreased SON

colocalization (PCCs near 0).

In the 5 min and 10 min post-dox conditions of this experiment, higher order
chromatin decondensation of the reporter locus was not detectable, as evidenced by the
large number of loci < 2.0 um? (representative images in Figure 5a). A heat map of the
early timepoint scoring data is displayed in Figure 5b. Strikingly, at 10 min post-dox,
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while loci are still condensed, SON was not detectable on the largest proportion of loci
scored as indicated by a more negative average PCC (average PCC at 10 min -0.008 +
0.223). SON depleted reporter loci were not common in the mock transfection condition
(mock transfected average PCC 0.162 + 0.276). At 30 min dox, loci were mostly small
and loci that were already decondensed exhibited no SON colocalization. These data
indicate that SON is absent from the gene locus before significant locus chromatin
decondensation, and before reporter transcript is first detectable at the locus via

microscopy.
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Figure 4: Activation of the U20S 2-6-3 reporter locus leads to rapid loss of SON.

A. Wild-type cells (a-c; n = 101 cells) were left without dox, or pTetON transfected cells
(d-0) had dox added to cells for 60 min (d-f; n = 100 cells), 90 min (g-i; n = 100
cells), 120 min (j-I; n = 101 cells), or 150 min (m-o; n = 100 cells). All cells were
processed for immunolocalization of SON 5.5 hrs post-transfection. Upper right value
in Lacl channel indicates locus area (um?); upper right value in merge channel
indicates PCC. Scale bar =5 pum.

B. Heat map indicating number of loci scored per condition with SON colocalized with
mCherry Lacl (PCC > 0.1), no correlation (-0.1 < PCC <0.1) or removed (PCC < -
0.1) relative to locus condensation state. Area of loci in pink are < 2.0 um?, while loci
in blue are > 2.0 um?, bin = 10 cells. Data represents PCCs of 50-52 cells per

condition and pooled for n = 2 biological replicates.
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Figure 5: SON is depleted from the activated locus before detectable chromatin

decondensation.

A. Expanded experimental data from Figure 4. Post-TetON transfection 3 hrs, dox was
added to cells for 5 min (panels a-c; n = 101 cells), 10 min (panels d-f; n = 100 cells),
or 30 min (g-i; n = 101 cells). All cells were processed for immunolocalization of
SON 5.5 hrs post-transfection. Upper right value in Lacl channel indicates locus area
(um?); upper right value in merge channel indicates PCC. Scale bar =5 um.

B. Expanded experimental data from Figure 4. Heat map depicting SON colocalization
with mCherry-Lacl at early timepoints post-dox treatment when loci are condensed (<
2.0 um?). Area of loci in pink are < 2.0 um?, while loci in blue are > 2.0 pm?, bin =
10 cells. Data represents PCCs of 50-51 cells per condition and pooled for n = 2

biological replicates.
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Endogenous SON colocalization with the mU20S locus is reversible through

reporter gene inactivation.

SON also accumulates at the U20S 2-6-3 locus following transcription
inactivation (Figure 6). Activation of mU20S cells leads to large-scale chromatin
decondensation, and this decondensation is reversible once transcription is turned off by
promoter inactivation. Inactivated loci are similar in size to 2-6-3 loci in WT cells where
transcription has not been activated (Zhao et al., 2011). Transcription inactivation of fully
decondensed loci gives insight into SON’s role in gene expression of mU20S
heterochromatic loci by identifying if SON localization at the condensed locus is
reversible and/or correlated with transcription status and a condensed chromatin

structure.

Cells expressing pTetON were either left uninduced (-dox; Figure 6 panels a-c),
activated (+dox; Figure 6 panels d-f), or inactivated (wash; Figure 6 panels g-i) that were
first induced by addition of dox, followed by removal of dox by media replacement.
Activated cells exhibited significantly lower SON-Lacl colocalization compared to
uninduced cells and wash-inactivated cells (Figure 6;lower). There was no significant

difference in SON-Lacl colocalization between uninduced and wash-inactivated cells.

The TetOFF system was also used inactivate the mU20S locus to assess SON
localization change correlated with transcription status. Transfection of cells with
pTetOFF encodes tTA, which binds to the TREs promoting CMV promotor activation
without the addition of doxycycline. In TetOFF-expressing cells, dox addition inhibits
tTA binding to the TREs, inhibiting CMV promoter activation and inactivating reporter
gene transcription. A schematic of the TetOFF system is depicted in Figure 7a. SON was
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not detectable at the transcriptionally active, decondensed “TetOFF — dox” mU20S locus
(Figure 7b; panels a-c) and was colocalized at the inactivate “TetOFF + dox” condition
(Figure 7b; panels d-f). Only about 25% of loci exhibited SON colocalization compared
to almost 60% of loci using the media replacement method of transcription activation,
perhaps because it takes longer to remove tTA from the promotor to meaningfully inhibit
gene expression (TetOFF loci scoring displayed in Figure 7c). Adding dox for a longer
time such as 6 hrs may have been more suitable to detect SON at the majority of

“TetOFF + dox” inactivated loci.
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Figure 6: SON accumulates at the mU20S locus during the transition from

transcriptionally active to inactive state.

Cells were transfected with pTetON and left uninduced (a-c), induced with dox for 5.5 h
(d-f), or induced with dox for 2.5 h followed by media replacement wash without dox for
3 h (g-i). Cells were processed for immunolocalization of SON. Upper right value is
PCC. Scale bar =5 pm. Plot of pooled PCCs from n = 2 biological replicates and 30 cells
scored for each condition per replicate. Bars denote mean and standard deviation. ** p-
value = 0.0071; **** p-value < 0.0001 computed by one-way ANOVA and post-hoc

Tukey’s multiple comparisons procedure.
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Figure 7: SON colocalizes with the TetOFF transcriptionally inactivated mU20S

locus.

A. Schematic representation of the TetOFF system. When pTetOFF is expressed in
mU20S in cells without doxycycline, the encoded tTA binds to the TREs and
activates reporter gene transcription from the CMV promoter. In the presence of

doxycycline, tTA cannot bind to the TRES, inactivating reporter gene expression.

B. SON did not colocalize with transcriptionally active loci transfected with TetOFF
without dox (27/31 cells scored; panels a-c). SON colocalized with
transcriptionally inactivated loci transfected with TetOFF in the presence of

doxycycline (12/39 cells scored; panels d-f).

C. Heat map depicting the percentage of mU20S loci with SON colocalization (PCC
>0.1), no correlation (-0.099 < PCC < 0.099), or removed (PCC < -0.1) using the
TetOFF system. Area of loci in pink are < 2.0 pm?, while loci in blue are > 2.0
um?, bin = 10% of cells. Data represents PCCs from 31 cells (Mock, Active) or

53 cells (Inactivated) scored for n = 1 biological replicate.
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Subaim 1b: Identify where and how SON interacts with the U20S 2-6-3 locus.

SON associates with the promoter of the inactive mU20S gene.

Microscopy analysis revealed SON localizes to the heterochromatic mU20S
locus, but which region of the reporter gene SON associates with and when is unknown.
Chromatin immunoprecipitation (ChlIP) with either anti-SON WU13 or no antibody
control was performed on mU20S lysate and the resulting purified DNA was analyzed
by gPCR using primers recognizing the CMV promotor, 5’ -globin, or 3’ -globin
regions of the U20S 2-6-3 reporter gene array (schematic in Figure 8a). SON was
preferentially enriched at the CMV promoter region in inactive cells (Figure 8b; pink).
SON association with the CMV promoter was markedly reduced in mU20S lysate from
transcriptionally activated reporter cells (Figure 8b; blue). There was no change in
enrichment of the 5” and 3’ B-globin gene regions between transcription status, and
reporter activated mU20S lysate showed no change in enrichment at the reporter gene
compared to no antibody control. This experiment suggests SON associates preferentially
with the U20S 2-6-3 promoter region and leaves the promoter upon reporter transcription

activation.

SON’s RNA associating domains are not required for mU20OS locus association.

We were interested in which SON domains mediate its association with the
inactive locus. The SON protein contains a large repetitive repeat motif domain, an RS

domain involved in splicing, and a C-terminal G-patch and double-stranded RNA binding
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motif (schematic in Figure 9a). sSiRNA refractory YFP-SON deletion mutants (Sharma et
al., 2010) were transfected into U20S 2-6-3 cells transiently expressing CFP-Lacl. This
experiment was optimized and executed by undergraduate researcher Jacob Ward. Jacob
performed the experiment, | imaged the resulting slides, and Jacob scored the cells and
created the figure (Figure 9b). Full-length YFP-SON (YFP-SON-FL) strongly
colocalized with CFP-Lacl in 100% of cells scored with an average PCC of 0.706 +
0.230 (Figure 9b; panels a-c). SON containing the N-terminus through the unique tandem
repeat motifs (YFP-SON 1-1493) also strongly colocalized with CFP-Lacl in 80% of
cells scored with an average PCC of 0.492 + 0.457 (Figure 9b; panels f-h). Thus, deleting
the RS domain, G-patch, and double stranded RNA binding motifs which are all known
to facilitate pre-mRNA processing functions (Ahn et al., 2011), is not sufficient to alter
SON colocalization with the heterochromatic reporter gene locus. This experiment also
rules out anti-SON antibody cross-reactivity with the inactive reporter locus and
demonstrates that exogenous YFP-SON also localizes at the heterochromatic U20S 2-6-3

reporter locus.
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Figure 8: SON associates with the promoter of inactive mU20S cells.

A. Schematic of the mU20OS reporter gene array identifying the regions amplified by
gPCR primers. Primer set A amplifies a region of the CMV minimal promoter, primer
set B amplifies a region at the 5 beginning of the 3-globin intron/exon module, and
primer set C amplifies a region at the 3” end of the $-globin intron/exon module.

B. mU20S cells transfected with carrier DNA only (inactive) or pTetON with
doxycycline added (active) were harvested and SON pulled down by chromatin
immunoprecipitation (ChIP). Anti-SON WU13 ChIP was compared to ChIP without
antibody as a background signal control. One experimental unit consists of inactive
and activated cells that were harvested at the same time and divided into anti-SON
and no antibody control ChIP reactions. The experimental unit was repeated n = 2

times with 2 technical replicates per biological replicate. Error bars denote SEM.
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Figure 9: SON repeat motifs are necessary for reporter locus colocalization

A. Schematic of SON protein domains.

B. Inactive reporter loci in U20S 2-6-3 cells transfected with CFP-Lacl and either YFP-
SON 1-1493 (a-c; n = 25 cells scored) or YFP-SON FL (d-f; n = 26 cells scored).
Pearson Correlation Coefficients of exogenous YFP-SON relative to CFP-Lacl in

upper right. Scale bar =5 pm.
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CHAPTER V

AIM 2 RESULTS

Subaim 2a: Determine how SON affects chromatin organization of the U20S 2-6-3

gene locus.

Our laboratory has demonstrated SON depletion results in the reorganization of
nuclear speckle factors into a donut shape, showing a role for SON in nuclear speckle
organization (Sharma et al., 2010). The repeat motifs are required for the donut-shaped
phenotype and suggest a potential scaffold mechanism for SON in nuclear speckles. We
were interested in defining the role of SON in chromatin organization. This subaim
investigated SON’s role in chromatin structure, and how SON depletion affects the

chromatin organization of the U20S 2-6-3 gene.

SON depletion affects chromatin organization of the mU20S reporter gene.

mU20S cells were treated with either non-targeting sSiRNA or SON siRNA
duplexes to investigate how SON depletion affects the reporter locus. SON-depleted cells
did not show the distinctive nuclear speckle staining pattern when immunolabeled with
anti-SON WU13, indicating siRNA knock down of SON is detectable by microscopy

(Figure 10a; panel e). In control cells, the reporter locus appears as a bright, condensed
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dot indicative of the previously characterized heterochromatic state discussed in Aim 1
(Figure 10a; panels a-c). Strikingly, SON-depleted loci exhibited a significantly increased
locus area compared to control loci (Figure 10b). The number of SON-depleted cells with
decondensed loci (Figure 10a; panels d-f; 19/30 cells) was much higher than that in
control siRNA-treated cells (Figure 10a; panels a-c; 1/30 cells). Decondensed SON-
depleted loci appear morphologically rounded, similar to control inactive cell loci except
with a larger area. This is in contrast to the irregularly shaped, globular, decondensed

appearance that is a hallmark of transcriptionally active loci morphology.

It is important to reiterate that TetON was not expressed in control or SON-
depleted conditions, so the increase in locus area cannot be due to reporter gene
activation. The U20S 2-6-3 reporter gene is tightly controlled by a tetracycline response
element so that only expression of rtTA (rTetR fused to the VP16 activation domain;
TetON) in the presence of doxycycline binds to the TRE to drive CMV minimal promoter
activation and reporter gene transcription. Furthermore, immunolabeling of RNA pol 11
(Figure 11a) and pre-mRNA processing factor Btf (Figure 11b) showed no colocalization
with the inactive reporter locus in control or SON-depleted cells. The absence of
transcription factors at the inactive SON-depleted locus supports the conclusion that
transcription is not occurring at these loci, despite the visible chromatin decondensation
that is a hallmark of the transcriptionally activated U20S 2-6-3 locus. Reporter transcript
gRT-PCR analysis showed when SON mRNA is markedly reduced, reporter transcript is
reduced compared to control cells (Figure 12). It is worth noting that normalization of
reporter transcripts in SON-depleted cells compared to Control cells is a measure of

relative quantification, not absolute quantification. Therefore, a reduction in reporter
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transcript in SON-depleted cells compared to Control cells that already produce little to
no reporter transcript is further indication that reporter transcript is not produced in SON-

depleted cells.

SON-depleted loci are transcriptionally activatable.

Higher order chromatin decondensation is typically associated with transcription
activation. Given that heterochromatic SON-depleted loci exhibit increased locus area
without transcription activation, we next sought to determine if transcription activation
could still occur normally in SON-depleted loci. mU20S cells were treated with either
non-targeting sSiRNA or SON siRNA duplexes before transfection with TetON and
treatment with doxycycline to investigate how SON depletion affects the transcriptionally
activated reporter locus. In control cells, the reporter locus appears large, decondensed,
and with a globular morphology indicative of the previously characterized
transcriptionally active state discussed in Aim 1 (Figure 13a; panels a-c). SON-depleted
loci did not exhibit a change in locus area compared to control loci (Figure 13b). The
number of SON-depleted cells with decondensed loci (Figure 13a; panels d-f; 22/31 cells)
was about the same as in control siRNA-treated cells (Figure 13a; panels a-c; 23/30
cells). Figures 10 and 13 were performed in tandem. Morphologically, the decondensed
SON-depleted locus varied, with some loci having a more rounded enlarged appearance,

and some having a more irregular, globular appearance.

Transcription factors RNA pol 1l and Btf were immunolabelled and assessed for

colocalization with the “TetON + dox” cells to determine if SON-depleted loci can be
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transcriptionally active. Both RNA pol Il (Figure 14a) and pre-mRNA processing factor
Btf (Figure 14b) showed colocalization with the active reporter locus in control and
SON-depleted cells. Figures 11 and 14 were performed in tandem. The presence of
transcription factors at the transcriptionally active SON-depleted locus indicates
transcription is still occurring at these loci. This is unsurprising since SON does not
colocalize with control active cells (Aim 1) and previous work by our laboratory has

shown that SON depletion does not alter global transcription levels (Sharma et al., 2011).
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Figure 10. SON-depleted reporter loci exhibit increased locus area.

A. Reporter locus size was measured in mU20S cells treated with either non-targeting
SIRNA duplexes (a-c) or SON siRNA duplexes 1 + 4 (d-f) and processed for
immunolocalization of SON. Upper right value in Lacl channel indicates locus area
(um?); upper right value in merge channel indicates PCC. Scale bar = 5 pm.

B. Dot plot displaying area of reporter loci in control or SON KD condition. In each
condition n = 30 cells scored from n = 1 biological replicate. Bars denote mean and
standard deviation. **** P-value < 0.0001 calculated by two-way ANOVA with

Sidak’s multiple comparisons test.
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Figure 11: Transcription and RNA processing factors do not colocalize with the

SON-depleted, inactive decondensed reporter locus.

PCC was measured in mU20S cells treated with either non-targeting sSiRNA duplexes (a-
c) or SON siRNA duplexes 1 + 4 (d-f) and processed for immunolocalization of
transcription factors. Upper right value in Lacl channel indicates locus area (um?); upper

right value in merge channel indicates PCC. Scale bar =5 pm.

A. RNA pol-Il does not colocalize with 26/30 control loci (panels a-c) and does not
colocalize with 24/30 SON-depleted loci (panels d-f).
B. Pre-mRNA processing factor Btf does not colocalize with 30/33 control loci scored

(panels a-c). Btf does not colocalize with 28/30 SON-depleted loci (panels d-f).
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Figure 12: Reporter transcript is decreased when SON mRNA levels are reduced.

Relative mRNA expression of SON (left) or 2-6-3 transcript (right) from control or SON
KD cells by gRT-PCR normalized to GAPDH and control cells. Data represents n = 3

biological replicates and error bars denote standard deviation.
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Figure 13. SON depletion does not affect transcriptionally active locus area.

A. Reporter locus activation following treatment with non-targeting siRNA (a-c) or SON
SiIRNA 1 + 4 (d-f) was done 48 hours after knockdown, as cells were electroporated
with TetON, induced with dox +2.5 h, and processed for immunolocalization of SON.
Upper right value in Lacl channel indicates locus area (um?); upper right value in
merge channel indicates PCC. Scale bar =5 pm.

B. Dot plot displaying area of reporter loci in control (n = 30 cells) or SON KD
condition (n = 31 cells). Bars denote mean and standard deviation. P-value > 0.9999

calculated by two-way ANOVA with Sidak’s multiple comparisons test.
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Figure 14: Transcription and RNA processing factors colocalize with the SON-

depleted, active decondensed reporter locus.

PCC was measured in mU20S cells treated with either non-targeting siRNA duplexes (a-
c) or SON siRNA duplexes 1 + 4 (d-f) and processed for immunolocalization
transcription factors. Upper right value in Lacl channel indicates locus area (um?). Scale

bar =5 pum.

A. RNA pol-II colocalizes with 23/30 control loci (panels a-c) and colocalizes with
17/30 SON-depleted loci (panels d-f).
B. Pre-mRNA processing factor Btf colocalizes with 24/30 control loci scored (panels a-

c) and colocalizes with 21/30 SON-depleted loci (panels d-f).
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SON is required for reporter gene chromatin stability independent of transcription

elongation.

Given that SON depletion alters reporter gene chromatin condensation without
transcription activation, we next wanted to examine how global transcription inhibition
affects the SON-depleted decondensed reporter locus. I used a-amanitin (aA), an
irreversible transcription inhibitor that prevents RNA pol 11 nucleotide incorporation and
leads to degradation of Rpb1 (Bensaude, 2011), to block global transcription elongation.
When mU20S cells are treated with a-amanitin, YFP-MS2BP is not recruited to the
reporter locus because reporter mRNA is not being transcribed (Figure 15). If SON-
depleted locus decondensation occurs separately from transcription elongation, inhibiting
transcription via a-amanitin should not decrease the locus area. In control cells, we
expected a-amanitin pre-treated cells to exhibit significantly smaller loci than
transcriptionally active cells without a-amanitin (Rafalska-Metcalf et al., 2010;
Raghuram et al., 2013; Tripathi et al., 2010; Wei et al., 2015). a-Amanitin-treated nuclei
also display enlarged, rounded SON-labeled nuclear speckles due to inhibited pre-mRNA
processing factor recruitment (Figure 16a; Bernard et al., 2010; Hu et al., 2010; Sharma
et al., 2010). Control cells pre-treated with a-amanitin before transcription activation with
dox exhibited a significantly lower mU20S reporter locus area compared to untreated
control cells (Figure 16b; left). There was no significant difference in locus area between
SON-depleted cells with a-amanitin or without a-amanitin (Figure 16b; right). There was
a significant decrease in locus area in SON-depleted a-amanitin cells compared to control
active cells (Figure 16b; columns 1 and 4). This is not entirely unexpected, since pre-

treatment with a-amanitin means loci never get transcriptionally activated, so it is
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reasonable that SON-depleted loci would be somewhat smaller than fully decondensed
transcriptionally active control loci without a-amanitin. Interestingly, SON-depleted a-
amanitin loci were still significantly larger than control cell loci with a-amanitin (Figure
16b; columns 2 and 4). This supports our hypothesis that transcription inhibition alone is

not sufficient to condense SON-depleted chromatin.

As a control to ensure that a-amanitin-induced reporter locus changes were due to
transcription elongation inhibition, cells without TetON/dox were subjected to a-amanitin
treatment and reporter loci area assessed (Figure 17). Control cells still exhibited the
enlarged speckle staining pattern indicative of a-amanitin transcription inhibition (Figure
17a; panels a-c) and did not display a significant decrease in reporter locus area following
a-amanitin treatment (Figure 17b; left). Since untreated control cells are already
transcriptionally inactive and highly condensed, we would not expect a further
condensation in inactive a-amanitin treated control cells. When SON is depleted (Figure
17a; panels d-f), a-amanitin treated cells also did not show a significant difference in
reporter locus area compared to untreated SON-depleted loci (Figure 17b; right). Since a-
amanitin is added to the cells after SON depletion, and the SON-depleted locus remains
transcriptionally inactive yet decondensed, it is unsurprising that loci are decondensed to

the same extent in both treated and untreated SON-depleted conditions.

Experimental setup for Figures 16 and 17 were performed in tandem as indicated
in Materials and Methods and repeated for n = 2 biological replicates. The compiled
locus area scoring data with complete pairwise comparison analysis is displayed in Figure
18 and p-values tabulated in Table 2. The compiled data gives further insight into SON’s

role in chromatin decondensation in relation to transcription status. SON-depleted
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uninduced loci (with or without a-amanitin treatment) are significantly smaller than
control active loci. This suggests the locus decondensation observed in SON-depleted
cells is not as extensive as the large-scale chromatin opening associated with transcription
activation (Figure 18; column 3 vs. 5 and column 4 vs. 5). Furthermore, SON-depleted
uninduced loci are significantly smaller than loci in SON-depleted active cells (Figure 18;
column 3 vs. 7 and column 4 vs. 7), which supports the observation that SON-depleted
loci are still transcriptionally activatable (Figures 13 and 14), resulting in further
chromatin decondensation. Finally, SON-depleted “Active” loci pre-treated with -
amanitin are still significantly larger than loci in control inactive cells, indicating SON
depletion, regardless of transcription status, is sufficient for significant increases in
chromatin decondensation (Figure 18; column 1 vs. 8 and column 2 vs. 8). Taken
together, these results indicate that transcription elongation inhibition by a-amanitin is
not sufficient to condense the enlarged SON-depleted mU20S locus, supporting the view
that SON-depleted loci are decondensed via a mechanism that is uncoupled from

transcription.
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Figure 15: a-Amanitin inhibits reporter mRNA synthesis.

mU20S cells were transfected with TetON and YFP-MS2BP to label reporter mRNA.
Post-transfection 3 hrs, cells were either left untreated (panels a-d) or pre-treated with a-
amanitin (panels e-h), then dox added to both conditions 3 hrs post-amanitin treatment. A
total of 9 hrs post-transfection, cells were processed for immunofluorescence with anti-
SON WU13 primary and DyLight-405 secondary antibody. Untreated active cells show
YFP-MS2BP enrichment at the decondensed locus and normal SON-labeled nuclear
speckle morphology, while a-amanitin treated cells do not recruit YFP-MS2BP and

display enlarged SON-labeled nuclear speckles. Scale bar =5 pum.
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Figure 16: Transcription elongation inhibition does not alter SON-depleted locus

area.

A. mU20S cells with non-targeting sSiRNA (panels a-c) or SON siRNA 1 + 4 (panels d-
f) were transfected with TetON and treated with 6 hrs a-amanitin (3 hrs pre-dox + 3
hrs post-dox) to inhibit global transcription elongation. Upper right value in Lacl
channel indicates locus area (um?). Scale bar = 5 pum.

B. Dot plot displaying area of reporter loci in control or SON KD condition. Data
represents 30 cells scored per condition and pooled from n = 2 biological replicates.
Bars denote mean and standard deviation. * p-value < 0.05; ** p-value = 0.005; ****
p-value < 0.0001 calculated by three-way ANOVA with Games Howell procedure,

followed by Tukey’s multiple comparisons test.
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Figure 17: Transcription elongation inhibition does not alter locus area in

uninduced mU20S cells.

A. mU20S cells with non-targeting siRNA (panels a-c) or SON siRNA 1 + 4 (panels d-
f) were left uninduced and treated with 6 hrs a-amanitin to inhibit global transcription
elongation. Upper right value in Lacl channel indicates locus area (um?). Scale bar =
S5 pm.

B. Dot plot displaying area of reporter loci in control untreated (n = 80 cells), control
aA-treated (n = 61 cells), SON KD untreated (n = 60 cells), or SON KD aA-treated (n
= 60 cells) condition. Data was pooled from n = 2 biological replicates. Bars denote
mean and standard deviation. *** p-value < 0.0005; **** p-value < 0.0001 calculated
by three-way ANOVA with Games Howell procedure, followed by Tukey’s multiple

comparisons test.
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Figure 18: Compiled locus area scoring data with pairwise comparisons from

Figures 16 and 17.

These data are identical to the data displayed in Figures 16 and 17, compiled because all
8 cell conditions shown were performed together for n = 2 biological replicates. Violin

plots displaying distribution data; bars indicate mean and upper/lower quartiles.
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Table 2: Tukey’s multiple comparisons test of data from Figures 16-18.

Statistical analysis for Figures 16-18 was performed together, computed from three-way

ANOVA with Games Howell procedure followed by Tukey’s multiple comparisons test.

Comparison Difference p-value 95% CI
Control Active No - Control Active Yes 2.70 < .0001 (1.3, 4.1)
Control Active No - Control Inactive No 3.31 < .0001 (1.99, 4 63)
Control Active No - Control Inactive Yes 3.19 < .0001 (1.85, 4.54)
Control Active No - Depleted Active No 1.03 0.49 (-0.55, 2.62)
Control Active No - Depleted Active Yes 1.80 0.0046 (0 35, 3.26)
Control Active No - Depleted Inactive No 2.41 < .0001 (1.04, 3.77)
Control Active No - Depleted Inactive Yes 2.31 < .0001 (0.91, 3.72)
Control Active Yes - Control Inactive No 0.61  0.0092 (0.09, 1.13)
Control Active Yes - Control Inactive Yes 0.50 0.14 (-0.07, 1.07)
Control Active Yes - Depleted Active No -1.66 < .0001 (-2 68, -0.64)
Control Active Yes - Depleted Active Yes -0.89  0.0165 (-1.69, -0.1)
Control Active Yes - Depleted Inactive No -0.29 0.85 (-0.92, 0.34)
Control Active Yes - Depleted Inactive Yes -0.38 0.71 (-1.09, 0.32)
Control Inactive No - Control Inactive Yes -0.11 0.96 (-0.43, 0.21)
Control Inactive No - Depleted Active No -2.27 < .0001 (-3 18, -1.37)
Control Inactive No - Depleted Active Yes -1.50 < .0001 (-2.15,-0.86)
Control Inactive No - Depleted Inactive No -0.90 < .0001 (-1.32, -0.49)
Control Inactive No - Depleted Inactive Yes -0.99 < .0001 (-1.52,-0.47)
Control Inactive Yes - Depleted Active No -2.16 < .0001 (-3.1, -1.22)
Control Inactive Yes - Depleted Active Yes -1.39 < .0001 (-2.07,-0.71)
Control Inactive Yes - Depleted Inactive No -0.79 < .0001 (-1.26,-0.31)
Control Inactive Yes - Depleted Inactive Yes -0.88  0.0001 (-1.45, -0.31)
Depleted Active No - Depleted Active Yes 0.77 0.38 (-0.32, 1.86)
Depleted Active No - Depleted Inactive No 1.37  0.0006 (0 4, 2.35)
Depleted Active No - Depleted Inactive Yes 1.28  0.0042 (0.26, 2.3)
Depleted Active Yes - Depleted Inactive No 0.60 0.19 (-0.13, 1.34)
Depleted Active Yes - Depleted Inactive Yes 0.51 0.52 (-0.29, 1.31)
Depleted Inactive No - Depleted Inactive Yes -0.09 0.99 (-0.72, 0.54)
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Subaim 2b: Determine how SON depletion affects the chromatin landscape and

localization of chromatin modifiers at the mU20S locus.

A ChIP-seq analysis by Kim et al. (2016) identified that SON associates with
gene promoters and SON depletion is correlated with altered chromatin markers at these
gene promoters. DNA is generally tightly wound around histones and packaged into
highly condensed fibers with limited accessibility to transcription factors (Allshire et al.,
2018; Eskeland et al., 2010; Ishihara et al., 2021). Chromatin decondensation via histone
acetylation, DNA methylation, and/or chromatin remodeling factors increases chromatin
accessibility and allows for transcription factor binding and transcription initiation. An
increase in chromatin accessibility is correlated with an increase in gene expression
(Gorisch et al., 2005; Esmaeili et al., 2020). Given SON’s position at gene promoters, a
highly accessible chromatin region, we were interested in SON’s role in global chromatin

structure and accessibility.

The condensed, transcriptionally silent reporter locus has been shown to behave
like heterochromatin, exhibiting HP1 association as well as heterochromatic epigenetic
marker H3K9me3 and its histone methyl transferases Suv39h1 and G9a-L (Janicki et al.,
2004). Upon transcription activation with TetON + dox, these heterochromatic markers
are depleted from the locus, corresponding with higher order chromatin decondensation
and the deposition of histone variant H3.3 (Janicki et al., 2004). Previous reports have
suggested that SON is a transcriptional regulator at gene promoters (Karlas et al., 2010;
Kim et al., 2016), and that SON associates with the inactive U20S 2-6-3 locus (Sharma
2011, pg. 147; this document, Aim 1), so we wanted to investigate the epigenetic

landscape of SON-associated chromatin.

91



SON depletion alters epigenetic marker H3K9me3 localization at the reporter locus.

| first replicated the findings from Janicki et al. (2004) that H3K9me3 primarily
colocalizes with the inactive, but largely not the active, reporter locus in mU20S cells
(Figure 19a; scoring data displayed in Figure 20). For epigenetic protein colocalization, a
higher threshold PCC > 0.20 was used to designate colocalization due to the diffuse
nuclear localization of these proteins resulting in inflated colocalization values.
Chromatin immunoprecipitation using primers designed along the reporter gene also

showed enrichment of H3K9me3 along the WT mU20S reporter gene (Figure 19b).

Interestingly, SON-depleted loci exhibited a slightly smaller proportion of cells
with H3K9me3 colocalization in the inactive condition, and strong colocalization with
the transcriptionally active, SON-depleted loci (images in Figure 19c; scoring data for
images in Figure 19 displayed in Figure 20). The proportion of control active and SON-
depleted inactive loci showing colocalization or no correlation of H3K9me3 was all
roughly the same so perhaps completing more biological replicates or scoring more cells
per condition would be necessary for more conclusive H3K9me3 localization status in
these conditions. In addition to an increase in the number of scored cells exhibiting
H3K9me3 colocalization with mCherry-Lacl in SON-depleted active cells, pairwise
comparison of H3K9me3 colocalization with mCherry-Lacl showed a significant
increase in the extent of H3K9me3 colocalization (significantly higher average PCC) at
SON-depleted transcriptionally active loci compared to all other conditions (Figure 20b).
The strong colocalization of the heterochromatic H3K9me3 marker with the euchromatic
SON-depleted locus is striking and may suggest that SON maintains chromatin stability

via H3K9me3 histone modification regulation.
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Figure 19: H3K9me3 localization is altered following SON depletion.

A. Colocalization with mCherry-Lacl was measured in mU20S cells treated with non-
targeting sSiRNA duplexes and left uninduced (panels a-c) or induced with TetON +
dox (panels d-f) and processed for immunolocalization of H3K9me3. Scale bar =5
pm.

B. WT mU20S cells were harvested and H3K9me3 pulled down by chromatin
immunoprecipitation (ChIP). Primers amplifying a region of the U20S 2-6-3 CMV
promoter, the 5’ beginning of the B-globin intron/exon module, and a region at the 3’
end of the B-globin intron/exon module were run alongside genomic controls
amplifying a region of the OR4F5 gene desert and RNA Pol Il active promoter
region. The experiment was repeated n = 5 times with 2 technical replicates per
biological replicate. Error bars denote SEM.

C. Colocalization with mCherry-Lacl was measured in mU20S cells treated with SON
SiRNA 1 + 4 duplexes and left uninduced (panels a-c) or induced with TetON + dox

(panels d-f) and processed for immunolocalization of H3K9me3. Scale bar =5 pum.
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Figure 20: There is an increase in H3K9me3 recruitment to the transcriptionally

active SON-depleted reporter gene locus.

A. Heat map indicating proportion of loci scored per condition with H3K9me3
colocalized with mCherry Lacl (PCC > 0.2), no correlation (-0.1 < PCC <0.2) or
removed (PCC < -0.1) relative to locus condensation state. Bin = 0.1 (10%) cells.
Data represents PCCs of 51 control inactive cells and 30 cells each scored in the
remaining conditions.

B. Dot plot displaying PCCs of H3K9me3 vs. mCherry-Lacl colocalization from the
scored data in Figure 20a above. ** P-value < 0.005 calculated by two-way ANOVA

followed by Tukey’s multiple comparisons test.
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HP1la is a critical protein in the stability of heterochromatin and binds to
H3K9me3, so we were interested if HP1a localization was also altered at the SON-
depleted reporter locus. In control cells, I corroborated that HP1a colocalizes with the
heterochromatic locus and is depleted upon transcription activation (Janicki et al., 2004;
Figure 21a panels a-f; scoring in Figure 21b). However, HP1a colocalization with the
SON-depleted inactive locus was inconclusive, with a similar number of cells exhibiting
HP1a colocalization and no correlation with mCherry-Lacl (images in Figure 21a; panels
g-1; scoring in Figure 21b). HP 1o was not colocalized with the SON-depleted active
locus, although this is to be expected since HP1a is depleted from transcriptionally active
loci (Janicki et al., 2004). More biological replicates or more cells scored per condition
may be necessary to fully understand HP1a dynamics at the reporter locus, or
colocalization analysis using exogenous YFP-HP1a expression rather than commercially

available antibodies.

SON depletion is correlated with an increase in H3K4me3 at some promoter
regions (Kim et al., 2016), so H3K4me3 localization at the SON-depleted reporter locus
was analyzed. At this particular gene, H3K4me3 is not enriched at the inactive mU20S
locus, as evidenced by an average correlation of ~0 with mCherry-Lacl via microscopy
(Figure 22a). Likewise, SON depletion did not result in a change in colocalization of
H3K4me3 at the mU20S locus (Figure 22a). H3K4me3 was also not enriched at the
reporter locus via chromatin immunoprecipitation analysis, and instead associated with

the constitutively active ACTB-2 promoter region (Zhao et al., 2011; Figure 22b).
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Figure 21: HP1a localization is not significantly altered following SON depletion.

A. Colocalization with mCherry-Lacl was measured in mU20S cells treated with non-
targeting sSIRNA duplexes or SON sil + si4 duplexes and left uninduced (panels a-c
and panels g-i) or induced with TetON + dox (panels d-f and j-1) and processed for
immunolocalization of HP1a. Scale bar =5 pum.

B. Heat map indicating proportion of loci scored per condition with HP1a colocalized
with mCherry Lacl (PCC > 0.2), no correlation (-0.1 < PCC <0.2) or removed (PCC <
-0.1) relative to locus condensation state. Bin = 0.1 (10%) cells. Data represents PCCs

of 30 cells scored per condition.
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Figure 22: SON depletion does not alter H3K4me3 localization at the mU20S locus.

A. Dot plot displaying PCCs of H3K4me3 vs. mCherry-Lacl colocalization from
mU20S cells treated with non-targeting siRNA duplexes (left) or SON sil + si4
duplexes (right) without reporter gene transcription induction. P-value > 0.05
calculated by Welch’s unpaired T-test.

B. WT mU20S cells were harvested and H3K4me3 pulled down by chromatin
immunoprecipitation (ChIP). Primers amplifying a region of the U20S 2-6-3 CMV
promoter, the 5’ beginning of the -globin intron/exon module, and a region at the 3’
end of the B-globin intron/exon module were run alongside genomic controls
amplifying a region of the OR4F5 gene desert and ACTB-2 active promoter region.
The data represents n = 1 biological replicate with 2 technical replicates per

biological replicate.
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Subaim 2c¢: Determine SON’s role in genome-wide chromatin accessibility

In the previous Aim 2 subaims, I have uncovered a role for SON in maintaining
chromatin stability at the mU20S locus, observed that SON-dependent chromatin
decondensation cannot be overcome by global transcription inhibition via a-amanitin
treatment, and identified chromatin markers that exhibit altered localization following
SON depletion. Given SON’s role in chromatin condensation and its association with
gene promoters, | was interested if SON could be involved in chromatin accessibility.
Large-scale changes in chromatin accessibility can alter the 3D organization of chromatin
which in turn can alter the long-range chromatin looping interactions of gene expression
machinery. Genome-wide chromatin organization and its effects on the cell and human
disease are currently largely unknown and the subject of an entire 4D Nucleome
Consortium whose research is rapidly evolving (4D Nucleome, 2021). In this subaim, I
investigated SON’s role in chromatin accessibility via gene-specific DNase-qPCR and

genome-wide DAPI analysis.

SON-depleted cells are more susceptible to DNase digestion.

Gene promoters are highly accessible regions of chromatin, meaning they are
more decondensed to allow transcription factor binding, and physically have more
distance between histones than heterochromatic regions. This open chromatin
conformation is detectable by subjecting nuclei to mild DNase | digestion and analyzing
the remaining purified DNA by agarose gel electrophoresis and gene locus-specific

gPCR. More protected regions of chromatin are more resistant to DNase digestion and
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interpreted as being more condensed, whereas less protected chromatin is more
susceptible to DNase digestion and is interpreted as a more accessible region. | first
conducted a pilot study to determine the amount of DNase | enzyme necessary to
partially digest chromatin from mU20S cells without completely degrading the DNA
sample. Nuclei from mU20S cells were isolated and subjected to varying DNase |
reaction temperatures and times. Following mild chromatin sonication and DNA
purification, samples were analyzed by agarose gel electrophoresis and 65° C for 5 min
was determined as the best DNase I condition for marked reduction in DNA quantity and

overall shorter DNA fragments compared to uncut (DNase I-free) condition (Figure 23a).

Analysis of chromatin accessibility changes at specific gene loci can be assessed
quantitatively based on the principle that more accessible regions are more degraded by
DNase | which yields less input substrate, thereby require more amplification cycles by
gPCR when compared to uncut samples (Nepon-Sixt and Alexandrow, 2019). Primers
specific to the U20S 2-6-3 reporter gene array amplifying the promoter, 5’ $-globin, and
3’ B-globin regions were analyzed alongside a gene desert negative control (OR4F5) and
active RNA Pol Il gene promoter positive control (Pol2-69) to assess locus specific
susceptibility to DNase | digestion in WT mU20OS cells. The results are displayed as the
percentage of remaining DNase digested chromatin compared to uncut DNA. The active
promoter control, which should be the most accessible region analyzed do its
constitutively active, euchromatic chromatin state, had just 6.75% DNA remaining
following DNase digestion, indicating this region is highly accessible (Figure 23b). In
contrast, the negative gene desert control had 28.76% DNA remaining, indicating a more

condensed, less accessible chromatin region. Along the mU20S 2-6-3 gene, the promoter
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region was the most accessible (14.92% DNA remaining) despite reporter gene
transcription being off, but it was not as accessible as the constitutively active control.
The 5’ B-globin region had 23.89% DNA remaining, similar to the condensed gene desert
negative control and indicative of the transcriptionally inactive reporter gene status
(Figure 23b). The more accessible state of the 2-6-3 reporter region despite its
heterochromatic status may point to the selectively activatable design of the reporter gene
array and supports the idea that gene promoters, regardless of transcription status, are

more generally accessible than other gene regions.

Once the baseline effect of DNase | digestion on chromatin accessibility in WT
mU20S cells was established, | used this as a tool to determine if SON depletion results
in altered chromatin accessibility at these gene loci. If SON depletion increases locus-
specific chromatin accessibility, this would be identified by an increase in the extent of
DNase | digestion in SON-depleted cells, yielding less substrate for gPCR, increased
cycles necessary for amplification, and a decrease in percent remaining DNA compared
to uncut SON-depleted chromatin. To determine the change in accessibility in SON-
depleted cells, the percent input chromatin remaining in the siSON condition was divided
by the percent input chromatin remaining in the siControl condition. For example at the
constitutively active promoter control, SON-depleted chromatin had about one-third
(0.37) the percent input DNA remaining compared to control mU20S chromatin (Figure
24). This decrease in recovery indicates an increase in chromatin accessibility at this
active promoter locus when SON is depleted. The gene desert control was more resistant
to SON-depleted chromatin accessibility changes (58% recovery). The 2-6-3 promoter

region was particularly susceptible to SON depletion (36% recovery), and the 5” -globin
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gene showed 44% recovery. KATS5, the promoter to the histone acetyltransferase TIP60,
was also assessed for chromatin accessibility changes following SON depletion. A single-
replicate SON ChIP-seq previously conducted by our laboratory identified the KAT5
promoter as a region with SON association in HeLa cells (ChlP-seq peak in Figure 24b).
In mU20S cells, SON depletion resulted in increased accessibility of the KAT5 promoter
(Figure 24a; 38% recovery). The overall increase in chromatin accessibility observed at
all gene loci tested following SON depletion suggests a more global change in chromatin
structure that may not be as site-specific as regions where SON association is

documented via ChIP.
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Figure 23: Regions of highly accessible chromatin are more susceptible to DNase |

digestion.

A. WT mU20S nuclei with equal amounts of input chromatin were either left untreated
(lane 1) or treated with DNase | for varying reaction times and temperatures. After
digestion, chromatin was mildly sonicated, treated with RNAse A and proteinase K,
and DNA purified by PCIA extraction before running on a 1.5% agarose gel. Left
lane is a 2-log DNA ladder. Upper band in each lane is the unsonicated portion of the
sample, and the lower smear is the sonicated DNA fragments. DNase | treatment for
65° C for 5 min (lane 6) shows marked reduction in total DNA and increased
sonication efficiency as indicated by the smaller fragments in the lower smear. White
bands across the gel are indicator dyes xylene cyanol (top) and bromophenol blue
(bottom).

B. WT mU20S nuclei were isolated and input split evenly between untreated chromatin
and chromatin treated with DNase | for 5 min at 65° C. Samples were sonicated,
RNAse/proteinase treated, and DNA purified by PCIA extraction. Equal volume of
DNA was loaded in a 96-well dish with 2x SYBER Supermix, nuclease-free water,
and primer pairs. Primers amplified a constitutively active RNA Pol Il promoter,
ORA4F5 gene desert, the 2-6-3 CMV promoter, or the 2-6-3 5 $-globin gene regions.
Percent input chromatin was calculated using the formula:

100 + 2¢tmnase)=Ctmo pNase) which normalizes the data to uncut input DNA. Ctsample

represents the average of 2 technical replicates.
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Figure 24: SON-depleted gene loci are more susceptible to DNase | digestion.

A. mU20S cells treated with either non-targeting SiRNA duplexes or SON sil + si4
SiIRNA duplexes were harvested simultaneously and equally split as either untreated
or DNase treated at 65° C for 5 min as described in Figure 23. Percent input
chromatin was calculated for both siControl and siSON samples, then the siSON
percent input divided by the siControl percent input to generate the ratio of chromatin

recovered from SON-depleted chromatin for each gene loci. The complete formula:

(100+2Ct(DNAse)_Ct(no DNAse) )siSON

00- 2T ON A Como DAY where Ctsample represents the average of 2 technical

replicates.

B. SON ChIP-seq was performed as a single replicate by a previous Masters student in
HeLa cells using anti-SON WU13 antibody. Normalized SON peak at the KAT5
promoter was visualized using the UCSC Genome Browser (GRCh37/hg19)
alongside tracks displaying H3K27ac association, CpG islands, H3K9me3
association, DNase susceptibility regions, and transcription factor association at base

pair resolution.
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SON depletion alters chromatin organization globally.

Thus far, | have demonstrated that SON associates with an inactive gene promoter
(Aim 1), SON depletion is sufficient for chromatin decondensation of a heterochromatic
gene locus (Aim 2a), epigenetic marker localization is altered when SON is depleted
(Aim 2b), and that SON-depleted chromatin is more accessible via increased
susceptibility to DNase | (Aim 2c). The higher order chromatin structure changes
observed at the SON-depleted mU20S locus and the general increase in chromatin
accessibility following SON depletion led us to investigate SON’s role in global

chromatin organization.

To test if SON could be involved in chromatin organization genome-wide, | used
a previously developed image processing technique to quantify the extent chromatin
condensation in a given nuclei by DAPI staining (Irianto et al., 2014). DAPI is a
fluorescent strain that binds to adenine-thymine rich DNA. Regions of the nucleus that
have more condensed DNA appear brighter by microscopy, whereas DNA-poor nuclear
regions appear darker. For example, nucleoli can be identified as the large, circular, dark
spots in a DAPI-stained nucleus. Nuclear speckles, located in gene-poor regions of the
nucleus, also correspond to dark spots via DAPI staining. In this way, highly condensed
chromatin can also be identified as especially bright areas of the nucleus, such as the
areas surrounding nucleoli and the nuclear periphery which is particularly enriched in

condensed heterochromatin.

Irianto et al. (2014) developed a technique for identifying highly condensed
chromatin regions using Sobel edge detection on DAPI-stained nuclei to calculate a
Chromatin Condensation Parameter (CCP) for each nucleus. We adapted the image

110



processing code first created in Irianto et al. (2014), with few adjustments made to the
code to standardize input images and update the Sobel edge detection step due to
MATLAB software updates. This code was developed in collaboration with
undergraduate researcher Joshua Ward who adapted and ran the code, while I conceived
the project and analyzed the resulting data. Example images moving through the
processing protocol are displayed in Figure 25 (Full processing protocol described in

Methods; MATLAB code available in Appendix B).

As proof of concept, U20S 2-6-3 cells expressing CFP-Lacl and stained with
DAPI were imaged to confirm that DAPI staining and Sobel edge detection can recognize
chromatin changes associated with reporter gene activation/decondensation (Figure 26).
Indeed, the inactive locus was observed as a somewhat brighter DAPI dot (Figure 26a
panels a-c), and Sobel edge detection identified the inactive locus as a condensed circle
(Figure 26a; panels d-e). The active locus corresponded with a DAPI-depleted nucleus
region (Figure 26b; panels a-c), and Sobel edge detection was mostly outside the
decondensed locus area (Figure 26b; panels d-e), indicative of the decondensed
chromatin structure of the activated reporter locus. With this data, we identified that

chromatin structure changes can be detected by DAPI analysis in U20S 2-6-3 cells.

To ensure our code could detect global changes in chromatin condensation
between different cell conditions, we first compared mU20S cells with a-amanitin
treatment to mU20S cells left untreated. The a-amanitin experiment reported in Figures
16-18 was repurposed for CCP analysis by imaging different cells from these same slides,
this time in the DAPI channel. Previous work has demonstrated that the RNA Pol |1

inhibitor a-amanitin correlates with global changes in chromatin structure, as cells treated
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with a-amanitin showed increased chromatin movement and increased chromatin
decondensation (Chu et al., 2017; Haaf and Ward 1996; Nagashima et al., 2019;
Zidovska et al., 2013). A global decrease in transcription yields a global decrease in
chromatin condensation. We therefore expected mU20S cells treated with a-amanitin to
have a lower average CCP compared to untreated cells. A lower CCP means a smaller
amount of strong chromatin edges relative to total cell area, and therefore means less
chromatin condensation. A variety of analysis parameters were tested to identify the
configuration that would yield the largest CCP separation between a-amanitin treated and
untreated cells (Figure 27). We determined a pixel reduction factor of 4 and a signal
threshold value of 0.03 were optimal for detecting changes in chromatin structure. We
found that mU20S cells treated with a-amanitin had significantly less chromatin

condensation compared to untreated mU20S cells (Figure 28).

To determine the effect of SON depletion on genome-wide chromatin
organization, the control untreated mU20OS cells described above were run alongside
SON-depleted nuclei and CCPs calculated. Strikingly, we found that SON-depleted
nuclei have significantly increased chromatin condensation compared to control cells
(Representative images in Figure 29a; analysis in Figure 29b). This increase in chromatin
condensation is not due to any change in nucleus area, as SON-depleted cells exhibit no
significant change in nucleus area compared to control cells (Figure 29¢). An increase in
chromatin condensation indicates more restrictive chromatin movement globally, further

implicating SON in chromatin organization.

The complete dataset comparing mU20S reporter gene activation status and a-

amanitin treatment in Control vs. SON-depleted nuclei is displayed in Figure 30, with
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statistical analysis in Table 3. Notably, treating SON-depleted cells with a-amanitin
results in a global decrease in chromatin condensation similar to control cells treated with
a-amanitin (Figure 30 columns 3 vs 4). mU20S cells transfected with TetON + dox
treatment also showed an increase in chromatin condensation compared to control
inactive cells that decreased with a-amanitin treatment, indicative of the huge increase in
reporter gene transcription activation resulting in more restrictive chromatin movement
globally (Figure 30 columns 1, 5 and 6). Interestingly, SON-depleted cells did not show
the same increase in chromatin condensation when the reporter gene was activated

(Figure 30 columns 3 and 7) as observed in control cells.
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Figure 25: Example Chromatin Condensation Parameter Analysis

A given DAPI-stained nucleus image was imported into MATLAB (panel a) and
iteratively smoothed (panel b), followed by signal thresholding to determine the cell
border. Pixel intensity redistribution was used to standardize the image (panel c), and the
nucleus was placed on a black background (panel d). Sobel edge detection was applied
and holes were filled with black background. The cell perimeter was removed and the
inner nucleus placed on a black background (panel e). CCP was calculated by taking the
number of pixels identified in the Sobel edge detection vector divided by the total pixel
area of the nucleus (panel f). Code adapted from Irianto et al. (2014). Full code available

in Appendix B.
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Figure 26: U20S 2-6-3 reporter locus can be identified by Sobel edge detection

A. U20S 2-6-3 cells were transfected with CFP-Lacl and left uninduced, formaldehyde
fixed, and stained with DAPI (panels a-c). The DAPI-stained nucleus 8-bit TIF image
was run through the CCP pipeline to generate a Sobel edge detected image (panels d-
e).

B. U20S 2-6-3 cells were transfected with CFP-Lacl and TetON. 3 hrs post-transfection,
dox was added for 2.5 hrs to activate the reporter locus. Cells were formaldehyde
fixed and stained with DAPI (panels a-c). The DAPI stained nucleus 8-bit TIF image

was run through the CCP pipeline to generate a Sobel edge detected image (panels d-

e).
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Figure 27: Chromatin Condensation Parameter Analysis Parameters

A. Control inactive -aA (n = 41) and control inactive +aA (n = 25) nuclei imaged
separately from the same experimental slides in Figures 16-18 were run through the
CCP pipeline at varying pixel reduction factors. An increase in pixel reduction factor
decreases the total amount of pixels that comprise an image and is necessary for
Sobel edge detection. Graph depicts average CCP for each treatment condition vs.
pixel reduction factor Bars denote SEM. A pixel reduction factor of 4 was determined
as optimal because higher reduction factors resulted in more loss of chromatin
resolution via Sobel edge detection.

B. Control inactive -aA (n = 41) and control inactive +aA (n = 25) nuclei imaged
separately from the same experimental slides in Figures 16-18 were run through the
CCP pipeline with a pixel reduction factor of 4 and varying signal threshold values. A
higher signal threshold means less pixels are recognized as strong Sobel edges,
decreasing overall CCP. Graph depicts average CCP for each treatment condition vs.
threshold value. Bars denote SEM. A signal threshold value of 0.03 was determined
as optimal because it yields a large difference in average CCP between treatment

conditions while preserving the most pixels for Sobel analysis.
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Figure 28: a-Amanitin treatment decreases Chromatin Condensation Parameter

A. Representative control inactive cells without aA (upper) or with aA (lower) treatment.
Left panel shows the input image, the right panel shows the image after running
through the pipeline and CCP calculated.

B. Control inactive -aA (n = 41) and control inactive +aA (n = 25) nuclei imaged
separately from the same experimental slides in Figures 16-18 were run through the
image processing pipeline and CCPs calculated for each nucleus. Violin plot
depicting CCP distribution in each condition. **** p-value < 0.0001 calculated by
three-way ANOVA followed by Tukey’s multiple comparisons test on the full data

set presented in Figure 30.
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Figure 29: SON-depleted nuclei have increased chromatin condensation.

A. Representative control inactive cells without aA (upper) or SON-depleted inactive
cells without aA (lower) treatment. Left panel shows the input image, the right panel
shows the image after running through the pipeline and CCP calculated.

B. Control inactive -aA (n = 41) and SON KD -aA (n = 20) nuclei imaged separately
from the same experimental slides in Figures 16-18 were run through the image
processing pipeline and CCPs calculated for each nucleus. Violin plot depicting CCP
distribution in each condition. ** p-value < 0.005 calculated by three-way ANOVA
followed by Tukey’s multiple comparisons test on the full data set presented in Figure
30.

C. Nucleus area in pixels was calculated by the image processing pipeline for mU20S
cells in the Control Inactive -aA, SON KD Inactive -aA, Control Inactive +aA, and
SON KD Inactive +aA conditions. Bars denote mean and standard deviation. **** p-
value < 0.0001 calculated by three-way ANOVA followed by Tukey’s multiple

comparisons test.
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Figure 30: Compiled CCP data with pairwise comparisons from Figures 27-29.

These data are identical to the data displayed in Figures 27-29, compiled because all 8
cell conditions shown were analyzed together. Violin plots displaying distribution data;

bars indicate mean and upper/lower quartiles.
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Table 3: Tukey’s T3 multiple comparisons test of data from Figures 28-30.

Tukey's multiple comparisons test Mean Diff.) 95.00% CI of diff., Summary| Adjusted P Value
Control:Inactive -aA vs. Control:Inactive +aA 5.154 2.630t07.678 Aok <0.0001
Control:Inactive -aA vs. Control: Active -aA -5.752 -8.343 to -3.161 Aok <0.0001
Control:Inactive -aA vs. Control: Active +aA 3.633 1.139 t0 6.127 ook 0.0004
Control:Inactive -aA vs. SON KD:Inactive -aA -3.6 -6.311 to -0.8889 wE 0.0017
Control:Inactive -aA vs. SON KD:Inactive +aA 3.718 1.224t0 6.212 ook 0.0002
Control:Inactive -aA vs. SON KD:Active -aA -5.499 -8.127 to -2.871 Aok <0.0001
Control:Inactive -aA vs. SON KD:Active +aA 3.304 0.6763t05.932 wE 0.0039
Control:Inactive +aA vs. Control:Active -aA -10.91 -13.77 to -8.046 Aok <0.0001
Control:Inactive +aA vs. Control:Active +aA -1.522 -4.295 to 1.251 ns 0.6993
Control:Inactive +aA vs. SON KD:Inactive -aA -8.755 -11.72 to -5.785 Aok <0.0001
Control:Inactive +aA vs. SON KD:Inactive +aA -1.436 -4.209 to 1.337 ns 0.7577
Control:Inactive +aA vs. SON KD:Active -aA -10.65 -13.55 t0 -7.759 Aok <0.0001
Control:Inactive +aA vs. SON KD:Active +taA -1.85 -4.744 to 1.044 ns 0.5123
Control:Active -aA vs. Control: Active +aA 9.384 6.551t012.22 Aok <0.0001
Control:Active -aA vs. SON KD:Inactive -aA 2.152 -0.8751t05.179 ns 0.3696
Control:Active -aA vs. SON KD:Inactive +aA 947 6.636 t0 12.30 Aok <0.0001
Control:Active -aA vs. SON KD:Active -aA 0.2531 -2.699 to 3.205 ns =0.9999
Control:Active -aA vs. SON KD:Active +aA 9.056 6.104 t0 12.01 Aok <0.0001
Control:Active +aA vs. SON KD:Inactive -aA -7.233 -10.18 to -4.288 Aok <0.0001
Control:Active +aA vs. SON KD:Inactive +aA 0.08561 -2.660 to 2.831 ns >(.9999
Control:Active +taA vs. SON KD:Active -aA -9.131 -12.00 to -6.263 Aok <0.0001
Control:Active +taA vs. SON KD:Active +aA -0.3285 -3.196 to 2.539 ns >(.9999
SON KD:Inactive -aA vs. SON KD:Inactive +aA 7.318 4.374t0 10.26 Aok <0.0001
SON KD:Inactive -aA vs. SON KD:Active -aA -1.899 -4.957 t0 1.160 ns 0.5513
SON KD:Inactive -aA vs. SON KD:Active +aA 6.904 3.846 t0 9.963 ek e <0.0001
SON KD:Inactive +aA vs. SON KD:Active -aA -9.217 -12.08 to -6.349 ek e <0.0001
SON KD:Inactive +aA vs. SON KD:Active +taA -0.4141 -3.282t02.454 ns 0.9998
SON KD:Active -aA vs. SON KD:Active +aA 8.803 5.818t011.79 ek e <0.0001
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CHAPTER VI

DISCUSSION

Nuclear speckles are domains in higher-order eukaryotes that are the storage and
assembly sites of pe-mRNA processing factors (Mao et al., 2011; Spector and Lamond,
2011; Tripathi et al., 2012). Phosphorylation regulates the shuttling of these factors
between sites of active transcription and speckles (Bernard et al., 2010; Galganski et al.,
2017; Tripathi et al., 2010). Previous studies from our laboratory have focused on the
large protein SON and its role in nuclear speckle organization, demonstrating that proper
speckle morphology requires SON. Loss of SON results in a donut-shaped arrangement
of nuclear speckle factors (Sharma et al. 2010). Our laboratory has also shown that
SON’s unique repetitive motifs are required for nuclear speckle organization and
maintaining proper splicing of a host of protein-coding genes including the histone

modifier HDACG6 (Battini et al. 2015; Sharma et al., 2011).

In addition to SON’s role in nuclear organization and splicing, it has also been
implicated in gene expression via DNA binding (Sun et al., 2001). More recently, SON
has been detected at gene promoters by ChIP-seq analysis (Kim et al., 2016). This was
particularly interesting because neither SON’s nuclear speckle localization or association
with weak splice sites is known to involve DNA-binding, suggesting a completely new
function for SON at chromatin. The larger goal of my thesis was therefore to

127



determine SON’s role in chromatin-mediated gene expression. | used the U20S 2-6-3
inducible reporter gene array as a tool to map SON’s association with the
heterochromatic reporter gene locus, and to determine SON’s role in chromatin
organization both at the reporter locus and genome-wide. A proposed model for SON

association with the reporter gene locus is depicted in Figure 31.

SON in gene promoter regulation

SON was first identified as a DNA-binding protein by Mattioni et al. (1992) and
Sun et al. (2001), and more recently by Kim et al. (2016) who found that SON associates
with gene promoters. Here, we show that SON associates with a transcriptionally silent
reporter gene promoter, and SON is not detectable at the transcriptionally active locus.
SON’s association with the heterochromatic reporter locus further supports a role for
SON in gene regulation at promoters. It was previously shown that SON indirectly
regulates the transcription factor GATA-2 by suppressing the promoter of GATA-2-
targeting miR-27a (Ahn et al., 2013). Here, | show that SON promoter association with
the U20S 2-6-3 reporter gene locus is specific to the transcriptionally inactive state,

again implicating SON in promoter repression.

It is still unclear if gene repression is the only function for SON at promoter
regions, but preliminary ChlP-seq data in our laboratory suggests that SON associates
with the promoters of euchromatic housekeeping genes related to ribosome and RNA
processing (unpublished). This may add some nuance to SON’s suggested role in

promoter repression since housekeeping genes are typically constitutively active. When
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Kim et al. (2016) identified SON at gene promoters, they found that SON depletion was
correlated with both an increase in H3K4me3 at target genes, and an increase in target
gene transcript. It will be interesting to tease out exactly how SON affects different target

genes through promoter association.

SON’s repeat motifs in gene expression

Previous work in our laboratory has demonstrated that SON repeats are required
for accumulation at a reporter BTM minigene (Battini et al., 2013; Sharma et al., 2011),
so it is possible SON functions in a similar way with chromatin remodelers at promoters.
I have demonstrated here that SON’s repeat motifs are necessary for U20S 2-6-3 reporter
locus association. Additionally, SON’s C-terminal RNA associating domains that are
necessary for splicing regulation (Ahn et al., 2011), are not required for chromatin
association. This suggests that SON’s chromatin associating function is distinct from its

role in splicing.

SON’s repeat motifs comprise over one-third of its amino acid sequence and have
not been found in any other protein. Given that SON has been identified in maintaining
stability and/or organization of cellular processes, we think SON’s repeat motifs probably
function as a type of molecular scaffold. The most prominent example of a protein
scaffold is the C-terminal domain of RNA Pol Il (CTD), although there is no sequence
similarity to SON. Pre-mRNA processing factors dock at the CTD YSPTSPS repeats
which increases efficiency of co-transcriptional processing (Ahn and Buratowski, 2004;

Bataille et al., 2012; Lenasi and Barboric, 2013; Misteli and Spector, 1999). Future work

129



will determine what factors associate with SON and when, and the mechanisms that

govern these interactions.

SON in transcription activation

In specific aim 1, | observed that SON does not colocalize with the
transcriptionally activated reporter gene locus, and this decrease in colocalization
preceded higher order chromatin decondensation and reporter transcript detection by
microscopy. This suggests that SON functions in either maintaining the inactive status of
the reporter gene, or perhaps functions in keeping the reporter gene in a poised state for
recruitment of early transcription initiation machinery. There is evidence for a class of
proteins termed “splicing adapters” that recognize and interpret epigenetic markers to
modulate splicing events (Agirre at al., 2015; Luco et al., 2011; Matveeva et al., 2019;
Solboleva et al., 2017), however it is unlikely that SON is functioning as a splicing
adapter at the mU20S reporter promoter since alternative splicing cannot take place at

this gene.

Additionally, I found that SON association with the reporter locus is reversible,
and replacement of dox-containing medium to achieve locus transcription inactivation of
fully decondensed loci is sufficient for SON colocalization with the inactivated locus.
The dynamics of how and when SON associates with the inactivated reporter locus is still
unknown. This could be addressed by analyzing SON localization at various timepoints
after media replacement. It would be interesting to see if chromatin re-condensation

occurs before or after SON recruitment to the inactivated locus. When | inactivated the
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reporter gene using the TetOFF system, SON was not particularly enriched at the
“TetOFF + dox” inactivated locus, even though most inactivated loci were visibly
condensed. | attributed this to the experimental setup, with more time probably being
necessary to completely remove tTA from the promoter to inactivate the reporter gene.
Perhaps this lack of robust SON association with the condensed TetOFF inactivated locus
is an indicator that chromatin re-condensation precedes SON recruitment to the
inactivated locus. The dynamics of gene inactivation and the epigenetic factors that
contribute to modulation in higher order chromatin structure is still not well known, and
further characterization of SON’s role in maintaining chromatin stability at inactive
promoters will enhance our understanding of the coordination between 3D chromatin

structure and gene expression.

SON in epigenetic regulation

There is evidence that transcription factors can recognize and/or manipulate
chromatin markers to modulate chromatin accessibility (Muller et al., 2001; Ren et al.,
2018) In my experiments | showed the heterochromatic histone marker H3K9me3 is
localized to the SON-depleted inactive reporter locus, and that H3K9me3 is colocalized
with the transcriptionally active SON-depleted locus but not the control active locus.
During the early stages after transcription activation, H3K9me3 is removed from the
U20S 2-6-3 reporter gene locus (Hyun et al., 2017; Janicki et al., 2004). It is interesting
that SON-depleted reporter loci are enriched in H3K9me3 even in the transcriptionally
active condition. Perhaps SON-depletion inhibits H3K9me3 removal, although the

increase in H3K9me3 at SON-depleted loci does not seem to affect transcription factor
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recruitment to the SON-depleted active locus. Indeed, SON-depletion has already been
linked to an increase in H3K4me3 at SON target genes (Kim et al., 2016), although
H3K4me3 does not appear to associate with the mU20S gene to corroborate these
findings. The increase in H3K4me3 at SON-depleted gene targets was correlated with
target gene upregulation, further implicating SON in promoter repression (Kim et al.,
2016). It will be interesting to further explore the role of SON in epigenetic modulation

of target genes and its effect on gene expression.

HP1a, a chromatin modifier that recognizes the methylated H3K9 mark to
suppress transcription, shows weak colocalization with the SON-depleted reporter locus
despite the increase in H3K9me3 colocalization. However, it is worth noting that | did
not observe the robust recruitment of HP1a to control inactive loci as reported in Janicki
et al. (2004). This is most likely due to my use of commercially available antibody to
assess HP1a localization. The highly condensed, heterochromatic status of the inactive
reporter locus is particularly difficult to access by antibody-epitope binding, which then
appears as a lack of recruitment to the condensed locus due to accessibility issues.
Therefore, it is difficult to say with certainty how or if HP1a localization is altered at the
SON-depleted reporter gene locus. In the future, live imaging studies employing
fluorescent-tagged protein colocalization would be a more reliable method to assess

protein dynamics at the U20S 2-6-3 locus.
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SON and RNA Pol Il-mediated transcription elongation

Some inactive genes have RNA Pol 11 bound to the promoter but not elongating
the mRNA, allowing the gene to be transcriptionally stalled and poised for activation
when serine 5 of the C-terminal domain is phosphorylated (Gilchrist et al., 2010;
Margaritis and Holstege, 2008; Muse et al., 2007). Although | did not specifically assess
the Ser5-phosphorylated RNA Pol 11, a poised RNA pol 11 does not seem likely for the
mU20S gene because the silent locus is heterochromatic and transcriptionally naive
(Janicki et al., 2004). To rule out that SON interaction with the mU20S gene is tied to
RNA pol Il localization, I assessed RNA pol Il colocalization with mCherry-Lacl. RNA
pol Il showed no colocalization with the inactive reporter locus in control or SON

depleted cells.

In specific aim 2, we blocked global transcription elongation by a-amanitin
treatment to rule out that SON-depleted decondensed reporter loci were not due to some
spontaneous reporter gene activation. Our control cells were consistent with established
literature, with transcriptionally inactive loci not changing in size when treated with a-
amanitin alone, increasing in size with transcription activation alone, and decreasing in
size similar to control inactive loci when activated by TetON/dox with a-amanitin
treatment. These observations are consistent with previous work in our laboratory (Varia
et al., 2013) as well as others (Refalska-Metcalf et al., 2010) who reported pre-treatment
with a-amanitin prevents large-scale chromatin decondensation. Cells treated with a-
amanitin have acetylated loci and exhibit Brd2 and GCN5 recruitment despite a lack of
chromatin decondensation, and loci appear significantly decreased in size compared to

transcriptionally active loci (Refalska-Metcalf et al., 2010).
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SON in chromatin organization

In specific aim 2, I investigated SON’s role in chromatin organization. I used
SON depletion studies to determine how SON affects chromatin stability at the reporter
gene. | found that SON-depleted reporter loci are decondensed yet transcriptionally
silent, and that SON-depleted loci are still activatable. To our knowledge, this is the first
study to observe a decondensed gene locus that is uncoupled from transcription. The
inducible U20S 2-6-3 reporter gene array is therefore a valuable tool in isolating these
distinct processes, as this dynamic uncoupling is likely not possible at endogenous gene
loci. Recent studies support the idea that chromatin organization and transcription
activation are distinct processes, but this has proved difficult to investigate in vivo
because an increase in chromatin accessibility is correlated with an increase in
transcription (Chambeyron and Bickmore, 2004; Hausnerova and Lanctot, 2017). The
tightly controlled CMV promoter in the U20S 2-6-3 reporter gene array does not permit
transcription activation without expression of TetON in the presence of dox, allowing us

to separate activation from chromatin decondensation.

Notably, my experiments were all conducted in U20S 2-6-3 cells that expressed a
stably incorporated mCherry-Lacl for reporter locus labeling (mU20S cells). A recent
study by Hochberg-Laufer et al. (2019) examining SRSF7 dynamics at the transiently
expressed RFP-Lacl U20S 2-6-3 locus did not report any changes in locus area following
SON depletion. In the original U20S 2-6-3 cell line, reporter loci are labeled by transient
transfection of fluorescently tagged Lacl. When | transfected CFP-Lacl into U20S 2-6-3
cells, I observed much higher endogenous and exogenous SON colocalization with CFP-

Lacl compared to endogenous SON colocalization with wild-type mU20S cells. It may
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be that these mU20S cells more closely resemble endogenous gene loci due to their more
“passive” chromatin state that is not disrupted by transient FP-Lacl expression. This
works in our favor for studying higher order chromatin structure at the mU20S gene

locus.

The rounded appearance and increased size of SON-depleted mU20S loci is
almost reminiscent of our previous work showing speckle factor reorganization into a
donut phenotype following SON depletion (Sharma et al., 2010). While I did find that
H3K9me3 localization is altered at SON-depleted mU20S loci, it would be interesting to
dive further into how SON maintains chromatin condensation, and if this is by a similar
mechanism to the way it maintains nuclear speckle integrity. SON’s unique repeat motifs
are required for both speckle organization and chromatin condensation, so perhaps the
repeat domain acts as a sort of molecular scaffold for chromatin or other factors to

properly assemble.

SON’s chromatin association function vs. splicing regulation

A growing body of SON multi-omics data has given new insight into SON’s role
in gene regulation. Exon array analysis in our laboratory by Sharma et al. (2011)
identified SON depletion was associated with both gene activation and repression of
target genes involved in cellular processes such as apoptosis, cell cycle regulation, and
Whnt signaling, among others. SON depletion also altered the splicing of genes via exon
exclusion or inclusion (Sharma et al., 2011). The alternatively spliced genes with the

highest statistical probability were involved in histone modification, which is particularly
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interesting in the context of my thesis work. Histone de-acetylase 6 (HDACG6) and histone
methyltransferase 8 (SetD8) exhibited exon skipping following SON depletion, despite
no change in transcript level (Battini et al., 2013; Sharma et al., 2011). While my thesis
investigated direct SON association with a reporter gene promoter and its affect on
chromatin organization, it is important to consider that SON has a role in several
different, distinct cellular processes, and indirect effects of SON depletion on essential
genes like chromatin modifiers probably accounts for some of the genome-wide

chromatin structure changes | observed.

Thus far, there is no reported overlap in the list of top genes
upregulated/downregulated after SON depletion (Sharma et al., 2011), top genes with
slicing defects after SON depletion (Sharma et al., 2011), and top genes identified by
SON ChlP-seq (Kim et al., 2016). This suggests that SON’s role in transcript regulation,
pre-mRNA processing, and chromatin association are functionally distinct. It is a major
long-term goal to determine how or if these SON-mediated gene expression roles are

interconnected.

SON in chromatin accessibility

| also examined SON’s role in genome-wide chromatin organization. | found that
SON depleted nuclei are more susceptible to DNase digestion and examined how SON
depletion affects global chromatin structure by microscopy. Early research has shown
that treatment of nuclei with DNase did not abolish SC35-labeled nuclear speckles

(Spector et al., 1991). Although DNase maintains speckle integrity, SON-depleted cells
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have significantly altered speckle morphology and reorganization of nuclear speckle
factors (Sharma et al., 2010). Therefore, we cannot completely rule out that the increased
chromatin accessibility 1 observed at SON-depleted loci could be related to SON’s role in
nuclear speckle organization. Furthermore, the increased chromatin compaction |
observed in SON-depleted DAPI stained nuclei indicates that SON plays an important

role in maintaining chromatin stability genome-wide.

Increasingly complex multi-omics methods give valuable insights into protein
functions in the context of higher order 3D chromatin structure. Despite its widespread
expression, SON has historically been an understudied protein, and this is likely due to a
lack of technologies available to reliably study it. With over a third of SON’s amino acid
sequence consists of tandem repeat motifs, the size, insolubility, and repetitive nature of
SON have made it notoriously difficult to work with in a laboratory setting. The
explosion of interest in 3D chromatin organization and nuclear speckle structure this past
decade has brought on a slew of new next-generation sequencing technologies like Hi-C
and TSA-seq, and the rise of super-resolution microscopy can more robustly and reliably
study complex chromatin structures and nuclear speckles. With these advancements have
come a renewed interest in SON and its role in nuclear organization and gene expression.
| am particularly interested in assay for transposable accessible chromatin (ATAC-seq),
which maps regions of accessible chromatin in a given cell population. Comparing
control vs. SON-depleted cells by ATAC-seq would give new insights into SON’s role in
chromatin accessibility, and is the next logical step based on my thesis work presented
here. I have demonstrated that SON associates with a reporter gene promoter and that

SON depletion results in chromatin decondensation that is more susceptible to DNase
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digestion. Furthermore, SON depleted nuclei have an overall increased chromatin
condensation parameter (CCP) suggesting that chromatin structure genome-wide is
altered when SON is depleted. Mapping these more accessible regions by ATAC-seq
would give further insight into SON’s role in chromatin accessibility at specific gene loci.
| would expect ATAC-seq results to be consistent with the target genes identified by
SON ChlIP-seq. Significant overlap in these gene profiles would support the idea that
SON occupancy at gene promoters is directly correlated with increased chromatin
stability, and that SON depleted promoters exhibit increased chromatin accessibility.
Overall, my thesis work fits well into the emerging model that 3D chromatin structure is
an important regulatory mechanism for maintaining proper gene expression. SON’s
established role in nuclear speckle organization and splicing regulation, along with my
own findings that SON is involved in promoter gene repression and chromatin

accessibility, point to a broader function of SON in nuclear stability.
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Figure 31: Model for SON’s role in chromatin stability

SON repeat motifs associate with target gene promoters to maintain chromatin stability
and repress transcription. When SON is not occupying promoters, either by target gene

activation or SON depletion, target genes are more decondensed and accessible.
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APPENDIX A
U20S 2-6-3 REPORTER CELL LINE CHARACTERIZATION

U20S 2-6-3 cells with stably incorporated mCherry-Lacl (mU20S) were used to
visualize the reporter gene locus since using this cell line eliminates the need for a Lacl-
fluorescent protein transfection step. mU20S cells were left as wild-type uninduced and
untransfected (no pTetON — dox; Figure Al; panels a-b), untransfected with doxycycline
added (no pTetON + dox; Figure Al; panels c-d), transfected with pTetON without
doxycycline (pTetON — dox; Figure Al; panels e-f), or transfected with pTetON and
doxycline added (pTetON + dox; Figure Al; panels g-h). As expected, only the “pTetON
+ dox” condition showed visible mCherry-Lacl labelled locus decondensation (Figure

Al).

As first described in Janicki et al., 2004, accumulation of reporter transcript is
first visible by microscopy within 7.5 min post-dox. A YFP-tagged MS2 binding protein
(YFP-MS2BP) binds to the transcribed MS2 stem loop translational operators allowing
visualization of reporter gene transcription by microscopy. Within 30 min after reporter
gene activation, noticeable changes in higher order chromatin structure can be detected,
with maximal chromatin decondensation approximately 120 min post-dox. YFP-MS2BP
intensity increases at the transcription site until 150 min post-dox, when a decrease in

intensity is detected (Janicki et al., 2004).
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Figure Al: mCherry-Lacl labelled U20S 2-6-3 loci show visible decondensation

with pTetON only in the presence of doxycycline.

U20S 2-6-3 cells stably expressing mCherry-Lacl were either left untransfected and
uninduced (no pTetON — dox; a-b), untransfected with dox (no pTetON + dox; c-d), or
transfected with TetON and uninduced (pTetON - dox; e-f) or induced with dox (pTetON
+ dox; g-h). At 2.5 h after dox addition, the cells were processed for

immunofluorescence. DNA was stained with DAPI.

mCherry-Lacl DAPI

WT

Dox
only

TetON
only

TetON
+ Dox
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| wanted to replicate these findings to determine the reporter mRNA Kinetics in
mU20S cells. mU20S cells were transfected with YFP-MS2BP and TetON, followed by
increasing timepoints of dox treatment (Figure A2). “NoTetON — dox” cells (Figure A2;
panels a-d) showed diffuse YFP-MS2BP nuclear localization without accumulation at the
mUZ20S locus. When YFP-MS2BP is transfected into the mU20S cells, it shows a
diffuse nuclear localization because reporter RNA containing MS2 repeats is not present.
At 5 min post-dox (Figure A2; panels e-h) and 10 min post-dox (Figure A2; panels i-1) a
small amount of YFP-MS2BP has accumulated at the still-condensed mU20S locus,
although most YFP-MS2BP is still diffused throughout the nucleus. By 30 min post-dox
(Figure A2; panels m-p), the mU20S locus is visibly surrounded by YFP-MS2BP, with
YFP-MS2BP accumulating at the active transcription site. YFP-MS2BP continues to
accumulate at the mU20S locus at timepoints 60 min dox, 90 min dox, and 120 min dox

(Figure A2; panels g-t; panels u-x; panels y-bb).

Cells on each slide were imaged individually and exposure time varies between
conditions. To prevent oversaturation, exposure was especially decreased beginning at
the 30 min post-dox timepoint, causing the nucleus to appear much darker than the
previous timepoints. Although YFP-MS2BP does begin to be more robustly depleted
from the surrounding nucleus for locus recruitment at this time, the images presented are
shown with slightly darker nuclei than would be visible by eye via microscopy. Similarly,
the mU20S locus appears oversaturated in the “no TetON — dox,” “5 min dox,” and 10

min dox” images shown.

Reporter transcript production was measured by gRT-PCR to rule out leaky

transcription by quantitative analysis of reporter gene expression. Primer pairs in the
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reporter intron, exon, intron-exon junction, and CFP open reading frame were designed
by undergraduate researcher Jacob Ward. All primer sets showed a robust increase in
reporter transcript in the active “TetON + dox” conditions when normalized to GAPDH
and the inactive “no TetON — dox” condition, with the largest increase using the primer
set in the CFP open reading frame (Figure A3a). A melt curve for each of the primer sets
is displayed in Figure A3b, and a single peak (as shown) signals the primers each amplify
a single PCR product. Only “TetON + dox” condition showed a robust fold-change of
14.328 in reporter transcript normalized to GAPDH and mock transfected controls
(Figure A3c), indicating that reporter transcription activity was detectable only at induced

loci.

Microscopy analysis of the inactive and active mU20S locus indicates the
inactive locus is heterochromatic. Janicki et al., 2004 identified the heterochromatic
epigenetic marker H3K9me3 and HP1a, which binds to H3K9me3 (Bannister et al.,
2001; Jacobs et al., 2001) at the inactive mU20S locus. Indeed, H3K9me3 was
colocalized with the inactive reporter locus in mU20S cells (Figure A4a), indicating the

locus is heterochromatic in its OFF state.

When transcription is activated with TetON in the presence of doxycycline,
epigenetic markers including H4K5ac, H4K12ac and H3K9ac are present at the
decondensed transcription site promoter, along with their associated histone
acetyltransferases GCN5, PCAF, and p300 (Rafalska-Metcalf et al., 2010). Pre-mRNA
processing factors Btf and TRAP150, SRSF1, and Magoh have been shown to associate
with the active reporter locus (Varia et al., 2013). In mU20S cells, Btf and TRAP150

also colocalize with the active transcription site (Figure A4b). There are approximately
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200 copies of the reporter construct integrated at the U20S 2-6-3 locus, and there is also
physical separation between the Lac operator repeats that are labelled with mCherry-Lacl
and the downstream transcription unit that recruits pre-mRNA processing factors. So Btf
and TRAP150 staining of active cells shows recruitment to the area near mCherry-Lacl,

but is often visually distinct from mCherry-Lacl foci.
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Figure A2: Reporter transcript can be detected within 30 minutes after

transcription induction.

Timecourse using U20S 2-6-3 cells with stably incorporated mCherry-Lacl. Cells in 7
different wells were simultaneously electroporated and first dox treatment (150 min)

added 3 hours post-transfection. Dox was added at decreasing timepoints until all cells
were harvested 5 hours post-transfection and cells processed for immunofluorescence.

DNA was stained with DAPI. Scale bar =5 pm.
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Figure A3: Reporter transcript is upregulated in transcriptionally active TetON +

dox conditions.

A. gRT-PCR analysis shows relative fold change in U20S 2-6-3 reporter transcript
abundance when normalized to GAPDH and “no TetON — dox” controls. Primer sets
were designed in the intron, exon, intron-exon junction, and CFP open reading frame
regions of the U20S 2-6-3 gene. Relative fold change was calculated by AACt
method from the average Ct of 3 technical replicates from n = 1 biological replicate.

B. Melt curve plot from the QuantStudio 7 flex software displayed as negative derivative
reporter (-Rn”) vs temperature for all PCR primer sets tested. The derivative reporter
represents the rate of change in fluorescence as a function of temperature. Peaks in
the melt curve indicate the melting temperature (Tm) of the primer set. Tr, is the
temperature at which 50% of the DNA is double stranded and 50% is single stranded.
Multiple Tm peaks would indicate nonspecific amplification such as the presence of
primer dimers or multiple PCR products (Applied Biosystems User Guide)

C. gRT-PCR analysis shows relative fold change in U20S 2-6-3 transcript abundance
when nomalized to GAPDH and mock transfected control. mU20S cells were either
left untransfected and uninduced (WT), transfected with carrier DNA and uninduced
(mock), induced with dox (dox only), transfected with TetON and uninduced (TetON
only) or induced with dox (TetON+dox). At 5.5 hrs post-transfection, total RNA was
extracted and two-step gRT-PCR performed. Relative fold change was calculated by
AACt method from the average Ct of 3 technical replicates from n = 1 biological

replicate.
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Figure A4: The inactive mU20S locus is heterochromatic and recruits pre-mRNA

processing factors upon transcription activation.

A. H3K9me3 colocalizes with the closed mU20S locus (16/20 cells scored). Wild type
cells expressing mCherry-lacl were processed for immunofluorescence and
colocalization with H3K9me3.

B. Pre-mRNA processing factors localize to the transcriptionally active mU20S locus.
Cells were left untransfected and uninduced (WT) or transfected with TetON + 2.5
hrs dox. Post-transfection 5.5 hrs, cells were processed for immunofluorescence and
colocalization with Btf or TRAP150. Btf was not colocalized with WT mCherry-Lacl
in 28/30 cells scored (panels a-c), and colocalized with the transcriptionally active
locus in 25/30 cells scored (panels d-f). TRAP150 was not colocalized with WT
mCherry-Lacl in 27/30 cells scored (panels g-i), and colocalized with the

transcriptionally active locus in 26/30 cells scored (panels j-I).
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APPENDIX B

cle

clear all %#ok<*CLALL>

prefix = {'a’}; %Define the letters that represent the different experimental portions for
file naming

indices = [101]; %How many of each letters are there, put them in order matchin g prefix
PixRedFactor = 4; %PR =4

SobelThresh = 0.03; %ST = 0.03

for R = 1:length(prefix)

for RR = indices(R)

namel = join([num2str(RR),prefix(R)],"); %Joins the numberical value and letter for
making a complete filename for reading

name = join([namel,".tif"],");

names(RR,R) = join([num2str(RR),prefix(R)],"); %Places all names into a vector for
output file use

filenames = dir(char(name)); %Reads the image file

Printl2 = 0;

Printl3 = 0;

Printl4 = 0;

Printl5 = 0;
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Printl6 = 0;

Printl7 = 0;

PrintAl = 0;

Printl8 = 0;

Printl9 = 0;

Printl10 = 0;

Printl11 = 0;

Printl12 = 0;

Printl13 = 0;

Printindex = [Printl2 Printl3 Printl4 Printl5 Printl6
Printl9 Printl10 Printl11 Printl12 Printl13];
s = numel(filenames);

[PrintNameL.ist] = GeneratingPrintName(PrintIndex,s);
Avrealist = zeros(s,1);

edgecountlist = zeros(s,1);

edgedenlist = zeros(s,1);
for g=1:numel(filenames)

%Load image

| = imread(filenames(q).name);

| = imresize(l,[512 512]);

%Acquire threshold value for |

[T] = ThreshMode(l);

%Image average smoothening by (i)th times
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12=1;

fori=1:6

h = fspecial(‘average");

12 = imfilter(12,h);

end

%Thereshold application to 12
[13] = ApplyThresh(12,T);

13 = logical(13);

%Hole-filling algorithm

14 = imfill(13,'holes");
%EXxtract the nucleus from the original image to a black background
[15] = Extractimage(l,14);

15 = uint8(15);

%Intensity redistribution for 15
A = max(max(15));

B = double(15);

C =double(A);

|5 = (B/C)*255;

I5 = uint8(15);

%Image reduction by a factor of 4 (1/4 = 0.25)
PixRed = 1/PixRedFactor;

16 = imresize(15,PixRed);

%Intensity redistribution for 16
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A = max(max(16));

B = double(16);

C = double(A);

16 = (B/C)*255;

16 = uint8(16);

%SOBEL edge detection application
17 = edge(16,'sobel’,Sobel Thresh);
Al = uint8(17);

Al = A1*255;

%Acquire threshold value for 16
clear T

[T] = ThreshMode(16);
%Threshold application to 16

[18] = ApplyThresh(16,T);

I8 = logical(18);

%Hole-filling algorithm

19 = imfill(18,'holes";

%Perimeter subtraction by (n)th times

110 = 19;
n=2;
fori=1:n

111 = bwperim(110);

110 = 110-111,
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110 = logical(110);
end
%Extract the SOBEL edge inside the nucleus into a black background
[112] = Extractimage(17,110);
112 = logical(112);
113 = 112+111;
113 = uint8(113);
113 = 113*255;
%Nucleus area
[row,column,int] = find(110>0);
S = length(row);
Area = S;
Arealist(q,1) = Area;
%Edge count
edgecount = sum(sum(112));
edgecountlist(q,1) = edgecount;
%Edge density (i.e. chromatin condensation parameter)
edgeden = (edgecount/Area)*100;
edgedenlist(qg,1) = edgeden;
112 = uint8(112);
112 = 112*255;
[PrintList] = GeneratingPrint(Printindex,q,PrintNameList,12,13,14,...

15,16,17,A1,18,19,110,111,112,113);
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Arealistl(RR,R) = Arealist;
edgecountlistl(RR,R) = edgecountlist; %#ok<*SAGROW>
edgedenlistl(RR,R) = edgedenlist;

figure

subplot(2,3,1)

imshow(l)

title('Original Image")

subplot(2,3,2)

imshow(12)

title('Smoothed Image")

subplot(2,3,3)

imshow(15)

title('Intensity Redistribution Image")
subplot(2,3,4)

imshow(16)

title('Complete Background Removed Image')
subplot(2,3,5)

imshow(112)

title('Sobel edge detection of interior of cell’)
subplot(2,3,6)

imshow(113)

title('Total cell perimeter with sobel detection of interior’)

end
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%%

% figure

% subplot(2,3,1)

% imshow(l)

% title('Original Image’)

% subplot(2,3,2)

% imshow(12)

% title("'Smoothed Image’)

% subplot(2,3,3)

% imshow(I5)

% title('Intensity Redistribution Image")

% subplot(2,3,4)

% imshow(16)

% title('Complete Background Removed Image")
% subplot(2,3,5)

% imshow(112)

% title('Sobel edge detection of interior of cell’)
% subplot(2,3,6)

% imshow(113)

% title("Total cell perimeter with sobel detection of interior’)
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