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ABSTRACT

Title: Investigating the Mechanism of Interaction of R-loops and the Fragile X Protein,

FMRP: An Entanglement of Disordered Tails and Multivalency

AUTHOR: Jing Li

SPONSOR: Dr. Alaji Bah

Fragile X syndrome (FXS) is one of the most prevalent forms of inherited intellectual
disability and is the leading monogenetic cause of autism spectral disorder. FXS is caused
by lack of expression or mutations of the FMRI gene which encodes fragile X messenger
ribonucleoprotein, FMRP. Recently, FMRP has been shown to undergo liquid-liquid phase
separation (LLPS) in vitro and to localize different isoforms in distinct membrane-less
organelles in cellulo. Despite three decades of research, the molecular mechanisms by

which FMRP functions are still not fully understood.

FMRP is best known as a cytoplasmic mRNA-binding translational regulator. Although
the presence of a small fraction of FMRP in the nucleus has long been realized, it was only
recently that studies are beginning to uncover its role in influencing genomic function and
stability [1]. The Feng lab recently discovered a novel genome protective role for FMRP.
FXS patient-derived cells undergo higher level of DNA double-strand breaks (DSBs) than
normal cells, especially during DNA replication stress. These DSBs occur at sequences

prone to forming R-loops, which are co-transcriptional RNA:DNA hybrids associated with
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multiple functions including genome instability. Exogenously expressed WT FMRP, but
not an [304N disease-causing mutant abates R-loop-induced DSBs. This unexpected
finding suggests that FMRP promotes genome integrity by preventing R-loop accumulation
and chromosome breakage. However, the mechanism by which FMRP performs this
critical function, and how disease-causing mutations affect this process is not fully
understood. Here, we set out to elucidate the mechanism underlying FMRP’s role in
maintaining genome stability. First, we demonstrate that FMRP directly binds R-loops
primarily through its C-terminal Intrinsically Disordered Region (C-IDR). In FMRI
CRISPR knock-out HEK293T cells, we observed dynamic condensates in WT FMRP but
not in 1304N mutant, suggesting that this mutation, located in the central RNA binding
KH2 domain, disrupted the ability of 1304N to assemble into higher order condensates.
Furthermore, unlike the I1304N FMRP, WT FMRP show increase in nuclear condensates
that overlap with R-loops under replication stress. While we found that WT and 1304N
mutant can co-phase separate with R-loops in vitro, WT FMRP tends to form hollow
droplets with R-loop substrates localized at the periphery, but the vast majority of 1304N
droplets are filled with dispersed R-loops substrates. Taken together, these data support the
hypothesis that the ability of FMRP to form higher order assemblies with R-loops is critical
to maintaining genome stability. Our study sets the stage to test the proposed phase

separation-function paradigm in other FXS disease mutants.
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Chapter 1: General Introduction

Jing Li

Department of Biochemistry & Molecular Biology,

SUNY Upstate Medical University, 750 E. Adams Street, Syracuse, New York 13210



1.1 Fragile X syndrome (FXS)

Fragile X syndrome (FXS) is an inherited genetic condition where patients have mild to
severe intellectual disabilities (ID) and features of autism. Mutations in Fragile X
Messenger Ribonucleoproteinl (FMRI) gene are the causes of FXS. FMRI encode a
protein called fragile X messenger ribonucleoprotein (FMRP), which is necessary for
normal brain development and normal brain function. FXS patients are either unable to
synthesize FMRP or produce dysfunctional FMRP mutants. The number of people affected
by FXS is unknown, but the incidence of FXS is estimated to be 1 in 4000 males and 1 in

7000 in females and is diagnosed approximately 1 in 7000 males and 1 in 11000 females

[2].

1.1.1 Clinical features and prognosis of FXS patients

The signs and neurological symptoms of an FXS child include developmental delays, such
as not sitting, not walking, and not talking at the same time as their peers; learning
disabilities; social and behavior problems, such as anxiety and hyperactive behavior, and
attention deficit disorder (ADD). Patients also often have features of autism that affect
communication and social interaction. Male patients usually have some degree of ID,
ranging from mild to severe. Females who have FXS often display milder symptoms and

can have normal intelligence.



In general, FXS patients also display a wide range of physical symptoms and phenotypes
in organs and tissues other than central nervures system, including unique facial features.
They can develop a connective tissue disorder that can affect joints and the heart.
Macroorchidism in males with FXS affects reproductivity [3]. Patients may also develop
problems with metabolic issues, such as obesity and irregulated HDL and triacylglycerol

levels [4].

FXS can be diagnosed by genetic testing using the DNA from blood. This allows the family
and caregivers to learn more about the disorder so that they can best help the patient. The
genetic test can also be informative for other family members who may be affected.
Currently, there is no cure for FXS. Treatments and interventions include medicines used
to help control behavioral issues, and therapies to help patients to learn walk, talk and
interact with others. Depending on the severity of a patient’s ID, they often cannot live

independently and need extensive care.

1.1.2 The causes of FXS: FMRI1 gene mutations and molecular

phenotype

The FMRI1 gene is located at the long arm of the X chromosome, at position of Xq27.3.
The gene is 38kb and has a trinucleotide CGG repeat at the 5’ untranslated region (UTR).
The number of the CGG repeat range from ~6 to ~54 in normal individuals. When this
number is mutated to exceed 54 repeats, two different pathologies emerge depending on

the numbers of the repeats. When the number of the repeats are between ~55-200, it called
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a premutation (PM). PMs show a yet unexplained increased level of FMRI mRNA
production, however the FMRP protein production can range from moderately low to
normal. There are three different kinds of disorders caused by PM: (i) neurodevelopmental
disorders similar to FXS due to deficits in FMRP; (ii) adult-onset psychological disorders
and (ii1) fragile associated tremor/ataxia syndrome (FXTAS) caused by “gain of function

toxicity” due to increased FMR1 mRNA production [5, 6].

For a majority of the FXS patients, the number of CGG trinucleotides repeats is greater
than 200. This causes the promoter region of the gene which is immediately upstream of
the CGG repeats to be highly methylated [3]. The methylation results in chromatin
condensation and transcriptional silencing of the gene (Figure 1.1). Therefore, without the
generation of FMRI transcripts, no FMRP protein is produced in cells of those FXS
patients. Another cause of FXS is not lack of the transcription of the FMRI gene, but the
generation of FMR] transcripts that contain missense mutations, insertions, deletions or
truncations that results in the expression of partially or fully non-functional FMRP proteins
[7]. Over the years, advances in gene sequencing have led to the discoveries of more FXS
disease-causing mutations in coding region of the FMR1 gene that result in loss of function

of FMRP [8].



Normal FMR1 gene

EXS FMR1 gene
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4 CGG expansion, DNA
methylation and chromatin
condensation

Figure 1.1. Hypermethylation of FMRI1 gene promoter region results in
transcriptional silencing of FMR1. CGG repeat numbers below ~54 produces normal
mRNA and FMRP. CGG repeat expansion beyond ~200, causes hypermethylation of
FMRI1 promoter and silencing of FMRIgene, leading to lack of mRNA transcripts and
FMRP, which ultimately result in FXS. (Adapted from Santoro, M. R., S. M. Bray, and S.

T. Warren 2012 Annu Rev Pathol 7:219-45.)

FMREP is best characterized as a protein expression regulator at synapses of the central
nervous system (CNS). In the CNS, neurons communicate with each other through a
specialized structure called the synapse. Synaptic plasticity in the hippocampus, amygdala
and cortex are recognized to be especially important for learning and memory. Synaptic
plasticity is the ability of synapses to strengthen or weaken over time, in response to

increase or decrease in neuronal activity [9]. Activity-dependent synaptic plasticity is



induced at appropriate synapses during memory formation [10]. The structural morphology
of synapses in FXS is different from those in normal neurons expressing FMRP. The loss
of FMRP function in FXS patients leads to a pathological hyper-abundance of long thin
protrusions called filopodia [11-13]. In general, morphology of spines changes with
maturation, from long and spindly to shorter and broader spines. Animal studies have also
shown abundance of dense, immature dendritic spines in FMRI KO mouse brain [14],

which indicates that FMRP is important for synaptic plasticity.

In its physiological role, FMRP is involved in all the aspects of its RNA substrates, from
transcription, splicing, packaging, transport to translation. FMRP binds its target RNAs and
associated RNA binding proteins (RBPs) to form ribonucleoprotein particles (RNPs) such
as messenger ribonuclear particles (mMRNPs), RNA transport granules, Processing- Bodies
(PBs) and stress granules (SGs) [15]. As discussed in section 1.3 below, FMRP- containing
granules belong to a recently recognized class of membrane less organelles (MLOs) that
form through liquid-liquid phase separation (LLPS) [16]. LLPS is known to be driven by
weak, multivalent interactions between macromolecules such as proteins and nucleic acids
components [17, 18]. LLPS will be discussed more in later sections. Weak interactions give
MLOs the ability to be highly dynamic and can rapidly assemble and disassemble in
response to cell signals. In neurons, FMRP facilitates the shuttling of its RNA substrates
between the nucleus and cytoplasm, and transports them to the synapses, where FMRP is
localized in both pre- and post-synaptic space to regulate channel activity and mRNA
translation respectively [15, 19]. When FMRP is missing, the dysregulation of the

expression of those subsets of proteins in FXS synapses is thought to be the basis for



the observed intellectual and behavioral phenotypes. These studies led to a model dubbed
metabotropic glutamate receptor-mediated long-term depression (mGluR-LTD), which has

been intensively studied and well-characterized [3].

Metabotropic glutamate receptor is a type of G-protein coupled receptors that bind
glutamate, an excitatory neurotransmitter. Long-term depression (LTD) and long-term
potentiation (LTP) can both be mediated by mGluR, their downstream pathways have
opposite effects on synaptic plasticity regulation [20]. In short, LTP increases the synaptic

strength and maturation, while LTD does the opposite [20].

In normal cells, FMRP binds to its mRNA substrate, and facilitates their transportation to
the synapses, upon receipt of the appropriate cellular signals, glutamate binds to mGIluR,
and downstream signaling leads to FMRP being dephosphorylated to releases the mRNA,
allowing synthesis of key synaptic plasticity proteins to occur at a specific time and
location. This protein synthesis results in the internalization of a-amino-3-hydroxyl-4-
isoxazole propionic acid receptor (AMPAR) and long-term depression (LTD). The same
pool of FMRP may be re-phosphorylated, or a new pool of phosphorylated FMRP may be
transported to dendrites. In neurons lacking FMRP, a subset of dendritic proteins is
constitutively overexpressed even in the absence of mGIluR stimulation, which causes

excessive AMPAR internalization and exaggerated LTD, leading to FXS symptoms [3].



It is worth noting that, despite the well-validation and acceptance of the “mGluR theory of
FXS” and the beneficial effects seen in animal models, the controlled clinical trials of
mGluR antagonists did not show expected therapeutic effect in FXS patients [21-23]. These
unsuccessful clinical trials targeting synaptic protein synthesis have led researchers to

further explore other overlooked aspects of FMRP functions and pathways.

The neuroanatomy of Fragile X svndrom

1. Structural Brain Abnormalities:

Neuroimaging studies, including imaging studies have revealed that individuals with FXS
often exhibit structural abnormalities in various brain regions. Magnetic resonance imaging
(MRI) scans have demonstrated increased gray matter volume in certain brain regions,
including the caudate nucleus [153], amygdala [152], and hippocampus [151]. One of

the most consistent findings is an enlarged caudate nucleus, which is associated
with executive function deficits and stereotyped behaviors. Additionally, the amygdala,
a key region involved in emotional processing, has been found to be hyperactive in
response to emotional stimuli, potentially contributing to anxiety and social difficulties
observed in FXS patients. As part of the limbic system, the hippocampus has been
known to involved in three primary functions: forming new memories, learning,
and processing of visuospatial signals. These structural changes are believed to
contribute to cognitive impairments and emotional dysregulation observed in individuals
with FXS [150].

2. Aberrant Neural Connectivity:

FXS is also characterized by disruptions in neural connectivity. The reduction in FMRP



expression disrupts synaptic plasticity, leading to altered neural connections and impaired
communication between brain regions. Diffusion tensor imaging studies have shown
abnormal white matter integrity, particularly in the corpus callosum [155], which may
contribute to impaired interhemispheric communication and coordination of cognitive

Pprocessces.

1.1.3 Fragile X messenger ribonucleoprotein (FMRP)

The full-length FMR1 gene is composed of 17 exons. FMRP ISO1 is the full-length isoform
consisting of all 17 exons that are translated into 632 residues with a molecular weight of
~80 kDa (Figure 1.2). FMRP is highly expressed in the CNS and predominantly localized
in the cytoplasm and is a component of large RNP particles associated with mRNAs and
polyribosomes [24]. In mammalian CNS, FMRP has been estimated to bind about 4% of
the mRNAs. About one third of those mRNAs code for both pre and post synaptic proteins
[25]. Inneurons, FMRP forms neuronal RNA granules with target mRNA and is transported
along axons and dendrites to synapses, where mRNA is released to local translation in an
activity-dependent manner [26]. FMRP contains a nuclear localization signal (NLS) and a

nuclear export signal (NES) and can shuttle between the nucleus and cytoplasm [27].



1.1.3.1 FMRP domain structure and functions

FMRP has a multi-domain architecture (Figure 1.2), a feature that allows it to be engaged
in a large interaction network with numerous proteins, RNAs and noncanonical nucleic
acid structures. Full-length FMRP could be categorized into three regions: (i)The
conserved N-terminal folded core (N-Fold) containing two Agenet domains(Agel, Age2),
which can bind methylated-lysine (involved in chromatin and histone binding) [28] and a
nuclear localization sequence (NLS), (ii) three central RNA binding K-homology domains
(KHO, KH1, KH2) and (iii) a C-terminal intrinsically disordered region (C-IDR) containing
a nuclear export sequence (NES) and an RNA G-quadruplex-recognizing RGG box [29-

31].

For protein-protein interactions, FMRP has also been shown to form homodimers and
interacts with several other proteins, including (i) cytoplasmic RNA binding proteins
involved in RNA metabolism, (ii) nuclear proteins, (iii) molecular motors, (iv) synaptic
proteins and (v) cytoskeletal remodeling proteins [32]. Many of those interactions have
been shown to be mediated by the N-terminal domain and central folded domains of FMRP
[28], including FXR1P and FXR2P [33, 34], NUFIP [35], 82-FIP [36], CYFIP1 and

CYFIP2 [37]. However, some of the protein-protein interactions have been shown to be
mediated by C-IDR of FMRP. Examples include binding to KiF3C [38] and the pre-

synaptic calcium channels Cay2.1 and Ca,2.2 [39, 40].
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There are at least 14 mRNAs that have been validated as FMRP targets [3]. Many of them
colocalized with FMRP in dendrites and interacting with the FMRP KH domains. Some of
them contain putative G quadruplex structures, which binds to FMRP RGG box [41, 42].
Some contain other known secondary structures, such as hASH1, which contains a U-rich
region that mediates its binding to FMRP [43]; Sod1 contains superoxide dismutase 1 stem
loops interacting with FMRP (SoSLIP) structure, which mediates its binding to FMRP’s
C-IDR, including the RGG box [44]; another secondary structure known as the kissing
complex was reported to bind the KH2 domain in vitro [30]. It is assumed that there are

likely other secondary structures within FMRP targets which have not been discovered yet.

Each of these KH domains have been found to contain naturally occurring missense
mutation spots. Those mutations cause some form of intellectual disability and
developmental delay in patients without repeat expansion in the 5’-UTR of FMRI, as
shown in (Fig. 1.2.). Overall, these missense mutations underscore the importance of KH
domain for FMRP function and stability. Unlike the CGG expansion mutations that lead to
lack of FMRI gene expression, analysis of effects of these mutations will begin to uncover

physiological functions of FMRP.
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Figure 1.2. FMRP domain architecture and the FXS-causing missense mutations.
Schematic representation of the functional domains of FMRP ISOI1 including two N-
terminal Agenet domains (Agel and Age2) involved in chromatin and histone binding,
three central RNA-binding domains (KHO, KH1 and KH2) and one C-terminal (RGG box)
RNA-binding domains, a nuclear localization signal (NLS, residues 111-152) and a
nuclear export signal (NES, residues 425-441). FMRP protein—protein interactions mainly
occur at the N-terminal Agenets and central KH folded domain. The FMR1 missense
mutations reported in FXS patients are highlighted in red, including the R138Q mutation,
reported in three unrelated individuals. (Adapted from Prieto, M., A. Folci, and S. Martin

2020 Mol Psychiatry 25(8):1688-1703.)

1.1.3.2 FMRP isoforms and their subcellular localizations

Twenty isoforms have been predicted to be alternatively spliced from the full-length FMR1
gene. Currently, fourteen has been identified and archived in the Ensembl database [45].

All the splice isoforms have the same domain architecture as ISO1. However, due to the
12



frame shifts that result from splicing, the C-IDR is highly variable, with unique sequence
composition in some isoforms, which may or may not contain an NES or RGG box.
Alternative splicing affects the presence of exon 12 and 14 in FMRP. ISO7 lacks the exon
12. Four of the other short FMRP isoforms; ISO4, 6, 10 and 12, do not harbor the NES
signal and the RGG domains and have C-termini different from the major proteins ISO1
and 7. Because of lack of NES, these isoforms are permanent residence in nucleus, where
they are found in different nuclear bodies (NBs). For instance, ISO4 and ISO10 are found
dispersed in nucleoplasm, while ISO6 and ISO 12 are found in Cajal Bodies [46]. The
different subnuclear localization is due to frameshifting during alternative splicing,
resulting in their unique C-IDR components. Cajal bodies are membrane-less organelles in
the nucleus often involved in mRNA processing and assembly of small nuclear
ribonucleoproteins (snRNPs), small nucleolar ribonucleoproteins (snoRNPs), telomerase
ribonucleoprotein, histone pre-mRNA processing and recycling of spliceosome
components [47]. Interestingly, localization of ISO6 and ISO12 were not observed in
mouse models, indicating that even though FMRP is evolutionarily preserved across the
species, the unique C-IDR sequences of some isoforms are very divergent. Thus,
sometimes, animal models cannot fully represent human FMRP physiologies and

pathologies.
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Figure 1.3. FMRI splicing (A) & examples of FMRP isoforms domain organization

(B). The FMRI gene, which codes for the FMRP protein, is 38 kb long and is composed
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of 17 exons that are subject to alternative splicing involving exons 12 and 14, and the
choice of acceptor sites in exons 15 (3 receptors) and 17 (2 receptors). Based on RT-PCR
studies, 20 protein isoforms would be predicted, however, only few protein isoforms have
been detected in various tissues [48]. Interestingly, exclusion of exon 14 (as in ISO4/10
and ISO6/12) not only removes the NES, but it also alters the downstream reading frames
depending on the acceptor site. Consequently, this results in C-IDRs with different amino
acid sequences (shown in green and black respectively). Lack of NES in isoforms 4,5,6,
10,11,12 generate nuclear isoforms that cannot shuttle between the nucleus and

cytoplasm. Also note, Isoforms 4, 5, 6 and 10, 11,12, respectively, are identical, except

for lack of the variable loop in the KH2 domains of the latter isoforms. (Adapted from

Sittler, A., et al. 1996 Hum Mol Genet 5(1):95-102.)

1.1.4 FMRP deficiency leads to genome instability

FMREP plays a role in nucleocytoplasmic shuttling of the mRNA cargoes as the form of
RNA transport granules, but is likely to have additional nuclear functions, especially given
the existence of the permanent residents: ISO 4 and 10 in the nucleoplasm and ISO 6/12 in
Cajal bodies [46]. It was only recently that studies are beginning to uncover its role in
influencing genomic function and stability [1]. A recent study has shown that FMRP is
enriched in the nucleus under replication stress, suggesting a chromatin-dependent nuclear
function of FMRP [49]. Thus, at the earlier stage of our study, we asked whether the lack
of FMRP leads to genome instability. We found that FMRP deficiency indeed leads to

genome instability, as replication stress further induces global chromosome breakage in
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Fragile X genome. Some of the findings are published in Cell Report [50] attached in

appendix.

1.1.4.1 Global double-strand breaks (DSBs) in Fragile X Genome

Human lymphoblastoid cell line and fibroblast cell line derived from FXS patients with full
mutation of FMR1 and unaffected controls were used in this seminal study from the Feng
Lab. Genome-wide DNA DSBs in FX lymphoblastoid cells were mapped using Break-
seq, which is a powerful technique originally developed in yeast [51]. When adapted
to mammalian cell system, break-seq still maintains high sensitivity and specificity as the
approaches were modified including embedding the cells in agarose plugs, which
minimized the DSBs introduced by handling. Data from two independent experiments show
that FX cells exhibited more than 2-fold increase of the number of DSBs compared to
controls with or without replication stress induced by Aphidicolin. Aphidicolin is a DNA
polymerase inhibitor that previously has been shown to cause

genome instability [52]. Those DSBs hotspots were distributed throughout the genome.

Elevated DSBs have also been shown by yH2A.Xv activity (Figure 1.4). Phosphorylation
of H2A.X, in the position of Ser139 which occurs in response to a double break formation
and can be used as a DSB marker staining as well as comet assays (single-cell gel

electrophoresis for measuring DNA strand breaks in eukaryotic cells) were used.
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1.1.4.2 Ectopic expression of FMRP reduces DSBs in FX cell

FX fibroblast cells stably expressing EGFP-tagged FMRP or expressing EGFP alone were
generated using lentivirus transfection system. FMRP expression was confirmed by
western blots. Cells expressing EGFP-FMRP showed reduced YH2A.X signals compared
to control cells expressing EGFP alone shown by both immunostaining of yH2A.X and
western blots probed with YH2A.X antibodies. In a yeast model system programmed
replication-transcription conflicts, FMRP, when provided exogenously, can also reduce
DSBs within genes prone to R-loop formation during transcription. Together, these data
suggest that FMRP plays a critical role in preventing DSBs, and in absence in FXS cells

leads to genome wide instability.

1.1.4.3 DSBs correlate with R-loop forming sequence (RLFSs) in FX

cells

When comparing break-seq data to computationally generated R-loop forming sequences
(RLFSs) [53], those replication stress-induced DSBs were found to be enriched at RLFSs,
where the RNA transcript hybridizes to homologous DNA on the chromosome, yielding an
RNA:DNA hybrid and a displaced DNA single strand. Despite their many roles in normal
cellular functions (see section 1.2 below), R-loops can initiate conflicts between
transcription and replication by creating a barrier to replication fork progression, causing

DSBs [54, 55].
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Immunofluorescence staining of RNA:DNA hybrids with antibody S9.6 has also been used
to validate that FX cells inherently accumulate R-loops or upon replication stress induced
by a DNA replication inhibitor APF. S9.6 signals in the nucleus were significantly
increased upon APH treatment compared to vehicle-treated sample in FX cells compared
to NM cells. Moreover, the RNA:DNA foci appeared to be enriched in nucleoli when using
nucleolin co-staining with S9.6 antibody. This result supported the notion that DSBs levels
correlate with RLFSs. Finally, the ectopic expression of EGFP-FMRP also reduced the
RNA:DNA hybrid levels in the FX cells. The S9.6-detected signals were labile to RNase H
treatment, suggesting that they corresponded to RNA:DNA hybrids. Together, these results

suggested that FMRP facilitates R-loop resolution especially during replication stress.
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1.2 R-loops

A variety of conformational and structural changes in cell components occur during cellular
biology processes such as during mitosis and protein production. Correspondingly,
chromatin also undergoes structural changes during the process of DNA replication and
gene transcription, and sometimes “non-canonical” nucleic acid structures are created in
the process. One of such structure is named “R-loop” which is formed when both the DNA
double helix is unwinding and as RNA polymerase progresses along the single strand DNA
template, newly transcribed RNA strand hybridizes back to the template and displace the

non-template single DNA strand [56].

1.2.1 Physiological roles of R-loops and regulations

R-loops can be characterized into two categories: 1) programmed physiological regulatory
R-loops and 2) non-scheduled, spontaneously occurred pathological R-loops. At certain
regions, there are enhanced R-loop formation, those R-loops are programmed and has

specialized physiological regulatory function [57]. Ongoing studies in the field are still
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actively studying the physiological role of R-loops in specialized events and localizations

of the genome. The following are examples of such R-loop regulatory roles in cell biology.

1. Mitochondrial origins of replication containing R-loops as intermediates are shown to
facilitate replication of mitochondrial DNA (mt DNA) [58]. Similarly, R-loops also act
as an intermediate to initiate replication in bacteriophage T4, ColE1 plasmid in E.coli,
and rnhA mutants of E.coli [59].

2. R-loops are key structures that facilitate immunoglobulin class switch recombination
(CSR) in B-lymphocytes.

3. R-loops have been associated in CRISPR-Cas system, in which the guide RNA to forms
a DNA-RNA hybrid that is recognized for targeted cleavage by the Cas9 [60].

4. R-loops localized at promotor of a gene play a role in regulating gene expression. R-
loops formed at unmethylated CpG islands protect these regions against DNA
methylation, thus avoiding transcription silencing. This protective role can be explained
by DNA methyl-transferasel preference to bind and methylate dsDNA over DNA-RNA
hybrid [61, 62].

5. R-loops can guide the binding of transcription regulatory factors driven by long non-
coding RNAs (IncRNA). One of the examples is the upregulation of oncogene vimentin
(VIM) in many human malignances. The antisense transcription of a IncRNA, VIM-
ASI, forms an R-loop at the promotor and transcription start site (TSS) of VIM, which
promotes the recruitment of transcription factors. Depletion of the IncRNA, VIM-ASI,
and the disruption of R-loops by RNase H overexpression decreases the VIM

expression.
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6. Genome-wide mapping of R-loops revealed that R-loops are also enriched over G-rich
terminator elements[63], affecting regulation of replication termination. R-loops
positioned at the downstream of gene poly(A) signals, where SETX helicase has been
reported to remove those R-loops, together with Tudor-domain protein SMN recruited
to the demethylated CTD of RNAPIIL. The R-loop removal enables the termination
factors and the Xrn2 exoribonuclease access to the termination position, which then

degrades from the 3’transcript and causes the release of RNAPII [64-66].

Specific protein factors are involved in programmed R-loop formation. The best example
is CRISPR-Cas9. In this case, the guide-RNA and target DNA forms a DNA-RNA hybrid,
which serve as an intermediate to guide Cas9-mediated DNA cleavage [60]. There are also
proteins that promote R-loop accumulation. One such protein, DDX1 helicase facilitates
immunoglobulin class switch recombination (CSR). It disentangles the G4 structures found
in the immunoglobin H switch region (S-region) transcript, promotes the linear RNA to
hybridize to DNA, allowing displaced ssDNA to bind to cytidine deaminase (AID), which
associates with the ssDNA in a transcription dependent manner and trigger deamination of
cytosine which leads to generation of a double strand break, thus inducing recombination
[67]. Another protein that promotes R-loop accumulation is DHX9 RNA helicase. The
knock down of DHX9 decreases physiological R-loop accumulation at centromeric regions,
predicted to occur through same mechanism as DDX1, by unwinding RNA secondary
structures [68]. There are also ssDNA-binding proteins involved in stabilizing R-loop

structure, such as mitochondrial ssDNA-binding proteins shown in a recent study [69].

21



1.2.2 Pathological role of R-loops and regulations

Other than enhanced R-loop formations at certain regions that are programmed to have
specialized physiological regulatory function, there are also low frequency R-loops
detected throughout the genomes of prokaryotes and eukaryotes that appeared to occur
spontaneously. Those R-loops are predicted to be non-scheduled, happening accidentally
and do not serve any known global function role, but have negative impact in the cell when
allowed to accumulate. These effects can lead to improper interference with processes of
DNA replication, repair, and gene transcription, thus inducing cell stress and genome
instability [70], including (i) DNA breaks [50, 71] (i1) mutations [72] (iii) recombination

[73] (iv) chromosome rearrangements [74] which can ultimately to lead to numerous

pathologies including cancers [75, 76] and neurological disorders [77].

A homeostasis of R-loops formation and removal is maintained throughout genome of
bacterial and eukaryotic cells. Different mechanisms have been developed by cells to either
prevent R-loops formation or to resolve R-loops once they occurred [70]. A subset of RNA-
binding and processing proteins, presumably function in the assembly of RNA-protein
particles during transcription elongation, since they can coat the nascent RNA to prevent
R-loops formation [78]. Secondly, DNA topology is also a key factor conditioning the
nascent RNA to hybridize back to the template DNA. Topoisomerases, such as Topl, are
known to prevent R-loop formation during transcription by reducing the negative supercoil
formed behind RNA Pol I [79]. Furthermore, R-loop resolving enzymes include nucleases,

the most well-known being RNAse H1 acts downstream to promote R-loop resolution by
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digesting the hybridized RNA from the DNA:RNA duplex [80]. Some helicases act

downstream to promote R-loop resolution by unwinding the DNA:RNA duplex, such

examples include Senataxin [81], DDXS5 [82], and Aquarius [83].

Other than R-loop resolving enzymes, another group of factors can help maintain R-loop

homeostasis are “R-loop readers”. R-loop readers, although lack enzymatic function, can

act downstream to promote R-loop resolution by linking their ability to bind R-loops with

their capacity to recruit other enzymatic factors to ultimately resolve the formed R-loops

in a timely manner [84, 85].
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Figure 1.4. Physiological and pathological roles of R-loops (A) & A homeostasis of R-
loops formation and removal is maintained throughout genome of prokaryotes and
eukaryotes (B). (A) Examples of R-loop regulatory roles in cell biology and negative
impact of pathological R-loops in the cell. (B) Schematic representation of R-loop
homeostasis. In normal condition, the proteins and protein complexes involved in R-loop
prevention and removal include RNA binding proteins and enzymes. In the absence of R-
loop prevention and removal, the dwell time of an R-loop increases, which can lead to
replication stress, or to DNA damage on the now vulnerable, displaced strand. (Adapted

from Allison, D. F., and G. G. Wang 2019 Cell Stress 3(2):38-46.)
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1.2.3 FMRP directly interacts with R-loops, predominantly via its C-

IDR

We recently demonstrated that FXS patient-derived cells accumulate genome-wide DNA
double strand breaks (DSBs), particularly during replication stress [86]. We further
demonstrated that the DSBs in FXS cells were associated with R-loops [86]. We have also
shown that expression of FMRP, but not the FMRP-I304N mutant, ameliorated DSB
formation induced by non-scheduled R-loops [86]. Thus, our work suggested a genome
protective role of FMRP by preventing R-loop accumulation during replication-
transcription conflict. We are interested in the mechanism through which FMRP help
promote R-loop resolution. Does FMRP interact with R-loop directly or is the mechanism
via an indirect interaction? To answer these question, we systematically tested in a
collaborative endeavor, the ability of FMRP full-length, and various constructs that contain
the folded domains (N-Fold) or the disordered C-IDR to bind nucleic acid structures
including ssDNA, dsDNA, RNA, DNA:RNA hybrid, and R loops with and without RNA

overhang using Electrophoretic Mobility Shift Assays (EMSA) [87].

Direct binding between FMRP full-length and R-loops was observed and, of all the tested
protein-nucleic acid pairs, the C-IDR and the R-loop substrate without overhang produced
the highest affinity. However, the interaction was significantly weakened when a 5> RNA
overhang was present in the R-loops, suggesting that the C-IDR may interact with the triple
junction where the trailing RNA emerges. Furthermore, while the C-IDR showed affinity

towards ssDNA and dsDNA in isolation, it barely interacted with the DNA:RNA hybrid or
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ssSRNA (Note: our RNA does not contain consensus FMRP binding sites). The fact that the
C-IDR binds more tightly to the R-loop substrate compared to the ssDNA or the dsDNA,
and that it does not bind the DNA: RNA hybrid control, suggests that the C-IDR
specifically interacts with R-loops through binding to a distinct 3D architectural feature of
the R-loop structure via multiple interfaces and that the RNA overhang interferes with this
interaction. In contrast, the N-Fold binds R-loops with ssSRNA overhang tighter compared
to the other substrates tested, but its affinity towards the R-loop substrates are significantly
lower compared to that of the C-IDR. Furthermore, N-Fold shows affinities for ssRNA and
ssDNA, but not for dsDNA nor the DNA:RNA hybrid. Therefore, the N-Fold likely
interacts with the R-loop through binding to the single stranded segments (RNA or DNA)
of the R-loop using its KH domains. Current work in the BahLab is testing the differential

substrate specificities of various R-loops substructures and C-IDR constructure. However,

taken together, these binding data collected so far suggest that: (i) There are multivalent
interactions with various affinities between the different segments of FMRP and the various
substructures of R-loops (ii) The C-IDR is the predominant region that interacts with R-
loop substrates without 5’-RNA overhangs and (iii) the KH domains in the N-Fold prefer

R-loops with a 5> RNA overhang.
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1.2.4 FMRP is an IDR-based R-loop Reader that can potentially

assemble R-loop foci for downstream signaling and processing

In recent study from BahLab, the role of IDRs in R-loop interacting proteins was
investigated through a comprehensive bioinformatics and computational biology study,

using two large-scale human cell R-loop interactome data sets [85].

IDR prevalence, sequence composition and LLPS propensity for the known R-loop
interactome were evaluated. It was observed that most of the R-loop interactome are
modular, usually containing nucleic acid processing (e.g., nucleases, helicases) and binding
(e.g., RRMs, KH) domains. Based on the composition of different domains, R-loops
interactomes were categorized the into three groups: Readers (comprised of only KH
domain-and RRM-containing proteins), Enzymes (comprised of the DEAD/DEAH box
type DNA:RNA helicases and the P-loop triphosphate hydrolases) and Combined
interactomes. For IDR prevalence, these data suggested Readers contains longer IDRs than
enzymes, and for sequence composition, IDRs from readers and enzymes are highly
enriched in low complexity sequences with biased amino acid composition distinct from
each other. Based on the similarities in physico-chemical properties and sequence
patterning, reader IDRs could potentially directly interact with R-loops by the mechanism
similar to the C-IDR of FMRP. Furthermore, data from two LLPS predicting algorithms
suggested that the Readers have a higher propensity to undergo LLPS when compared to
the Enzymes, with several proteins that have been experimentally demonstrated to undergo

LLPS or are known to be associated with phase separated membraneless organelles.
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Thus, this comprehensive bioinformatics and computational biology study show that most
of the R-loop interactome including Readers and Enzymes, are modular, contain multiple
folded domains interspersed with intrinsically disordered regions. FMRP as an R-loop
Reader, though lacking apparent protein domains for helicase or nuclease activity for R-
loop resolution, can act as a scaffold to form R-loop foci assembled by LLPS driven mainly
by the C-IDR. These foci then have potential to recruit Enzymes as clients by their folded
domains and/or their IDRs. Thus, such R-loop foci in a phase-separated, membraneless
microenvironment can form multivalent, dynamic interactions between FMRP, R-loops,

and R-loop resolving Enzymes ultimately resolve unscheduled R-loops in a timely manner.
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1.3 Liquid-liquid Phase Separation (LLPS)

1.3.1 LLPS in biology: biomolecular condensation & subcellular

localization

A key feature in cell biology is that eukaryotic cells evolved to organize their functional
components within densely packed milieus and to allow for spaciotemporal control over
biological processes. Some well-known mechanisms are through compartmentalization via
membrane-bound organelles such as mitochondria, endoplasmic reticula, Golgi apparatus,
etc., thus, allowing chemically incompatible reactions to occur simultaneously within
different compartments of the cell. For example, transcription and splicing to generate
mRNA occurs within the membrane-bound nucleus, while the translation of such mRNAs

into proteins occur within the cytoplasm.

It has been recently recognized that subcellular compartments can also be formed without
a lipid boundary, resulting in the formation of membrane-less organelles (MLOs) or
biomolecular condensates [88]. MLOs can concentrate specific proteins and nucleic acids
into microenvironments that are biochemically distinct from their surrounding nucleoplasm
or cytoplasm. MLOs are thought to form primarily through liquid-liquid phase separation
(LLPS) [16]. Research on LLPS is increasing and LLPS is rapidly gaining acceptance
recently as a powerful mechanism/model for MLOs. MLOs have emerged as a fundamental
control mechanism for reactions and interactions of biomolecules and for

subcellular organization, within the cytoplasm, the nucleus, and signaling complexes near
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the cell and organelle membranes. Interestingly but not surprisingly, LLPS biomolecular

condensates also intimately interact with cell membranes and membrane-bound organelles

through interactions with lipid-binding proteins and membrane-anchored proteins [89, 90].

A Table 1.

Examples of the various biomolecular condensates and their functions

Localization

Condensates

Biological process

Plasma membrane

Cytoplasm

Nucleus

TCR clusters

Nephrin clusters

Actin patches

Focal adhesions
Synaptic densities
Stress granule

RNA transport granule
U body

P body

Balbiani body

P granule

cGAS condensates
Cleavage body
Cajal body

Gem

Nuclear speckles
OPT domain

PcG body

PML bodies
Histone locus body
Paraspeckles

T-cell immune signal transduction

Glomerular filtration barrier

Endocytosis

Cell adhesion and migration
Neurotransmission

mRNA storage and translational regulation
mRNA storage and transport in neuronal cells
Storage and assembly of snRNPs

mRNA decay and silencing

A transient collection of proteins, RNA, and membrane-bound organelles found in
primary oocytes of all animals observed to date

Germ cell lineage maintenance in Caenorhabditis elegans
Innate immune signaling

mRNA processing

Assembling spliceosomal small nuclear ribonucleoproteins
Aid histone mRNA processing

mRNA splicing

Transcriptional regulation

Transcriptional repression

Apoptotic signaling, anti-viral defense, and transcription regulation.
Processing of histone mRNAs

Storage of certain RNAs

Perinucleolar compartment Related to malignancy
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Figure 1.5. Biomolecular condensates: membraneless organelles and cell structures
play important role in various cellular processes. (A)Table 1 listed some of the
examples of biomolecular condensates and their functions. (Published in Huai, Y., et al.
2022 Biosci Trends 16(6):389-404.) (B) Schematic representation of biomolecular
condensates localized in cytoplasm, nucleus, and membrane. Some of them are FMRP-

containing condensates, shown in bold.
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The lipid bilayer membrane of the membrane-bound organelles allows the different
components restricted in an enclosed space. Leakage of the components such as proteins
or nucleic acids from the organelles may result in catastrophic consequences; for example,
release of cytochrome C from mitochondria to cytoplasm will trigger apoptosis and lead to
cell death, and release of mitochondria DNA into cytoplasm will activate the innate

immune pathway.

In comparison, MLOs in cells do not have any physical encapsulating membrane to limit
their molecular exchange with the surrounding environment. Weak interactions that drive
LLPS give MLOs the ability to be highly dynamic and can rapidly assemble and
disassemble in response to local signals. However, mutations in proteins and/or nucleic
acids can result in dysregulation of the dynamic interactions within MLOs, resulting in

aggregated and dysfunctional condensates.

1.3.2 Forces driving LLPS

1.3.2.1 Multivalent interactions of IDRs

Proteins that undergo LLPS often contain IDRs or/and low-complexity regions (LCRs)
[88]. Unlike folded proteins domains which have traditional spatial organizations such as
well-defined a-helices and b-sheets, IDRs/LCRs have rather flexible special confirmations

that form an ensemble of structures rather that stable, unique domains. IDRs/LCRs also
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have different amino acids compositions compared to their folded domain counterparts;
they are often enriched in charged, polar and small, flexible amino acids or a limited subset
of residues (i.e., low-complexity), such as poly-glycine, poly-glutamine, and poly-serine,
but depleted in hydrophobic amino acids [88]. The flexible and versatile conformations and
large number of patterns formed by residues within IDRs/LCRs endow them to undergo
LLPS using multivalent weak transient interactions, such as pi-pi, cation-pi, cation-anion,
and dipole-dipole etc. [16, 91]. The assembly of LLPS droplets can be regulated by multiple
factors. For example, IDRs/LCRs regions are enriched with binding sites for proteins,
unstructured RNAs, or RNAs with simple or complex secondary structures and potentially
other non-canonical nucleic acid structures [88]. These binding partner can significantly
alter the physico-chemical properties of LLPS. Furthermore, IDRs/LCRs regions are also
enriched in post-translational modifications (PTM) sites. These PTMs can allow for precise
and dynamic spaciotemporal regulation of LLPS, and numerous studies have shown that
PTMs including phosphorylation [89, 92], methylation [92, 93], acetylation [94],
ubiquitination [95], and SUMOylation [96, 97] can regulate LLPS by altering the

intermolecular interactions of MLO components.

1.3.2.2 Multivalent interactions of modular proteins and RNA binding

Specific molecular interactions between two or more macromolecules containing multiple
domains/motifs can result in multivalent dynamic complexes that can ultimately cause
phase separation. Biomolecules including RNAs and proteins can be modular, where

different segments/regions with unique properties are present in the same biopolymer. Thus,
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this can lead to the presence of two or more (multivalent) interactions mediated by protein-

protein, protein-RNA and RNA-RNA segments that can drive LLPS (Figure 1.6.) [16, 98].
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Figure 1.6. The forces driving LLPS. There are two types of multivalent interactions that
contribute to LLPS. One is conventional multivalent interactions between modular
biopolymers containing both folded and flexible regions that can mediate multivalent
protein:protein, protein:RNA, and/or RNA:RNA. The other is weak, transient, multivalent
interactions between only IDRs that are driven by m—m interactions, cation—anion
interactions, dipole—dipole interactions, and m—cation interactions. (Adapted from Huai, Y.,

et al. 2022 Biosci Trends 16(6):389-404.)
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1.3.3 Physiological function of LLPS and its regulation

Phase separation in genome organization

Human genomic DNA is packed in the nucleus as chromatin. About 146 bp of DNA
wrapped round a histone octamer, which is composed of two copies of each histone H2A,
H2B, H3 and H4, makes the basic unit of chromatin, the nucleosome. The nucleosomes are
connected by linker DNA and histone H1 [99]. Although we have some understanding of
chromosome composition, the mechanisms underlying detailed chromatin organization and
compartmentation are still not fully understood. One recent study has shown that chromatin
undergoes LLPS in physiological salt concentrations, driven by the positively charged
histone tails [100]. They have also further demonstrated that several factors can regulate
the formation or properties of the chromatin condensates, including PTMs. For example,
hyperacetylation of the core histone tails dissolves the chromatin condensation, which

facilitates transcription activation.

Eukaryotic chromosomes contain different functional compartments which are marked by
specific histone modifications. Another mechanism by which LLPS regulates chromatin
compartmentation requires the involvement of some special histone modification “reader”
proteins, which can recognize the corresponding histone modifications. For example,
constitutive heterochromatin is largely silenced and is enriched with H3K9me2/3 [101].

H3K9me2/3 reader protein is heterochromatin protein 1 (HP1). HP1 domain structure
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contains three disordered regions. A recent study by Strom et al. found that in Drosophila
the HP1 homolog HP1a can form LLPS condensates in vitro, which might be a mechanism

through which heterochromatin domain forms [102].

LLPS regulate transcription

Transcription is part of the central dogma of biology, an essential step of gene expression.
It is tightly regulated by various factors such as transcription factors, coactivators, and
enhancers [103-105]. How these factors work together to dedicate the complex regulatory
process is still under investigation. Recent studies have shown that LLPS acts as a favorable

mechanism for these factors to regulate transcription [106-113].

Transcription is carried out by RNA polymerase. There are three eukaryotic RNA
polymerases that have been discovered so far [114]; Pol I, Pol II, and Pol III. Pol I
transcribes large ribosomal RNA precursorS; Pol II transcribes mRNA and a varity of non-
coding RNA; Pol III synthesizes tRNA and small rRNA [115]. Several studies have shown
with live-cell super-resolution microscopy that Pol II-mediated transcription takes place in
nuclear condensates, which are formed through LLPS of: Pol II, various transcription
factors, and coactivators that harbor IDRs [108, 109, 116-118]. Other than at promotors,
nuclear condensates are also found at super enhancers [106], where there are higher density
of transcription factors and coactivators to activate key genes that determine cell identity
[119, 120]. Pol II has an intrinsically disordered carboxy-terminal domain (CTD).
Transcription factors have one or more DNA binding domains and one or more

transactivation domains containing disordered structure. Recent studies have shown that
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various transcription factors, including the ligand-dependent transcription factor estrogen
receptor, embryonic stem cell pluripotency transcription factor OCT4, and the yeast
transcription factor GCN4 can form LLPS condensates with a coactivator complex called
Mediator. Mediator can stabilize the preinitiation complexes and recruit the CTD of Pol I,

thus initiating the transcription of target genes [110, 121].

In addition, the products of transcription, RN As also regulate the transcription condensates
by a feedback mechanism. A recent study by Jonathan et al. showed that low levels of RNA
at the enhancer, super enhancer and promoter region promote transcription condensates,
and that high levels of RNA dissolve them. RNAs are usually negatively charged, and
proteins are usually positively charged. When the charges in the transcription condensates
are equal, the opposite charge between RNA and protein promotes the formation of
condensation, when the RNA levels increase, the repulsive charges between RNAs dissolve

the transcriptional condensates [122].

Phase separation and neuronal synaptic signaling

In the CNS, neurons physically connect and communicate with each other through a
specific structure called the synapse, the basic unit of brain network [123]. Both pre and
post synaptic density contain thousands of proteins that are dynamically changing in
response to various signals. A recent study by Zeng et al. suggest that LLPS mediates the
formation of postsynaptic density (PSD). Two very abundant proteins: SynGAP and PSD-
95 co-exist in PSD. PSD-95 is a central scaffolding protein in PSD, shaping the basic
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architecture of PSD, as well as orchestrating various signal cascades. SynGAP is an enzyme
that converts small G proteins such as Ras and RAP from their GTP-bound forms to the
GDP-bound forms. SynGAP forms a parallel coiled-coil trimer and binds to multiple copies
of PSD-95. This multivalent SynGAP/PSD-95 interaction leads to LLPS shown in vitro
and in vivo. The formation of SynGAP/PSD-95 condensates is vital for SynGAP

stabilization in PSD and preventing neurons from hyper-excitation [98].

LLPS also crucial for presynaptic density assemblies. Wu et al. showed that multivalent
interactions between two scaffold proteins RIM and RIM-BP at presynaptic density drives
the formation of RIM/RIM-BP condensates. The cytosolic tail of the voltage gated Ca**
channels (VGCCs) when recruited to the condensates, results in a massive enrichment of
VGCCs at the synaptic vesicle (SV) fusion site [124]. Milovanovic et al. showed that an
abundant synaptic vesicle associate protein synapsin, organizes the formation of vesicle
clusters through LLPS [125]. Findings of those two studies explain the fast and accurate

neurotransmitter release upon arrival of action potentials.

1.3.4 Unregulated LLPS and its pathological role in human diseases

Phase separation in neurodegenerative disease

Protein aggregates are the hallmarks of several neurodegenerative disease. The transition
from dynamic reversible LLPS to an irreversible aggregation state has been shown in many
neurodegenerative diseases. Some of such diseases are: TAR DNA-binding protein 43

(TDP-43) where aggregates are found in neurons of affected patients of amyotrophic lateral
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sclerosis (ALS); fused in sarcoma (FUS) found in frontotemporal dementia (FTD); tau in
Alzheimer’s disease (AD), and a-synuclein in Parkinson’s disease (PD) [126-132]. The

formation of these aggregates can be regulated by disease-associated mutations and PTMs.

The following are some examples of disease-associated mutations that change the protein’s
LLPS properties. One such occurrence is found in ALS-associated mutations of TDP-43 in
the transiently formed a-helix which decreases LLPS, with a rare exception of A321V,
which enhances it [130, 133]. Phosphorylation and methylation on multiple positions on
the FUS sequence decrease LLPS [134, 135]. PD-associated mutations (E46K, A53T) as
well as a phosphorylation in S129 increase LLPS of a-synuclein [131]. Phosphorylation
(S199, S202) and a mutation in the P301L of tau have been shown to increase LLPS, while

acetylation in different domains is correlated with a decrease in LLPS [136].

The effect of different mutations on the phase separation behavior of proteins mentioned
above is not yet fully understood. It is speculated that mutations could trap the protein in a
condensed system, transitioning from reversible dynamic LLPS to an irreversible
aggregation state over time. Mutations may also alter the protein binding to cellular LLPS
modulators as showed by FUS mutations that promote aggregation by preventing the
interaction with its nuclear import receptor Transportin-1, which presents a

chaperone/disaggregase activity in vitro and in vivo [93, 129, 134].
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As for PTMs regulation on LLPS to aggregation transition, some aberrant PTMs might

prevent the normal physiological PTMs in the same residue(s).

LLPS in cancer

Cancer can be considered as a gene mutation or dysregulated gene transcription disease.
Mutations in proto-oncogenes and tumor suppressor genes leading to either increased gene
product or increased activity of the gene product further results in excessive cell
proliferation and tumor formation [137, 138]. Despite the progress made in identifying
specific mutations in proto-oncogenes and tumor suppressor genes, the mechanisms
underlying how those mutations cause cancer to have not yet been well understood. Recent

studies in LLPS provide a new framework to understand this question.

One example is Speckle-type POZ protein (SPOP), a tumor suppressor protein. SPOP
functions as a substrate adaptor of a cullin3-RING ubiquitin ligase to promote the
degradation of its substrates via the ubiquitin-proteasome system [139-141]. The substrates
of SPOP are various proto-oncogenic proteins [142, 143]. Recently, a study revealed that
these substrates can phase separate with SPOP to form condensates in vitro and co-localize
in liquid nuclear organelles in cells. The SPOP condensates promote the ubiquitination of
its substrates for degradation. Cancer associated mutations in SPOP disrupt the formation
of the SPOP condensate [144]. The accumulation of oncogenic SPOP substrate proteins
causes the formation of many solid tumors, including prostate, gastric and colorectal
cancers [145].

40



Similarly, mutant SHP2 (a nonreceptor protein tyrosine phosphatase) can recruit and
activate wildtype SHP2 in LLPS to promote MAPK activation, thereby promoting

tumorigenesis [146].

Targeting the formation of aberrant condensates provides potential new cancer therapeutic
treatments, for example, the LLPS of disease associated SHP2 mutants could be

specifically attenuated by SHP2 allosteric inhibitors [146].

1.4. Discussion and Hypothesis

About 30% of eukaryotic proteins are predicted to be entirely disordered or to contain long
stretches of disordered residues[147]. Before the discovery of intrinsically disordered
proteins (IDPs) and IDRs, it was believed that the biological function of a protein depends
on its ability to fold into a well-defined 3D-structure. It is now well accepted that protein
can exist and be fully functional from stably folded to completely disordered states [148].
Unlike folded domains that exist in one or few stable conformations, IDRs consist of an
ensemble of rapidly interconverting conformations. Intriguingly, most proteins are modular
with a mix of both folded domains and IDRs, thus providing an intramolecular synergy that

significantly expands their functional repertoire [149].
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Modular
Protein

IDP/IDR

Figure 1.7. Schematic showing how multivalency could be achieved in

biomacromolecules. Linear multivalent proteins with folded binding domains connected

by flexible intrinsically disordered linkers. Fully disordered polymer/disordered protein
region composed of regions that mediate intermolecular interactions (stickers) and flexible
non-adhesive spacers. Factors including the relative proportion of sticker and spacer, the
strength of sticker-mediated interactions, and the intrinsic dynamics of spacers will all
contribute to the properties of a condensate. (Holehouse, A. S., & Pappu, R. V. (2018).

57(17), 2415-2423. https://doi.org/10.1021/acs.biochem.7b01136)

FMRP is one such protein. The presence of the two folded agenet domains and the three

RNA binding KH domains, along with the long C-terminal IDR provides FMRP with the
42



ability to perform diverse biological functions ranging from maintaining genomic stability,
controlling gene expression, mRNA splicing and processing, to mRNA export, transport
and signaling at the synapse. With the recent discovery that FMRP also undergo LLPS in
vitro and form biomolecular condensates in vivo, new paradigm of FMRP function is

emerging.

This thesis seeks to expand our current understanding of the molecular mechanisms
underlying FMRP, especially the role of FMRP plays in maintaining genome stability and
preventing DSBs. FXS patients are either unable to make protein or produce dysfunctional
FMRP, a protein is necessary for normal brain development and normal brain function. As
mentioned above, the majority of FXS is caused by the trinucleotide repeat expansion in
the 5’UTR of the FMRI1 gene that results in the hypermethylation of the promoter and the
transcriptional silencing of FMR1 gene. Over the years, several FXS causing rare missense
mutations in the coding region of FMR1 have been discovered, and studying their cellular

and biochemical functions provides us the opportunity to elucidate how FMRP functions.

The changes of structural morphology of synapses in FXS KO mouse brain and
postmortem FXS patients indicate that FMRP is important for synaptic plasticity. Earlier
studies showed FMRP localized in RNA granules within dendrites and spine synapses.
Subsequent studies provided mechanistic insight into the role of FMRP as a translational
repressor when transported to synapses. In this role, FMRP binds target mRNAs and
associated RBPs to form ribonucleoprotein particles (RNPs) including RNA transport

granules, P-bodies (PBs) and stress granules (SGs) [15]. FMRP containing granules belong
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to a recently recognized class of membrane-less organelles (MLOs) that form through
liquid-liquid phase separation (LLPS) [16]. LLPS is known to be driven by weak,
multivalent interactions between protein-protein, protein-RNA and RNA-RNA
components [17, 18]. Weak interactions give MLOs the ability to be highly dynamic and
can rapidly assemble and disassemble in response to cell signals. In neurons, FMRP
facilitates the shuttling of RNA substrates between the nucleus and cytoplasm, and
transports them to the synapses, where FMRP localizes in both pre- and post-synaptic space
and regulates translation [15, 19]. When FMRP is missing, the dysregulation of the
expression of those subsets of proteins in FXS synapses is thought to be the reason of the
observed intellectual and behavioral phenotype. This metabotropic glutamate receptor-
mediated long-term depression (mGluR-LTD) model has been intensively studied and
well-characterized [3]. Despite the beneficial effects seen in animal models, the controlled
clinical trials of mGIluR antagonists did not show expected therapeutic effect in FXS
patients [21-23]. These unsuccessful clinical trials have led researchers to further explore
other overlooked critical aspects of FMRP neuronal functions. In line with this notion,
FMRP maybe interact with other nucleic acid structures other than mRNA and may

participate in other cellular pathways.

FMRP has a multi-domain architecture, a feature that allows it to be engaged in a large
interaction network with numerous proteins, RNAs and noncanonical nucleic acid
structures such as a G-Quadruplex and R-loops. Full-length FMRP domains could be
categorized into three groups: 1)The conserved N-terminal folded core (N-Fold) containing

two Agenet domains that can bind to methylated-lysine (involved in chromatin and histone
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binding) [28] and a nuclear localization sequence (NLS), 2) three central RNA kissing-
complex-binding K-homology domains (KH) and 3) C-terminal intrinsically disordered
region (C-IDR) include nuclear export sequence (NES) and an RNA G-quadruplex-
recognizing RGG box [29-31]. FMRP’s C-terminal region includes an RGG box which
also mediates the binding of other known RNA secondary structures. One such structure is
Sod1 which contains superoxide dismutase 1 stem loops interacting with FMRP (SoSLIP)
structure [44]. There are likely be other secondary structures and maybe other nucleic acid

targets of FMRP which have not yet been investigated.

We recently demonstrated that FXS patient-derived cells accumulate genome-wide DNA
double strand breaks (DSBs), particularly during replication stress [86]. We further
demonstrated that the DSBs in FXS cells were associated with R-loops [86]. When
chromatin undergoes structural changes in the process of DNA replication and gene
transcription, some of the “non-canonical” nucleic acid structures are created. One of such
structures named the “R-loop” is formed when the DNA double helix unwinds and as RNA
polymerase progresses along the single strand DNA template, the newly transcribed RNA
strand hybridizes back to the template and displaces the non-template single DNA strand
[56]. R-loops can be characterized into two categories: scheduled and non-scheduled. At
certain regions, where there is enhanced R-loop formation, those R-loops are programmed,
and have specialized physiological regulatory function [57]. However, there are also low
frequency R-loops detected throughout genome of prokaryotes and eukaryotes, these are
predicted to be non-scheduled, happened accidentally, do not serve any global function

role, and have a negative impact in the cell when accumulated. Some such impacts include:
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interfering with the processes of DNA replication, repair, and gene transcription, thus
inducing cell stress and genome instability [70]. Homeostasis of R-loop formation and
removal is maintained throughout the genome of bacterial and eukaryotic cells by either
preventing R-loop formation or resolving once they occur [70]. Some of the known
mechanisms for R-loop resolution include: helicases that unwind the RNA: DNA hybrids
within the R-loop structure; topoisomerases that release the negative supercoil in the DNA
duplex behind the transcription machinery; and ribonucleases that degrade the RNA from
the RNA: DNA hybrids. Other than R-loop preventing and resolving enzymes, non-
enzymatic “R-loop readers” can interact with R-loops and act as a scaffold to recruit other

factors to ultimately resolve the formed R-loops in a timely manner [84, 85].

We have shown that expression of FMRP, but not the FMRP-1304N mutant, ameliorated
DSB formation induced by non-scheduled R-loops [86]. Thus, our work suggested a
genome protective role of FMRP by preventing R-loop accumulation during replication-
transcription conflict. However, several key questions remain. Does FMRP interact with
R-loops directly? How does it promote R-loop resolution? To answer those questions, we
purified recombinant FMRP and measured its capacity to bind various nucleic acid
structures by electrophoretic mobility shift (EMSA) assay. Evidence suggesting that FMRP
interacts directly with R-loop structures specifically through its C-IDR, making FMRP the

representative model of a class of IDR-mediated R-loop "reader" proteins [85].
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Our central hypothesis is that while the C-IDR of FMRP predominantly recognizes R-loops,
the folded domains also specifically interact with ssDNA, dsDNA and RNA overhangs. We
further hypothesize that thes multivalent interactions lead to the formation of MLOs at
genomic fragile sites that are enriched to form unscheduled R-loops. Disease-causing
mutations disrupts these multivalent interactions leading to dysregulated Fragile X granules
(i.e., MLOs) that play critical cellular functions. Our model proposes that FMRP in complex
with its R-loop substrates create a conductive microenvironment to recruit other R-loop
resolvers such as helicases. Our work reveals the mechanism of the novel nuclear function
of FMRP in safeguarding genome stability and to identify new pathways that can potentially

be targeted for effective therapeutic interventions.
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Figure 2.4. Full length FMRP and 1304N droplets exhibits different properties in vitro.

(A) Representative white field and fluorescent images of the full-length FMRP and disease-

causing mutation I304N protein form droplets together with Alexa 568-labeled synthetic

R-loops, dsDNAs, and DNA bubbles. Images of different protein concentrations and

8]




nucleic acids concentrations see supplement figure S2-5. (B&C) Quantification of
numbers, shapes, and sum of areas of the droplets showed in the respective images in (A)

(10 images of each condition examined).

FMRP FL WT R-loops FMRP FL I1304N R-loops

Movie. 2.2, Full length FMRP and 1304N droplets exhibits different properties in vitro.
Reconstructed 3D microscopy images shows one FL 1304N droplet which is spherical, and
R-loop structures filled with the whole droplet, while FL. FMRP form large amorphic
droplet, and the R-loops structure only penetrated the outer layer of the droplet, displayed
a hollow looking distinct from FL I304N droplets. (Movie effects can be displayed in a

seperated Power point document provided.)
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2.4 Discussion

Our work here linked FMRP granules formation in human cells and the mechanism of
FMRP function in preventing R-loop-induced genome instability. We have previously
demonstrated by patient derived FX cells and a CRISPR KO of fmr]l human cell model
that DNA damage and R-loop formation are both elevated without FMRP, and the seen
phenotypes can only be rescued by wildtype FMRP with a functional KH2 domain [27].
Our previous EMSA binding assay reveal that the C-IDR of FMRP can interact tightly with
the R-loop structure just like how C-IDR interacts with the RNA G-quadruplexes and
SoSLIPs RNA structures. We have shown here that FMRP form dynamic RNP granules in
human cells, and the formation is dependent on a functional KH2 domain, indicating that
even though the C-IDR of FMRP is sufficient to drive LLPS in vitro [17], he multivalence
provided by N-fold domain is necessary and required for the FMRP granule formation in
human cells. Based on the evidence above, we propose that KH2 domain is important for
FMRP’s intra- and inter-molecular interactions to form FMRP quaternary structure, which

is required for FMRP LLPS in cells.

We further demonstrate that FMRP nuclear puncta enriched under APH-induced
replication stress also support the notion that FMRP granules in the nucleus have genome
protective function against transcription-replication conflict. As proof of principle, we have
seen FMRP co-phase separates with transfected fluorescently labeled synthetic R-loops in
cells, and these R-loops can modulate FMRP granule formation, further supporting the

notion that FMRP can respond to R-loops in cells in the form of membrane-less granules.
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We then purified C-IDR of FMRP, full-length wildtype FMRP and I304N, and show with
UV-Vis and microscopy that C-IDR form droplets with synthetic R-loop structures.
Microscopy images show droplets that are spherical, and R-loop structures filled with the
whole droplets. Interestingly, I304N form similar droplets as C-IDR, mostly spherical, and
R-loops filled with the whole droplets, indicating, their droplets formation is driven mainly
by C-IDR-mediated multivalent interactions. In contrast, wildtype FMRP form both
spherical and large amorphic droplets, and the R-loops substrates are only present in the
outer layer of the droplets, thus displaying a hollow looking structure distinct from C-IDR
droplets and 1304N droplets. Taken together, wildtype FMRP droplets are formed by both
C-IDR mediated multivalent interaction and KH2 domain-mediated multivalent
interactions, resulting in larger and distinct droplets. These results support our hypothesis
that KH2 is important for wildtype FMRP’s intra- and inter-molecular interactions and

multivalent interaction that drives its LLPS properties.

As shown by a recent bioinformatics and computational biology study, R-loop interactome
proteins include Readers and Enzymes, which are modular and contain multiple folded
domains interspersed with intrinsically disordered regions. FMRP as a R-loop Readers,
though lacks apparent protein domains for helicase or nuclease activity, can act as scaffold
of R-loop foci assembled by LLPS driven mainly by C-IDR. This way, FMRP has potential
to recruit Enzymes as clients by interacting via its folded domains and/or C-IDR. Thus,
such R-loop foci can generate a phase-separated, membraneless microenvironment where
multiple, dynamic interactions between FMRP, R-loops and R-loop resolving Enzymes

can engaged and ultimately resolve unscheduled R-loops in a timely manner [30]. Along
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with this notion, there are other FX-causing mutations in different FMRP segments
especially KH domains[4], hat are potentially either important for FMRP’s intra- and inter-
molecular interactions or important for recruitment of other R-loop resolving factors. One
of our next steps/ongoing projects is using both our in vitro and in cell methods to dissect
some of those mutations and figure out the functions of each of FMRP segments. There are
still many unanswered questions in our quest to understand the whole picture of FXS

etiology.

2.5 Materials and Methods

Cell line growth and culture conditions.

Fibroblast cell line derived from an individual with a full mutation of FMRI (GM05848),
as well as fibroblast cell line derived from a sex- and age-matched control (GM00357)
were purchased from Corielle institute. CGG repeats in FX cells were confirmed by
southern blot. Lack of FMRP expression was confirmed by western blot. Fibroblast cells
were cultured in MEM culture media with 15% FBS (Corning), 1X GlutaMAX, 100 I[U/mL
penicillin and 100 pg/mL streptomycin. Cells were treated at a density of 30-40%
confluency with APH (A. G. Scientific) at the indicated concentrations or solvent (DMSO,

0.02%, same as the concentration in the APH-treated samples) only for 24 h before harvest.

HEK293T cells and Phoenix-AMPHO producer cells (ATCC) were gifted by Dr. Leszek
Kotula. HEK293T cells and subsequently generated Scramble, B3(FMR1 deficient single

clone), HO(EGFP-FMRP stably expressed single clone), HIO(EGFP-FMRPI304N stably
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expressed single clone), F3(EGFP only stably expressed single clone), all grown in DMEM
medium (GIBCO) supplemented with 10% FBS, 1X GlutaMAX, 100 IU/mL penicillinand
100 pg/mL streptomycin, 1 mM sodium pyruvate (Corning), 10mM HEPES buffer
(Corning) and 1X MEM non-essential amino acids (Corning) and grown at 37°C with

5% CO2.

Generation of CRISPR KO of FMRI.

Generation of CRISPR KO of FMR1 was described previously in [27] and briefly described
here. FMRI sgRNA CRISPR/Cas9 All-in-One Non-Viral Vector set (Human) (abm,
Catalog # K0790727) containing three targets (T1, T2 and T3) were used to create FMR]
knock-out lines in HEK293T cells. Additionally, CRISPR Scrambled sgRNA All-in-One
Non-Viral Vector (with spCas9) (abm, #K094) was used as control for the knock-out.
HEK293T cells were seeded onto 60 mm plates at 80% confluency and transfected using
DNAfectin Plus Transfection reagent (abm)

following manufacturer’s instruction. Briefly, 5 pg of each construct (Scr, T1, T2 and

T3) was mixed with serum-free and antibiotic free media. 15pl of the transfection

reagent was added to this mixture and incubated for 30 m in room temperature.

Following incubation, the mixture was added dropwise to the cells after 20 h of

seeding. 48 hr post transfection, cells were trypsinized, washed and resuspended in

FACS buffer (2% FBS in 1X PBS) and filtered through filter-topped flow tubes (BD
falcon) using a luer-lock syringe at 2x106 cells/ml. Cells were sorted and selected for
mid-intensity GFP signal using untransfected cells as a control. Single cells were

seeded on to 96-well plate containing media for generating clones for all targets and
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the scramble. 10-11 clones per target and scramble were further expanded for

western blot analysis of FMRP expression. Ultimately, 3-5 clones per target showing
optimal loss of FMRP expression (no visible FMRP expression) was selected for further
analysis. Genomic DNA was isolated from these clones using CRISPR genomic
cleavage detection kit (abm) and PCR amplification of sequences around the target

region using primers; FMR1 T1 F: 5>-CTCAGCTCCGTTTCGGTTT-3’, FMR1 T1 R:

5’-AAAGGGGGAATAAGCCATCG-3’, FMR1 T2 F:5’-
ATTGCCGTTATGTCCCACTC-3’, FMRI1 T2 R: 5’-
TCAACGGGAGATAAGCAGGT-3’, FMR1 T3 F: 5’-
CTGCCTACCTCGGGGTACAT-3’, FMRI1 T3 R: 5’-

GCTCTTGCAAACCAAACCAT-3’,

was conducted. The PCR product was then sequenced, and the sequences were

analyzed to verify substitution, addition, or deletion of nucleotides at the target region
indicating a mutation and leading to loss of FMRP expression. B3 clone of Target-3 was
used for the rest of the experiments and for generation of EGFP alone, EGFP-FMRP

and EGFP-FMRPI304N fusion protein expressing stable cell lines.

Lentiviral-assisted cell transfection and generation of EGFP-fusion protein stable
expression cell lines.

Plasmids expressing FMRP and FMRPI304N were generated as described previously [31].
Briefly, EGFP was PCR amplified from pcDNA3-EGFP (Addgene #13031) using forward
primer, 5’-CGAGGTTAACATGGTGAGCAAGGGCGAGGAG-3’

(pcDNA3 RMEGFP JL FWD2), and reverse primer, 5’-
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ATTCGTTAACCTTGTACAGCTCGTCCATGCC -3’ (pcDNA3 RMEGFP _JL REV2)
and cloned into pMSCVpuro (Addgene) at the Hpal site to create pMSCVpuro-EGFP. Full
length FMRI was PCR amplified from pFRT-TODestFLAGHAhFMRPisol (Addgene
#48690) using forward primer, 5’-TAACGAATTCATGGACTACAAGGACGACGAT-3’
(pFRT RMFMRP _JL FWD?2), and reverse primer, 5’-
GGTAGAATTCTTAGGGTACTCCATTCACGAG-3’(pFRT RMFMRP JL REV2),

and cloned into pMSCVpuro-EGFP at EcoRI site, creating pMSCVpuro-EGFP-FMRP and
pMSCVpuro-EGFP-FMRPI304N. pMSCVpuro-EGFP-FMRP, pMSCVpuro-EGFP-
FMRPI304N and pMSCVpuro-EGFP constructs were packaged into retrovirus using
Phoenix-AMPHO producer cells (ATCC) following the manufacturer’s protocol. Briefly,
Phoenix cells grown in DMEM medium to 30-40% confluence in a 100 mm-plate were
transfected with 20 pg plasmid DNA, followed by incubation at 37°C for 48h with a
medium change at 24h. At 48h, the supernatant containing virus (T1) was collected, passed
through a 0.45-pm filter, and used immediately for infection, while the remaining cells was
used for second round of virus collection after the addition of 8 ml fresh DMEM. A second
production of virus (T2) was collected after 24h, processed as described above and used
for a second round of infection. FMRI KO-clone B3 cells were transduced for two rounds
with retrovirus produced above, pooled, and subjected to 2 pg/ml puromycin selection for
3 days. Cells were passaged after reaching confluency and maintained in DMEM
containing 0.25 pug/ml puromycin. EGFP and FMRP expression was confirmed with
Western Blot. EGFP alone, EGFP-FMRP and EGFP-FMRPI304N fusion protein
expressing stable cell lines then used to select single clones with FACT sorting. F3 (EGFP

only stably expressed single clone), H9 (EGFP-FMRP stably expressed single clone), and
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H10 (EGFP-FMRPI304N stably expressed single clone) then generated and used for rest

of the experiments.

Alexa568-tagged R-loop, dsDNA and DNA bubble sample preparation, transfection,

and microscopy.

Name Size Sequence
. 90 5-
b Lagging | ileotide | CATTGCATATTTAAAACATGTTGGATCCCACGTTGCATGCTGATAGCCTACTAG
NA (A1) s AGCTGTATGAATTCAAATGACCTCTTATCAAGTGAC-3°
. 90 5.
D;e:‘ifg,) nucleotide | GTCACTTGATAAGAGGTCATTTGAATTCATGGCTTAGAGCTTAATTGCTGAATC
s TGGTGCTGGGATCCAACATGTTTTAAATATGCAATG-3’
A5 30 5’-GCACCAGAUUCAGCAAUUAAGCUCUAAGCC-3’
RNA) nucleotide
( S
Compliment 90 >
oy DNA | nucleotide | CATTGCATATTTAAAACATGTTGGATCCCACGACCAGATTCAGCAATTAAGCTC
(A7) s TAAGCC ATGAATTCAAATGACCTCTTATCAAGTGAC-3’

*42 is the strand with a 5° amino modifier C6 to react with the carboxylic acid from the
Alexa dye and label the R-loop.

Table 2.1. List of oligonucleotides used for making R-loops, dsDNA, and R-loop
bubbles. R-loops are made with A11° + A2’ + A5’; dsDNAs are made with A11° + A7’;

DNA bubble are made with A11° + A2’.

Annealing. Single-stranded DNA and RNA were purchased from IDT™ Integrated DNA
Technologies. The oligo sequences are listed on Table S3.1. Oligo A2’ with a 5° Amino
Modifier C6 group was also purchased from IDT™ Integrated DNA Technologies. The R-
Loop substrate was generated by annealing the three oligos with equimolar ratio of A11°
and A2’ and 2-fold excess of A5’. The DNA bubble substrate was generated by annealing

with equimolar ratio of A11° and A2’. While the dsDNA substrate was generated by
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annealing A2’ and A7’ oligos with equimolar ratio. Annealing was conducted in Annealing
Buffer containing 50 mM Tris Base (pH 7.5), 10 mM MgCI2, 100 mM NaCl and 1 mM
Dithiothreitol through incubating the oligos at 95°C for 2 minutes, followed by a second
incubation at 90°C for 10 minutes, and gradually decreasing the temperature from 90°C to
4°C with a rate of 0.1°C/s.

Purification. Purification of the substrates was conducted on stain-free agarose gel
followed by electroelution. The post-annealing solution was loaded in a 3% Low-Range
Ultra Agarose (Bio-Rad) gel, which was ran at 90V for at least 90 minutes. The gel was
excised at the appropriate position and the substrates were extracted from the excised gel
by electroelution (90V for at least 45 minutes) using a 12-14 kDa cut-off Spectra/Por®
dialysis membrane. Electroeluted products were concentrated in 3 kDa cut-off Amicon®
Ultra concentrators when needed. To obtain greater yields, a size exclusion
chromatography method using a Superdex 200 size exclusion column (GE Healthcare) pre-
equilibrated with TAE Buffer (Bio Basic) was also implemented.

Purification of fluorescently labeled substrates. Purification of Alexa-568 labeled

substrates followed the same protocol with a few exceptions. These substrates were
prepared using A2’ with a 5° Amino Modifier C6 group instead. The post-annealing
solution underwent 2 consecutive dialyses (at least 4h each) to PBS Buffer, pH 8.5 at 4°C
with stirring for buffer exchange. After buffer exchange, 5 pL of 25 mM Alexa Fluor™
568 Succinimidyl Ester fluorescent dye (Invitrogen™) in DMSO were added to the post-
annealing solution, followed by an overnight incubation in the dark with rocking to allow
for the labeling reaction to occur. The remainder of the protocol is the same, apart from

being conducted in a dark room. Labeling was confirmed through running 2 agarose gels
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(with and without Safe View Stain) and subsequent imaging on a Bio-Rad Gel Doc™ EZ
Imager. Only Alexa-568 labeled substrates could be observed in the Safe View-free gel

while all substrates could be observed in the Safe View gel.

Transfection, microscopy, and quantification. Cells were seeded onto 0.1mg/ml poly-D-

lysine (Sigma-Aldrich) coated coverslips placed in 24-well plates and cultured in 1 ml
culture medium for 48h, followed by transfected with 3.818 pmoles per well of Alexa
labeled R-loop, dsDNA, or DNA bubbles for 24h, 48h or 72h using lipofectamine
following manufacturer’s protocol. Cells were fixed by directly add in 1ml of 4%
paraformaldehyde for 20 minutes at RT followed by gentle washing with PBS. Cells then
permeabilized by PBSAT (1%BSA, 0.5% Triton X in PBS) for 20 minutes. Coverslips
were then carefully flipped over and placed on top of mounting media (Prolong Diamond
antifade plus DAPI, Invitrogen) placed on microscopy slides, and allowed to solidify for
24h before imaging on Leica SP8 confocal. To quantify EGFP-FMRP droplets, ComDet

V.0.5.5 plugin in Fiji has been used.

Live cell imaging and FRAP assay. Cells were plated and cultured in 12-well glass
bottom plates (Cellvis). Images were taken on a Leica stimulated emission depletion
(STED) 3X nanoscope with a 100X oil objective. Granules selected for FRAP analysis
were photobleached with about 20-50% laser intensity. The recovery intensities were
corrected for overall background photobleaching and normalized to the same pre-bleaching

intensity. The average intensity and standard deviation of all samples in each frame then
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calculated and fitted using Graphpad Prism to a one-phase association, non-linear fit to
calculate the fluorescence recovery curve, mobile fraction, and half-life.

For 10 hour overnight live cell imaging, cells were plated in 8-well glass bottom chamber
slides (ibidi). Images were taken on a Leica SP8 laser scanning confocal with 40x dry
objectives and an Oxo Lab environmental chamber with CO2 control.

Super resolution microscopy. FMRP localization in both cytoplasm and nucleus was
imaged using a Zeiss Zeiss LSM with Airyscan (980) 63x oil objective and converted to

3D images with built in Zen software.

Protein purification. As previously described in Tsang et al [17] and briefly described
here, codon optimized full length human FMRP Isoform 1 cDNA was generated by gene
synthesis (GenScript) and was subcloned into a pET-SUMO vector (Invitrogen). This
pET-SUMO-FMRP plasmid was used as a template to generate (i) full length I304N mutant
and (ii) C-IDR (residues 445-632) via QuikChange Site-Directed Mutagenesis (Agilent)
for protein expression. The fidelity of these constructs was confirmed by Sanger
sequencing (Eurofins Genomics, Louisville, KY). Each construct was transformed into
Escherichia coli BL21(DE3) Codon Plus Cells (Agilent). Select colonies were inoculated
in 50 ml of Luria Broth (LB) medium, before dilution into 1 L fresh LB medium in a
Fernbach flask and grown at 37°C. Protein expression was induced with 1 mM isopropyl-
B-D-thiogalactopyranoside (IPTG) at an optical density (600 nm) of ~0.6 and was
incubated at 16°C for 18 h. Cells were harvested by centrifugation at 15,000 rpm for 30 m.
The supernatant was carefully discarded, and each cell pellet was stored at -20°C until

ready for protein purification. To begin purification, frozen cell pellets were thawed and
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re-suspended in 100 ml of lysis buffer containing 100 mM NaCl, 50 mM Na2PO4, 200
mM Arginine HCI, 200 mM Glutamic acid, 10% Glycerol, 10 mM [-mercaptoethanol, and
1% CHAPS, pH 7.4, supplemented with DNase I, lysozyme, and protease inhibitors
(bestatin, pepstatin, and leupeptin). Cells were lysed by sonication and the lysate was
subjected to centrifugation at 15,000 rpm for 30 m. The supernatant was loaded onto a 20
ml HisTrap HP column (GE Healthcare) equilibrated in the binding buffer (i.e., same
composition as lysis buffer, but without DNase I and lysozyme) and incubated at 4°C for
30 m. The column was extensively washed three times with 30 ml of the equilibration
buffer. SUMO-fusion proteins were eluted using the same equilibration buffer
supplemented with 500 mM imidazole, and fractions containing proteins were combined.
A 6X-His-tagged Ulp protease was added to cleave the His-SUMO tag at room temperature
overnight with rocking. Completion of the Ulp cleavage reaction was confirmed by SDS-
PAGE. After cleavage, the protein solution was passed through a 0.2 um filter to remove
any aggregated product, before it was concentrated using a 5 kDa-cutoff Amicon
concentrator by centrifugation at 4,000 rpm at room temperature. The concentrated

protein solution is again filtered before being loaded onto an equilibrated Superdex 200
size exclusion column (GE Healthcare) to separate the FMRP constructs from the Ulp
protease and the His-SUMO fusion tag. Fractions containing pure FMRP and 1304N

proteins were identified by SDS-PAGE and combined for storage at -80°C.

Bright-field and fluorescence microscopy of Phase-Separated protein samples.

Sample preparation. FL FMRP, FL 1304N mutant, and FMRP C-IDR samples were

dialyzed twice (at least 4 h each) to phase separation buffer (PH 7.4) containing 25 mM
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Disodium phosphate, 30 mM Sodium Chloride and 2mM Dithiothreitol. Protein samples
then subsequently diluted to two different concentrations used for the assays, 9nM &
0.9nM. Dialysis was conducted at room temperature. Nucleic acid substrates (R-Loop,
DNA bubble and dsDNA) in TAE buffer were diluted to two different concentrations used
for the assays, 20nM & 2nM.

Imaging and data analysis. Images were obtained using bright-field and fluorescence

settings on a Leica stimulated emission depletion (STED) 3X nanoscope with a 100X oil
objective at room temperature. At least 10 photos were taken for each experimental
condition. Image analysis was conducted qualitatively with the aid of the software Imagel

(https://imagej.nih.gov/ij/).
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3.1. Overall Conclusion

Work from this thesis is a continuation of our discovery that FMRP deficiency leads to R-
loop-mediated genome instability. We are the first to discover that FXS patient-derived
lymphoblastoid and fibroblast cells exhibit elevated R-loop-induced DNA DSBs,
especially under replication stress. Interestingly the observed phenotypes can only be
rescued by wildtype FMRP with a functional KH2 domain but not by the disease-causing

KH2 mutation I304N (appendix).

We then asked: What is the mechanism of FMRP function in preventing R-loop-induced
genome instability? To answer this question, we utilized a system which has a
homogeneous genetic background by generating and selecting a single clone of human
HEK293T FMR1 CRISPR knockout cells. Moreover, we generated rescue cell lines stably
expressing EGFP, EGFP-FMRP and EGFP-I304N on the FMR1 CRISPR knockout
background. We demonstrated that compared to the wildtype FMRP positive control,
FMRP deficient cells fully recapitulate our discoveries seen in patient-derived FX cells, as
DNA damage and R-loop formation are both elevated without FMRP, and the observed

phenotypes can only be rescued by FMRP with a functional KH2 domain [1].

Most importantly, we observed that wildtype FMRP forms dynamic RNP granules in our
rescue cell line, and the formation of the FMRP granules is absent in cells expressing the
disease-causing 1304N mutant. The C-IDR of FMRP has been shown to be sufficient to
drive LLPS in vitro [2], but the dependency of KH or Age domains in FMRP granules
formation in vitro or in human cells has yet to be elucidated. We have shown that the

multivalency provided by the KH2 domain is required for FMRP granule formation in
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human cells. Given that the KH2 domain I304N mutant failed to both form LLPS droplets
in cells, and to rescue R-loop-induced DSBs, we speculated that FMRP regulates R-loops
by creating an R-loop foci via LLPS, which is conducive for R-loop downstream signaling
and processing, and the formation of such R-loop foci is dependent on a functional KH2

domain.

We also demonstrated that FMRP nuclear puncta are enriched under replication stress
induced by DNA polymerase inhibitor aphidicolin (APH). This supports the notion that
FMRP granules in the nucleus have a genome protective function against transcription-
replication conflict. As a proof of principle, we have observed FMRP co-phase separates
with transfected fluorescently labeled synthetic R-loops in human cells. Moreover, these
R-loops can modulate FMRP granule formation, further supporting the idea that FMRP can
respond to R-loops in cells via the formation of membraneless granules. We previously
have shown FMRP C-terminal intrinsically disordered domain (C-IDR) directly binds to
R-loops with high affinity in vitro. Previous bioinformatics and computational analysis of
R-loop interactomes shows R-loop “Readers”, such as FMRP, have the potential to undergo
LLPS with R-loops via C-IDR, and recruit R-loop processing “Enzymes” with either C-
IDR or fold domains. Furthermore, we have shown, by in vitro protein phase separation
experiments, that the mechanism driving [304N mutant co-phase separation with R-loops
is similar to the C-IDR co-phase separation with R-loops. However, these droplets are
different from those of wildtype FMRP:R-loop droplets formation. The latter droplets
formation is driven by both C-IDR mediated multivalent interaction involving both folded

domains and the C-IDR of FMRP with R-loops.
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Considering our genetics, cell biology, molecular biology, biochemistry, and
bioinformatics evidence together, we propose that FMRP is a genome stabilizer, though
lacking domains for helicase or nuclease activity, can regulate unscheduled pathological
R-loops by C-IDR and KH2 domain mediated R-loop foci assembly which generate a
microenvironment that has potential to recruit R-loop processing enzymes by their folded

domains and/or their IDRs, ultimately resolving unscheduled R-loops.

3.2. The dependency of C-IDR domain and KH domain in FMRP

granules formation in vitro and in human cells.

Our previous EMSA binding assay revealed that the C-IDR of FMRP can interact tightly
with the R-loop structure. We have shown here that FMRP forms dynamic granules in
human cells, but the I1304N mutant cannot form granules in cells, indicating even the C-
IDR of FMRP is sufficient to drive LLPS in vitro [2]. The multivalency provided by N-

fold domain is required for the FMRP granule formation in human cells.

We then purified the C-IDR of FMRP, full-length wildtype and I304N FMRP proteins.
We have shown by microscopy studies that all three of the proteins form droplets with
synthetic R-loop structures. However, they display different properties in terms of size,
shape, and density. C-IDR droplets are spherical, and the R-loop structures filled with
whole droplets. FL 1304N form similar droplets as C-IDR, most spherical, and the R-
loops filled with whole droplets, indicating their droplets formation is driven by similar

phase separation mechanism: C-IDR mediated multivalent interactions. In contrast, full-
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length wildtype FMRP forms both spherical and large amorphic droplets, and the R-loops
structure only penetrated the outer layer of those droplets, displayed a hollow looking
droplets that are distinct from C-IDR droplets and FL I304N droplets. This indicates FL
FMRP droplets formation is driven by both C-IDR mediated multivalent interaction and
KH2 domain mediated multivalent interaction, and such interaction results in larger,
amorphic, and denser droplets. These results support our hypothesis that KH2 is
important for FL FMRP molecule self-association and multivalent interaction driven its

LLPS in human cells.

Our work here is the first to show the dependency of KH2 domain in FMRP granule
formation in human cells. A recent article by Starke et al. has also attempted to show KH
domain’s dependency to form dFMRP granules in Drosophila cells [3]. hey demonstrated
this by expressing two missense mutations in dFMRP KH1 and KH2 domains
corresponding to human missense mutations. Their result indicates when the mutation is
in KH1 domain, there is more than a two-fold decrease in the ability of forming granules
compared to WT-FMRP, while KH2 domain mutation had no effect. However, our
results demonstrated that in human cells, FMRP granule formation is dependent on the
function of KH2 domain. One advantage of our study is in our model system, we used
human cells instead of Drosophila cells to eliminate any differences of FMRP

physiologies and pathologies across the species.

Finally, we have linked FMRP granule formation in human cells and the mechanism of
FMRP function in preventing R-loop-induced genome instability. FMRP can respond to

R-loops in cells via the formation of membrane-less granules to regulate unscheduled
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pathological R-loops. And such regulation is possibly realized by C-IDR and KH2
domain mediated FMRP:R-loop foci assembly. Where FMRP function as a scaffold,
generating a microenvironment that has the potential to recruit R-loop processing
enzymes by their folded domains and/or their IDRs. Within such R-loop foci,
multivalent, dynamic interactions between FMRP, R-loops, and R-loop resolving

Enzymes can engaged and ultimately resolve unscheduled R-loops.

______________________________________________________

Normal

FMRP Droplet

Figure 3.1. Schematic summary of the predicted mechanism of how FMRP function
in R-loop resolving. In normal condition, FMRP can form FXG in cells, and the persistent
R-loops can form FMRP-R-loop foci in the nucleus. The FMRP-R-loop foci has the
potential to recruit R-loop processing enzymes and ultimately resolve R-loops. In FXS,
there isn’t any FXG formation in cells. Persistent R-loops remain in nucleus, cause DNA
DSBs when encountering replication machinery.
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3.3. Future studies

Our study revealed the mechanism of membrane-less FMRP containing granule formation
in human cells, and its relationship with FMRP functioning in preventing R-loop-induced
genome instability. Our on-going structural studies including nuclear magnetic resonance
(NMR) Spectroscopy, Small-angle X-ray scattering (SAXS), and cryo-electron
microscopy (cryo-EM) will reveal the mechanism of FMRP:R-loop binding at atomic-

resolution.

One important follow up question is what R-loops processing enzymes are involved in the
formation and function of the described R-loop foci? We have previously shown with co-
IP that FMRP interacts with DExH-Box Helicase 9 (DHX9), an RNA helicase that unwinds
both double strand RNA and RNA:DNA hybrids and regulates R-loop formation through
modulating these activities [4]. However, we found that FMRP inhibits the DHX9 helicase
activity on R-loops in vitro. Moreover, the chromatin association of DHX9 was lower in
the presence of a functional FMRP than in its absence, indicating a competitive relationship
between FMRP and DHX9 on R-loop binding. Thus, FMRP may act as a stop signal for
DHXO to disassociate from R-loop templet after unwinding its target R-loop [1]. Moreover,
our co-immunoprecipitation experiments also showed an interaction between FMRP and
Topoisomerase Il beta (Toplllb), which is one of the least understood members of the
topoisomerase family, as it was shown that the loss of TopllIb can causes R-loop-mediated
genome instability [5]. Those interactions support the notion that FMRP serve as a LLPS

scaffold for factors that resolve R-loops. On-going/future investigations of the detailed
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mechanism of those interactions will provide important insight to further understand how

FMRP droplets recruit enzymes.

There are other FX-causing mutations in different FMRP segments especially KH domains
and in the C-IDR, that maybe important for FMRP phase separation either for FMRP self-
association or for recruitment of other R-loop resolving factors. One of our next steps and
ongoing project is using both our in vitro and in cell methods to dissect some of those
mutations and figure out the functions of each of FMRP segments. Due to frame shift of
alternative splicing, FMRP also have four nuclear isoforms which have unique C-IDRs
distributed to different subnuclear locations. It would be helpful to understand the
biophysical basis and the role of LLPS in regulating their subnuclear localization and

whether these isoforms are involved in any genomic functions.

Lastly, using human neuronal progenitor cells (NPCs) to generate FMR1 CRISPR NPC
cells offers an ideal system that closely mimics the pathology of Fragile X syndrome (FXS)
patients. By using CRISPR technology to target and knockout the FMRI1 gene, we can
create NPCs that lack the FMRP protein. These modified NPCs can then be differentiated
into neurons, allowing us to study and validate FMRP’s functions including its role in
preventing R-loop-induced genome instability of the disease in a human neuronal context.
This model will provide valuable insights into the underlying molecular and cellular

mechanisms of FXS.

1. Chakraborty, A., et al., FMRP DIRECTLY INTERACTS WITH R-LOOP AND
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