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Abstract

Chromatin is generally separated into open, active euchromatin and compressed, silent
heterochromatin. These regions contain disparate post-translational modifications on the DNA
bound histones which signal for the specific recruitment of regulatory proteins that are needed
to activate or repress local transcription. Methylation of the lysine 9 residue of histone H3
(H3K9me3) is an epigenetic signal for chromatin compaction and silencing. The HP1 family of
proteins recognize and bind this modification and mediate compaction through homo- and
hetero-dimerization. The replacement of methylation at H3K9 with active acetyl modifications
engages positive transcriptional machinery such as BRD4, which signals for the activation of RNA

polymerase.

Friedreich’s Ataxia (FRDA) is a rare, progressive, and lethal neurodegenerative disorder
that results from an aberrant trinucleotide repeat expansion in the first intron of the FXN gene
which results in its heterochromatinization. We have found that the synthetic transcription
elongation factor SynTEF1 licenses transcription across FXN without the expunction of the
H3K9me3 repressive modification or the loss of HP1 proteins. SynTEF1 generates this dualistic
state by preferentially recognizing the repeat expansion within the heterochromatic region which
creates an ingress for BRD4 accumulation. Both of these transcriptionally opposed proteins form
phase separated condensates in regions of active or repressive transcription, respectively.
SynTEF1 mediates the co-condensate formation of BRD4 and HP1, likely mirroring other cellular

mechanisms that enable RNA synthesis within heterochromatin. The co-treatment of SynTEF1



with the histone deacetylase inhibitor 109 results in an unexpected rise in H3K9me3 across the
repeat region concomitant with the highly synergistic activation of FXN expression. The active
reinforcement of heterochromatic modifications which are progressively overcome by SynTEF1
demonstrates the context-dependence of epigenetic modifications in their role of transcriptional
regulation. The observations discussed in this thesis contribute to a deeper understanding of the

role of epigenetic gene regulation at the interface of transcriptional activation and repression.



Chapter 1 | The epigenetic mechanisms of transcriptional repression at Frataxinin

Friedreich’s ataxia



1.1 Introduction

When the 6.4 billion nucleotides of the human genome were fully sequenced it was
determined that there exist only about 20,000 protein coding genes (although this number is still
debated), which make up approximately 1.5% of the genome [1]. In contrast, gene-poor and
transcriptionally repressed repetitive DNA regions account for at least 45-54% of the human
genome [2, 3]. These repetitive sequences are necessary to maintain the structure and function
of the human chromosomal landscape and have helped direct human evolution [4, 5]. This
repetitive DNA is largely made up of transposable, or mobile elements that can rearrange, insert,
and duplicate themselves within the genome. Transposable elements may be considered selfish,
or in some cases are even referred to as genomic parasites, in that their mobility allows them to
spread pervasively, separately from the genetic elements of the organism [6]. This selfishness
explains why they are found ubiquitously in all eukaryotic genomes and why they constitute such
a large portion of the human genome. Transposable elements are not just benign expansions but
can be found in gene bodies and important regulatory regions. Their insertion nearby or within
genes affect local expression, can result in mutations that change the protein function, and
change long range DNA interactions. Over many generations these changes caused by the
insertion of transposable elements is stabilized in the genome which drives evolution and
contributes to normal gene function, but aberrant insertions can result in the misregulation of
gene transcription. The change in the modulation of essential genes through the insertion of

transposable elements leads to several types of human diseases [5, 7, 8].

There are two major classes of transposable elements that differ by length, mechanism

of insertion, and method of transcription. Long Interspersed Nuclear Elements (LINEs) are 4-7 kb



sequences transcribed by RNA polymerase Il and comprise over 20% of the human genome [2].
They contain two open reading frames and a regulatory CpG island in the promoter [8]. The
proteins translated from the two open reading frames are used to reverse-transcribe and insert
the element back into the genome at a different locus [9]. The most common and only active
family of LINE elements is LINE-1, while the less common LINE-2 and LINE-3 elements have

become inert due to genomic mutations [9].

Small Interspersed Nuclear Elements (SINEs) are much smaller, about 300 nucleotides,
and comprise 13% of the repetitive DNA sequences in the human genome [2]. The most abundant
family of SINE elements is the Alu repeat, a descendent of the 7SL RNA gene [10]. Alu repeats
contain a CpG regulatory element, an internal polymerase lll binding sequence, and consist of
two structured domains separated by a poly-A sequence [10]. The CpG regions found in
transposable elements comprise over 1/3 of the total CpG islands in the human genome, and
their methylation can be used to estimate global DNA methylation [9]. Transposable elements
are highly prevalent sequences that are variable in size, contain internal regulatory elements, and
are located irregularly in the genome, all of which leads to their involvement in disease etiology.
They contribute to Autism Spectrum Disorder, Schizophrenia, bipolar disorder, Alzheimer’s

disease, and Friedreich’s Ataxia amongst others [8, 11-13].

Another common repetitive element found in eukaryotes are Short Tandem Repeats
(STRs), which are short DNA sequences of up to 100 bp that contain 1-13 repeating nucleotides.
Despite their small nature, STRs make up about 3% of the human genome [2]. The repeating
sequence of STRs primarily consist of short poly-A stretches and are frequently found near or

inside SINE transposable elements [14-16]. The correlation between STRs and SINE elements



suggests that STRs result primarily from the mutation of poly-A stretches of mobile SINE elements
[15]. STRs are prone to DNA polymerase slippage during replication which leads to both their
expansion as well as the variability in their size between individuals [17]. Multiple repeat length
differences can be used to identify people by forensic analysis based on collected DNA samples,
genome mapping, parental verification, population genetics, and other various applications [18,
19]. Despite the variations in repeat length, their localization in the genome is not random. Trimer
and hexamer repeats enrich in exonic regions which result in amino-acid insertions, while other
more translationally disruptive repeat lengths are primarily found in intronic and intergenic
regions [14]. STR expansions can change the transcriptional regulation or coding sequence of
necessary genes, generating either loss of function or gain of function mutations. Over the last
15 years disorders associated with STR repeat expansion have doubled, and now account for

more than 40 repeat expansion diseases (Fig 1.1) [20, 21].

One disease, Friedreich’s Ataxia (FRDA), results from an STR expansion at an internal SINE
element [22]. It is a rare autosomal recessive neurodegenerative disorder that affects 2-3 people
per 100,000 [23]. FRDA was first described by Dr. Friedreich in 1863 as a disease resulting in the
loss of feeling in the lower limbs and scoliosis of the spine [24]. The first symptoms begin during
childhood, generally between 10 and 15 years of age [23]. As the disease progresses, patients
exhibit muscle weakness which frequently results in the loss of motor control in the peripheral
limbs and scoliosis, leaving the individual wheelchair bound. As the loss of muscle control
worsens, patients can have difficulty controlling facial movements including swallowing and
exhibit increased tiredness. About 30% of patients also develop diabetes mellitus as the disease

progresses [23]. In the later stages FRDA patients frequently develop different cardiovascular



diseases such as hypertrophic cardiomyopathy, myocardial fibrosis, and tachycardia which

eventually results in a shortened lifespan [25].

For over one-hundred years doctors have documented the disease progression of FRDA
patients, with only palliative care available to ease their suffering. It was not until 1995 that the
Pandolfo lab identified a 150 kb region of chromosome 9 that was associated with the disease
[26]. The next year they identified the gene responsible for FRDA and coined it Frataxin (FXN),
after Dr. Friedreich and the ataxia he first described [27]. Pandolfo identified a large (GAA), STR
repeat expansion in the first intron of the Frataxin gene in patient tissue, which was found to be
present on both FXN alleles. Healthy individuals carry <10 (GAA) STR repeats found near an
inactive, ~55M year old SINE transposable element in the Alu family [7]. This (GAA) STR is much
larger in FRDA affected individuals and consists of 50 to over 1000 consecutive trinucleotide
repeats. Patients homozygous for the (GAA) expansion suffer from FRDA, but heterozygous
individuals are healthy and show no adverse phenotypes. In rare circumstances, affected FRDA
individuals can be heterozygous for the GAA repeat expansion and contain a deleterious
mutation in the second allele that leads in its inactivation, which results in the depletion of

functional FXN protein and the progression of the disease [28].

In FRDA, the intronic (GAA) expansion results in decreased levels of FXN transcription,
which cumulates in a global cellular depletion of both transcript and protein [29]. FXN is a
necessary protein for growth and development, and the complete loss of FXN is embryonically
lethal [30]. The GAA expansion attenuates expression but does not completely silence the gene;

transcriptional levels are instead reduced to <5-25% of healthy individuals [31]. The repression



of FXN transcription occurs in a GAA repeat length-dependent manner, with individuals who

contain longer repeats showing a deeper level of suppression [31].

The loss of FXN transcript results in a depletion of FXN protein, which is required for iron
trafficking and mitochondrial iron-sulfur cluster biogenesis [32, 33]. The misregulation of iron
trafficking results in a depletion of iron-sulfur clusters, placing a strain on the electron transport
chain as well as disrupting general mitochondrial iron homeostasis. FRDA patient cells show signs
of increased oxidative stress, increased iron uptake, mitochondrial structural and replication

defects, and a reduction of the electron transport chain ATP generation [32-35].

Since the GAA repeat expansion mediates the loss of functional FXN transcript resulting
in FRDA disease progression, understanding and alleviating that transcriptional block has been
the primary focus of research in treating FRDA patients. The mature FXN transcript is
exceptionally stable, with a Ti2 of 11 hours [36]. Therefore, even partially relieving the
transcriptional block could slow or even reverse disease progression. Unfortunately, the (GAA)
repeat expansion results in multiple types of transcriptional inhibition which makes it difficult to
treat. RNA Polymerase Il is observed at the transcription start site (TSS) but elongation through
the repeats appears to be stalled, and to this day it is still unclear whether one or multiple
mechanisms of repression are inhibiting polymerase progression [36, 37]. There is strong
evidence for the loss of active epigenetic modifications (Fig 1.2A) and the placement of inhibitory
marks (Fig. 1.2B) which shift the DNA from an euchromatic to heterochromatic state (further
discussed in 1.2). RNA:DNA duplex formation and antisense transcription mediating silencing
have also been observed, presenting additional physical barriers to transcription (Fig 1.2B and

further discussed in 1.3) [38-40].
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Figure 1.1 | Diseases resulting from repeat expansions

Diseases resulting from short-tandem repeat expansions. Repeat-expansion diseases result
from the improper insertion or expansion of a repetitive DNA sequence into the gene. Shown
are common repeat expansion—based diseases with the expanded DNA sequence and the
location of the expansion. Repeats that occur in the promoter region either positively or
negatively regulate gene transcription. Those that occur in the exon result in translated amino
acid insertions, and those found in introns affect transcription and exon splicing. Although less
common, 3’-UTR expansions can cause translational defects. Abbreviations: SCA,

spinocerebellar ataxia; UTR, untranslated region.
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Figure 1.2 | Many mechanisms of repression at FXN caused by the (GAA) repeat expansion

(a) The transcription of FXN proceeds normally in healthy individuals. Histones are acetylated
and open, and polymerase (blue crescent) transcribes through the repeat region. (b) The
expanded repeat region in Friedreich ataxia results in the formation of complex DNA structures,
antisense transcription, and heterochromatin, all of which negatively regulate progressive
transcription of the gene. Acetyl groups are green hexagons; methyl groups are red circles;
nucleosomes are light blue ovals; mRNA is yellow; and DNA is green. Polymerase (dark blue

crescents) is transcribing the FXN gene. Heterochromatin is bound by HP1 (red ovals).
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1.2 Epigenetic modifications and the histone code

Nucleosomes are the most basic subunit of chromatin, consisting of 147 bp of DNA
wrapped around a core histone octamer. The octamer is composed of two copies each of the
evolutionarily conserved histone H2A, H2B, H3, and H4 [41]. The DNA is wrapped in a left-handed
manner about 1.8 turns around the nucleosome core, with Lysine and Arginine positively charged
histone amino acids contacting and directing the DNA winding [41, 42]. Only ~75% of each
histone protein is folded and contained within the DNA bound nucleosome core. The other 25%
consists of an unstructured N-terminal tail that extends out past the core particle. The solvent
exposed histone tail is available for Post Translational Modifications (PTMs) and other protein-
protein interactions [41]. This includes inter-nucleosomal interactions which stabilize the

chromatin and mediate secondary and tertiary nucleosomal structures [41, 42].

Histone tails play a vital role in the regulation of transcription. They function as signposts,
signaling to other factors about the nature and function of the wrapped DNA through their post-
translational modification at specific residues. With 8 histone proteins per nucleosome, there
exist many possibilities for both variation and redundancy at a locus, which allows for different
signals and signal strengths at various locations along each gene. Histone tail PTMs are involved
in regulating polymerase progression during transcription, the recruitment of transcription
factors, regulating DNA availability, winding, structure, and compaction [43]. Some of the more
common PTMs include the following: The phosphorylation of serine, threonine, and tyrosine
results in the placement of a large, negatively charged modification. Positively charged lysine
residues may have their charge stabilized through methylation, neutralized by acetylation or

crotonylation, or provide a ligation site for the addition of the ubiquitin protein. Arginines can be
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methylated which increases their bulkiness and stabilizes their positive charge, or citrullinated
which eliminates it. Prolines can undergo isomerization which changes the structure of the tail,
changing the availability of binding sites. And there are even more, less common modifications
[43, 44]. The staggering complexity of potential epigenetic PTMs provides the cell a way to
barcode regions of DNA for active transcription or to signal for its compaction and transcriptional
silencing. The idea that multiple modifications co-occur and function combinatorially and/or
sequentially in order to regulate downstream processes is called the histone code hypothesis

[45].

Histone modifications work to regulate transcription and, while their function is
frequently conserved between species and directly heritable, the signal is not directly encoded
into our genome. Therefore, these modifications along with DNA methylation and regulatory
RNA molecules are termed epigenetic modifications [46, 47]. Epigenetic modifications modulate
most aspects of MRNA transcription: they recruit the proteins necessary for DNA compaction and
silencing, signal remodeling complexes to reposition and rearrange the nucleosomes, and
provide binding sites for necessary transcription factors [44]. The correct epigenetic signaling is
necessary for homeostatic survival, and when it is disrupted in the cell it can lead to apoptosis,
phenotypic changes, or abnormal growth culminating in various disease states including many
types of cancer [48]. The (GAA) repeat expansion in FRDA results in many epigenetic changes at

FXN, which have been characterized extensively (Fig. 1.3A).
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Figure 1.3 | The changes in common epigenetic modifications that change during FRDA and their

associated reader proteins

(a) Common epigenetic modifications that occur on histones H3 and H4. Red indicates
modifications commonly associated with transcriptional repression, and green indicates groups
commonly associated with transcriptional activation; methyl groups (me; circles) and acetyl
groups (Ac; hexagons) on lysine (K) residues are shown. Arrows indicate the changes observed
in FRDA cells, relative to healthy cells. (b) Reader proteins bind epigenetic modifications on

specific lysine residues to regulate transcription.
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1.3 The silencing of FXNthrough epigenetic transcriptional regulation

The silencing of FXN through histone epigenetic changes occurs in two parts: the removal
of transcriptionally “active” modifications and their subsequent replacement with
transcriptionally “repressive” ones. This transition from an active to repressive state is not entire,
which therefore results in the attenuation but not the complete silencing of FXN transcription.
The histone modifications that change with the expansion of the (GAA) repeat sequence have
been characterized extensively (Fig 1.3B). While an exhaustive description of every epigenetic
modification and associated protein is outside the scope of this work, | will attempt to summarize
the current state of the field on the epigenetic regulation at FXN, provide a brief summary of
important “reader” proteins, and describe how these changes affect chromatin compaction and
transcription elongation in FRDA (Table 1). | will then describe research centered on the

development of novel therapeutics that are being designed to overcome this repression.
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e BRD4 [147]
H4K8Ac ® DPF3b [147] Decreased [38, 72-74]
® BRPF1 [193]
H4K12Ac ® BRPF1 [193] e HBO1 [195] Decreased [38, 74]
H4K16Ac e BRD4 [196] ® MSL Complex [197] Decreased [38, 72, 74]
H3K9me2 ['SE'PSl?“]/ HPIB/HPLY | Goa/GLP [198-200] Increased [72, 74, 89)]
® HP1o/HP1B/HP1ly | e SETDB1 [68]
[56, 57] ® SETDB2 [69, 70] ) y
H3K9me3 o MPPS o SUV39H1 [198, 199] Increased [36-38, 40, 72-76]
(HUSH Complex) [201]| ® SUV39H2 [198, 199]
e PRC1 [202]
H3K27me3 o PRC2 [202] ® PRC2 [79] Increased [40, 72, 76]
HAK20me3 o DNMT1 [87] S Increased [37]

 SUV420H1/2 [86]
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Table 1 | List of epigenetic modifications that change in response to (GAA) repeat expansion and

their associated proteins

Common epigenetic modifications that have been measured in FRDA along with their
associated reader and writer proteins. Changes in most reader and writer protein association
with FXN have not been directly measured. A more complete list allows for an analysis of reader
proteins that may be important in regulating epigenetic changes and potential writer proteins

that can be targeted to help restore homeostasis.
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1.3.1 Heterochromatin formation and histone 3 methylation at K9

Functionally, cellular chromatin can be broadly partitioned into two separate categories.
Euchromatin is gene rich, actively transcribed chromatin that is mobile, diffuse, and localized
generally in the interior of the nucleus. Alternatively, heterochromatin is composed of tightly
bundled regions of DNA that tend to be gene poor, lowly transcribed, and isolated to the nuclear
periphery and puncta within the nucleus. Heterochromatin is further subdivided into two
important classes depending on its function: facultative and constitutive. Facultative
heterochromatin has regions that are transcribed infrequently, usually during development or
differentiation, but are otherwise silent. HOX gene cluster silencing and X chromosome
inactivation are examples of facultative heterochromatin which are differentially expressed
during development [44]. Constitutive heterochromatin is instead tightly wound, compacted

DNA that is generally not transcribed.

The establishment and maintenance of constitutive heterochromatin is a necessary
function, and we are constantly learning more about the locations and types of DNA that undergo
this type of compaction. Restricting access to this DNA and separating it from the rest of the
nuclear milieu allows the cell to inhibit the transcription of gene poor regions such as
centromeric, telomeric, satellite DNA, and LINE, SINE, and other transposable elements [3, 49-

51].

A characteristic of constitutive heterochromatin is di- and tri-methylation of histone H3
at lysine 9 (H3K9me2/3) [52, 53]. H3K9me2/3 colocalizes with constitutive heterochromatin in
repetitive regions of DNA including alpha satellite centromeric repeats, retrotransposons, LINE

and SINE elements, all gene poor lowly transcribed regions of DNA [51]. H3K9 methylation is a



21

crucial signal for maintaining the inactive state in these regions through the recruitment of the
heterochromatin protein 1 (HP1) family of reader proteins, which both restrict access to DNA and

function as physical barriers to transcription [54, 55].

The three human HP1 paralogues, HP1la, HP1fB, and HP1ly have a highly conserved
sequence with an N-terminal chromodomain, a flexible linker domain, and a C-terminal
chromoshadow domain (Figure 1.4A) [56, 57]. Chromodomains are common among proteins that
recognize and bind methylated lysine residues. The HP1 chromodomain specifically recognizes
and binds to H3K9me2/3 modifications which recruits HP1 to regions of marked heterochromatin
inhibiting transcription and facilitating condensation. Once bound to H3K9me2/3, HP1 proteins
recognize and interact with each other through their highly conserved chromoshadow domain
(Figure 1.4B). This creates complex networks of homo- and heterodimerized HP1 proteins
spanning large regions of H3K9me2/3 modified nucleosomes [58, 59]. HP1a oligomerization is
regulated through a small, serine rich N-terminal extension. The phosphorylation of these specific
serine residues promotes oligomerization, which may prove to be an important yet not well
understood biological process [60]. The HP1 family also contains an unstructured linker domain
which functions to recognize and bind nucleotides. The additional interactions with RNA and DNA
aids in transcription regulation by stabilizing the bound protein at the DNA (Figure 1.4B) [61]. All
three of the HP1 paralogues are found in constitutive heterochromatic DNA, facilitating its
compaction, and creating a physical barrier to transcription throughout the region. One
paralogue, HP1y, is more promiscuous and can also be found in regions of euchromatin and active
transcription, which suggests this protein may play multiple roles depending on the state of the

chromatin [62].
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An interesting compartmentalization mechanism that has recently been observed with
the HP1 family is their ability to phase-separate [60]. The N-terminal, hinge, and C-terminal
regions are all highly disordered, a common trait of proteins that have a propensity to form
phase-separated condensates [63, 64]. Despite their sequence homology and common ability to
bind nucleic acids, the Narlikar lab has shown that the HP1 paralogues have different propensities
to phase separate. HP1a readily forms phase separated condensates when complexed with short
(147 bp) and long (2.7 kb) DNA sequences, where HP1y will only coacervate with the longer
sequences, and HP1B doesn’t phase separate with free DNA at all [65]. They were able to describe
another important characteristic for HP1p (and to a lesser extent HP1y), that their addition to
DNA-bound HPla condensates rapidly dissolves the condensate. This type of relationship
provides insight as to why we observe paralog specific binding patterns and allows for subtle,

biophysical tuning of epigenetic repression at regions containing H3K9 methylation.

The placement of H3K9 methylation can occur either in a complete or in a stepwise
manner. The heteromeric methyltransferases G9a/GLP catalyze the initial placement of mono-
and di-methyl modifications [66]. These sites can be further tri-methylated through the
recruitment of methyltransferases Suv39H1 and Suv39H2 [52, 67]. Bypassing the stepwise route,
SETDB1 and SETDB2 can directly di- and tri-methylate H3K9 without the need of initial priming
[68-70]. SETDB1 and SETDB2 can form a multimeric complex with the HP1 family which facilitates
the spread of H3K9 methylation as well as the recruitment of HP1, resulting in the rapid

compaction of DNA [71].

In healthy individuals the levels of HP1 and H3K9me2/3 would be expected to be low at

the FXN gene as it is a necessary mitochondrial protein [36]. FRDA patient derived cells that are
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challenged with the (GAA) repeat expansion see an aberrant placement of H3K9me2/3 in the first
intron and through the repetitive region [36-38, 40, 72-76]. The placement of H3K9me2/3 is not
sufficient for transcriptional repression though, HP1 proteins must be recruited to condense the
DNA and act as a barrier to transcription. As anticipated, HP1B condenses (GAA) repeat-
containing chromatin and FRDA patients display an increase in HP1a and HP1y recruitment to
and around the repeat region of FXN [8, 40]. These observations show that H3K9me2/3 is
functional and working to suppress transcription at the GAA repeat region. Importantly though,
HP1 recruitment is not sufficient to completely silence transcription. There is enough remaining
active transcriptional machinery to partially overcome the presence of HP1 and H3K9me2/3,

which gives rise to low levels of transcription.
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Figure 1.4 | The structure and function of the heterochromatic HP1 family of epigenetic reader

proteins

(a) The domains of the 3 highly complementary human HP1 paralogues (HP1a, HP1pB, and HP1y)
are shown with their domain boundaries indicated below each structure. The chromodomain
recognizes and binds histones modified with H3K9me2/3, which stabilizes the histones at these
loci. The chromo-shadow domain promotes homo- and heterodimerization, which facilitates
chromatin compaction. The hinge region binds nucleic acids to help stabilize the proteins bound
to chromatin. (b) HP1 mediates the compaction of heterochromatin by binding H3K9me2/3 (red
circles) with the chromodomain (orange) and homo- and heterodimerizes through interactions
with the chromo-shadow domain (red). The hinge region (purple) interacts with DNA to

stabilize its binding. Histones are blue and DNA is green.
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1.3.2 H3K27me3 / H3K27Ac and PRC2 transcriptional repression

Histone H3 tri-methylation at lysine 27 (H3K27me3) is another prevalent modification for
epigenetic transcriptional repression. It is placed and read by the Polycomb Repressive Complex
2 (PRC2), which contains proteins that can both read H3K27me3 as well as write new
modifications onto nearby lysine residues. PRC2 is a large multimeric complex that consists of 4
core proteins: the methyltransferases EZH1/2, the RNA and DNA binding protein SUZ12, the
H3K27me3 recognition protein EED, and RBBP4/7 which binds another epigenetic modification
H3K36me3 to be described later [77]. PRC2 along with the long non-coding RNA XIST, are
necessary for X-chromosome inactivation in females, an evolutionarily conserved process by
which one of the X chromosomes is condensed and inactivated during development. This reduces
the transcription of genes located on the second female X-chromosome and ensures there is not
overproduction of unnecessary mRNA [78]. The method by which the PRC2 complex results in
gene repression begins with the EED protein recognizing and binding regions rich in H3K27me3
marks. EZH1/2 then recognizes unmodified H3K27 and catalyzes the transfer of methyl groups
from the cofactor S-adenosyl-L-methionine (SAM) to the lysine on the nearby histones through
its catalytic SET domain. This process of recognition and subsequent placement of H3K27me3
spreads the epigenetic mark to surrounding histones and creates a feedback loop with the
additional recruitment of PRC2 complexes, which both stabilizes the inhibition and triggers its
spread [79]. The promoters and gene bodies of transcriptionally silent genes commonly enrich

for H3K27me3.

Conversely, acetylation of H3K27 (H3K27Ac) is catalyzed by the ubiquitous histone

acetyltransferases CBP/P300 and TAF1 [80, 81]. When acetyl marks are placed they must be
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removed before the gene can be methylated, which inhibits both and the recruitment of the
PRC2 complex and the spread of additional methyl modifications. H3K27Ac is broadly found in
actively transcribed genes and colocalizes with other similar active epigenetic modifications, as
well as Mediator, a large multicomponent complex that interfaces directly with polymerase.
Mediator recruits a large host of proteins which signal for the polymerase to begin transcription.
H3K27Ac, along with H3K4me1l has been used as a standard epigenetic modification to identify
enhancers and super-enhancers, regions of DNA that are open, hyperacetylated, and act as hubs

for long range control of active transcription [82, 83].

In healthy individuals H3K27Ac is present in the first intron of FXN and through the repeat
region [84]. This is not surprising due to its role in Mediator recruitment and signaling for active
transcription, but unfortunately it is not known whether the (GAA) repeat expansion in FRDA
patients affects this. Since H3K27Ac is found to be enriched in the promoters and enhancers of
highly expressed genes, | hypothesize FRDA patients would display a significant decrease of
H3K27Ac at the FXN promoter which would result in the failure to recruit the necessary

transcription machinery to the locus, limiting transcription.

While changes in acetylation have not been examined, it has been shown that FRDA leads
to a large increase of H3K27me3 in patient derived cells [40, 72, 76]. This change in epigenetic
regulation generally leads to the recruitment of PRC2 and other binding partners, thus inhibiting
transcription. But while examples of HP1 recruitment to H3K9me3 at FXN have been
demonstrated, at present the recruitment of PRC2 to the H3K27me3 has yet to be shown. The
(GAA) expansion at the FXN gene provides an intriguing target for both mechanisms of repression

since transcription across the repeat region produces a large repetitive intronic RNA which must
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be spliced out. This long RNA can stabilize the binding of both HP1 and PRC2, providing an
additional target for them to associate with. The increase in both histone binding partners and

the stabilizing mRNA will restrict polymerase elongation into the gene.

1.3.3 H4K20me3 and DNA methylation in FRDA

One of the earliest histone modifications observed is methylation of H4K20 [85]. Mono-,
Di- and Trimethylation are both present at nucleosomes and have different functions. Di-
methylation of H4K20 is the most abundant modification, found on 80% of all H4 proteins [85].
Mono- and Dimethylation of H4K20 is generally found to aid in DNA replication by recruiting the
origin replication complex (ORC), or signal for DNA damage repair through the association of
53BP1 [85]. Trimethylation on the other hand, is catalyzed by the methyltransferases
SUV420H1/2 and is a hallmark of heterochromatic regions including pericentric heterochromatin,
telomeres, and repetitive elements [86]. While H4K20me3 is a well-established heterochromatic
mark, a specific reader protein was only recently found. The DNA methyltransferase DNMT1
reads H4K20me3 and catalyzes the methylation of DNA, preferentially at LINE1 repetitive

elements [87].

Since approximately one-third of all the CpG dinucleotide regulatory elements originate
from the insertion and replication of transposable elements, the cell needs a mechanism to
ensure they are not inadvertently transcribed. The targeted recruitment of DNMT1 through the
binding of H4K20me3 maintains the methylation of LINE CpG islands and inhibits their

transcription. In FRDA, the (GAA) repeat expansion is located near the Alu-SINE element. Just 5’
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of the Alu element in the first intron is a CpG island that makes for a prime target for H4K20me3
regulation. To date only one measurement of H4K20me3 has been published, which showed an
increase just upstream of the GAA repeat expansion [37]. Since H4K20me3 recruits DNMT1, the
increase at FXN should lead to increased DNA methylation across the local CpG island. Bisulfite
sequencing has shown exactly that; concomitantly with the increase in H4K20me3, FRDA cells
and tissues do have increased levels of DNA methylation within the FXN CpG island [88-90]. The
specific, targeted methylation of this CpG island with a fusion dCas9-DNMT3A results in the
downregulation of FXN [88]. Therefore, in FRDA it is likely that DNMT1 is recruited at regions

enriched with H4K20me3, resulting in the methylation of the regulatory CpG island.

1.3.4 The active promoter, bivalency, and H3K4me2/3 function at FXN

The di- and trimethylation of histone H3 at lysine 4 is a hallmark of promoters,
transcription start sites (TSS), and early regions of actively transcribed genes [44, 91, 92]. The
enrichment of H3K4me2/3 occurs in similar patterns as H3K9Ac and H3K14Ac, other epigenetic
modifications that signal for transcriptional activation [93]. TAF3, a component of the general
transcription factor TFIID, is recruited to H3K4me3 modifications through its plant homeodomain
(PHD) [94]. TFIID bound at gene promoters helps direct the assembly of the remaining general
transcription factors as well as RNA polymerase Il into the preinitiation complex, a large
multiprotein complex that primes polymerase for promoter escape and active transcription [95,
96]. In addition to helping to recruit general transcription machinery, other large protein which
facilitate active transcription such as the Nucleosome Remodeling Complex (NURF) and the Sot-

Ada-Gen5 (SAGA) complexes, recognize and associate with H3K4me2/3 modifications [97-99].
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Nucleosomal DNA is wrapped around histones, which must be moved out of the way
during transcription so that polymerase can transcribe unimpeded through the gene. The
Nucleosome Remodeling Factor (NURF) complex functions by sliding nucleosomes along the
DNA, decreasing the local nucleosome occupancy and making the DNA accessible for
transcription factors and RNA polymerase [100, 101]. The largest NURF subunit is Bromodomain
PHD Finger Transcription Factor (BPTF), a bifunctional recognition protein. BPTF contains two
histone recognition domains, a PHD domain which binds H3K4me3 and a Bromodomain which
binds acetylated lysines on Histone H4, another mark associated with active transcription [98,
100, 102]. The dual-recognition capabilities of BPTF links these modifications at the promoter of
actively transcribed genes. Once NURF is assembled, it is responsible for altering nucleosome

position by sliding them along the DNA.

The SAGA complex is a much larger multi-protein complex consisting of multiple
component responsible for different activating functions. Chd1 and Sgf29 are important for the
recognition of H3K4me2/3, the histone acetyltransferase (HAT) Gcn5 catalyzes the placement
and spread of histone acetylation, and other SAGA components signal for the de-ubiquitination
of H2B, the recruitment of TATA-binding protein associated factors, and the recruitment of other
proteins that directly bind to general transcription machinery [103, 104]. For an in-depth review
see Weake and Workman 2012. The acetyltransferase Gen5 that is recruited with the SAGA
complex catalyzes the acetylation of H3K9 and H3K14, both marks of active transcription that

logically colocalize with H3K4me3 at active promoters [105, 106].

The SAGA and NURF complexes play critical roles in regulating transcription, and

mutations that disrupt their function can lead to developmental defects and cancer [107]. Since
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H3K4me2/3 plays such an important role in the recruitment of these transcriptional coregulators,
it is perhaps very telling that we do not see a complete loss and instead only an attenuation of
H3K4 methylation in FRDA at the promoter [36, 37, 108]. Instead of at the promoter, we see a
major loss of H3K4me2/3 ChlIP signal after the first exon, just upstream of the (GAA) repeats. The
H3K4me2/3 loss in this region suggests that the modifications are failing to spread 3’ onto
neighboring histones during transcription. Broad H3K4me3 peaks are associated with higher
levels of transcription elongation, and the sharpening of the H3K4me3 peak in FRDA may play a
role in the loss of progressive transcription after polymerase pause-release [109]. It is not
currently known whether the change to the H3K4me2/3 peaks directly affects the recruitment of
the SAGA or NURF complexes at FXN, although their loss would have a detrimental effect on FXN

expression.

The present, albeit depleted H3K4me3 modification at FXN along with the increase in
H3K9me3 and H3K27me3 produces a bivalent system, one that signals for both active gene
transcription and gene silencing concomitantly [36, 37, 108] . These systems occur infrequently
at other genomic loci to allow for the loading of polymerase at the promoter, stalling its
progression and preparing it for activation [110]. While uncommon, H3K4me3/H3K27me3
bivalent modifications are observed more frequently at regions of lowly transcribed and
developmental genes, which primes and readies them for activation. This epigenetic bivalency
used for transcriptional priming is similar to the epigenetic state at FXN, where the gene is

partially but not completely activated.

H3K4me3/H3K9me3 bivalent domains are less common but have been found at regions

of poised transcription in lineage-committed mesenchymal stem cells, attenuating the level of
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positive transcription at those loci [111]. In Neurospora, H3K4me3/H3K9me3 bivalent domains
have also been observed, where the placement of H3K4me3 restricts the spreading of H3K9me3
into active genes [112]. In this system the loss of methylation at K4 causes H3K9me3
encroachment into actively transcribed regions. Very few proteins have been described that
recognize both of the H3K4me3/H3K9me3 modifications in bivalent domains. Recently the
protein Spindlinl was found to associate with Cl11orf84 and bind the H3K4me3/H3K9me3
bivalent modification at this rRNA loci [113]. It displaces HP1y and activates transcription in these
regions, which shows mechanisms exist, even if they are not well characterized, that can
recognize and activate transcription at this type of bivalent chromatin. The persistence of the
H3K4me3 modification in FRDA likely inhibits the spread of H3K9me3 into the promoter which
maintains its openness. Therefore, the FXN gene appears to be poised, with H3K4me3 present at
the promoter and H3K9me3 present in the gene, which results in polymerase loading at the
promoter but fails to progress into the gene. H3K9me3 encroaches onto the promoter, reducing
H3K4me3 signal but failing to completely silence the gene. HP1 proteins are bound to H3K9me3
modifications within the gene body, further evidence that the repression by H3K9me3 is active,

but unable to completely disable the active promoter.

1.3.5 The loss of H3K36me3 and H3K79me2 and transcription elongation defects in
FRDA

After transcription is initiated, polymerase will associate with the Negative Elongation
Factors (NELF) and DRB Sensitivity Inducing Factor (DSIF), which cause polymerase to pause and

inhibits its progression into the gene body [114]. This occurs about 50 nucleotides proximal to
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the promoter, and these factors must be released before polymerase can continue [115]. Cyclin
dependent kinase 9 (CDK9) phosphorylates NELF and DSIF which releases them from polymerase,
allowing transcription elongation [116]. In addition, CDK9 phosphorylates serine-2 (S2P) on the
C-Terminal Domain (CTD) of polymerase, another mark of active transcription [116]. CDK9 is
recruited to the paused polymerase by Bromodomain Containing Protein 4 (BRD4), a protein that
contains two bromodomains which recognize multiple acetylated histone lysine residues [116,
117]. Specific histone acetylation modifications recruits BRD4 to regions marked for active
transcription, where it subsequently recruits the Positive Transcription Elongation Factor b
complex (pTEFb), of which a major part is CDK9 [116, 118, 119]. The release of NELF/DSIF and the

polymerase S2P are canonical markers of active transcription.

The CTD phosphorylation on serine-2 is recognized by the Set Domain containing protein
(SETD2) as polymerase moves through the gene. As transcription occurs, SETD2 continuously
methylates Histone 3 at Lysine 36 (H3K36me3), coating the gene body and making H3K36me3 a
hallmark of transcription elongation [120, 121]. The role of H3K36me3 in transcription is
intriguing as it is recognized by proteins whose primary role is to inhibit transcription, despite
being placed during active transcription. In Saccharomyces cerevisiae the histone deacetylase
(HDAC) RPD3s is recruited to H3K36me3 to inhibit spurious transcription, the improper
recruitment of polymerase to regions 3’ of the TSS [122, 123]. The recruitment of polymerase to
the wrong location results in erroneous truncated transcripts. Recently a similar pathway has
been identified in humans, where H3K36me3 is recognized by the protein PWWP2A, which
associates with specific components of the Nucleosome Remodeling and Development (NuRD)

complex including HDACs 1 and 2 [124]. RPD3 and the HDACs 1 and 2 remove the activating
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acetyl-lysine modifications in the gene body, tempering the active signal and inhibiting spurious

transcription.

H3K36me3 is also recognized by PHF1, a component of the repressive PRC2 complex as
discussed previously [125]. Interestingly PRC2 recruitment at regions of active elongation does
not facilitate the spread of H3K27me3. Instead H3K36me3 antagonizes the methyltransferase
activity of PRC2. Although the role of PRC2 in elongating transcription is still not fully understood,
it likely plays a role in further inhibiting spurious transcription [126]. There is evidence that the
PRC2 complex can recruit the H3K36me3 demethylase NO66, which leads to the loss of

H3K36me3 and the placement of H3K27me3, inhibiting further transcription [127].

In FRDA cells, even though the promoter is partially active, H3K4me2/3 is decreased with
a left shift of the peak, accompanied by increases in inhibitory methylation through the gene
body [37, 108]. FXN is necessary for mitochondrial function, and some minimal amount of
transcript must be made even in affected individuals, which means polymerase successfully
elongates through the repeat expansion at some level. Along with the decrease in transcription,
there is about a 50% decrease in H3K36me3 placement through the gene body [36, 37, 108]. It
has not been explored whether H3K36me3 is actively working to repress spurious transcription
through the recruitment of PRC2 or if it is involved with HDAC recruitment to the gene, although
HDAC inhibitors are being developed and have been partially successful in relieving epigenetic

inhibition [128].

Separate from the role of H3K36me3 in tempering spurious transcription, the di-

methylation of H3k79 (H3K79me2) is also found at actively transcribed genes. The role
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H3K79me2 plays in transcription is not fully understood. The placement of H3K79me2 is
catalyzed by the methyltransferase DOT1L. DOTI1L interacts with AF9, a protein shared with the
Super Elongation Complex (SEC), which allows it to place H3K79me2 modifications specifically on
histones that have not been methylated at H3K27 [129, 130]. The interaction of DOT1L with a
component of the SEC suggests the placement of H3K79me2 may facilitate the interaction of the
SEC with polymerase during elongation. Recently DOT1L has been shown to play a role in
transcription initiation through direct interactions with TFIID, TBP, and TAF80 which suggests the
placement of H3K79me2 at regions of progressive elongation can also function to maintain
expression at key genes [131]. In FRDA cells, the H3K79me2 epigenetic modification is almost
completely lost [108]. Without H3K79me2 to act as a positive feedback mechanism, proteins that
stabilize transcription initiation will be depleted and polymerase will have difficulty elongating

through the gene body.

1.3.6 Histone acetylation at H3K9 and H3K14 is lost during FRDA which is restored with
small molecule HDAC inhibitors

The covalent acetylation of lysine residues is a common modification which changes the
physiochemical properties of the residue, neutralizing the positive charge of the e-amino group.
This is accomplished through the recruitment of Histone Acetyltransferases (HATs), which
catalyze the covalent attachment of the acetyl group from a donor acetyl-CoA to the amino-acid
substrate. The histone acetyl-lysine regulates transcription through one of two general
mechanisms. The first and most direct is by decreasing the general positive charge of the histone

and enhancing its hydrophobicity, which decreases its affinity to the negatively charged DNA [44,
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48, 132]. This decreases histone-DNA interactions and frees the DNA so that it can be more
readily accessed. Additionally, since histone acetylation occurs on the g-amine, it must be
removed before an inhibitory methyl mark can be placed. The second mechanism of
transcriptional regulation is through its interaction and recruitment of binding proteins that
contain either a bromodomain, YEATS domain, or a double PHD finger (DPF) domain [132]. These
domains are conserved, acetyl-lysing binding protein subunits found in a highly abundant and
diverse set of proteins that regulate transcription. Bromodomains specifically are found in 46
human proteins and consist of 4 alpha helices connected through two interhelical loops, forming
a hydrophobic cavity [133]. This cavity binds the uncharged acetylated lysine and can
differentiate between surrounding amino acids, allowing it to modulate the recognition of
specific histone tail segments [134]. The YEATS and DPF domains have deeper binding pockets
which allow them to recognize acetylated residues as well as accommodate larger PTMs like
lysine crotonylation [132]. Through the destabilization of the histone-DNA interaction as well as
the specific engagement of acetyl-lysine recognition proteins, histone acetylation is a crucial

epigenetic modification that signals for the targeted increase in gene transcription.

The TSS of actively transcribed genes is highly enriched for the acetylation of Histone H3
at both Lysine 9 and Lysine 14 (H3K9Ac/H3K14Ac) with much lower levels as you progress to the
3’ end of the gene body [135]. H3K9Ac/H3K14Ac colocalize with H3K4me3 at active promoters,
and can also be found in lowly transcribed bivalent genes that contain moderate levels of
H3K27me3 [135]. Acetyl marks are recognized by proteins that stabilize and facilitate
transcription initiation and elongation such as BRD4, AF9, and MLL1. BRD4 contains two

bromodomains, BD1 and BD2. BD1 recognizes histone acetylation, recruiting the protein to
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regions of active transcription while the BD2 domain can recruit other acetylated proteins to
regions of active transcription [133]. As discussed previously, BRD4 recruits pTEFB and CDK9 to

the paused polymerase to signal for transcription elongation at these regions of acetylation.

AF9 contains a YEATS domain which primarily recognizes lysine crotonylation but will also
bind acetylated lysines including H3K9Ac/H3K14Ac [136]. AF9 is part of the SEC as discussed
previously, a large multiprotein complex that facilitates progressive transcription. H3K9Ac is also
recognized by the methyltransferase MLL1 which catalyzes and stabilizes the trimethylation of
H3K4 at the promoter of genes, priming them for active transcription. Histone H3 tails that are
acetylated at lysine 9 are better substrates for the placement of trimethyl marks by MLL1, further

facilitating the open and active gene promoter [137].

The loss of FXN transcript in FRDA coincides with a loss of H3K9Ac/H3K14Ac at the
promoter and through the repeat region [38, 72, 108, 138]. This suggests that both BRD4 and AF9
are not properly recruited, resulting in a depletion of both pTEFb and the SEC and the subsequent
failure of polymerase to progress into the gene. This theory has driven the development of small
molecule histone deacetylase inhibitors (HDACi) to restore histone acetylation, and later
synthetic transcription elongation factors (SynTEFs) which directly bind to BRD4 and recruit it to
the repeat region [139, 140]. Both designs have shown some success in restoring FXN expression
which will be discussed in greater detail later, but the effectiveness of SynTEF1 and its specificity
for BRD4 suggests at a minimum pTEFb and CDK9 recruitment to the stalled polymerase are

necessary to facilitate pause-release and signal for elongation through the (GAA) repeats.
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1.3.7 The acetylation of histone H4

Histone H4 has 4 lysine amino-acids clustered in a dense group near the N-terminal end
of its unstructured tail. Each lysine residue is separated by 2-3 small, primarily glycine, uncharged
amino acids. These lysines are located at K5, K8, K12, and K16 and are generally acetylated in
actively transcribed genes [141]. This acetylation patch is separated from the next modified
lysine, and general mark for transcriptional repression, H4K20me3 by two positively charged
arginine residues on either side of a large, charged histidine residue. This difference in polarity
between active and repressive epigenetic modifications changes the landscape of the histone H4

tail and its ability to interact with DNA.

H4 acetylation is recognized by a myriad of bromodomain containing proteins and other
large complexes. As with other acetyl-lysine modifications, BRD4 recognizes H4K8Ac and
H4K16Ac and is more actively recruited by these modifications when H3K9Ac and H3S10P is
present [142, 143]. H3K9Ac facilitates active transcription through the recruitment of
transcription elongation machinery while the H3S10P modification inhibits HP1 protein binding
and stamps the locus as active, allowing BRD4 to bind more readily [144]. Additionally, H4K5Ac,
H4K8Ac, and H4K12Ac are all recognized by the Bromodomain Containing and PHD Finger
Containing protein BRPF1. The bromodomain in BRPF1 associates with acetyl modifications,
while a PWWP domain recognizes H3K36me3, which couples progressive elongation with histone
acetylation [145]. BRPF1 will also associate with other acetyltransferases, facilitating the spread
of histone acetylation throughout the region [146]. In muscle tissue, H4 acetylation has been
found to recruit DPF3, part of the ATP dependent nucleosome remodeling complex BAF [147,

148]. The BAF complex is massive, consisting of up to 15 subunits and is up to 2 MDa in size. Its
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primary role is to reorganize nucleosomes in order to increase DNA accessibility, which clears the

way for polymerase to transcribe through the gene [149].

Improper regulation of H4 histone acetylation will affect the recruitment of these
important activating proteins and complexes. FRDA patients see a significant loss in H4
acetylation, although this may not occur equally at all loci. The Gottesfeld lab first examined these
modifications by ChIP-seq and showed that there was a 50% loss of acetylation at
H4K5/K8/K12/K16 in lymphoblast cells when compared to healthy individuals. Using an HDAC
inhibitor (compound 4b) they were able to show a minor restoration of H4K5Ac at FXN [38]. A
recombinant GFP minigene with an artificial intron inserted that contained a (GAA)sso repeat
sequence displayed a significant loss of H4K5Ac and H4K8Ac, as well as a decrease in GFP
expression [73]. This construct shows that the (GAA) expansion directly leads to a loss of
acetylation. Subsequent experiments investigating the efficacy of HDAC inhibitors agreed with
previous data and showed that FRDA fibroblasts have depleted H4K5/K8/K12/K16Ac, which is
partially restored after HDACi treatment [72]. The loss of H4 acetylation resembles the loss of
other acetyl-marks, following the general depletion of active epigenetic modifications. Whether
there is a specific epigenetic reader that is crucial for FXN transcription, or a general loss of

multiple factors that drive transcription failure needs to be examined further.

1.4  The role of non B-form DNA, RNA:DNA hybrids, and G-quadruplex DNA in FRDA
RNA:DNA hybrids are naturally produced and separated during transcription [150]. Both
mechanisms have internal controls which facilitate the displacement of the RNA from the

RNA:DNA duplex and subsequently stabilize the DNA:DNA duplex. Occasionally during
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transcription, longer RNA:DNA duplexes can be formed which displace the non-template strand
of DNA with the nascent RNA. Purine rich RNA forms more stable RNA:DNA hybrids than
pyrimidine rich RNA and is more thermodynamically stable than duplex DNA [151]. Therefore,
purine rich nascent RNA can stably anneal with the exposed single stranded DNA (ssDNA)
template strand in the transcription bubble, which inhibits the reformation of duplex DNA.
Because the RNA:DNA hybrid is more stable, the RNA can further unwind and displace the non-
template strand from the duplex, 5’ into the gene and “zip up”, disrupting the DNA duplex. This
results in two structures: a stable RNA:DNA duplex and an unbound and exposed ssDNA non-
coding strand, both of which must be resolved before the next round of transcription can occur
[152]. Additionally, the free, unprotected coding strand is likely to form further, more
thermodynamically stable secondary structures. It can integrate with the RNA:DNA duplex
forming a DNA:RNA:DNA triplex, form a G-quadruplex secondary structure, or form other stem-
loop secondary structures. These further prevent RNA:DNA duplex resolution, and will all act as

barriers to gene transcription (Fig 1.2B).

During the transcriptional repression that occurs in FRDA, polymerase must, at some low-
level successfully progress through the gene in order to maintain a basal level of FXN transcript.
As polymerase transcribes, it reaches the first intron and begins to move through the repeat
region, producing a (GAA) RNA repeat. This (GAA) sequence is a long and unstructured purine
sequence, which will favor the thermodynamically stable RNA:DNA duplex [151]. Deleterious
RNA:DNA duplex formation is resolved through multiple redundant mechanisms in the cell. There
are both RNA and DNA helicases that can recognize and resolve RNA:DNA hybrids, which release

the RNA and facilitate the reformation of the duplex DNA. Perhaps the most well characterized
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mechanism is through the enzymatic cleavage of the bound RNA strand by RNase H [152]. RNase
H is sequence independent, and recognizes and subsequently cleaves the RNA strand of the
RNA:DNA duplex. The free DNA strands are then able to re-anneal, reforming the DNA duplex.
The importance of RNase H in clearing RNA:DNA hybrids has led to the speculation that it could
play a beneficial role in FRDA. When polymerase slows down to navigate the (GAA) repeats,

RNase H targets and cleaves RNA:DNA hybrids that are blocking polymerase progression [39].

While RNA:DNA hybrid formation is frequently deleterious, it can also play a protective
role in the cell. CpG islands are enriched in the promoter regions of approximately 60% of
ubiquitously and highly transcribed genes [153]. It is necessary for these CpG islands to remain
unmethylated in order to maintain the openness of the promoter. If instead, these CpG islands
are incorrectly methylated it can result in considerable changes in transcription at necessary
genes, and frequently result in cancer [154]. The open and actively transcribed promoters of
essential genes are thought to be at least partially protected from DNA methylation through R-

Loop formation, which acts as an inhibitor to DNA methyltransferase function [155].

R-Loop structures were first hypothesized to be a major cause of transcriptional
repression in FRDA when it was observed that transcription initiation is likely not affected by the
(GAA) repeat expansion [156]. Instead, it was suggested that the formation of non-B form DNA
structures may play a role in FRDA. The direct observation of RNA:DNA hybrids at FXN was first
documented by the Gromak lab nearly 15 years later [39]. They used a RNA:DNA specific
antibody, S9.6, to immunoprecipitate the RNA bound chromatin through the DNA:RNA
Immunoprecipitation (DRIP) technique. They were able to show that RNA:DNA hybrids formed at

FXN in FRDA patient derived cells centered around the repeat region, and that they were sensitive



42

to RNase H digestion. These observations suggest that the stabilization of duplex DNA may help
to relieve the transcriptional block, an idea which has become the target of antisense

oligonucleotides for drug design discussed below.

1.5 Small molecule drug development for Friedreich’s Ataxia

Currently there are no approved therapeutics to treat FRDA. Patients receive palliative
care focused on relieving symptoms associated with peripheral muscle decline, but this only
provides comfort and does not increase patient mobility or survival. There are five different types
of therapeutics targeting specific aspects of FRDA [157]. First, there are gene therapies under
development which would deliver a healthy FXN gene to the cell using Adeno-associated virus
treatments (AAV). FRDA is an autosomal recessive disease, so delivering one functional FXN gene
would be enough to alleviate the disease. Second, research is being done to stabilize the existing
low levels of mMRNA that is produced. Increasing its half-life will result in an increase of the total
cellular level of functional transcript and resulting FXN protein. Third, small molecules that
reduce the oxidative stress in the cell are being developed and tested. These target the reactive
oxygen species, decreasing cellular damage and extending the lifespan of FRDA cells. Fourth,
therapeutics that directly target the mitochondria are being developed to increase electron
transport chain activity. These target the main cellular dysfunction that results from the loss of
FXN and restoring mitochondrial function will help overcome the loss of FXN protein. The fifth
set of compounds are designed to increase FXN expression at a transcriptional level through

modulating endogenous pathways and relieving the blockages that exist at the gene. | will further
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discuss this fifth group, focusing on a subset of small molecules that have been developed

specifically to treat either the epigenetic or RNA:DNA blockages found in FRDA.

1.5.1 HDAC inhibitors increase histone acetylation to restore active epigenetic modifications
The Gottesfeld group was the first to probe for changes in histone acetylation in FRDA
patients at FXN. They observed a general decrease in H3K9Ac and H3K14Ac which has been
replicated in multiple cell and tissue types [38, 72, 108, 138]. To increase histone acetylation,
specific therapeutics to inhibit HDACs have become a source of great interest with the
expectation that inhibiting the removal of histone acetylation will lead to a local increase at FXN
and relieve the transcription blockage. Trichostatin A (TSA) was an early HDAC inhibitor originally
isolated as an antifungal and antibiotic drug. It competes for the active site of the HDAC and
inhibits it from binding histone acetyl groups. TSA is a broad, non-specific, and reversable
inhibitor of all 10 of the class 1 and class 2 HDACs, with a low nanomolar affinity [158].
Suberoylanilide hydroxamic acid, (SAHA, vorinostat) is another pan HDAC class 1 and 2 inhibitor
which was designed from TSA. SAHA is currently undergoing testing in multiple phase | trials as
an anti-cancer agent [159, 160]. Unfortunately, neither TSA nor SAHA were able to restore FXN
expression, but they were able to partially increase histone acetylation in FRDA lymphoblast cell
lines [38]. Surprisingly, treatment with the SAHA derivative BML-210 showed a 2-fold increase in

FXN transcription which suggested selectively targeting HDACs may be effective to treat FRDA.

Using BML-210 as a scaffold, the Gottesfeld group developed the compound 4b, which

was able to partially restore both FXN expression as well as histone acetylation in FRDA cells [38].
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They further refined this compound through the addition of a para-methyl group on the
unmodified phenyl ring, yielding a new molecule called 106. Like SAHA and TSA, 106 binds tightly
to the active site of the class 1 HDACs, but more specifically to HDAC1 and HDAC3, and
disassociates much more slowly [161]. 106 was successfully able to restore histone acetylation
at FXN as well as significantly increase FXN protein levels more robustly than 4b [161]. The
success of 106 in cell lines prompted further research into mouse models to determine if the

results could be replicated in a living system.

The Pandolfo group had developed two new transgenic mouse lines, the knock-in/knock-
in (KIKI) mouse and the knock-in/knock-out (KIKO) mouse [162]. The KIKI animal carries two
copies of a (GAA)230 repeat expansion in the first intron of the Frataxin gene, and the KIKO carries
one copy, with the second FXN gene removed. The Gottesfeld and Pandolfo groups were able to
show that 106 restores histone acetylation in KIKI mouse brains as well as increases FXN protein
levels [163]. Interestingly, along with the observed increases in acetylation and protein,
extremely high levels of H3K9me3 persisted at FXN. This provided one of the first observations
that the H3K9me3 modification at FXN is not imperforate, and transcription can occur despite its

presence.

Two new HDAC inhibitors were developed shortly afterwards based on the 106
compound, 109 and 136 [140]. Both compounds inhibited HDACs 1 and 3 just like 106, but 109
bound at low nanomolar affinity and 20-40 times more tightly. In patient-derived peripheral
blood mononuclear cells (PBMCs), 109 was able to increase FXN expression in a dose-dependent
manner, equally or slightly better than 136. In KIKI mouse splenocytes, 106 and 136 both restored

expression while 109 was ineffective which suggested mice and humans have varying responses
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to the different HDACi [140]. The effectiveness of 109 above what was achieved with 106 in
human tissues sparked great interest as a likely target for drug development. Gottesfeld,
Pandolfo, and Rusche further characterized 109, showing it was effective in both increasing
histone acetylation as well as activating FXN expression in iPSCs and differentiated neuronal cells

[72].

HDAC inhibition is still being developed as a treatment for FRDA, but these compounds
are not currently undergoing clinical trials. 109 targets the Class-1 HDACs, HDAC1 and HDACS3,
but targeting both of these ubiquitous HDACs will result in other general side effects such as
global transcriptome perturbation resulting from large changes in the epigenome (see Chapter
2). While this may make HDAC inhibitors difficult to develop as a potential long-term therapy,
they have taught us some very important lessons about the transcriptional repression that occurs
at FXN. The loss of histone acetylation at FXN is a functional loss, detrimental for the transcription
of the gene; it is not a passive loss resulting from the failure of polymerase to transcribe. Many
factors (discussed previously) that are recruited by histone acetylation help to restore the activity
of the stalled polymerase. Due to the nature of HDAC inhibition, it should restore binding sites
for all these available histone acetyl-binding factors that can facilitate transcription. But the
restoration of histone acetylation does not completely restore FXN transcription, which suggests
that it is a necessary but not a sufficient component in FRDA patient treatments. This may be due
to other mechanisms of inhibition that remain at the gene such as H3K9me3 and H3K27me3.
Increasing acetylation without removing these methyl marks results in the generation of a
bivalent system. This may present enough of a barrier that the necessary transcription factors

cannot be recruited to a sufficient level, partially but not completely restoring transcription.
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1.5.2 The action of polyamides and synthetic transcription elongation factors in FRDA
Netropsin and distamycin are antibiotics secreted from Streptomyces netropsis that bind
in the minor groove of B-form DNA and inhibit transcription. Netropsin and distamycin both
utilize a short, repeating 2 or 3 N-methylpyrrole structure connected by amide bonds to
selectively bind AT rich DNA [164]. Replacing the N-methylpyrrole with an N-methylimidazole
changes the affinity of the compound to preferentially recognize GC rich sequences which
became the basis for molecular recognition of DNA sequences by polyamide compounds [164,
165]. This led to the development of a molecular recognition code of polyamide binding patterns
by Peter Dervan [166]. This code describes different methods of developing polyamides that
target specific DNA sequences by utilizing N-methylpyrrole, N-methylimidazole, and beta alanine
interactions along both DNA strands. Soon after this code was developed, Aseem Ansari in the
Ptashne group, in collaboration with the Dervan group developed a targeted polyamide
conjugated with a VP2 activation domain that was able to induce the transcription of a reporter
construct containing multiple polyamide binding sites [167]. This was the first time a polyamide
was used to both target a specific DNA sequence and recruit transcriptional machinery to that

site, activating transcription.

Once the rules for DNA targeting had been established, polyamides were developed to
recognize and stabilize duplex DNA and interfere with proteins that may interact with the minor
groove. Emmanual Kas’s group used a polyamide P9 which targeted satellite repeats. They
demonstrated that treatment of P9 on drosophila diploid cells would displace both the satellite

binding D1 protein and its binding partner HP1 from compressed repetitive DNA sequences while
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being retained on active rDNA sequences [168]. This suggested that HP1 may be displaced from

tightly compressed heterochromatic DNA by polyamides but persist in transcribed regions.

Polyamides can detect short DNA sequences with sub-nanomolar affinity and are tune-
able to target specific sequences. This makes them an ideal compound to target disease causing
STRs which are generally 2-6 nucleotides in length. The (GAA) STR that causes FRDA is repeated
50-1000+ times, which provides hundreds of binding sites for polyamides to recognize and at
which to enrich. Since polyamides stabilize B-form DNA and bind in the minor groove, the
Gottesfeld and Dervan groups developed the first polyamides to target the repeat expansion at
FXN, FA1 and FA3, hypothesizing that stabilizing the duplex B-form DNA would restore expression
[169]. They were able to show nuclear enrichment of fluorescently labeled polyamide and
sequence specific DNA recognition, but this only resulted in a minor increase in FXN expression.
In a plasmid construct they found evidence that FA1 and FA3 stabilized linear DNA and depleted
RNA:DNA formation. These results show polyamides can enter cells, translocate to the nucleus,
and recognize and bind to tandem repeat DNA sequences making them a powerful and specific

DNA recognition molecule.

The development of Synthetic Transcription Elongation Factors (SynTEFs) by the Ansari
group relied on the polyamide recognition structure as well as a strong understanding of the
epigenetic state of the cell [139]. FRDA results in increased methylation and decreased
acetylation at the FXN gene focused around the TSS through the repeat region, which results in
the loss of multiple activating factors. The common acetyl-lysine recognition protein BRD4
associates with 5 of the 7-histone acetyl-lysine residues outlined above. BRD4 recruits pTEFb and

CDK9 to phosphorylate the CTD of polymerase as well as NELF and DSIF, all signals for polymerase



48

to continue elongation. HDAC treatment restored acetylation but relied on BRD4 recognizing and
binding to the newly acetylated histones, despite the presence of other repressive epigenetic
factors. Increasing acetylation then, only resulted in a partial but not a complete restoration of
transcription. The Ansari group recognized that BRD4 deficiency may be responsible for the

transcription defect, and this provided a unique approach to target the problem.

BRD4 contains two bromodomains which recognize and bind acetyl-lysines. The Ansari
lab coupled the polyamide FA1 to a small molecule bromodomain inhibitor JQ1, which binds with
nanomolar affinity to the BET family of proteins, of which BRD4 is a member [170]. The high
affinity binding of JQ1 to BRD4 inhibits it from recognizing and binding acetylated lysine residues.
This makes JQ1 a potential chemotherapeutic that is being developed to target cancer cells which
present with epigenetic dysregulation [171]. When complexed with a GAA-targeting polyamide,
instead of acting as an inhibitor JQ1 binds tightly to the BRD4 bromodomain and recruits the
protein to the (GAA) STR region of FXN. BRD4 is then able to recruit pTEFb and CDK9, which
signals for the progressive elongation of the stalled polymerase. This signal occurs despite the
epigenetic repression of H3K9me3 and H3K27me3, which makes SynTEF1 treatment sufficient to
overcome the transcriptional block in FRDA patient cells. In vitro experiments completely restore

both FXN mRNA and protein to the same level as healthy individuals [139].

1.5.3 Disruption of RNA:DNA hybrids can restore FXN expression
RNA interference (RNAI) is a relatively well understood antiviral pathway that was first

discovered in plants, subsequently described by Fire and Mello in C. elegans, and is now
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understood to be conserved among the different kingdoms [172, 173]. Briefly, RNA viruses
replicate a long double-stranded RNA which is subsequently packaged into viral particles. The
endonuclease DICER recognizes these duplex RNA strands and cleaves them into 21-23nt long
small interfering RNA fragments (siRNA), which are unwound and loaded into the largest subunit
of the RNA-Induced Silencing Complex (RISC), Argonaut 2 (Ago2). The RISC complex then uses the
individual siRNA strand as a template to recognize and degrade other complementary viral RNA
[173]. The position of the RISC complex as a singularly antiviral response has become a debated
subject, as other functions for the complex have been discovered. The Janowski group reported
that the micro-RNA 589 (miR-589) recruits Ago2 and activates COX-2 transcription. miR-589 has
central mismatches that, when bound to Ago2, allow it to recognize but not cleave the transcript,

which instead binds and disrupts any RNA:DNA hybrid that occurs at the COX-2 promoter [174].

During the transcription of FRDA, RNA:DNA hybrids are formed which produce a physical
barrier to polymerase progression. The Corey group reasoned that if this impediment is resolved
it might restore FXN expression. They used dsRNA to activate the RNAi pathway, targeting and
degrading the (GAA) repeat RNA. In this manner they were able to show a dose-dependent
increase in both FXN mRNA and protein, and they surmised that this was due to the elimination
of the RNA:DNA hybrid [175]. To show that this was the case and that B-form DNA was restored,
they used a dsRNA with specific central mismatches similar to miR-589, which allowed Ago2 to
associate with but not cleave the (GAA) repeat. This method was just as effective at restoring
FXN transcript levels as the dsRNA, which showed that inhibiting the formation of RNA:DNA
hybrid is a viable method to restore transcription. Unfortunately, dsRNA is difficult to advance as

a therapeutic, so the Corey lab instead designed an Antisense Oligonucleotide (ASO) from stable
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locked nucleic acids (LNA) to target the repeat [175]. They showed these ASOs were also capable
of binding to (GAA) nascent RNA and restoring transcription. Surprisingly that increase in FXN
MRNA does not coincide with the restoration of the epigenetic state of the cell, and instead,

similar to the other treatments, occurs despite the negative regulation.

The Corey lab has screened ASOs with different linkers and chemical modifications and
identified multiple structural iterations that can activate expression by resolving the RNA:DNA
hybrid [176, 177]. They also developed “gapmer” complexes which contain a central DNA portion
flanked by modified RNA nucleotides, which increases (GAA) specificity [178]. The Corey lab
achieved cellular uptake of their ASO through electroporation or complexed with cationic lipids
that facilitate cellular entry. ASOs directly injected intracerebroventricularly (i.e., without these
methods to facilitate uptake) failed to activate FXN expression in the brain stem, cerebrum, or
cerebellum of adult or neonatal mice [179]. While unfortunate, the controls they used were
effective which suggests ASOs may still enter the tissue unaided but fail to activate transcription.
The authors speculated that the failure to increase FXN expression might be due to dosing issues,
or differences between human and transgenic mouse tissue, and more work will need to be done

to determine how to increase efficacy.

1.6 Conclusions
The repression of FXN in FRDA originates from the (GAA) repeat expansion, but it is
mediated through a multitude of other factors. There is ample evidence that epigenetic

regulation has been altered, which results in a general loss of histone acetylation, an increase in
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histone methylation, and the restriction of polymerase movement into the gene. The observed
recruitment of HP1 proteins at the FXN locus presents another barrier for active transcription
and confirms there is silencing machinery in place to restrict access to the gene. Additionally,
RNA:DNA hybrids are formed through interactions between the DNA and the nascent transcript,
which must be unwound before polymerase can progress. To FRDA patients, any increase to
cellular FXN levels can mean adding years to their life, but a cure will need to overcome all these

obstacles or bypass the diseased locus altogether.

Attempts to restore histone acetylation through targeted small molecule HDAC inhibitors
has been partially successful in restoring both FXN transcription and protein levels. Concerns
remain about inhibiting ubiquitous HDAC proteins and how that will change the global
transcriptome levels, and what off-target effects may occur. ASOs designed to deliberately
disrupt the RNA:DNA hybrid have had some success in cells but need more research to become
an effective treatment. Cell permeable and gene specific SynTEFs have shown to be effective in
animal studies and are moving into phase | clinical trials. At this moment, they look to be the
most promising drug in development for FRDA patients. Additionally, they provide a new
technology that, due to their modular structure, can be redesigned to target other repeat-based

diseases.

Rare diseases provide an extraordinary opportunity to teach us new things about biology;
how sometimes small changes can result in major phenotypic outcomes. Along with the scientific
advances that can be made, these are people who live their lives with the specter of their disease
looming over their head. Research that progresses our understanding of FRDA along with other

orphan diseases brings us closer every day to discovering a cure.
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2.1 Introduction

More than half of the human genome is composed of repetitive sequence elements that
are concealed in repressive heterochromatin [1, 2]. A signature mark of repressive
heterochromatin at repeat elements is the trimethylated lysine 9 of histone H3 (H3K9me3) [3, 4].
Not only are these modifications found at regions of constitutive heterochromatin and at
pericentromeric repeats, H3K9me3 is also found at genes that are repressed in specific cell
lineages [5, 6]. This latter form of facultative heterochromatin occurs at genes that define fate
and function of distinct cell types. Consistent with their critical role in regulating chromatin
availability, aberrant placement or erasure of heterochromatin marks is linked to multiple human

diseases [3].

In Friedreich’s ataxia (FRDA/FA), a terminal neurodegenerative disease, expression of
frataxin (FXN) is downregulated by expansion of GAA trinucleotide repeats within the first intron
of the FXN gene as discussed in Chapter 1 [7]. This expansion is accompanied by increased
deposition of H3K9me3 through the repeat region [8-13]. The size of the of GAA repeat expansion
positively correlates with H3K9me3 enrichment, suggesting a functional role of this signature
repressive mark in silencing FXN expression [12]. Placing expanded GAA repeats at different
genomic loci [8] or downstream of heterologous gene promoters [10] drives a concomitant
increase in H3K9me3 marks at the new site. Furthermore, augmenting the levels of active acetyl
marks with histone deacetylase (HDAC) inhibitors alleviates the repressive impact of H3K9me3

on FXN in patient-derived cells and in animal models of the disease [9, 13-15].

We previously restored frataxin expression in a variety of patient-derived cells with

SynTEF1, a hetero-bifunctional molecule composed of a GAA-repeat binding polyamide (PA1)
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[16-18] tethered to JQ1 [19], a small molecule that binds BET proteins (Extended Data Fig. 2.1a).
BET proteins, including BRD4, interact with acetylated histone tails and recruit multiple
components of the transcriptional machinery [19, 20]. Within hours of treatment, SynTEF1
traffics to the nucleus, enriches at the disease-causing GAA repeat expansion, localizes BRD4 to
the repressive heterochromatin, and licenses RNA polymerase Il transcriptional elongation across
the repressive GAA repeats [16]. Here, we investigated whether SynTEF1-aided expression of FXN

would trigger erasure of H3K9me3 and removal of HP1 proteins from its disease-causing repeats.

2.2 Persistence of H3K9me3 despite FXN expression

To monitor the rewiring of epigenetic marks upon SynTEF1 treatment, we performed
chromatin-immunoprecipitation (ChIP-seq) of H3K9me3 and H3K4me3, chromatin marks of
transcription repression and activation respectively (Fig. 2.1a). In patient-derived GM15850
lymphoblastoid cells, the H3K4me3 profile shifted subtly downstream, in agreement with
SynTEF1-licensed transcription elongation at FXN. A computed pseudo-velocity plot highlights
the 3’ vectorial displacement of H3K4me3 enrichment (Fig. 2.1a right panel and Extended Data
Figs. 2.2a-g). Unexpectedly, rather than being erased, the levels of repressive H3K9me3 increased
upon SynTEF1-induced transcription of FXN (Fig. 2.1b). While uncommon, pre-existing H3K9me3
marks can persist at some actively transcribed genes [21]. Rather than the mark itself,
heterochromatin proteins (HP1) that read H3K9me3 marks and form phase-separated repressive
condensates are the key effectors that present a physical barrier to transcribing polymerases [22-
26]. Consistent with previous reports [8, 27], we observed enrichment of all three paralogs of

HP1 (a, b, g) at FXN. While all three paralogs bind H3K9me3 efficiently (Fig. 2.1h), they display
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non-identical enrichment profiles across FXN. HP1y enriched at the transcription start site (TSS),
HP1a enriched downstream of the TSS and flanking the GAA repeat expansions, while HP1f
appeared to bridge the profiles of the other two paralogs (Figs. 2.1c-f). Consistent with their
repressive function, siRNA-mediated knockdown of HPla and HP1ly isoforms resulted in

significantly increased expression of FXN in diseased cells (Extended Data Fig. 2.1h).

2.3 HP1 enrichment accompanies FXN expression

DNA binding polyamides can displace HP1 from chromatin [28]. Therefore, we
hypothesized that SynTEF1 would overcome the blockade to transcription elongation by
displacing HP1 proteins without the need to erase underlying H3K9me3 marks. Contrary to
paradigms of HP1 function, SynTEF1-treatment enhanced the enrichment of all three paralogs
(Figs. 2.1c-g). Moreover, the most repressive paralog, HP1a, enriched directly along the path of
the elongating Pol Il (Fig. 2.1c and ref.[16] ). HP1y, which can permit transcription elongation
when bound within coding regions [21, 29], displayed increased promoter binding consistent
with its well-defined role in repressing transcription initiation (Figs. 2.1e and 2.1g). To enable
comparisons, we overlaid individually scaled profiles and observed a coherent increase in
repressive chromatin features accompanying active transcription elongation across the GAA

repeats (Figs. 2.1f and 2.1g).

Given the overlap between active (H3K4me3) and repressive (H3K9me3) marks at the FXN
transcription start site, we measured the ability of the three HP1 paralogs to bind orthogonally

marked histone tails. Binding of 12 modified histone H3 peptides to each of the full-length HP1
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paralogs was measured by fluorescence polarization (Fig. 2.1h and Extended Data Fig. 2.4). HP1
paralogs displayed high affinity for di- and tri-methylated Lysine-9 (H3K9me2/3) peptides but not
for the unmodified (H3), mono/tri methylated Lysine-4 (H3K4me1/3), or the phospho-Serine10
(H3S10P) modified peptides that are known to block HP1 binding to nucleosomes (Fig. 2.1h and
Extended Data Figs. 2.4a-c). All three HP1 paralogs bind peptides bearing the opposing bivalent

K4me3/K9me3 marks, consistent with the ChlP-seq profiles observed at FXN.
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Fig. 2.1 | Repressive chromatin marks and HP1 paralogs increase in response to FXNgene

expression

a, ChIP-seq and pseudo-velocity vector analysis of H3K4me3 before and after treatment for 24
hours with DMSO vector (grey) or 1 uM SynTEF1 (black) (n=2; p=n.s.). Psuedo-velocity vector plot
stratifies 50bp bins into 5 layers and compares peak changes after treatment to control peaks.
The H3K4me3 vector plot visualizes a 3’ movement into the gene body and towards the repeat

region.

b-e, ChIP-seq and pseudo-velocity vector plot for (b) H3K9me3 (n=2; p<1x107); (c) HP1a (n=2;
p<0.01); (d) HP1B (n=2; p<1x10?); (e) HP1y (n=2; p<0.05). The all 4 peaks increase after SynTEF1
treatment at the FXN gene at and around the (GAA) repeat region. HP1a shows a large increase
before the repeat region at a similar region as H3K9me3 peak. HP1la and HP1B show large
increases after the repeats that correlate with the increase with H3K9me3. HP1y increases at the
promoter and TSS which overlaps with both peaks at H3K4me3 and H3K9me3 but shows much

weaker enrichment around the (GAA) repeat.

f-g, Overlayed relative ChIP-seq peaks at FXN for (f) vector Control or (g) 1 uM SynTEF1 treated

cells (b-e) which shows changes in peak enrichment after treatment.
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h, Fluorescence polarization assays using synthetic 24 amino-acid H3 tail peptides conjugated
with fluorescein at the C-terminus. Plots for H3K9me3, H3K4me3, bivalent H3K4me3+K9me3,
and unmodified H3 (1-24aa) are displayed. Paired t-tests were performed and showed
significance for HP1a (p<0.05) and HP1y (P<0.001). i, Calculated Kd values using non-linear least

squares curve fit.
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2.4 FXN stimulation in diseased cells mirrors healthy cells

The co-localization of opposing regulatory marks detected in our ChIP studies could result
from SynTEF1 activity in a limited number of “super-responder” cells that only bear active
chromatin marks at the transcribed FXN gene. In this scenario, the seemingly co-localized
repressive marks in ChlIP studies would be contributed solely by unresponsive cells within the
population. To investigate this possibility, we performed fluorescence in situ hybridization (FISH)
using sequential probes to visualize the FXN genomic loci (DNA-FISH, in red) and the nascent,
chromatin-associated FXN transcripts (via RNA-FISH, in green) (Figs. 2.2a-d). Visual inspection
confirmed that in the absence of SynTEF1, FXN transcripts are rarely observed in untreated
diseased FRDA cells (Fig. 2.2a). However, upon treatment with SynTEF1, an increase in nascent
FXN transcript was readily evident (Fig. 2.2b). The pattern and extent of co-localization is
indistinguishable from the merged DNA+RNA signals observed in healthy cells (Figs. 2b and 2.2c).
Quantifying the co-localization of RNA at >13,000 FXN DNA loci in nine biological replicates
demonstrates that SynTEF1 restores FXN expression across the population of diseased cells in a
manner that mirrors the expression patterns in the healthy cells (Fig. 2.2e). These results from
single cells and across the population of cells, unequivocally indicate that SynTEF1 overrides

persistent repressive chromatin features to restore FXN expression in diseased cells.

Previous imaging studies of FRDA cells had suggested a causal relationship between the
repression of the FXN gene and its position along the nuclear lamina of the nucleus [30].To
determine how SynTEF1 impacts nuclear positioning of FXN, we measured the distance of each
allele to the closest point on the nuclear periphery in treated or untreated FRDA cells (Fig. 2.2f).

The distances of 1600 FXN alleles to the nuclear periphery are displayed as violin plots (Fig. 2.2g).
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While the density profiles differed slightly, no significant repositioning of the FXN loci was
observed upon SynTEF1-mediated expression of the gene. Consistent with this observation,

healthy cells expressed both FXN alleles irrespective of their proximity to the nuclear periphery

(Fig. 2.2d).
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Fig. 2.2 | FXN stimulation in diseased cells mirrors healthy cells

a-d, Sequential DNA (red) and RNA (green) Fluorescence In situ Hybridization (FISH) performed
on (a-b) GM15850 (FRDA) and (c-d) GM15851 (Healthy) cells. The nuclei were visualized with
DAPI. White arrows show inactive FXN alleles and pink arrows show genes with active

transcription. Cells were treated with DMSO vector alone (a,c) or with 1uM SynTEF1(b,d).

e, Colocalization of RNA FISH with DNA FISH puncta normalized to healthy controls. Error bars

are SEM. SynTEF1 restores nascent RNA expression to the same level as healthy cells.

f, Graphical representation of 3D DNA puncta localization measurements. Red dots are DNA FISH,

whose relative location was measured to the periphery of the DAPI stain (white arrows).

g, 3D distance analysis of over 1400 DNA FISH puncta per sample using Imaris image analysis

software. Nuclear lamina was determined by the periphery of DAPI stain.
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2.5 Synergistic activation with an epigenetic inhibitor

To examine whether repressive chromatin attenuates SynTEF1 function, we used
pharmacological agents to inhibit enzymes that place repressive marks. A sustained drug-
development campaign has yielded a selective histone deacetylase inhibitor HDACi-109 (109),
which stimulates the expression of FXN in FRDA cell lines and animal models of the disease [15].
109 selectively inhibits members of class | histone deacetylases and prevents the erasure of
transcriptionally conducive acetyl-lysine-9 (K9Ac) chromatin marks (Fig. 2.3a). Importantly, the
retention of acetyl-K9 marks would prevent the subsequent placement of repressive K9me3

mark.

We observed synergistic activation of FXN upon co-treatment with SynTEF1 and 109,
which greatly exceeded the maximal activation achieved by either small molecule alone (Fig.
2.3b, Extended Data Figure 2.8). This result is consistent with our observation that siRNA
mediated knockdown of HP1a and HP1ly, which read the H3K9me3 mark, also significantly
enhanced SynTEF1-dependent FXN expression (Extended Data Fig. 2.1i). Taken together, the
results reveal that repressive chromatin attenuates FXN expression induced by SynTEF1. Using
RNA-seq, we further examined whether the synergistic stimulation of FXN by 109-mediated
inhibition of HDACs also triggers SynTEF1-responsive transcription initiation at other genomic
loci. Consistent with previous studies, the transcriptome-wide profiles identified FXN as the
primary target of SynTEF1 (Fig. 2.3c). On the other hand, 109 dramatically remodeled the
transcriptome, with 2854 transcripts up-regulated and 1366 transcripts down-regulated (Fig.
2.3d and Extended Data Table 2.1). This level of perturbation by a freely diffusing HDAC inhibitor

is not unexpected as blocking HDAC activity across the genome should have wide-ranging
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disruptive consequences. Co-treatment with SynTEF1 and 109 synergistically raised FXN levels
(Fig. 2.3e). When normalized against 109-treated cells, the residual transcriptome profile closely
matched that of cells treated with SynTEF1 alone (Fig. 2.3f, Extended Data Fig. 2.7h).
Reassuringly, while 109 relieved chromatin-based attenuation at FXN, it did not enable SynTEF1

to stimulate transcription at other genomic loci.

To investigate the basis of this remarkable synergy between SynTEF1 and 109, we
measured the levels of active H3K9Ac marks across FXN by quantitative ChIP assays. In agreement
with previous reports [9], 109 treatment leads to robust retention of H3K9Ac marks at the
promoter (Fig. 2.3g, amplicon A). However, levels of H3K9Ac marks steadily declined as they
approach the GAA repeats. This pattern of H3K9Ac enrichment provides a mechanistic
explanation for the observed synergy in presence of 109 and SynTEF1. More importantly, it
reveals the basis for the controlled restoration of FXN expression by SynTEF1 alone. In essence,
in untreated FRDA cells, the low level of H3K9Ac at the FXN promoter gate the extent of
transcription initiation. SynTEF1 does not alter this early regulatory step but only acts on Pol Il
that is stalled at the GAA repeats. In contrast, 109 treatment increases H3K9Ac levels at the
promoter, disrupting promoter-gating and permitting higher levels of transcription initiation. A
minor fraction of the promoter-loaded Pol Il transcribes through the GAA repeats, resulting in
modest increase in FXN levels. Thus, in the absence of 109, promoter gating and SynTEF1-
mediated elongation of stalled Pol Il act together to restore FXN expression to levels similar to
those observed in healthy cells. However, in the presence of both small molecules, the 109-
induced Pol Il flux through the promoter is further licensed by SynTEF1 to transcribe past the

repressive repeats, thus yielding dramatically increased levels of FXN transcripts.
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2.6 Over-riding actively placed H3K9me3 marks

Given the high levels of FXN expression triggered by the combined action of SynTEF1 and
109, we examined if H3K9me3 repressive marks were erased under these conditions. Rather than
being eroded or erased as predicted by current paradigms, the levels of H3K9me3 rose
substantively over the region spanning the repeats (Fig. 2.3h, purple bars). The anti-correlated
enrichment of H3K9Ac at the promoter and H3K9me3 at the expanded GAA repeats suggests
regulated attenuation of transcription across FXN. Rather than a frozen or static epigenetic state,
the data reveal that fresh repressive marks are placed in response to active transcription of
disease-causing GAA repeats. The hyper-methylation of H3K9 upon co-treatment with 109 and
SynTEF1 emerges as a consequence of inhibiting histone deacetylation and perturbation of the

dynamic balance between erasure and re-writing of repressive marks.
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Fig. 2.3 | Active and inhibitory epigenetic regulation calibrates polymerase licensing

a, Schematic showing how Histone Deacetylases (HDACs) catalyze the removal of acetylation
from histone tails. 109 treatment binds the active site of HDACs which stabilizes histone

acetylation.

b, gRT-PCR analysis of FXN expression normalized to DMSO control. GM15850 cells were treated
for 24 hours with vehicle DMSO, SynTEF1, 109, or SynTEF1 + 109 at the indicated concentrations.
Error bars are SEM of 3 replicates. 109 works synergistically with SynTEF1 to increase FXN

expression but is does not show effects alone.

c-f, Volcano plots comparing RNAseq expression changes in response to either 1 uM SynTEF1 (c),
50 uM 109 (d), or 1 uM SynTEF1 + 50uM 109 (e) treatment. FXN is marked in red. Treatment with
SynTEF1 and cotreatment with SynTEF1 + 109 positively regulate FXN expression. Both samples
treated with 109 show large perturbations to the transcriptome. f, Transcriptional changes in
SynTEF1 + 109 when corrected for 109 in co-treated samples. This shows the majority of changes

that occur result from the addition of 109.

g-h, ChIP-qPCR for (g) H3K9Ac and (h) H3K9me3 normalized to percent input at specified

amplicons across the FXN gene in GM15850 FRDA cells. Samples were treated for 24 hours with
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DMSO vehicle, 1 uM SynTEF1, 50 uM 109, or 1 uM SynTEF1 + 50 uM 109. H3K9Ac is depleted in
untreated and SynTEF1 treated cells and increases with 109 treatments at the promoter and TSS
of the gene. H3K9me3 is present at the repeat region and increases when co-treated with

SynTEF1 and 109.

i, Model of SynTEF1 mediated progressive transcription through repressive HP1 condensates
during cellular feedback regulation at FXN in vivo. HP1 is red, Pol Il is blue, and BRD4 is green.
SynTEF1 treatment recruits BRD4 to the HP1 bound chromatin. This facilitates Pol Il transcription

through the heterochromatic region and increases the production of FXN transcript.
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2.7 Mechanistic and Therapeutic implications

From the therapeutic perspective, our data indicate that “epigenetic drugs” that inhibit
chromatin modifying enzymes will perturb promoter gating more readily than the GAA-
dependent gating of elongation that we observe at FXN [13, 31-33]. Perturbing the flux between
initiation and elongation results in loss of homeostatic control, overexpression of FXN, and
undesirable therapeutic outcomes. Furthermore, freely diffusing epigenetic drugs globally
dysregulate gene expression thereby limiting their therapeutic utility in non-acute diseases such
as Friedreich’s ataxia. In contrast, SynTEF1 is designed to remove the elongation block placed by
the GAA-repeat expansions in FXN. By enabling transcription elongation without eroding or
erasing the repressive environment imposed at the repeat expansions, SynTEF1 provides a
revealing insight into the fluidity and context-dependence of the histone code. While the
signature epigenetic marks function as expected by convention, the ease with which they can be

overridden to permit expression of critical genes was entirely unexpected.
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Extended Data Figure 2.1 | Epigenetic silencing caused by (GAA)n repeat expansion at FXN

remains after SynTEF1 mediated transcriptional activation.

a, The chemical structure of SynTEF1 consists of three important subunits. The JQ1 “warhead” of
the compound is attached to the N-terminus of the structure which binds to the bromodomains
of the BET family of proteins. This is attached to a PEG6 linker which bridges the warhead and
the polyamide. Lastly comes the polyamide is the largest part of the molecule and responsible
for DNA-recognition and is located on the C-terminus consists of a linker
dimethylaminopropylamine bound to B-Im-B-Py-Im-B-Py-Im where B is B-alanine, Py is N-methyl

pyrrole, and Im is N-methyl imidazole.

b-f, Individual ChIP-seq tracks for H3K4me3 (b), H3K9me3 (c), HP1a (d), HP1p (e), and HP1y (f).
Samples were either treated with the DMSO vehicle (grey) or with 1 uM SynTEF1 (black) for 24
hours. The GAA repeat region is marked in blue. The HP1 and H3K9me3 peaks increase after

SynTEF1 treatment, while H3K4me3 shifts 3’ into the gene.

g, Violin plot of vehicle treated ChIP-seq peaks. Arrows show the signal enrichment at the FXN

peak after SynTEF1 treatment.
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h, FXN expression for HP1 proteins after siRNA treatment in GM15850 FRDA lymphoblasts.
Expression is normalized to DMSO untreated samples. Error bars are SEM, p-values measured by
unpaired t-test compared to DMSO. HP1a p<0.01, HP1y p<0.05. The knockdown of HP1a and

HP1y increase FXN expression while HP1B shows no change.

i, FXN expression after siRNA knockdown and subsequent SynTEF1 treatment normalized to
DMSO. Error bars are SEM, p-values measured by unpaired t-test compared to SynTEF1. HP1a
p<0.05, HP1y p<0.01. SynTEF1 works synergistically with the loss of HP1a and HP1y to increase

FXN expression.

j, Percent residual mRNA after siRNA treatment compared with untreated cells. All three

knockdowns reduced mRNA levels to <10% of the control.
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Extended Data Figure 2.2 | Velocity plots are a method to visualize the change in ChIP-seq peak

distribution

a, Signal enrichment from two toy example conditions, both of which were pre-normalized to the
same sequencing depth, and which both use the same bin size (in our case genome was separated

in 50bp long bins), are visualized.

b, Layering of the max integer peak value. Each layer value is derived from the normalized value
in each bin, with each layer value set from 0-1. When each layer reaches 1, the next layer is filled

until the upper layer is reached.

¢, Graphical representation of the difference between the 2D matrices (b). Positive values are in

orange and negative values in purple.

d, Horizontal and vertical weight matrix to calculate arrow tilt.

e-f, Horizontal (e) and vertical (f) weight matrix calculations for examples peaks.

g, Velocity plots generated comparing test condition 1 to 2 or condition 2 to 1.
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Extended Data Figure 2.3 | Labeled H3 modified peptide and protein generation

a, Figure showing sequence of H3 tail peptides created with C-Terminal FAM label that is used in

Fluorescence Polarization studies.

b, HPLC epifluorescence traces and MALI-TOF spectra of modified H3 tail peptides after
purification which shows the purity of the individual histone tails that were produced. Peptide

purity was not measured but no large impurities were detected.

¢, Coomassie gel of purified recombinant HP1a, HP1B, and HP1y purified from E. coli.
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Extended Data Figure 2.4 | HP1 binding of modified H3 tail peptides by fluorescence polarization

a-c, Fluorescent polarization binding assay of HP1a (a), HP1pB (b), and HP1y (c) to the indicated
Histone H3 tail peptides, N=3. Data shows all three HP1 paralogues bind strongly to H3 di-

modified peptides.

d, KD values of the specified recombinant HP1 protein with the specified fluorescein labeled

peptide. Mono- and tri- methylation of H3K4 does not inhibit HP1 protein binding.
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Extended Data Figure 2.5 | SynTEF1 stimulates Frataxin expression in a population of cells

a, FXN expression in GM15850 (FRDA) and GM15851 (Healthy) cells treated with DMSO or
SynTEF1. Samples are normalized to GM15850 DMSO samples. SynTEF1 restored FXN expression

in FRDA cells to levels similar to healthy controls.

b, Total DNA-FISH puncta used for the distance analysis for each treatment. Over 6,000 DNA

puncta were used for distance analysis.

¢, Total DNA-FISH puncta used for colocalization with RNA-FISH for each treatment. Over 12,000

puncta total were analyzed for RNA-DNA colocalization.

d-g, Representative full-sized images of merged and individual RNA and DNA FISH signals.
GM15850 cells treated for 24 hours with DMSO vehicle (d) or 1 uM SynTEF1 (e), and GM15851

healthy lymphoblasts treated with DMSO vehicle (f) or 1 uM SynTEF1 (g).
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Extended Data Figure 2.6 | SynTEF1 and 109 work synergistically to activate FXNV expression

a-b, Volcano plot comparing the Log: of the p-value on the y-axis vs. Log: of the fold change over
DMSO on the x-axis (a), and M&A plot showing the Log; of the Fold change on the y-axis vs. the
Log, of the average expression on the x-axis (b). This shows how much of the transcriptome
changes are associated with 109 treatment vs SynTEF1 resulting from the cotreatment of
SynTEF1 and 109. 109 is responsible for larger changes in lowly transcribed genes and significant

changes in actively transcribed genes.

¢-d, Volcano (c) and M&A plot (d) showing RNAseq results of the treatment of GM15850
lymphoblasts with 1 uM SynTEF1 for 24 hours normalized to treatment with 50 uM 109. These
data show that the individual treatments of SynTEF1 and 109 effect the transcriptome at

different locations which, when you correct for 109, results in negative differences in fold change.

e-g, M&A plots showing for samples treated with SynTEF1 (e), 109 (f), SynTEF1 + 109 (g)
compared to DMSO. Perturbations are more frequently seen in lowly transcribed genes in
response to SynTEF1 than the more highly expressed genes. 109 and SynTEF1 + 109 treatments

both effect gene transcription both positively and negatively more than SynTEF1 alone.
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h, M&A plot showing RNAseq results from the cotreatment of SynTEF1 + 109 normalized to 109.
The normalization to 109 decreases the transcriptome changes to mirror more closely those seen

after SynTEF1 treatment.
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Extended Data Figure 2.7 | FXNRNAseq peaks increase in response to small molecule treatment

a, RNAseq trace at FXN of FRDA GM15850 cells treated with DMSO vehicle (black), 50 uM 109
(green), 1 uM SynTEF1 (red), or cotreated with SynTEF1 and 109 (purple). (GAA) repeat is in blue.
The level of transcription in vehicle treated cells is very low which does not change after
treatment with 109. SynTEF1 increases RNA levels at introns 2 — 5, which is further increased with

the co-treatment of SynTEF1 + 109.

b, (GAA) repeat region of FXN showing partially transcribed intronic region 5’ of the (GAA) repeat
region. Both 109 and SynTEF1 show low levels of transcription in the first intron 5’ of the (GAA)
repeat. Co-treatment with both SynTEF1 and 109 increases transcription in the first intron

synergistically.

¢, Antisense transcript levels at FXN. There is no observed antisense transcript present in vehicle,
109, or SynTEF1 treated cells. There are low levels of antisense transcript produced in response
to the co-treatment with SynTEF1 + 109 primarily in the first intron, 4" and 5 exon, and the 3’

UTR.
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The response of FXN expression to HMTi and HDACi over time
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Extended Data Figure 2.8 | HDACi but not HMTi work synergistically with SynTEF1 to regulate

FXN expression over time

FRDA GM15850 lymphoblasts were treated with the HMT inhibitor BIX at 0.1 uM and 0.5
UM, the HDACi 109 at 10 uM and 50 uM, or SynTEF1 at 1 uM for 24, 48, or 72 hours. Error bars
are SEM. SynTEF1 shows the expected increase in FXN expression which continues to increase at
each timepoint. BIX alone was unable to activate FXN expression and did not work synergistically
with SynTEF1 or 109. 109 showed a ~2-fold increase after 72 hours at 50 uM. The cotreatment
of SynTEF1 + 10 uM 109 showed synergism at all three timepoints irrespective of BIX treatment.

SynTEF1 + 50 uM 109 showed synergistic activation at each timepoint.
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2.8 Materials and Methods

Cell Culture and Treatment

GM15850 cells were obtained from the Coriell Institute and cultured under
recommended conditions. Cells were cultured in RPMI (GIBCO) containing 15% FBS (GIBCO) and
an antibiotic/antimycotic containing 100 U/mL penicillin, 100 U/mL streptomycin, and 0.25 U/mL
Amphotericin B (GIBCO). Small molecules were dissolved in DMSO and were added to fresh

culture in media.

Peptide Synthesis and Protein Production

The H3 peptide sequence ARTKQTARKSTGGKAPRKQLATKA labeled with a 3’ 5-FAM was
produced at the St. Jude Children’s Research Hospital Peptide Production Facility using a
Symphony X solid phase peptide synthesizer. The lysine and serine modifications were
introduced during peptide synthesis using pre-modified amino acids. Peptide purity was

validated using 220 nm and 492 nm HPLC and verified using mass spectrometry.

HP1a, HP1B, and HP1ly proteins were generated by the St. Jude Children’s Research
Hospital Protein Production Facility. Briefly, BL21(DE3) Rosetta E. coli cells were transformed with
pBH4-6His-TEV-HP1a plasmid and selected using carbenicillin and kanamycin. Single colonies
were grown and induced with IPTG. Pellets were lysed in lysis buffer (300 mM NacCl, 1xPBS, 10%
glycerol, 7.5 mM imidazole pH 8) in the presence of PMSF, pepstatin A, aprotinin, and leupeptin.

Supernatant from lysate was incubated with cobalt resin for at least 1 hour and then washed in
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a gravity column. Protein was eluted in 20 mM HEPES pH 7.5, 150 mM KCI, 400 mM imidazole pH
7.5.50 uL TEV protease at 2 mg/mL was used to cleave the tag, and the protein was then dialyzed
overnight in 20 mM HEPES pH 7.2, 75 mM KCl, and 1 mM DTT. The protein was then passed
through a MonoQ column using standard protocols and eluted with a 200 mM-1 M KCI gradient
and collected. Protein was then passed through a 0.22 um centrifugal filter and purified further
on an S75 size exclusion column. Protein was concentrated using 10 kDa spin column
concentrators as needed, and concentrations were verified using UV absorbance at 280 nm

(Nanodrop).

A synthetic gene for BRD4s, codon-optimized for E. coli, was ordered from Genscript in a
pET28a vector. A hexa-histidine tag followed by a TEV protease cleavage site was placed at the
N-terminus of the open reading frame. The BRD4s plasmid was transformed into BL21-RIPL cells,
cultures were grown in LB medium, and expression initiated by addition of IPTG. Cells were lysed
in 30 mM imidazole pH 7.8, 1 M NaCl with a sonicator. The clarified lysate was loaded onto a 5
mL Fast Flow Chelating Sepharose gravity column and washed with the resuspension buffer.
Protein was eluted in 300 mM imidazole pH 7.8, 300 mM NaCl and subsequently diluted three-
fold before loading onto a HiTrap Heparin column for the removal of bound nucleic acid. The
protein was eluted with a gradient of NaCl in 20 mM HEPES pH 7.5 and concentrated to 100 uM.
Protein was then either dialyzed into 20 mM Tris pH 7.8, 150 mM NacCl, 5 mM DTT and flash

frozen and stored at -80 °C.

Fluorescence Polarization Binding Assays
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Fluorescence polarization binding assays were performed using 20 uL FP buffer (0.02%
NP-40, 150 mM KCI, 20 mM HEPES pH 7.5, 1 mM DTT) in black flat bottom plates (Corning
3821BC). HP1 proteins (20 mM HEPES pH 7.5, 200 mM KCl, 10% glycerol, 2 mM DTT) were serially
diluted into the plate. 30 nM final concentration of H3 peptides were added to each well with an
Echo Liquid Handler. Plates were agitated on shaker for 5 minutes and incubated at RT for 90
minutes. Fluorescence polarization of all samples was determined using fluorescence excitation

at 485nm and emission at 520nm.

Chromatin Immunoprecipitation

2.5x107 cells were used for each ChIP sample. Covaris truChIP Chromatin Shearing Kits
were used for fixation and nuclear isolation using the standard protocol. Immunoprecipitation
was performed as follows: 35 plL/sample of Protein A/G (Pierce 88803) beads were washed 2x
with and resuspended in ChIP Lysis Buffer (50 mM Tris-HCI, 10 mM EDTA, 0.5% Empigen BB, 1%
SDS) and used to preclear samples for 1 hr. 8 uL of sample was added to 292l Elution Buffer (1%
SDS, 100 mM NaHCO3) and stored as input at -20°C. 800 pL of sample was added to 2 mL of IP
Buffer (2 mM EDTA, 150 mM NaCL, 20 mM Tris-HCL pH 8.0, 1% Triton X-100). 6ug antibody was
added to each sample, and they were rotated at 4°C overnight. Antibodies used can be found in
table S1. 100 uL magnetic beads per sample were washed 2x with equal volumes of IP buffer and
then added to each sample and samples incubated for 1 hour. Samples were centrifuged at 13k
RPM for 1 minute and then placed on magnet. Supernatant was discarded and beads were

washed with 1 mL each of Wash Buffer 1 (2 mM EDTA, 20 mM Tris-HCI pH 8.0), 0.1% SDS, 1%
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Triton X-100, 150 mM NaCl), Wash Buffer 2 (2mM EDTA, 20 mM Tris-HCI pH 8.0, 0.1% SDS, 1%
Triton X-100, 500 mM NaCl), Wash Buffer 3 (1 mM EDTA, 10 mM Tris-HCI pH 8.0, 250 mM LiCl,
1% Deoxycholate, 1% NP-40), and 2x with 1 mL TE Buffer (10 mM Tris-HCI, 1 mM EDTA). Samples
were centrifuged at 13k RPM for 30s and residual TE buffer was removed. Magnetic beads were
resuspended in 300 pL Elution Buffer. 12 uL 5 M NaCl was added to both samples and inputs and
placed at 65°C for 18 hours. Samples were then spun at max speed at RT and supernatant was
transferred to new tubes. RNase A (Fisher ENO531) was added at 0.2 pg/uL and samples
incubated at 37 °Cfor 1 hour. Proteinase K (Fisher 25530049) was added at 0.2 ug/uL and samples
incubated at 55 °C for 1 hour. DNA was isolated using Qiagen DNA cleanup buffers PB (19066)
and PE (19065). Briefly 1.2 mL buffer PB was added to each sample and samples were added to
DNA columns (Fisher NC0066803) and centrifuged for 60 seconds. Columns were washed 2x with
0.75 mL buffer PE and eluted in 50 pL nuclease-free water. Samples were sequenced using Next
Generation Sequencing by NovaSeq6000 by the St. Jude Children’s Research Hospital Genome

Sequencing Facility.

ChlIP-seq Data Analysis

All ChIP-seq data were sequenced for this study and deposited under accession number
GSE196619 in the GEO database. Collection of all sequencing reads were processed with the Trim
Galore tool (available on-line at
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/), removing all potential

adapter sequences and quality trimming reads with cutadapt using Q20 quality score cutoff’.
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Next, reads were aligned to the human reference genome GRCh38.p12 using bwa (v0.7.17-
r1198)? and the output was converted to BAM format with samtools (v1.2)3, followed by
identification of duplicated reads with bamsormadup tool from biobambam?2 program (v2.0.87)%.
Subsequently, the SPP tool (v1.11)°> was used to estimate fragment size with the relative strand
cross-correlation analysis; and uniquely mapped reads were extracted from BAM files with
samtools and extended with bedtools (v2.24.0)%, using the fragment size value precalculated with
cross-correlation analysis. Subsequently, the MACS2 program’ was used to call peaks in narrow
mode, with -nomodel -q 0.05 flags (high confidence peaks). In parallel, peaks were also called
with more relaxed criteria, setting the -q flag to 0.5, which are here further referred to as low
confidence peaks. The reproducible peaks of biological replicates were identified as those which
either in both replicates had overlapping high confidence peaks or those, which in one replicate
had a high confidence peak, which was supported by a low-confidence peak in the second
replicate. Finally, reproducible peaks were annotated with genes if the peak overlapped the with
gene promoter, defined as transcription start site (TSS) + 2000 bp, and based on the reference
annotation from Gencode®. For the purposes of visualization, the mapped reads’ densities were
converted to BigWig format and normalized to 15 million non-duplicated mapped reads. Next,

whenever applicable, the average signal between biological replicates was calculated.

Differential peak binding analysis included calculation of the fragment counts per reproducible
peaks based on bedtools (v2.24.0)®, combined with in-house scripts, and was followed by limma-
voom approach®!? to differentially binding peaks. Different levels of stringency were used to

classify the peaks as differentially binding, including p<0.05.
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Velocity Plots

To visualize the differences between two conditions, a new approach that utilize the
vector (aka. Quiver) plots, was introduced, which for this study, covered region at coordinates
chr9:69,035,000-69,039,600. These plots, which are here referred to as velocity plots, emphasize
the differences of the shape and intensity of the enrichment signal between two conditions.
Velocity plots are generated for a predefined genomic region of interest, and step-by-step
guidelines on how the velocity plots are generated were depicted in the supplementary figure 2.
The signal enrichment from two toy example conditions, both of which were pre-normalized to
the same sequencing depth, and which both use the same bin size (in our case genome was
separated in 50 bp long bins), are visualized on the figure 2A. The input format was bedGraph.
Note that the values represented by entries of bedGraph files for each condition, which are 1-
dimentional, were then converted to 2-Dimentional matrix, which dimensions depend on the
number of bins that span the genomic region of interest, and the user-specified number of
desired layers (in our case equal to 5 layers). Next, the algorithm identified the maximum
enrichment value from both conditions, which was round up to integer. This max integer value
was then divided by the number of layers, which was subsequently used to calculate m - the max
enrichment value per layer. Next, for each bin, the algorithm calculated how many m values could
be covered by the enrichment value from that bin, which in the final matrix were assigned the
value of 1, and what was the ratio of the remaining signal to the m value (figure 2B). Finally, the
values identified were ordered in ascending order, and filled in the values for the layers 1-5 of
the corresponding bins. On the example of 12th bin of the condition 1 (figure 2B), which

enrichment value is equal to 4.3, the m value is equal to 1, so the 4.3 = 4*m + 0.3; and the 0.3/m
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= 0.3; therefore, the values placed in layers 1-5 were 0.3, 1, 1, 1, 1, as visualized on the figure 2B.
Next, in order to compare the condition 1 to condition 2, the 2-D matrix of the condition 2 has to
be subtracted from 2-D matrix of the condition 1 (figure 2C), and vice versa, to compare condition
2 to condition 1, 2-D matrix of the latter has to be subtracted from the 2-D matrix of the former.
Next, the algorithm calculated the values required to plot regular quiver plot from matplotlib
Python package (description available on-line at:
https://matplotlib.org/stable/api/_as_gen/matplotlib.pyplot.quiver.html), that is X and Y
coordinates, which correspond with the Bins and layers from the processed 2-D subtraction
matrix. Moreover, the quiver plotting function requires the values of the horizontal and vertical
arrow tilt to position the vector on the plot. Both were calculated by traverse through the 2-D
subtraction matrix, with calculating the tilts using the weight pattern shown on figure 2D. l.e. in
order to calculate the vertical arrow tilt, the value from current cell, as well as the cell
corresponding to the previous layer, were taken under consideration (result values for vertical
arrow tilt are shown on figure 2F); however, to calculate the horizontal arrow tilt, all the adjacent
layers’ values were taken under consideration, with the weights decreasing the further the
distance from the cell of origin (for the example matrix shown in figure 2C, the horizontal tilt
values are shown in figure 2E). Finally, the values for the vertical arrow tilt, which range between
-1 and 1, were also used to assign color from the blue-white-red color map. The resulting vector-
enrichment plots for the toy example, for both the condition 1 over condition 2, and condition 2

over condition 1, are shown on the supplementary figure 2G.

siRNA, RNA Isolation, and qPCR
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On-target plus siRNA was purchased from Dharmacon and Dharmafect | was used for
siRNA transfection and knockdown using the recommended protocol. RNA was isolated using
Qiagen RNeasy isolation kit (74106) and eluted in 50uL nuclease free water. RNA concentration
was determined using nanodrop and diluted to 100ng/ul in nuclease free water. 100ng of RNA
was used to generate cDNA using iScript reverse transcription cDNA synthesis kit (Bio-Rad
1708891). The resulting cDNA concentration was determined using nanodrop and diluted to
100ng/uL. Quantitative polymerase chain reaction was performed using SYBR Green

SsoAdvanced (Bio-Rad 1725275) with 100ng cDNA per sample. gPCR was performed on ABI7900.

RNA-seq data analysis

Raw RNA-seq reads were quality filtered and trimmed with Trim Galore tool (available on-
line at https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). Reads were then
aligned to the human reference genome (hg38 / GRCh38.p12) using STAR. Subsequently, based
on the reference annotation from Gencode (Release 31)8, read counts per gene were calculated
using RSEM??, including only level 1 and 2 protein-coding genes, with at least 10 reads per
condition. Next, to identify differentially expressed genes (DEGs), the remaining genes were
processed using limma-voom approach®. Based on the values of log2(fold-change), p-value and
false discovery rate (FDR), genes were then classified into various categories of differential

expression representing different levels of stringency: |log2(FC)| > 1 and FDR < 0.05.

RNA/DNA FISH
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GM15850 and GM15851 cells were cultured according to Coriell’s protocol using RPMI
+15% FBS, seeded at 2.5x10° cells/ml, and treated for 24 hours with either 0.1% DMSO or 1uM
Syn-TEF1 in 0.1% DMSO prior to collection. 2.5x10° cells/sample were used for PCR analysis of
FXN and GAPDH expression. 1-5x10° cells/treated were used for DNA/RNA FISH using an FXN
probe from WI2-1857D19 fosmid. This experiment had 3 biological replicates with 2-4 technical
replicates: Samples were sequentially stained and imaged for RNA and then DNA FISH using DAPI,
FITC, and TRITC channels for both acquisitions. DNA FITC and RNA TRITC channels contain peaks
of interest; DNA TRITC and RNA FITC channels contain background/bleed through. DNA and RNA
z-stacks were trimmed to the same length using points of interest to determine z-offset and then
merged using DAPI stains to align samples in Nikon Elements. Peak picking of RNA (RNA TRITC)
and DNA (DNA FITC) spots in merged z-stacks were conducted by generating peak masks by
interactively thresholding a Laplacian of Gaussian (sigma: 0.15) and peak positions were defined
as the center of gravity of the masked image pixels. At each peak, the intensity value of each
image channel was read (following a gaussian blur with sigma 0.15). Additionally, the closest
neighbors across all image channels were determined using the KDTree algorithm. The thresholds
used were: 1200 (DNA FITC), 600 (DNA TRITC and RNA FITC), 1000 (RNA TRITC). Peak intensity
values and xyz location were filtered first to see if they were nuclear (DAPI > 200) and far from a
bleed through signal (DNA FITC peak further than 0.75um from any DNA TRITC peak and RNA
TRITC peak further than 0.75um from any RNA FITC peak). DNA spots were counted for any DNA
FITC peak that met the above filters. A RNA spot was counted if the RNA TRITC peak met the

above filters and was within 0.75um of a DNA spot.
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Image Analysis

FISH images were generated using a merged z-stack with LUTS adjustments made with
Imagel. Distance to nuclear periphery analysis was done using Imaris Image Analysis Software
using DAPI to generate a 3D ROl representing the nucleus and measuring the distance of the DNA
FISH puncta to the closest edge of the ROI. Cells containing more than 2 DNA FISH signals were

excluded.

601 DNA FWD

CTGGAGAATCCCGGTCTGCAGGCCGCTCAATTGGTCGTAGACAGCTCTAGCACCGCTTAAACGCACGTA
CGCGCTGTCCCCCGCGTTTTAACCGCCAAGGGGATTACTCCCTAGTCTCCAGGCACGTGTCAGATATATA

CATCCTGT

601 DNA REV

ACAGGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGG
GGACAGCGCGTACGTGCGTTTAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTGCAGACCG

GGATTCTCCAG

GAA DNA FWD
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GAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGA

AGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAG

AAGAAGAAGAAGAAGAA

GAA DNA REV

TTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTT

CTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTCTTC

Table S1.
Target Antibody
H3K4dme3 Abcam Ab8540
H3K9me3 Abcam Ab8898
HPla Cell Signaling 2616S
HP1B Cell Signaling 8676S
HP1y Millipore 05-690
Table S2.
Target Sequence
FXN Forward CAGAGGAAACGCTGGACTCT
FXN Reverse AGCCAGATTTGCTTGTTTGG

GAPDH Forward

CTGAGCTCATTTCCTGGTATGA

GAPDH Reverse

CTTCCTCTTGTGCTCTTGCTG

HDACI1 Forward

GCTGGCAAAGGCAAGTATTATG

HDAC1 Reverse

CTAGGCTGGAACATCTCCATTAC

HDAC2 Forward

GGAGAAGGAGGTCGAAGAAATG

HDAC2 Reverse

ACCACTGTTGTCCTTGGATTTA

HDAC3 Forward

TGATCGATTGGGCTGCTTTA

HDAC3 Reverse

CAGCACGAGTAGAGGGATATTG

HP18 Forward

GGAGAGCTCATGTTCCTGATG

HP18 Reverse

CGTCAGCCTTTCCTCATAGAAG
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HP1y Forward GGCCTCCAACAAAACTACATTG
HP1y Reverse TCCACTTTCCCATTCACTACAC
HPla Forward TTGCCCTGAGCTAATTTCTGAAT
HPloa Reverse GATGTCATCGGCACTGTTTGA
FXN A Forward CCCCACATACCCAACTGCTG
FXN A Reverse GCCCGCCGCTTCTAAAATTC
FXN B Forward AAACTGACCCGACCTTTATTCCA
FXN B Reverse GGAATCCCCCAAGGTCACA
FXN C Forward GAAACCCAAAGAATGGCTGTG
FXN C Reverse TTCCCTCCTCGTGAAACACC
FXN D Forward CTGGAAAAATAGGCAAGTGTGG
FXN D Reverse CAGGGGTGGAAGCCCAATAC
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3.1 Introduction

Throughout the life of a cell the proper partitioning of proteins to specific subcellular
compartments is required to maintain homeostatic balance. Correct spatial localization is
necessary for protein function, and mutations that changes protein trafficking results in a bevy
of diseases from Parkinson’s to Type-2 Diabetes to various types of cancer [1]. Historically these
compartments were either membrane bound organelles separated from the cellular milieu by a
phospholipid bilayer, or the membrane-less nucleolus which maintains a liquid-like state of
condensed DNA and proteins. Phospholipid bilayers provide a physical barrier to protein and
small molecule transport which restricts access to everything that cannot be trafficked or won’t
freely diffuse across. The liquid—Ilike state found in the nucleolus instead clusters specific
proteins, RNA, and DNA to the same region to facilitate ribosome biosynthesis, but does so
without physically separating the region with a membranous barrier. Instead, these proteins
cluster in a liquid—like state and form liquid—liquid phase separated (LLPS) condensates, which
exchange protein—water interactions with protein—protein interactions [2]. This results in two

different phases, a protein rich dense phase and a protein poor dilute phase.

At their most fundamental state, proteins are simply linear chains of amino-acids.
Through entropically favorable intramolecular interactions proteins form stable secondary and
tertiary structures which restricts solvent access to hydrophobic regions, resulting in a 3-
dimensional protein structure. A protein can be subdivided into domains which either form stable
secondary structures or are intrinsically disordered in solution. Folded protein domains that form

multivalent interactions with other molecules can facilitate protein liquid—liquid phase
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separation [3]. Similarly, intrinsically disordered regions drive phase separation through weak
multivalent interactions [2]. Since the central mechanism for both structured and unstructured
protein LLPS is multivalent interactions, phase separated condensates frequently incorporate

nucleic acids or other macromolecular scaffolds which provide multiple potential interaction sites

[4].

Sub-cellular compartmentalization of proteins into LLPS condensates provides the cell a
mechanism to locally concentrate proteins with similar functions into a membraneless organelle
at a specific locus. This results in an increase in the local concentration of a small group of
interacting proteins which results in increased function and cooperativity [4]. Biological processes
generally require the collective interaction of interdependent proteins which we are learning is
frequently catalyzed through LLPS. Condensate formation has been implicated in diverse
biological processes such as heterochromatin formation, active transcription, RNA degradation

and splicing, DNA damage response, and RNAi processing [4-8].

SynTEF1 recruits BRD4 to the FXN locus in FRDA patient cells, which further recruits other
components necessary for active transcription such as pTEFb and CDK9 [9]. We have shown in
this work that this occurs despite the establishment of functional epigenetic repression.
Considering LLPS has been involved in both heterochromatin formation and active transcription,
SynTEF1 treatment must either regulate the interaction of these LLPS condensates, or bypass it

and dissolve them entirely.
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3.2 HP1 phase separation

The placement of H3K9me3 at gene poor and pericentromeric repeat regions results in
the recruitment of the HP1 family of proteins and the subsequent condensation of
heterochromatin, as has been discussed previously. HP1 will also stably associate with free DNA
and RNA through direct interactions with two lysine/arginine rich motifs in the unstructured
hinge region [10, 11]. The DNA wrapped and H3K9me3 modified nucleosomes provides a large,

multivalent substrate not unlike those observed to catalyze LLPS.

Notably the multiple complex interactions between HP1, DNA, and modified histones are
not required for LLPS. HP1a will form liquid droplets on its own when phosphorylated on the N-
terminal domain or hinge region, and is maintained highly phosphorylated in the cell [8, 12, 13].
This provides a mechanism for HP1a to be stabilized in a region of heterochromatin without
directly binding DNA or nucleosomes, which alone results in an increased unbound local
concentration at regions of DNA that HP1 is bound. Despite the sequence similarity between the
HP1 paralogues, these observations are specific to HP1a; HP1B and HP1y do not form higher

order oligomers on their own [8].

In addition to the independent phase separation displayed by HP1a, it will also phase
separate with DNA sequences as short as 147 bp and as long as 48.5 kb [8]. The length of the
available DNA affects LLPS, where longer DNA sequences allow HP1a to phase separate at lower
concentrations. HP1y will also associate with longer DNA sequences and form LLPS condensates
[13]. HP1B instead prefers to condense on H3K9me3 modified mono-nucleosomes [14]. These
paralogue specific differences may help to account for the differences that we observed at the

FXN gene. HP1a and HP1B were recruited after SynTEF1 treatment around the GAA repeat
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region, where HP1y was located primarily at the TSS. The disparity between these proteins may

arise from the differences in DNA binding and their individual phase separation properties.

3.3 BRD4 phase separation

The assembly of the various transcription factors at the enhancer region that are
necessary for active transcription occurs in euchromatic regions generally marked with H3K4me1l
and HeK27Ac as discussed previously [15]. This includes BRD4 recognition of the H3K27Ac
modification by its bromodomains, and its association with MED1. Multiple enhancers can cluster
together to form super-enhancers (SE) with high densities of transcriptional machinery
coalescing in one area. These regions are greatly enriched for MED1 and H3K27Ac at transcribed
genes crucial for cellular identity [16, 17]. SEs bound by MED1 and BRD4 display liquid-like
properties, and the intrinsically disordered regions (IDR) from BRD4 and MED1 phase separate
together [18]. The MED1 and BRD4 phase separated enhancers concentrate the necessary
general transcription factors and other components into a small, nuclear, membraneless
organelle, specifically targeting this machinery to active genes. These MED1 bound enhancers
also from condensates with RNA Polymerase which further supports a direct relationship
between LLPS and active transcription [19]. BRD4 recruitment to these loci through its interaction
with H3K27ac epigenetic modifications is paramount. BRD4 and MED1 LLPS condensates are
dispersed by JQ1 treatment, which binds to the BRD4 bromodomains and directly inhibits its
binding to acetylated chromatin [19]. Additional in vitro studies show unmodified nucleosomal
arrays will form LLPS condensates, which are dispersed when acetylated at H3K27 [6]. When

BRD4 is added to the system the LLPS condensates reform, pointing to the importance of BRD4
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to the system. This suggests a biphasic system where the BRD4 binding of H3K27Ac nucleates the

recruitment of MED1 and RNA Polymerase assembly at enhancers and super-enhancers.

BRD4 is expressed as both a long and a short isoform. The short isoform lacks a large ~600
amino acid disordered region on the C-terminus, but preferentially forms liquid like phase
separated condensates in vivo and in vitro [5]. Similar to HP1a, BRD4s will also bind and phase
separate with dsDNA through interactions with an extremely basic, lysine rich region [5]. But
while HP1a phase separates more readily when phosphorylated, BRD4s fails to form LLPS
condensates in vitro or in cell lysates after phosphorylation. The importance of BRD4
phosphorylation in transcriptional regulation is becoming more apparent, with its
hyperphosphorylation correlating with poor survival in triple-negative breast cancer [20, 21].
Interestingly both BRD4s and HP1 are substrates for casein kinase 2 (CK2) which may provide a

transitional switch from active transcription to repression at co-occupied regions [5, 12].

3.4 BRD4s and HP1a coacervate into mixed phase separated condensates

H3K9me3 and HPla, HP1B, and HP1ly are all enriched at FXN by SynTEF1, and these
transcriptional repressors coexist with the recruited transcriptional coactivator BRD4. Critically,
HP1 recruitment to FXN is functional, and both the induced increase in histone acetylation by 109
as well as siRNA knockdown of HP1a and HP1y further amplify the ability of SynTEF1 to activate
transcription. These findings raised a conundrum: how does SynTEF1 binding, BRD4 recruitment,
and Pol Il transcription through GAA repeats occur without reduction in HP1 levels or erasure of

H3K9me3 marks? We hypothesized that HP1a forms repressive condensates at GAA repeat
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expansions, which SynTEF1 can enter and grant access to BRD4 and Pol Il without dispersing the
HP1a condensate. Due to its rapid on/off DNA binding kinetics [13], HP1a could locally release

and re-engage GAA repeats allowing passage to an elongating Pol II.

To test this possibility, we first examined whether HP1a forms condensates with a 147
base pair DNA fragment bearing 49 GAA repeats which can adopt unusual conformations [22].
When compared with the well-characterized 601 DNA sequence of identical length [13], HP1la
phase separated with GAA repeats at comparable saturation concentrations and formed
condensates of similar dimensions (Figs. 3.1 a-c). Next, to examine if SynTEF1 can access cognate
DNA binding sites in HPla condensates, we synthesized a GAA-binding polyamide (PA1)
conjugated to JF646, a fluorophore that emits at 646 nm (Fig. 3.1 d and Extended Data Figs. 1b-
c). Consistent with its specificity for GAA repeats [23], PA1-JF646 enriches in the HPla
condensates bearing 49 contiguous GAA-repeats but not in condensates formed with identically

sized 601 DNA, which lack PA1/SynTEF1 binding sites (Figs. 3e-g).

While other polyamides have been reported to displace HP1a [24], PA1 or PA1-JF646 do
not disperse the GAA-HPla condensates even at saturating concentrations (Fig. 3.1 e-g).
However, it was unclear if SynTEF1 would partition into HP1a condensates because JQ1, a key
component of SynTEF1, was reported to not enrich in HP1a condensates [25]. Moreover, HP1a
and BRD4 form functionally and physically distinct condensates and their ability to co-condense
at physiological concentrations was unexpected [2, 18, 26, 27]. Remarkably, not only does
SynTEF1 enable JQ1 to enter HP1a condensates it also facilitates the partitioning of BRD4 into
these repressive condensates at physiological concentrations (Figs. 3i and 3j). Intriguingly, at

higher concentrations (>250nM), BRD4 co-condensates with HP1a without the assistance of
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SynTEF1 (Fig. 3j). When incubated with pre-formed HP1a condensates, SynTEF1 recruits BRD4
within seconds (Figs. 3k-I and Extended Data Fig. 3.1e). This unexpected result points to a more
generally employed mechanism by which genes embedded in repressive heterochromatin might

permit transient access to transcriptional machinery.
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Fig. 3.1 | BRD4 can access HP1 condensates

a, Titration of 601 DNA and GAA-repeat DNA with increasing concentrations of HP1a.. Samples
imaged by DIC microscopy. Fluorescence micrographs of samples at 64 uM HPla show its

enrichment in condensates.

b, The change in HP1a condensate area with increasing concentration with 147 bp 601 or (GAA)as

repeat DNA. A total of over 28,000 total droplets and 4 replicates were analyzed.

¢, Schematic showing HP1a can form condensates with GAA repeat DNA.

d, Chemical structure of PA1-JF646. The polyamide found in SynTEF1 conjugated to fluorophore

JF646 instead of JQ1.

e, PA1-JF646 enters HP1o condensates formed with GAA-repeat DNA, but not 601 DNA.

f, PA1-JF646 fluorescence intensity in condensates formed with (GAA)as or 601 DNA. PA1-JF646

preferentially recognizes GAA repeat DNA sequences.
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g, Depletion of PA1-JF646 fluorescence intensity from the dilute phase in presence of HP1o-DNA

condensates.

h, Schematic showing PA1-JF646 and SynTEF entering HP1a-GAA DNA condensates.

i, Access to BRD4 into HP1a.-GAA DNA condensates in the presence of SynTEF1, PA1 or DMSO.

BRD4 preferentially binds SynTEF1 saturated HP1a-GAA DNA condensates at low concentrations.

j, Quantification of (i) over 15,000 droplets and 2 replicate samples. Fold change is fluorescence

intensity normalized to the average intensity in condensates treated with DMSO.

k, Super-resolution micrographs showing SynTEF1-dependent entry of BRD4 into pre-formed

HP1o-DNA condensates.

I, Schematic showing SynTEF1-mediated BRD4 recruitment to HP1a condensates.
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3.5 Polyamides change the properties of HP1a condensates in a DNA sequence specific
manner

Since HP1a readily associates with 601 and GAA DNA sequences and form similar sized
condensates, we wanted to know whether a similar amount of HP1a exists in those condensates.
To test this, we titrated HP1a and measured the droplet intensity, and found that HP1a formed
denser droplets when bound with 601 than GAA DNA at lower protein concentrations (Fig 3.2 a-
b). Next, to understand how DNA availability changes in response to polyamide addition, we
measured HP1a droplet size and intensity when formed in the presence of PA1-JF646 (Fig 3.2 c-
e). HP1a bound to GAA DNA was found to be much more compressed than 601 bound droplets.
This result may be caused by PA1-JF646 binding to and bridging across two GAA repeat DNA
sequences which would provide a less motile and larger scaffold for HP1a to associate with. HP1a
is sensitive to DNA size differences and will produce droplets with different tensile properties

[13].

Since BRD4 can form LLPS condensates with HP1a, we wanted to understand if HP1a can
restrict BRD4 entry by occupying the DNA available to BRD4, and whether SynTEF1 can still
facilitate BRD4 entry. To test this, we preincubated either SynTEF1 or PA1-JF646 with DNA and
HP1a, and then added BRD4 to the pre-formed droplets (Figs 3.2 f-h). SynTEF1 was again able to
greatly increase BRD4 entry into HP1a droplets, increasing both BRD4 entry and the overall
droplet size (Figs 3.2 f-g). To better understand the sub-structure of these droplets we imaged
them under super-resolution microscopy. These condensates showed homogenous HPla
throughout the droplets, but an enrichment of PA-JF646 at the periphery, while BRD4 entered at

low levels (Fig 3.2 h-i). SynTEF1 bound DNA resulted in the enrichment of BRD4, primarily to the
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periphery of the HP1a droplet in a similar manner as PA1-JF646. These unanticipated results
show that the interior of pre-formed HPla droplets are non-uniform, and SynTEF1 mediates

BRD4 recruitment at primarily at the boundary of the dense phase.
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Fig 3.2 | HP1a droplet structure is modulated by the addition of polyamides and BRD4

a, HP1a droplet intensity decreases with protein concentration. HP1a droplets formed with GAA

DNA has less HP1a recruitment than 601 DNA as the concentration decreases.

b, Diagram showing the formation of HP1a droplets with GAA or 601 DNA

c-d, HP1la droplets formed in the presence of PA-JF646 bound to GAA. Droplet size was measured
in (c), and droplets formed in the presence of 601 DNA were found to be larger than those formed
with GAA DNA. HP1a droplet intensity was measured (d) and found to be more highly recruited

by GAA DNA. Droplets were formed with uM HP1a, 0.1 uM DNA, and 1uM PA1-JF464.

e, Diagram showing the effect of DNA sequence on HP1a droplet formation in the presence of

polyamide.

f, BRD4 entry into mature HP1a droplets. BRD4 prefers to enter droplets formed with SynTEF1.

Droplets were formed with 64 uM HP1a, 0.1 uM GAA DNA, and 1 pM PA1-JF646 or SynTEF1.

g, HP1la droplet size in response to BRD4 treatment. BRD4 entry into SynTEF1 treated

condensates results in an increase in condensate size.
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h, Super-resolution microscopy of HP1a condensates formed with GAA DNA in the presence of
SynTEF1 or PA1-JF646. BRD4 forms a pronounced ring at the periphery of the HP1a droplet. PA1-

JF646 also forms a ring but less pronounced in the HP1a condensate.
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3.6  Conclusions

The calibrated restoration of FXN levels upon SynTEF1 treatment may well benefit from
the ability of HP1a to dynamically engage a segment of DNA within the repressive condensate.
The HP1a-DNA condensates are resistant to rapid or repeated force, but because of rapid binding
and dissociation kinetics, the condensates are susceptible to sustained force of the scale that is
exerted by slowly elongating Pol Il [13]. Such viscoelastic properties of the HP1a condensates at
GAA-repeats would rebuff high flux transcription bursts but would permit passage to a slowly
elongating Pol Il that is assisted by synthetically recruited elongation machinery (Fig. 3.1i). This
model agrees with previous observations that condensates have viscoelastic properties, and their
response to perturbations depends on the frequency of the perturbation [13, 28, 29]. Beyond
disease-causing repeat expansion in FXN, the ability of SynTEF1 to partition BRD4 into HP1
condensates and license transcription has direct implications for the mechanisms by which
natural transcription factors elicit gene expression within heterochromatin. In a negative-
feedback loop, the resulting transcripts often recruit repressive epigenetic machinery to silence
expression [30-32]. Similar cellular surveillance may function as a rheostat to moderate levels of

FXN expression in SynTEF1 treated cells.
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Extended Data Figure 3.1 | BRD4 is recruited to HP1a phase separated condensates by SynTEF1

a, Titration of HP1a without DNA, with (GAA)ss DNA, or with 147bp 601 DNA. HPla phase
separates with both (GAA)ss and 601 DNA with increasing concentration but fails to phase

separate in the absence of DNA.

b-c, MALDI TOF spectra (b) and HPLC chromatogram of PA1-JF646 showing compound purity.

d, Titration of BRD4s with 64 uM HP1a either in the presence of DMSO vehicle, SynTEF1, or PA1.

SynTEF1 facilitates BRD4 recruitment into HP1a droplets at low concentrations.

e, Individual replicates of the timed entry of 50 nM BRD4s into 64 uM HPla condensates
preformed with SynTEF1 (red) or vehicle DMSO (black). SEM between droplets in each replicate

is shown. Half-time calculated by one-phase association.
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3.8 Materials and Methods

Protein Labeling

Protein was dialyzed into 10 mM HEPES pH 7.5, 150 mM NacCl, 5 mM DTT. HP1a was labeled with
Oregon Green (Fisher 06147) and BRD4s was labeled with Rhodamine Red (Thermofisher R6160).
Briefly the dye was dissolved at 100 mM in DMSO and added to protein in a 20:1 dye-to-protein
molar ratio and incubated on a shaking platform for 5 hours. The reaction was quenched with 2

M excess Tris. Protein was then dialyzed into 20 mM Tris pH 7.8, 150 mM NaCl, and 5 mM DTT.

Polyamide Synthesis

Polyamide (PA1) was synthesized using solid phase peptide synthesis and then conjugated to
activated JF646-NHS ester by using DIPEA and DMF. The reaction was carried out at room
temperature for 6h. After completion of the reaction, diluted in 15% of acetonitrile in H20 and
injected in Prep-HPLC to purify the compound. The pure fractions were collected and lyophilized

to obtain pure compound.

Phase Separation Assays

DNA oligos were purchased from IDTDNA, resuspended in 50 mM NaCl and annealed at 95 °C for
5 minutes and ramped to 4 °C at 0.1 degree/s. DNA was re-annealed before each experiment and
incubated with polyamide for at least 3 h at 4 °C. HP1a and BRD4s were incubated with

DNA/polyamide in dialysis buffer for 1 hour before imaging on a Nikon C2. Time course
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experiments were performed by pre-forming HP1a condensates in PCR tubes for 1hr, transferring
the solution to a coverslip affixed to a perforated 35 mm glass plate, and then adding BRD4s at
50 nM. The samples were imaged on the Marianas 2 and images were taken every 5 seconds.
Super-resolution microscopy was performed on a Zeiss LSM980 Airyscan microscope on a

solution in the 2-phase regime equilibrated for 90 minutes.

Image Analysis

Protein colocalization in phase-separated condensates was performed by image analysis using
Nikon Elements. An ROl was generated using the HP1a FITC fluorescence channel and average
fluorescence intensity measurements were taken from all channels. The kinetics of BRD4s entry
into HP1a condensates was determined by analysis of movies in ImagelJ using a line ROl at default

width covering the HP1a condensate. BRD4s channel intensity was recorded at each timepoint.
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Chapter 4 | Future Directions
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4.1 Introduction

In this work | have shown that FRDA patient derived cells contain functional HP1 protein
at the FXN gene that works to down-regulate gene expression. SynTEF1 restores transcription
by recruiting BRD4 and pTEFb without removing this epigenetic repression, which instead
unexpectedly increases after treatment in order to regulate transcript levels. | then showed
that the combination treatment of SynTEF1 and HDACi-109 works synergistically to change the
epigenetic state and further increase FXN expression. This occurs because SynTEF1 facilitates
the entry of BRD4 into HP1a phase separated condensates, producing a state in which both
proteins are present and functional at a specific genetic locus. This bi-functional state generates
FXN transcript whose expression levels are “tuned” by the continued placement of H3K9me3
and the recruitment of HP1 proteins. HDAC-109 treatment further overcomes this epigenetic
repression and provides additional H3K9Ac modifications for BRD4 to bind. This work provides
insight into the mechanisms that govern gene regulation at regions where these standard active

and repressive epigenetic reader proteins interact.

As a therapeutic, SynTEF1 is a novel and modular compound which can be rearranged to
target many different types of repetitive regions and redesigned to deliver specific effector
“warheads” to different locations in the genome. The development of this tool has the
potential to treat other repeat-containing diseases and can additionally be redesigned to genes

in the future.

The effectiveness of SynTEF1 at overcoming the heterochromatic epigenetic regulation
at FXN capitalizes both on the presence of stalled polymerase and the interactions of BRD4 and

HP1 proteins. The inability of HDACi-109 to fully restore FXN transcription suggests that
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targeting just the active epigenetic state of a gene that is homeostatically regulated is not
sufficient to overcome heterochromatic silencing. This occurs because, while BRD4 can enter

HP1 droplets, it does so much less effectively then when SynTEF1 drives its recruitment.

4.2 Cellular Co-localization of HP1 and BRD4

We have shown in this work that SynTEF1 treatment restores FXN nascent transcription
at a similar number of genomic loci as found in healthy cells. We also know show that all three
HP1 paralogues colocalize at the FXN locus by ChIP-seq, and that BRD4 can enter HP1a phase
separated condensates. While these experiments do provide a basic understanding of how
BRD4 and HP1 interact, the visualization of these proteins colocalizing in vivo would provide
additional direct evidence of this bivalent state. Immunofluorescence of HP1a, HP1, HP1y
along with BRD4 would allow us to directly observe the change in the overlapping regions of
these disparate proteins. When paired with DNA and RNA FISH, or with PA1-JF646, we could

visualize BRD4 at actively transcribing FXN loci.

Visualizing these bound proteins at similar loci by immunohistochemistry will provide
information on colocalization, but to determine the state of these proteins and whether they
form liquid like states in the cell we would need to understand their turnover in the droplet.
This can be explored by overexpressing fluorescently labeled HP1 and BRD4 proteins in healthy
and FRDA model fibroblasts. These cells can be grown on coverslips and the change in protein
colocalization can be directly observed. Fluorescence recovery after photobleaching (FRAP)

experiments then can be performed on BRD4 and HP1 puncta to determine how quickly the
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areas recover which provides the rate of protein turnover at the locus. When used in
conjunction with PA1-JF646, FRAP measurements can be taken individually of HP1a, HP1p, or
HP1y. Additional fluorescently labeled compounds are under development which can also
recruit BRD4 to the HP1 bound FXN locus. FRAP experiments at these loci will provide

additional information on the changes in LLPS condensates at FXN.

Unfortunately, smFISH and smiFISH experiments have been unsuccessful at locating the
FXN transcript in the cell, which has instead has required the use of a larger FOSMID construct
(see Chapter 2). Another mechanism to visualize the change in FXN transcript after SynTEF1
treatment is through inserting an MS2 loop into the 3’ end of the gene, which provides a handle
for an MS2-GFP protein to bind and can be done in live cells [177, 178]. A CRISPR knock-in of
multiple MS2 loops in the FXN gene along with the stable overexpression of MS2-bound
reporter protein (frequently GFP) would provide another way to visualize the change in FXN
transcription. Since these cells do not need to be fixed, the overexpression of HP1 or BRD4

proteins may provide additional insights into their recruitment and interaction at the gene.

A different protocol called multi-cut & tag has been recently developed, which builds on
the familiar Cut & Tag protocol but instead probes genomic loci bound by multiple specific
proteins [179, 180]. It uses transposases pre-loaded with two different adapter sequences and
complexed with distinct antibodies. This generates cuts in regions of DNA that have one or both
target proteins, depending on if one or both adapters are sequenced. Adaption of this method
to SynTEF1 treated FRDA cells would provide orthogonal support for SynTEF1 mediated BRD4
colocalization with HP1 proteins, and provide a genome-wide analysis of where these proteins

interact. HP1y can be found in inactive regions of chromatin dense with H3K9me3
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modifications, but can also bind actively transcribed euchromatin which does not contain these
marks [61]. It may do this by entering and other condensate types but not actually interacting
with the DNA or nucleosomes, and instead regulating condensate formation or structure. Multi-
cut & tag would provide insight into how HP1y is associating with these disparate regions, and
whether it is in fact binding DNA independent of H3K9me3. Additionally, since all three HP1
paralogues do not have entirely complementary coverage along the genome, it would provide

further insight into how they bind to and restrict transcription.

4.3 HP1 DNA specificity

HP1 proteins associate with satellite DNA and can recognize both DNA and RNA. In this
work we have shown that HP1a readily forms phase separated condensates with both 601 and
GAA 147bp DNA sequences. Others have shown that HP1a forms phase separated condensates
with short and long DNA, HP1y forms condensates with long DNA only, and HP1p doesn’t phase
separate with DNA at all [64]. HP1y does show some nucleotide specificity as it recognizes
hexameric repeats, associates with SINE elements, and can help regulate splicing [181]. Since
HP1y displays nucleotide specificity, it logically follows that HP1a and HP1B may also have a
preferred nucleotide binding sequence. Because HP1 proteins form large multimeric structures,
these DNA sequences would be difficult to observe with standard ChIP methods. And since
improper silencing of actively transcribed genes frequently results in disease, it would be very
beneficial to understand what sequences the HP1 proteins prefer to bind, and whether those

sequences facilitate phase separation.
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Sequence specific Protein-DNA interactions can be enriched for using cognate-site
identification (CSI) [182]. This in vitro method uses a randomized DNA sequence surrounded on
both ends with barcoded DNA as a bait for protein binding. The preferred sequences are
enriched through a series of protein pull-downs and DNA amplifications, which results in pool
of DNA that can be sequenced to determine the preferred protein binding motifs. CSI provides
a method to understand if any of the HP1 proteins display sequence specificity, or if their
recruitment to DNA is facilitated through H3K9me3 binding and its affinity for DNA is only a
mechanism to maintain the heterochromatic state. Since HP1 is readily found in alpha-satellite
repeats, | hypothesize similar DNA sequences would be observed by CSI. Once these preferred
sequences are determined, fluorescence polarization (FP) and gel shift assays can be used to

determine relative binding affinities.

Phase separation in-part relies on the presence of multiple binding sites or interaction
motifs for a protein to associate with [63]. The reason HP1B and HP1y show less of a propensity
to phase separate with DNA than HP1a may be due to a higher, or different sequence
specificity [64]. CSI experiments with the HP1 paralogues will uncover these motif differences.
When presented with their preferred binding sequence, HP1B and HP1y may phase separate
more readily instead of the generic 601 sequence. Additionally, these specific sequences may
facilitate phase separation at different protein concentrations, or change the way other HP1
proteins co-condense. If one HP1 paralogue binds more tightly to a specific DNA sequence, it
may more readily restrict access to the DNA, which in turn would make it more difficult for
other proteins such as BRD4 to access. This would provide evidence of a novel, sequence

specific mechanism of HP1 transcriptional regulation.
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4.4  The regulation of co-condensate formation

Perhaps the most unexpected finding presented in this work is that BRD4 can enter
HP1a phase separated condensates despite their opposing function in the cell. HP1[3 does not
readily form condensates in vitro with short DNA sequences, and it is hypothesized to regulate
and possibly even dissolve HP1a condensates, in turn making the DNA more accessible [64].
HP1y can, on the other hand, enter and partially displace HP1a from the condensate without
causing its complete dispersion. Because BRD4 and HP1a can co-condense, it would be
beneficial to understand how HP1B and HP1y interface with that condensate. | hypothesize that
BRD4 would more readily mix with HP1a condensates in the presence of the other paralogues

since they have been shown to disperse the droplets on their own.

To test this hypothesis, we would need to pre-form HP1a droplets with standard 601
DNA 147bp sequences in the presence and absence of BRD4 and titrate in HP1( or HP1y. This
experiment can be further enhanced if a preferred DNA sequence is identified by CSI. While
HP1[ destabilizes HP1a condensates, HP1a:HP1y droplets are stable for short periods and can
be pre-formed [64]. BRD4 can then be titrated in to determine if the presence of HP1y affects
the rate or concentration at which BRD4 can enter, or if the droplet further destabilizes. How
the different condensates regulate BRD4 entry will provide insight into how these proteins

interact, and how their presence at active genes regulates transcription.
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4.5 SynTEF1 and cellular function

To this point we have shown that SynTEF1 overcomes the epigenetic transcriptional
repression and increases FXN expression in FRDA patient-derived cellular models. The increase
in transcript has been shown previously to occur concomitantly with an increase in FXN protein
[136]. | hypothesize that the restoration of FXN protein will result in a restoration of cellular
homeostasis including increased mitochondrial iron-sulfur cluster biogenesis, resulting in both

increased metabolic function and decreased levels of ROS generation.

The treatment of FRDA cells with SynTEF1 should produce an increase in mitochondrial
respiration. This can be measured using a Seahorse instrument, which is designed to look for
changes in respiratory function by measuring pH and O; changes in the media. After SynTEF1
restores FXN protein levels, we can measure the relative restoration of mitochondrial function

in FRDA patient cells.

An orthogonal method to probe metabolic function is measuring the change in
metabolites in the cell. The restoration of mitochondrial function by SynTEF1 should result in
large changes to the cellular metabolome, which can be observed by mass-spectrometry before
and after SynTEF1 treatment. Metabolomic analysis will allow us to identify the specific
pathways that are most affected during FRDA, which can be targeted for future drug

development.
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4.6 Small molecule development

SynTEF1 is a singular example of how polyamides can be leveraged to target
endogenous proteins to a repeat-based disease. The design of SynTEF1 is modular in both the
sequence of the polyamide and its attached warhead. The polyamide can be altered to target
different repeat regions, and the warhead can be exchanged to recruit specific proteins. This
design flexibility allows researchers to directly target specific regions of DNA and affect the
proteins present there. While the modularity of polyamide-based drugs offers many
possibilities, there are many other concerns that must be addressed when considering this

therapeutic design.

The pharmaceutical industry has spent many years screening for and identifying small
molecules that target transcription, many of which have the potential to act as warheads for
polyamides. This large pool of compounds, with known therapeutic targets, provides a good
starting point to identify compounds to complex with a polyamide. The proteins targeted by the
small molecule must be bound tightly but retain their function in order to be useful. Therefore,
the small molecule must not target the active site of the protein, so that when the protein is
recruited to the locus it is still active. It must also have a chemically modifiable region that is not
utilized for protein recognition to use as an attachment point for the polyamide. Therefore,
such as with the JQ1 moiety in SynTEF1, molecules that function as inhibitors by strongly
associating at protein binding and recognition sites can be complexed with a polyamide and

instead be used to recruit those proteins to the target region.

Since there are specific requirements for warheads and the available pool of potential

compounds is limited to what has already been identified, additional warhead design will be
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useful. The rational design of compounds using new docking programs such as DOCK3.7 allows
for the identification of new, potentially useful small molecules that contain chemical features
that are necessary to complex to a polyamide [183]. These in silico programs use pre-existing
protein structures and model small molecules to fit in those structures. Therefore, rationally
designing compounds to target the protein’s recognition site allow you to both visualize and
select for compounds that will be more likely to be functional when complexed later to a
polyamide. This type of screen can identify novel warheads that can be validated using
subsequent binding assays. The strongest binding compounds can then be complexed to

polyamides and used to create new classes of SynTEFs.

Since SynTEF1 is effective at recruiting BRD4 to the HP1 bound regions at FXN, it follows
that directing BRD4 to other disease-causing genes that contain repeat expansions may
positively affect local transcription. To do this the polyamide sequence must be altered to
target the specific region of DNA [163]. While this is a logical step, the mechanism of inhibition
should be considered to determine if BRD4 recruitment will be beneficial. We have shown in
this work that SynTEF1 has high specificity to the FXN gene. If the transcriptional repression of
the target gene is not a result of heterochromatic silencing similar to that found in FRDA, the
recruitment of BRD4 and subsequently pTEFb will likely not overcome the epigenetic blockage.
Instead, it will likely be beneficial to recruit specific proteins that target the mechanism of

repression specific for that disorder.

Other diseases have a repeat expansion in the coding region of a gene which results in a
large amino-acid insertion into the translated protein which affects its function. This occurs in

many repeat expansion diseases (Figure 1.1) including Huntington’s Disease and specific
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Spinocerebellar ataxias. In these cases, inhibiting transcription at the disease-causing locus is
beneficial for the patient. Therefore, the targeted recruitment of the heterochromatic HP1
proteins or the PRC2 complex to the repeat may suffice downregulate transcription at the
disease locus. To target these proteins directly, | hypothesize that polyamides bound with a
small H3K9me3 or H3K27me3 modified histone peptide would be effective in recruiting these
proteins to the disease-causing region, resulting in the localized repression of the diseased gene

while maintaining activity in the healthy copy.

To rationally design future polyamides, we need to understand both the benefits and
limitations of these compounds. They are large and difficult to manufacture, both of which are
barriers that must be overcome for large compound screens. Instead, intelligently designing
compounds based on the rules of polyamide-DNA recognition as well as identifying new,
specific warheads will be an effective method to continue the development of polyamide-based

therapeutics for repeat based diseases.
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Appendix 1 | A more effective method to prepare pancreatic islets for immunohistochemistry

Pancreatic islets are small, spheroid, clumps of cells that are isolated directly from the
pancreas using a series of enzymatic digestions and purifications. These complex spherical
organoids are highly vascularized and consist primarily of glucagon secreting alpha cells and
insulin secreting beta cells, interspersed with other less common cell types. Typical islets contain
approximately 1000 cells and are typically 50 — 150 um in diameter [1, 2]. Islets isolated from a
mouse or human pancreas can be isolated and treated ex vivo with potential therapeutics to
directly stimulate and measure insulin secretion. Isolated islets can also be used to visualize the
effect of small molecule treatments directly on islet tissue using immunohistochemistry. This was
done by minimally suspending cells in dilute molten agarose along with colored agarose beads
and taking slices through the cooled agarose block. This block was paraffin embedded and sliced
using a microtome and mounted on a slide by the University of Wisconsin School of Veterinary
Medicine Histology Department (Fig 1a-b). Due to the small diameter of the islet and the
relatively large size of the agarose block, visualizing islets was successful ~50-75% of the time,
and there was very little chance of obtaining more than one longitudinal slice through an islet

(Fig 1b).

It was necessary to suspend the islets in molten agarose because layering molten and
solid agarose resulted in splitting and general instability of the agarose block. To resolve the issue
a microscope slide was layered on the ends with a thin portion of Whatman paper and standard
labeling tape to create a 0.5 mm raised end on either side (Fig 1c). The islets were mixed with a
minimal amount of liquid containing the blue agarose beads, and then resuspended in a minimal
amount of molten agarose. This was compressed by the addition of a coverslip and rapidly cooled
on a heat block submerged in ice, which stabilized the islets in a thin “pancake” of agarose (Fig
1d-e). This was then embedded in paraffin and sliced using the same method described above.
This resulted in an increase in the number of islets that were able to be visualized in one field of

view, the total number of islets that could be visualized on one microscope slide, and provided
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the additional benefit of being able to reliably generate slides that contained cells from the same

islet (Fig 1f).



~10-50 mm
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Figure 1 | Preparation of pancreatic islets for immunohistochemistry

a-b, Representation of the standard method to embed pancreatic islets into agarose. The

dispersion of islets in the Z axis leads to limited islet inclusion in individual slices.

c-e, The addition of spacers and the reduction of the Z axis as well as the relatively large surface
area of the pancake provides more available surface area available for the microtome to slice

through. This increases the likelihood of multiple islets being captured in a localized area.

f, Representative image of 5 islets captured in one 60x FOV. Blue is DAPI, red is insulin, white is

glucagon, and green is the transcription factor NFATC2.
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Methods

Setup

Warm heat pad

Fill ice bucket and put heat block on ice to cool

Keep blue agarose beads on ice

Heat 2% agarose + 1% Formalin (diluted in ddH20) until boiling

Buffer:

1mL PBS + 0.2% BSA / sample

Procedure
1. Pull PBS off of islets leaving ~100uL in tube.
2. Re-suspend islets in ImL PBS + 0.2% BSA
3. Centrifuge at 180xg for 1 minute to pellet islets
4. Remove supernatant leaving ~30uL PBS + BSA
5. Use yellow tip to remove islets + supernatant and put onto mounting microscope slide

L N D

10.
11.

12.

with spacers

Add 5ul blue agarose beads

Use P10 to draw off as much liquid as possible

Put slide on heat pad for ~30s to warm glass

Using a yellow tip with ~1cm cut off from end, add 75uL of molten but near cooled 2%
agarose + 1% Formalin and quickly re-suspend islets

Put coverslip on top of agarose to flatten into pancake.

Put microscope slide + coverslip onto heat block in ice to cool for 30s. Flip onto coverslip
side and cool an additional 30s.

Gently remove agarose from microscope slide and put in labeled cassette for paraffin

embedding and slicing.
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