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ABSTRACT

RNAs associate with chromatin through various ways and carry out diverse
functions. One mechanism by which RNAs interact with chromatin is by the
complementarity of RNA with DNA, forming a three-stranded nucleic acid structure
named R-loop. R-loops have been shown to regulate transcription initiation, RNA
modification, and immunoglobulin class switching. However, R-loops accumulated
in the genome can be a major source of genome instability, meaning that they must
be tightly regulated. This thesis aims to identify R-loop-binding proteins

systemically and study their regulation of R-loops.

Using immunoprecipitation of R-loops followed by mass spectrometry, with
or without crosslinking, a total of 364 proteins were identified. Among them RNA-
interacting proteins were prevalent, including some already known R-loop
regulators. | found that a large fraction of the R-loop interactome consists of
proteins localized to the nucleolus. By examining several DEAD-box helicases, |
showed that they regulate rRNA processing and a shared set of mRNAs.
Investigation of an R-loop-interacting protein named CEBPZ revealed its nucleolar
localization, its depletion caused down-regulation of R-loops associated with rRNA
and mRNA. Characterization of the genomic distribution of CEBPZ revealed its
colocalization with insulator-regulator CTCF. When studying if CEBPZ recruits
CTCEF, | found that instead of regulating CTCF binding, CEBPZ depletion has a

major effect on the performance of CUT&RUN, a technique for identifying DNA
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binding sites of proteins. How CEBPZ affects CUT&RUN is still under investigation,
the study of which may help us understand the roles of CEBPZ in regulation of

global chromatin structure and genome integrity.
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CHAPTER I: Introduction

Characterization of chromatin-associated RNAs

RNAs have long been known to be co-purified with chromatin (Bonner et
al., 1968; Kanehisa et al., 1971; Mayfield and Bonner, 1971). After mechanical
homogenization, salt wash, and centrifugation, RNAs can still be found within the
chromatin fraction, indicating that some transcripts stably interact with chromatin
instead of floating in nucleoplasm. These chromatin-associated RNAs vary a lot,
depending on the tissues from which they were purified from. They tend to
hybridize with the chromatin and DNA isolated from the same tissues rather than
different tissues (Kanehisa et al., 1971; Mayfield and Bonner, 1971), suggesting
that these chromatin-associated RNAs are products of tissue-specific

transcription.

It is reasonable to assume that the chromatin-associated RNAs are nascent
transcripts undergoing transcription on their templates, still associated with RNA
polymerase (RNAP). However, the development of new techniques to characterize
RNAs has depicted a more complicated picture, showing RNAs associated with
DNA through direct RNA-DNA interaction and RNAs associated with chromatin

through indirect interactions via various RNA binding proteins (RBPs).

One of the most well-known examples of direct interactions of RNA with
chromatin is RNA-DNA hybrids (RDHs). Once the single-stranded RNA (ssRNA)

anneals with its complementary single-stranded DNA (ssDNA), it forms RDHs that



are more thermodynamically stable than dsDNA (Lesnik and Freier, 1995) and
forms structures that are in between B-form of dsDNA and A-form of dsRNA. Along
with the ssDNA that is displaced by the formation of RDHSs, the whole structure is
called an R-loop, named after a similar nucleic acid structure named D-loop, which
forms when ssDNA invades dsDNA (Thomas, White and Davis, 1976). Since the
discovery of R-loops, they have been considered as by-products of transcription
and one of the major causes of genome instability (Aguilera and Garcia-Muse,
2012). However, R-loops have also been known to regulate processes such as
immunoglobulin class switching (Yu et al., 2003), DNA replication (Lombrana et
al., 2015), and transcription initiation (Ginno et al., 2012). In recent years, new
roles of R-loop have been found, including regulation of DNA repair (Marnef and

Legube, 2021) and RNA modification (Marnef and Legube, 2020).

Another form of direct interaction of RNA with chromatin occurs via
formation of triplex nucleic structures, specifically, RNA-dsDNA triplexes. These
structures form based on the Hoogsteen hydrogen bonds between the ssRNA and
the purine-rich strand of dsDNA (Hoogsteen, 1963; Morgan and Wells, 1968;
Robles et al., 2005; Bacolla, Wang and Vasquez, 2015), rather than the Watson-
Crick hydrogen bonds that are the driving force of RNA-DNA interaction in R-loops.
This results in ssRNA sitting in the dsDNA major groove and interacting with one
strand of DNA (Gofi, de la Cruz and Orozco, 2004). Like R-loops, RNA-dsDNA

triplexes have been found to regulate processes including transcription initiation



(Zhou, Giles and Felsenfeld, 2019), DNA methylation (Schmitz et al., 2010), and

recruitment of chromatin remodeling complexes (Grote and Herrmann, 2013).

Some RNAs associate with chromatin in a protein-dependent manner,
making them able to survive harsh chromatin extraction. One of the most
commonly found chromatin-associated RNAs are pre-mRNAs that are tethered to
chromatin by RNA polymerase Il (RNAP II). Once they exit RNAP II, pre-mRNAs
are coated by factors that lead to their maturation, including factors that carry out
capping, splicing, and polyadenylation (Bentley, 2014). Coupling ongoing
transcription with splicing has been shown to be essential to achieve alternative
splicing (Naftelberg et al., 2015). Regulation of transcription by spliceosome
factors that interact with transcription elongation factors has also been observed

(Fong and Zhou, 2001).

RNAs can associate with chromatin in an RBP-dependent manner without
directly interacting with genomic DNA. One of the most commonly known
examples occurs during X-chromosome inactivation (XCI). In female mammals,
one of the two X chromosomes needs to be silenced to achieve dosage
compensation of X chromosomal genes between females and males (Lyon, 1961).
This process is achieved by binding of the inactive X chromosome (Xi) by the
noncoding X-inactivation specific transcript (Xist), which is transcribed exclusively
from the Xi. Coating of the Xi with Xist RNA leads to depletion of the transcription
machinery, loss of active histone markers, and gain of repressive histone markers

on the Xi, finally turning it into a stably inactivated chromosome in female somatic



cells (Wutz, 2011). The mechanisms by which Xist interacts with Xi stably are still
undergoing investigation, but several RBPs have been shown to bridge Xist RNA
with Xi DNA. Heterogeneous nuclear ribonucleoprotein U (HNRNPU, also named
SAF-A) is a protein with both DNA- and RNA- interacting activities. Several groups
have shown that the RNA-binding domain of HNRNPU interacts with Xist while the
DNA-binding domain interacts with AT-rich chromosomal regions on the Xi (Helbig
and Fackelmayer, 2003; Hasegawa et al., 2010). Lacking either of the domains or
HNRNPU itself leads to a failure of Xist to localize to the X chromosome, indicating
that HNRNPU is essential for Xist binding to Xi (Hasegawa et al., 2010). YY1, a
protein that also harbors both DNA- and RNA- binding domains, has been shown
to be essential for bringing Xist to Xi (Jeon and Lee, 2011; Makhlouf et al., 2014).
Despite these RBP-mediated indirect interactions of RNA with chromatin, direct
interaction of Xist RNA with Xi DNA by the formation of R-loops or triplex may also

exist.

Formation and distribution of R-loops

R-loops are a subset of chromatin-associated RNA structures that form
when ssRNA binds dsDNA in a sequence-specific manner with one strand of DNA
being looped out. R-loops are often generated during transcription when nascent

RNAs transcribed by RNAPs thread back and anneal with the DNA templates from



which they are transcribed. Transcription-coupled RDHs are the major source of

R-loops found in cells (Belotserkovskii et al., 2018).

The formation and stability of R-loops are regulated by several nucleic acid
features, including purine-rich sequences in nascent transcripts (Roy and Lieber,
2009), the formation of G-quadruplexes (G4s) on the free ssDNA (Duquette et al.,
2004), negative supercoiling (Stolz et al., 2019), DNA nicks on the non-template
strand (Allison and Wang, 2019), pausing of RNA polymerase, and lack of factors
that inhibit or resolve R-loops (Figure 1.1). For example, RDHs composed of G-
rich RNA/C-rich DNA exhibit higher stability than equivalent dsDNA composed of
G-rich DNA/C-rich DNA, stabilizing the RDHs once they form (Gyi et al., 1996).
Moreover, the displaced G-rich ssDNA may form G4s, which will further stabilize
the R-loop structures. Negative supercoiling, which contains a high-stress, high-
energy state of the dsDNA, also favors R-loop formation as RDHs and the ssDNA
of R-loops will adapt into a more relaxed state compared with negative supercoils

(Stolz et al., 2019).

In the past decade, genome-wide approaches have been developed to
understand the distribution and dynamics of R-loops. These studies indicate that
R-loops are highly abundant throughout the genome, especially on coding genes,
in various organisms (Chen et al., 2015; Sanz et al., 2016; Wahba et al., 2016;
Lang et al., 2017; Xu et al., 2017). The first described genome-wide approach to
map RDHs, known as DNA-RNA immunoprecipitation sequencing (DRIP-seq),

used the RDH-specific monoclonal antibody S9.6 to detect R-loops, showing R-
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Figure 1.1. Nucleic acid features that favor R-loop formation.

G4s: G-quadruplexes. RNAP II: RNA polymerase II.

loop accumulation on unmethylated CpG island promoters (Boguslawski et al.,
1986; Ginno et al., 2012). Various other R-loop-mapping methods have
subsequently been developed. In addition to studies that use S9.6 to detect R-
loops (Ginno et al., 2013; El Hage et al., 2014), some groups have focused on
catalytically dead RNase H1, which binds specifically to RDHs but does not digest
them (Chen et al., 2017, 2019; Yan et al., 2019). Although these studies vary
somewhat, especially when comparing S9.6-based with dead RNase H1-based
techniques (Chédin et al., 2021), they all revealed that a large portion of R-loops
co-localize with nascent transcripts, with high enrichment at promoter-proximal

regions, lower (but still detectable) levels at transcription termination sites and



gene bodies, and little or no signal at intergenic regions (Sanz et al., 2016; Chen
et al., 2017; Chédin et al., 2021). In agreement with these findings, R-loops that

form at transcription start and termination sites can regulate certain processes,

including transcription initiation and termination. In particular, R-loops that form
around promoters have been shown to promote transcription by inhibiting the
binding of DNA methyltransferase enzymes, while R-loops at transcriptional pause
sites recruit the helicase Senataxin (SETX) and exonuclease XRN2, inducing
RNAP 1l release and transcription termination (Skourti-Stathaki, Proudfoot and

Gromak, 2011; Ginno et al., 2012).

Interactome and regulation of R-loops

Since the first description of R-loops in 1976 (Thomas, White and Dauvis,
1976), various proteins have been shown to bind to RDHs/R-loops and regulate
their abundance. These include the nucleases RNase H1 (Stein and Hausen,
1969; Cerritelli and Crouch, 2009) and RNase H2 (Cornelio et al., 2017) that
specifically digest the RNA component of RDHs, topoisomerases Top1 and Top2
that inhibit R-loop formation by resolving negative supercoiling (El Hage et al.,
2010), helicases like Sen1 in yeast (Kim, Choe and Seo, 1999) and its homologue
SETX in humans (Skourti-Stathaki, Proudfoot and Gromak, 2011) that resolve
RDHs, and messenger ribonucleoprotein THO/TREX (Dominguez-Sanchez et al.,

2011) and splicing factor SRSF1 (Li and Manley, 2005), which bind to nascent



RNASEH1

Figure 1.2. Factors that resolve R-loops or inhibit R-loop formation.

Nucleases that digest the RNA component of R-loops: RNASEH1, XRNZ2.
Helicases that resolve RNA-DNA hybrids: SETX, DHX9. Factors that bind to
mMRNA to inhibit R-loop formation: THO, SRSF1. Topoisomerase that resolves

negative supercoiling to inhibit R-loop formation: TOP1.

mRNA to inhibit R-loop formation (Figure 1.2). Moreover, R-loops have been
shown to regulate the distribution of chromatin proteins and protein complexes in
the genome, including chromatin remodeling complexes Tip60-p400 and PRC2

(Chen et al., 2015) and DNA methyltransferase DNMT3B1 (Ginno et al., 2012).

To identify R-loop-interacting proteins in a systematic way, the Gromak
group used the S9.6 antibody to capture R-loops together with their binding

proteins, followed by identification of these proteins by mass spectrometry (MS)



(Cristini et al.,, 2018). A total of 469 proteins were identified, including
heterogeneous nuclear ribonucleoproteins (hnRNPs) that function in RNA
metabolism, DNA binding proteins like topoisomerase TOP1, splicing factors,
helicases, and ribosomal RNA (rRNA) processing factors. The authors went on to
characterize one of these interacting proteins, a helicase named DHX9. The study
showed that DHX9 is a factor that inhibits R-loops formation, at least at certain
genomic loci, in response to TOP1 inhibition. The R-loop regulatory activity of
DHX9 in vivo agrees with previous research showing unwinding of R-loops by
DHX9 in vitro (Chakraborty and Grosse, 2011), and further confirmed by research

published later (Chakraborty, Huang and Hiom, 2018).

In a second study, a different assay was carried out to capture and identify
RDH-interacting proteins from protein fractions (Wang et al., 2018). In this assay,
RDHs generated by annealing oligonucleotides in vitro were incubated with human
B-cell extract to capture RDH-interacting proteins, followed by liquid
chromatography and tandem mass spectrometry (LC-MS/MS). This study
identified 803 proteins shared between two RDH baits, including known R-loop-
regulators like helicase DDX5, splicing factor SFPQ, exonuclease XRN2, and the
potential R-loop-regulator FUS, a protein that has both DNA- and RNA- binding

activities (Yamaguchi and Takanashi, 2016).

By overlapping proteins identified in the two studies above, a total of 197
proteins were identified, indicating the reliability of both methods. However, a large

group of proteins does not overlap between these two sets. This may be explained
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by the fact that the in vivo assay captures not only proteins that bind directly to R-
loops but also the ones within the sheared chromatin region, while the in vitro
assay is unable to identify the R-loop-interacting proteins that bind to ssDNA or the
entire structure of R-loops, as well as proteins that participate in R-loop regulation
co-transcriptionally. Among the proteins that overlap between the two studies are
various DEAD-box proteins with known or putative ATP-dependent RNA helicase
activity (Linder et al., 1989; Cordin et al., 2006; Linder, 2006). DEAD-box proteins
have been found to regulate mRNA transcription, RNA degradation, splicing, rRNA
processing, and ribosome biogenesis (Linder, 2006). Several DEAD-box proteins
have been confirmed to regulate R-loops independently of these proteomic studies
examining the R-loop interactome (Hodroj et al., 2017; Song et al., 2017; Ribeiro

de Almeida et al., 2018).

Regulation of transcription by R-loops

RNA polymerase | (RNAP |) transcribes 18S and 28S rRNA in the nucleolus,
which produces about 80% of all RNA in the cell (Harvey et al., 2000). Nascent
rRNA anneals with DNA regions it is transcribed from to form R-loop structures,
which may contribute to the high abundance of R-loops observed in the nucleolus
by S9.6 immunofluorescence staining (IF) (ElI Hage et al., 2010; Garcia-Rubio et
al., 2015; Shen et al., 2017). Depletion of topoisomerase Top1 in yeast causes

accumulation of R-loops at the 5’ end of ribosomal DNA (rDNA) loci, which induces
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pileup of RNAP | and impairs rRNA synthesis (El Hage et al., 2010). Similar
observation were made with RNA polymerase Ill (RNAP Ill) transcribed transfer

RNAs (tRNAs) upon loss of Top1 (El Hage et al., 2014).

At RNAP ll-transcribed genes, on which most genome-wide studies focus,
Top1 inhibition was observed to pause RNAP Il at actively transcribed genes
(Baranello et al., 2009). However, mechanisms by which R-loops regulate mRNA
transcription are more complicated, involving inhibition and activation of
transcription. At promoters that contain CpG islands, G-rich transcripts tend to form
R-loops, protecting these sites from binding of DNA methyltransferase enzymes,
thus preventing gene silencing (Ginno et al., 2012). It has also been shown that R-
loop formation can be induced by antisense RNAs. As one example, antisense
RNA-mediated R-loop formation has been observed at the promoter of the tumor
suppressor gene TCF21. Furthermore, stress response protein GADD45A has
been shown to bind R-loops and recruit the TET1 enzyme, which demethylates
DNA to control the expression of TCF21 in a cell cycle-dependent manner (Arab
et al., 2019). In mouse embryonic stem cells (MESCs), R-loops at promoter-
proximal regions recruit the activating chromatin complex Tip60-p400 and inhibit
the binding of polycomb repressive complex 2 (PRC2), which may contribute to
the differentiation defects observed in mESCs with disrupted R-loops (Chen et al.,
2015). However, R-loops may have opposite functions regarding the specific locus
and cell line they were examined. For example, the long non-coding RNA (IncRNA)

ANRASSF1, the antisense RNA of the RASSF1A gene, can induce R-loop
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formation and recruit PRC2 complexes to the RASSF1A promoter to suppress

gene expression in HelLa cells (Beckedorff et al., 2013).

Regulation of transcription termination by R-loops has been observed at
different genomic loci in different cells types. In HelLa cells, G-rich pause
sequences downstream of polyadenylation sites at the ACTB and MAZ4 genes
favor the formation of R-loops, which further induces RNAP Il pausing (Yanling
Zhao et al., 2016). Paused RNAP Il recruits SETX, which resolves RDHs to relieve
ssRNA that is digested by exoribonuclease XRN2. This results in RNAP Il release
and efficient termination (Skourti-Stathaki, Proudfoot and Gromak, 2011).
Moreover, R-loops can facilitate transcription termination by epigenetic regulation.
For example, antisense transcription can be induced by stabilized R-loops at
termination regions of ACTB gene, leading to the formation of dsRNA that recruits
histone methyltransferase G9a. The repressive histone marker H3K9me2,
deposited by G9a, then recruits heterochromatin protein 1y (HP1y), facilitating the
formation of heterochromatin and pausing of RNAP Il (Skourti-Stathaki,
Kamieniarz-Gdula and Proudfoot, 2014). In recent years, evidence has emerged
linking R-loops with N6-methyladenosine (m6A) modification, the most abundant
RNA modification on mRNA. Positive correlation of m6A-containing transcripts
with their tendency to form R-loops has been shown in human induced pluripotent
stem cells (Abakir et al., 2019). Moreover, upon depletion of METTL3, the protein

that converts adenosine to m6A, reduction of m6A and R-loop levels was observed
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at termination regions where they co-exist, causing RNAP Il readthrough and

inefficient transcription termination (Niehrs and Luke, 2020).

Roles of R-loops in genome stability

Independent of the regulatory roles of R-loops in transcription, R-loops have
long been considered a major source of genome instability. For example,
mutations in the ribonucleoprotein complex THO/TREX induce higher levels of R-
loops, leading to hyperrecombination and chromosome loss (Huertas and Aguilera,
2003). In HeLa cells, hyperactivation of NF-kB has been shown to induce R-loop
accumulation and formation of double-strand breaks (DSBs), which can be

rescued by overexpressing the RDH-specific nuclease RNase H1 (He et al., 2021).

The mechanisms by which R-loops lead to genome instability have been
thoroughly dissected over the past 20 years. The ssDNA part of R-loops can be
the cause of R-loop-induced genome instability, as ssDNA serves as a substrate
for mutagen activation-induced cytidine deaminase (AID) (Gémez-Gonzalez and
Aguilera, 2007). AID deaminates cytosines into uracil, and may further induce DNA
breaks and chromosome translocations, as the mis-incorporated uracil may be
cleaved to leave a break (Robbiani et al., 2009). A more detrimental effect of R-
loops may come from their ability to block the DNA replication machinery, due to
the pausing RNAP Il that is associated with R-loops. Transcription-replication

conflicts (TRCs) may lead to the collapse of replication forks and chromosome
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rearrangements (Hamperl and Cimprich, 2016). In one study performed in HEK293
cells, an episomal system was introduced to enable the dissection of TRCs. This
artificial system shows that in head-on collisions of the RNAP |l with replication
forks, the ATR-dependent DNA damage response system is triggered and leads
to increased R-loops (Hamperl et al., 2017). Several groups have shown TRCs to
be sources of R-loop-induced DNA damage (Prado and Aguilera, 2005; Gan et al.,
2011; Helmrich, Ballarino and Tora, 2011). However, there is still no clear
understanding of the frequency of TRCs occurrence in the genome, nor have
mechanisms been described that explain how they would induce DSBs in an R-

loop-dependent way.

Although R-loops have long been considered a source of genome instability,
recently, several studies indicate that R-loops can form at the sites of DSBs in a
transcription-dependent manner to regulate DNA repair. In yeast, RNAP Il is
recruited to the 3’ ssDNA overhangs of DSBs after end resection is complete. The
nascent RNA transcribed from RNAP |l can then hybridize with the ssDNA to form
RDHs, which must then be degraded by RNase H1 and RNase H2 for replication
protein A (RPA) to be loaded for additional steps of the DNA repair process (Ohle
et al., 2016). In a human epithelial cell line, stalling RNAP |l induces R-loops
formation around DSB sites, which have been shown to recruit RAD52 and
facilitate endonuclease XPG-dependent removal of R-loops. This process is
required for the initiation of transcription-dependent homologous recombination

repair. It is also worth noting that this repair pathway may occur in around 5% of
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total DSBs, depending on the level of transcription around these sites once DSBs

form (Yasuhara et al., 2018).

Functions of R-loops in mouse embryonic stem cells

Several groups have shown that disruption of R-loops in mESCs affects
recruitment of chromatin remodeling complexes like PRC1, PRC2, and Tip60-p400,
which in turn affects expression of genes bound by these complexes (Chen et al.,
2015; Skourti-Stathaki et al.,, 2019). Because of the regulation of mESC
differentiation by these remodeling complexes (Fazzio, Huff and Panning, 2008;
Walker et al., 2010; Chen et al., 2013), disruption of R-loops also causes
differentiation defects (Chen et al., 2015). Moreover, mutation of death inducer
obliterator 3 (DIDO3), a protein that interacts with helicase DHX9 and regulates R-
loops, causes differentiation defects in mESCs (Futterer et al., 2021). All these
studies suggest that R-loop-regulation plays an essential role in the homeostasis
of mESCs, and that disruption of R-loops will cause observable biological

consequences, making mESCs a good platform for studying R-loop functions.

mESC lines were first generated from the inner cell mass of mouse
blastocyst stage embryos in 1981 by two different groups. These cell lines were
maintained in defined medium supplemented with serum (Evans and Kaufman,
1981), or in a conditioned medium (Martin, 1981). Both studies required feeder

cells for the maintenance of the ESCs. These ESCs grow in colonies with rapid
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and stable replication, allowing them to be maintained in vitro indefinitely without
directed or spontaneous mutations that are required in most other primary cell
types. Once these cell lines are passed without feeder cells, they spontaneously
differentiate into three-dimensional structures named embryoid bodies that consist
of three embryonic germ layers, indicating their differentiation ability (Koike et al.,
2007). Moreover, once injected into mice, these cell lines differentiate into
teratomas, germ cell tumors made up of mature cell types from three primary germ

layers that are differentiated from the ESCs (Peterson et al., 2012).

As characterized by these early research and others, mESCs are defined
by two features: self-renewal and pluripotency. Self-renewal indicates the ability of
ESCs to proliferate indefinitely under appropriate culture conditions without
differentiation, while pluripotency is the ability of ESCs to differentiate into three
germ layers, endoderm, mesoderm, and ectoderm, which contribute to both
somatic and germinal lineages. It is worth noting that mESCs are pluripotent but
not totipotent, as MESCs do not contribute to extraembryonic lineages (Beddington
and Robertson, 1989; Condic, 2014). Though mESCs can be maintained in vitro
in a state of pluripotency with embryonic fibroblasts as feeder cells (Evans and
Kaufman, 1981; Martin, 1981; Suda et al., 1987), it was later found that mESCs
can be cultured on gelatin-coated plates, in serum-containing medium
supplemented by leukemia inhibitory factor (LIF), a cytokine secreted by feeder
cells that inhibit differentiation (Koopman and Cotton, 1984; Williams et al., 1988).

LIF is a member of the interleukine-6 cytokine family (IL-6). LIF binds to its receptor,
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which activates Janus kinase (JAK) that phosphorylates signal transducer and
activator of transcription 3 (STAT3). STAT3 dimerizes and enters the nucleus to
regulate gene regulatory networks through several pathways. They include
activation of MYC, and activation of SOX2 and POU5F1 (Oct-4) through KLF4,
which are essential for ESC self-renewal and pluripotency (Cartwright et al., 2005;

Hall et al., 2009; Niwa et al., 2009; Tang and Tian, 2013).

Transcription factor CEBPZ as a possible R-loop regulator

CCAAT Enhancer Binding Protein Zeta (CEBPZ) is a transcription factor
that specifically recognizes the CCAAT sequence of promoters. CEBPZ was linked
to R-loops by research from Barbieri et al., which showed that CEBPZ and
METTL3 co-localize extensively throughout the genome, as measured by
chromatin immunoprecipitation followed by sequencing (ChlP-seq). CEBPZ
mediates the recruitment of METTL3 to its promoters. Depletion of CEBPZ leads
to reduction of m6A modification on transcripts associated with METTL3-
associated promoters, as METTL3 is known to carry out m6A modification (Barbieri
etal., 2017; Zaccara, Ries and Jaffrey, 2019). In recent years, several groups have
shown that m6A-containing transcripts promote R-loop formation (Abakir et al.,
2019; Yang et al., 2019; Marnef and Legube, 2020), suggesting the regulation of

R-loops by m6A incorporation and METTL3 binding. These studies indicate a
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possible connection between CEBPZ and R-loops through the regulation of m6A

abundance.

CEBPZ was first characterized in 1990, in which it was identified as a 114-
kD transcription factor that binds to the promoter of the human hsp70 gene. It binds
specifically to the CCAAT sequence of the promoter and drives hsp70 transcription
in a CCAAT sequence-dependent manner, which gives its name CCAAT binding
factor (CBF) (Lum et al., 1990). The N-terminus of CEBPZ interacts directly with
adenovirus E1a protein and tumor suppressor p53 (Lum et al., 1992; Agoff et al.,
1993), these interactions have been later confirmed to drive the E1a-induced
hsp70 promoter activation and p53-mediated hsp70 repression (Agoff and Wu,
1994; Chae, Yun and Shin, 2005). It was later found that CEBPZ recruitment to
the hsp70 promoter depends on its interaction with the nuclear factor Y (NF-Y), a
trimeric complex that is also known to bind to the CCAAT sequence (Imbriano et
al., 2001). In 1996, a mouse ortholog of CEBPZ was identified and shown to
localize to the nucleus. It has > 80% amino acid sequence similarity with the human
CEBPZ (Hoeppner et al., 1996). MAK21P, a budding yeast homolog of human and
mouse CEBPZ, has been shown to be essential for both 60S ribosomal subunit

biogenesis and cell growth (Edskes, Ohtake and Wickner, 1998).

Though it has the name CCAAT Enhancer Binding Protein Zeta, CEBPZ
should not be regarded as belonging to the C/EBP family, as it lacks the basic
leucine zipper domain that is shared by all members of that family. Phylogenetic

analysis based on protein sequences of the C/EBP family and CEBPZ shows that
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CEBPZ forms its own clade, indicating a different origin than CEBPA, CEBPB,
CEBPD, CEBPE, CEBPG, and DDIT3 (also known as CHOP and occasionally also
called CEBPZ) that belong to the C/EBP family (Pulido-Salgado, Vidal-Taboada

and Saura, 2015).

Insulator-binding protein CTCF and its regulation by R-loops

CCCTC-binding factor (CTCF) is a zinc finger protein that is highly
conserved in higher eukaryotes (Heger et al., 2012). CTCF contains eleven zinc
figures that are essential for its binding to the genome (Vostrov, Taheny and
Quitschke, 2002), which are highly conserved between mouse and human
(Ohlsson, Renkawitz and Lobanenkov, 2001). CTCF was first identified as a
transcriptional repressor of the c-myc gene in chicken (Klenova et al., 1993). Now
CTCF has been assigned multiple functions, including transcription
activation/repression, insulation, and regulation of the three-dimensional genome

(3D genome).

The insulation function of CTCF was first characterized by the Felsenfeld
group. They described a 42-bp sequence of chicken B-globin locus that binds
CTCF. Upon CTCF binding, it blocks the interaction of the enhancer and promoter,
thus inhibiting transcription (Bell, West and Felsenfeld, 1999). Later, Felsenfeld
and several other groups showed that mouse insulin-like growth factor 2 (/gf2) is

controlled by the insulator activity of CTCF (Bell and Felsenfeld, 2000; Hark et al.,
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2000; Szabo et al., 2000). Igf2 and H19 share the same enhancer at the 3’ end of
H19 (Leighton et al., 1995). Upon methylation of regions between Igf2 and H19,
which are CTCF-binding sites, CTCF binding decreases while the interaction of
enhancer and Igf2 promoter increases, thus reversing the transcription inhibition

caused by CTCF insulation.

The promoters of metazoans can be regulated by multiple clusters of
enhancers located at long distances relative to the promoters (Levine, Cattoglio
and Tjian, 2014), some as far as several megabases (Amano et al., 2009; Shi et
al., 2013). This suggests the formation of genome structures at higher orders to
couple promoters with their enhancers despite their long-distance on the linearized
genome. Indeed, the insulation activity of CTCF can be carried out through
regulation of genome architecture. This is demonstrated by the finding that CTCF
tethers the chicken [-globin insulator to subnuclear regions, creating
independently looped domains such that an enhancer in one loop will not be able
to interact with a promoter in another loop (Yusufzai et al., 2004). CTCF-mediated
long-range looping around the B-globin locus in mice can be disabled by depletion
of CTCF or disruption of the CTCF binding site, causing changes in local histone
modifications (Splinter et al., 2006). More direct evidence that CTCF controls
transcription by the formation of loops was shown by introducing an ectopic
insulator in mice. Together with the endogenous insulator, the ectopic insulator
was bound by CTCF, causing the two loci to come together to form a loop that

sequestered intervening enhancers and leading to transcription repression (Hou
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et al., 2008). On a genome-wide scale, chromatin conformation capture techniques
have revealed 3D chromatin structures, including compartments, topologically
associated domains (TADs), and loops (Lieberman-Aiden et al., 2009; Dixon et al.,
2012; Rao et al., 2014). Chromosome compartments are active (compartment A)
and repressive (compartment B) regions on chromosomes that are megabases in
scale. They represent chromosome regions that are functionally distinct and
spatially separated (Lieberman-Aiden et al., 2009). TADs are chromosome blocks
that expand hundreds of kilobases in which sequences in the same TAD interact
with each other at a higher frequency than with sequences outside of the TAD. The
boundaries of TADs are usually occupied by CTCF and cohesin complexes (Dixon
et al.,, 2012; Rao et al., 2014). CTCF and cohesin mediate formation of TADs and
loops through a loop extrusion mechanism, in which cohesin rings slide through
the genome to generate loop structures until blocked by CTCF on its binding sites
(Fudenberg et al., 2016). Disruption of TADs, either by depletion of CTCF or
deletion of TAD boundaries, will cause misregulation of genes within and nearby

TADs (Lupianez et al., 2015; Nora et al., 2017).

Recently, Luo et al. showed that CTCF binding at a subset of loci is
mediated by R-loops, which is essential for CTCF binding and TAD formation. A
HOXA locus-associated long noncoding RNA (IncRNA), HOTTIP, has been shown
to induce R-loop formation at genomic sites where CTCF binds, for example, at
TAD boundaries of B-catenin. Disruption of the R-loops at these sites by dCas9-

guided RNase H reduced binding of HOTTIP and CTCF to the chromatin.
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Moreover, TAD topology was impaired upon disruption of R-loops at its boundaries,
with the expression of B-catenin impaired. This study connects the regulation of

3D genome by CTCF with the presence of R-loops (Luo et al., 2020).

Summary and perspectives

Since the first description of R-loops (Thomas, White and Davis, 1976),
more and more factors have been shown to regulate R-loop abundance, with the
majority of them being factors that resolve R-loops or prevent their formation.
There has long been a lack of systemic identification of R-loop-interacting proteins,
until Cristini et al. reported a method using the S9.6 antibody to capture R-loops
from fragmented chromatin followed by MS to identify its interacting proteins.
However, R-loop-proximal chromatin with its binding proteins is very likely to be
co-purified with R-loops, making it difficult to distinguish proteins that bind to R-
loops from the ones that bind to close regions. Therefore, a more specific strategy
needs to be carried out to study R-loop-interacting proteins, which is described in
Chapter Il. Using mESCs as the model cell line, | was able to identify a set of R-
loop-interacting proteins using a stringent washing protocol. 4-thiouridine (4SU)
labeling followed by ultraviolet B (312 nm) crosslinking enabled the identification
of transiently or weakly R-loop-interacting proteins. | found that a large portion of
the proteins identified localize to the nucleolus partially or completely. In Chapter

[, | examined CEBPZ, which has been identified as an R-loop-interacting protein.
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| found that it regulates rRNA- and mRNA-associated R-loops. Surprisingly,
CEBPZ was shown to colocalize with CTCF at specific genomic regions, with their
physical interaction characterized by immunoprecipitation. In Chapter IV, | will
emphasize the findings in this thesis, discuss how these results help us understand
the interactome and regulation of R-loops, and propose future directions of this

research.
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CHAPTER II: Characterization of R-loop-interacting DEAD-box

proteins reveals roles in rRNA processing and gene expression

Preface

Data presented in this chapter are published in Molecular & Cellular
Proteomics, with the title “Characterization of R-Loop-Interacting Proteins in
Embryonic Stem Cells Reveals Roles in rRNA Processing and Gene Expression”,

under the following citation:

Wu T., Nance J., Chu F., Fazzio T.G. Characterization of R-Loop-Interacting
Proteins in Embryonic Stem Cells Reveals Roles in rRNA Processing and Gene
Expression. Mol Cell Proteomics. 2021 Aug 31;20:100142. doi:

10.1016/j.mcpro.2021.100142.
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Abstract

To identify factors that may bind and regulate R-loop accumulation or
mediate R-loop-dependent functions, we used antibody to capture R-loops with
their binding proteins followed by mass spectrometry, with and without RNA-
protein crosslinking, to identify a stringent set of R-loop-binding proteins in mouse
embryonic stem cells. We identified 364 R-loop-interacting proteins, which were
highly enriched for proteins with predicted RNA-binding functions. A high portion
of the identified proteins are nucleolar proteins, agree with the fact that ribosomal
RNA transcription contributes to R-loop formation. We characterized several R-
loop-interacting proteins of the DEAD-box family of RNA helicases and found that
these proteins localize to the nucleolus and, to a lesser degree, the nucleus.
Consistent with their localization patterns, we found that these helicases are
required for ribosomal RNA processing and regulation of gene expression.
Surprisingly, depletion of these helicases resulted in misregulation of highly
overlapping sets of protein-coding genes, including many genes that function in
differentiation and development. We conclude that R-loop-interacting DEAD-box
helicases have non-redundant roles that are critical for maintaining the normal

embryonic stem cell transcriptome.
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Introduction

R-loops are nucleic acid structures that form when ssRNA invades into
dsDNA to form RDHSs, with ssDNA being looped out. Most of the R-loops form co-
transcriptionally, in which nascent RNA transcribed by RNAP Il threads back and
anneals with the DNA it transcribed from. R-loops have been shown to regulate
immunoglobulin class switching, DNA replication, transcription initiation and
termination, and RNA modification (Yu et al., 2003; Ginno et al., 2012; Lombrana
et al., 2015; Marnef and Legube, 2020). Other than regulating genome in positive
ways, R-loops have long been thought to contribute to genome instability, as the
ssDNA of the R-loops can serve as a good target for DNA mutagens (Gémez-
Gonzalez and Aguilera, 2007), and stabilized R-loops in the genome may collide
with DNA replication forks to induce chromosome rearrangements (Hamperl and

Cimprich, 2016). Therefore, R-loops must be tightly regulated.

R-loops often have a relatively short half-life of 10-20 min (Sanz et al., 2016).
The factors that remove or inhibit R-loops formation may contribute to this short
half-life, including topoisomerase Top1 (El Hage et al., 2010), helicase DDX21
(Song et al., 2017), nucleases RNase H1 and RNase H2 (Stein and Hausen, 1969;
Cornelio et al., 2017). To understand the factors that bind to and regulate R-loops
in a systematic way, several groups have profiled the R-loop or RDH interactomes
of human or mouse cell lines (Cristini et al., 2018; Wang et al., 2018; Li et al.,
2020). For studies that focus on endogenous R-loops, the S9.6 antibody has been

used to enrich for RDHs from a pool of fragmented chromatin (Cristini et al., 2018;
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Li et al., 2020). However, due to the fact that R-loop-proximal chromatin—
encompassing hundreds of basepairs—is invariably co-purified with RDHs, it is
difficult to distinguish R-loop-binding proteins from nearby chromatin proteins
using these approaches. Although more aggressive DNA fragmentation may
reduce the fraction of chromatin proteins co-purified with RDHs, RDHs are
sensitive to extensive sonication and numerous non-sequence-specific nucleases.
For studies that tried to capture RDH-interacting proteins in vitro, annealed RDHs
were used to pull down their interacting proteins (Wang et al., 2018). Compared to
the S9.6-based in vivo assay, pull-down assay is able to identify proteins that
specifically bind to RHD structures while excluding proteins binding to R-loop-
proximal chromatin. However, it lacks proteins that bind to the ssDNA of R-loops,
proteins that bind to R-loop structure as a whole, and since only a few oligos were
used for pull-down experiments, it may enrich for factors that tend to bind the used
sequences and deplete others. Therefore, a different strategy is required to profile

R-loop-binding proteins.

In this chapter, we describe two proteomics approaches for more stringent
identification of R-loop-associated proteins in mMESCs. We identify overlapping
sets of R-loop-interacting proteins and many new potential regulators of R-loops.
Interestingly, we show that R-loop-binding proteins identified by these approaches
are highly enriched in nucleolar proteins, consistent with the high levels of R-loops
found within this compartment (El Hage et al., 2010; Shen et al., 2017; Velichko et

al., 2019). We find that several R-loop-binding helicase proteins appear to have
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highly overlapping roles in processing of rRNA, as well as expression of coding
genes, suggesting they function in a common pathway. Finally, we show that RNA-
protein crosslinking traps a set of proteins that are lost in the absence of
crosslinking due to transient or weak association with the RDHs. These studies
provide a resource of stringent R-loop-associating proteins in mESCs, including
multiple new potential regulators of R-loop formation or stability. In addition, our
studies reveal that introduction of selective RNA-protein crosslinking can identify

R-loop-binding proteins that are missed by standard approaches.
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Results

Stringent capture of R-loop-binding proteins

To identify a stringent set of R-loop-associated proteins, we developed an
S9.6 co-immunoprecipitation (co-IP) protocol that first uses high salt washes to
remove most chromatin-associated proteins, followed by chromatin fragmentation
and immunoprecipitation of RDHs (Fig. 2.1a). To validate this approach, we first
tested whether S9.6 can pull down the RNAP Il core subunit RPB1, RNA helicase
DHX9, and the splicing factor SFPQ. DHX9 has been shown to bind to RDHs and
R-loops in vitro (Chakraborty and Grosse, 2011), as well as associate with R-loops
in vivo, where it regulates their accumulation (Chakraborty, Huang and Hiom,
2018; Cristini et al., 2018). SFPQ is a splicing factor that was shown to reduce the
accumulation of R-loops (Chakraborty, Huang and Hiom, 2018). We observed
reproducible enrichment of these proteins (Fig. 2.1b), validating our approach. In
addition, we verified that R-loops were enriched within S9.6 immunoprecipitates
by quantitative PCR, observing higher signals at genes known to form R-loops
(Chen et al., 2015) in comparison to genomic regions that lack R-loops (Fig. 2.1c).
As an additional control, we showed that addition of DNase | strongly reduced
enrichment of co-immunoprecipitated proteins (Fig. 2.1d), while addition of RNase
A strongly reduced enrichment of R-loops (Fig. 2.1e), further validating this
approach. These studies demonstrate the high specificity with which R-loops and

known interacting proteins are enriched by our approach.
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Figure 2.1. Validation of RDH and R-loop-binding proteins enrichment by

$9.6 immunoprecipitation.

a. Schematic diagram of S9.6 co-IP experiment. b. Western blot validation of
several proteins known to regulate R-loop formation. ¢. qPCR of DNA

immunoprecipitated by S9.6. Primers were designed to target three genes known
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to contain R-loops: Zfp710, Rps9, Wipf2, while NC1, NC2, NC3 are intergenic
regions where no R-loops were previously detected. Enrichment is expressed
relative to input DNA extracted from nuclear extract. d. Western blots of the S9.6
immunoprecipitates with and without DNase | treatment. e. qPCR of the S9.6

immunoprecipitates with and without RNase A treatment.
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Identification of R-loop-binding proteins by mass spectrometry

Our lab previously mapped the genomic locations of R-loops in mESCs and
showed that they regulate the recruitment of two chromatin remodeling complexes,
making mESCs a good platform for studying R-loop functions (Chen et al., 2015).
To identify the R-loop interactome of mESCs in an unbiased manner, we
performed S9.6 co-IP with or without RNase A treatment in three biological
replicates. Samples were fractionated by SDS-PAGE (Fig. 2.2a) and subjected to
tryptic digestion after isolating gel slices that excluded the majority of IgG heavy
and light chains. Input and IP samples from each treatment were subjected to liquid
chromatography-tandem mass spectrometry (LC-MS/MS) to identify the repertoire
of proteins that interact with R-loops. A total of 709 proteins were detected in any
of the three biological replicates in input or IP samples. As expected, very few
proteins were identified in RNase A treated samples, demonstrating high specificity
of the IP conditions (Fig. 2.2b). After filtering for proteins present in at least two IP
replicates and removal of contaminating IgG peptides, 335 proteins were retained

for downstream analysis (Table 2.1).

Next we used the Prostar software package to identify the most significantly
enriched R-loop-interacting proteins (Wieczorek et al., 2017). We observed 76
proteins that were enriched more than 2-fold (relative to normalized input) with p-
value < 0.003 (Table 2.2, Fig. 2.2c). One of the most highly enriched proteins is
DHX9, which was previously shown to interact with RDHs in HelLa cells, further

validating our approach (Cristini et al., 2018). Other highly enriched proteins
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included SPB1 (gene name Ftsj3), a nucleolar protein that regulates pre-rRNA
processing (Morello, Coltri, et al., 2011) and NOG1 (gene name Gitpbp4), a
nucleolar GTP-binding protein with crucial roles in 60S ribosome biogenesis
(Jensen et al., 2003). Another highly enriched protein was CHTOP, a component
of the THO/TREX complex previously shown to inhibit the formation of R-loops
(Huertas and Aguilera, 2003; Gomez-Gonzalez et al., 2011). In addition, numerous
known or predicted RNA-binding proteins were identified, including DDX18,
DDX21, DDX27, DDX54, which belong to the DEAD-box family of RNA helicases
(Linder et al., 1989; Cordin et al., 2006; Linder, 2006). Another group of R-loop-
interacting proteins, including PUM3 and HNRPU, have both DNA- and RNA-
binding activities, suggesting possible roles in R-loop-dependent regulation of
chromatin architecture or local epigenomic features. To validate our findings, we
performed S9.6 co-IP followed by Western blotting and detected DDX18, DDX27,
DDX54, with high IP efficiency (Fig. 2.2d). In all, 49% of proteins (164 of 335)
identified in our S9.6 co-IP/MS analysis are known RNA-binding proteins, including
several known regulators of R-loop formation, suggesting a high proportion of hits

are bona fide R-loop-interacting proteins.

We next examined the enrichment of gene ontology (GO) categories among
the 335 RDH-interacting proteins identified by our approach. As expected, multiple
protein classifications associated with RNA processing were highly enriched (Fig.
2.3a). We observed similar enrichment by analyzing the 76 most prominent R-loop

interacting proteins (enriched over two-fold, with p < 0.003, data not shown).
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Notably, GO terms associated with ribosomal RNA processing were especially
prominent, in agreement with the fact that R-loops are frequently observed in

nucleoli (Shen et al., 2017; Velichko et al., 2019).

To examine the cellular localization of several stringent R-loop-interacting
proteins, we performed immunofluorescence staining in mESCs. Consistent with
the GO term analysis, DDX18, DDX24, and DDX27 showed substantial overlap
with the nucleolar marker Fibrillarin (FBRL), although nuclear localization outside
of the nucleolus was also observed, especially for DDX24 and DDX27 (Fig. 2.3b).
Conversely, two less strongly enriched proteins, CTCF and SFPQ, exhibited
largely diffuse nuclear staining (Fig. 2.3c). This raised the possibility that the
strongest hits may be largely nucleolar, while hits with lower (but still significant)
enrichment were more likely to interact with nuclear R-loops. Consistent with this
possibility, R-loop-interacting proteins contributing to the enrichment of nucleolus-
or rRNA-related GO terms exhibited stronger overall enrichment in our MS dataset
(Fig. 2.3d). Finally, we compared our hits to a dataset describing the nucleolar
proteome, which was previously measured by an independent group using isolated
nucleoli from mouse fibroblasts followed by protein extraction and mass
spectrometry quantification (Kar et al., 2011). Of the 320 nucleolar proteins
previously identified, we found that 122 overlapped with the 335 stringent R-loop-
interacting proteins identified in our study (Fig. 2.3e, O/E: observed/expected =
22.8; p-value = 3.957 x 10-138). Furthermore, of the 76 most prominently enriched

R-loop-associated proteins (described above), 39 overlapped with the nucleolar
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proteome (Fig. 2.3e, O/E = 32.1; p-value = 3.367 x 10-%°). These data indicate that
many of the most strongly enriched R-loop-interacting proteins function largely
within the nucleolus, likely due to the high abundance of co-transcriptional R-loops
during rRNA synthesis. Accordingly, proteins with important roles in the regulation
or functions of R-loops at protein coding genes may be enriched to lower levels in

the LC-MS/MS dataset.
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Figure 2.2 Identification of R-loop-binding proteins.

a. Coomassie blue staining of S9.6 immunoprecipates separated by SDS-PAGE.
Gel slices were isolated (dashed squares) and sent for MS. The gel corresponding
to the first biological replicate of three is shown. b. Peptide counts of proteins
identified with or without RNase A treatment. Peptide counts were averaged from
three biological replicates. Proteins identified in 2 or 3 replicates in -RNase A

experiments are shown in blue, sorted by peptide counts. Average peptide counts
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of the corresponding proteins from +RNase A experiments are shown in orange.
c. Volcano plot of the proteins enriched by S9.6 IP. The vertical dashed line
denotes two-fold normalized enrichment and the horizontal dashed line denotes a
p-value of 0.003 [-log10 (p-value) = 2.5]. 76 highly enriched proteins are shown as
orange dots. Highly enriched proteins of interest were labeled with their protein
name. Three biological replicates were included. d. Western blots of several
DEAD-box family proteins enriched by S9.6 co-IP. mlgG2a is a negative control
for IP and the RNAP Il subunit RPB1 is shown for comparison. The asterisk

denotes a non-specific band.
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Figure 2.3. Many R-loop-binding proteins are enriched within the nucleolus.

a. GO term analysis of R-loop-interacting proteins identified by MS. PANTHER GO
term analysis was performed for “GO biological process” categories. The top five
pathways are shown. b. Immunofluorescence staining of three R-loop-associated
DEAD-box proteins, DDX18, DDX24 and DDX27, co-stained with FBRL to mark
the nucleolus. DNA was stained by DAPI. Scale bar = 10 um. c.

Immunofluorescence staining of two proteins, CTCF and SFPQ, with relatively low
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levels of enrichment within S9.6 immunoprecipitates. d. Comparison of rRNA-
related and rRNA-unrelated proteins enriched by S9.6. R-loop-associated proteins
were classified as rRNA related or unrelated by GO term analysis, using the
biological process term “ribosomebiogensis”’, “rRNAmetabolicprocess”,
‘rRNAprocessing”. Boxes of the box plot represent the first and third quartiles, the
band represents the median, and the whiskers depict 1.5 times the interquartile
range. e. Venn diagram of the overlap between the R-loop interactomes (with and
without filtering) and the nucleolar proteome from Kar et al. (Kar et al., 2011). The
upper diagram includes the 335 proteins enriched in S9.6 co-IP samples with the
76 most enriched (corresponding to the orange dots in Fig. 2.2c) depicted in the

lower diagram. P-values were calculated using hypergeometric tests.



Table 2.1. List of 335 proteins present in at least two IP replicates
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Dhx9 Surfé Rps18 Ddx10 Mcm5 Snrnp40
Ftsj3 Rpl4 Wdr3 Rpl24 Cdchl Rpn1
Gtpbp4 Wdr74 Ccdc137 Prpf19 Snrpe Chd4
Chtop Rpl21 Rps24 Rpl28 Xrn2 H2ax
Ddx27 Utp4 Rrp12 Baz2a Lbr Ddx17
Bop1 Hnrnpul2 Aatf Rps23 Nop9 Phb
C1orf13
Nat10 Ccdch9 homolog Snrpd3 D1Pas1 Ptbp1
Pum3 Nol7 Rps11 Sap18 Slc25a4 Eftud2
Utp20 ThI3 Rpl34 Dimt1 Utf1 Elavi1
Nop2 Fam207a Rpl37a Abt1 C1qgbp Ppp1cc
Rpl6 Rpl32 Rpl14 Nup160 Srsf5 Pppicb
Utp14a Rps19 Rpl13 Ssr1 Ddx3y Hnrnpab
Ddx54 Nop56 Rpl15 Fyttd1 Ywhaq H2aw
Mybbp1a Imp4 Rrp8 H1-2 Alyref Vdac1
Rbm28 Rpl30 Nip7 H1-6 Sic2a1 Sf3b1
Hnrnpu Rpl8 Rps14 Nup155 Eif6 Rps27a
Rpl5 Rpl35 Liph Gar1 Ywhag Hsp90ab1
Rpf2 Rpl35a Rps8 Rpl9 Rps2 Hsp90aa1
Ddx21 Rps9 Rpl12 Dppa2 Trip12 Vim
Prpf8 Dke1 Rpl11 Rps20 Snrnp70 Kpna2
Gni3 Rbm14 Utp3 RbmxI1 U2af1 H2bc1
Pdcd11 Nsa2 Utp11 Noc2I Ddx3x Ppp1ica
Wdr46 Rrp7a Dcaf13 Dhx15 Srsf3 Nup93
Hnrnpm Pwp1 Mov10 Tra2a Nup107 Acta?2
Nifk Rpl27a Rplp0 Myef2 Rps3 Actg2
Noc3l Nop58 Cenpv Rplp2 Rpsa Hnrnpa3
Pes1 Rpl23 Fcf1 Slc25a13 Bclaf1 Actc1
Rps4x Rps15 Nhp2 Nup133 Rbm39 Acta1
Utp6 Rps19bp1 Srsf10 Rps10 Esrrb Phb2
Brix1 Rpl18 Nol10 Cmss1 Ywhaz H2bu1
Ddx18 Hnrnpf Rrp15 Rps26 Atp5fic Hist3h2ba
Ppan Rcl1 Kri1 Fbl Gnai2 Smarcab
Rpl7a Mphosph10 Nol9 Snrpd2 Ppia H2bc21
Rsl1d1 Alb Glyr1 Pnn Hnrnpdl Srsf1
Utp15 Gnl2 Rrp36 Cicf Srsf7 Lmnb2
Utp18 Rpl7I1 Tra2b Rps17 Pcbp2 Top2a




Rrs1 Ddx56 Rps5 Rbm19 Slc25a3 Hnrnpk
Rpl7 Rsl24d1 Nol12 Dppa4 Macroh2a1 Canx
Wdr43 Mrto4 Rpl36 Srsf6 Slc25a5 H2bc3
C110rf98
Cebpz Rpl37 homolog H1-1 Cbx1 H2bc12
Rpl23a Poldip3 Rpl31 Atp5po Hnrnpa0 H2bc9
Rpl3 Erh H1-5 Gapdh Pcbp1 Hnrnpl
Raly Dnttip2 H1-3 Rps7 Snrpa Hnrnpa2b1
Rpl17 Isg2012 H1-4 Tomm22 Rack1 Trim28
Nol11 Matr3 Imp3 Rpl22 Ddx5 Kpnb1
Rrp1b Noc4l Rpl27 Srsf4 Vdac2 Actb
Ebna1bp2 Nop53 Tubaib Lin28a Rae1 Hnrnpa1
Rrp1 Wdr75 Rpl10 Rps3a H2az1 H3c2
Nop14 Mak16 Rpl13a Pno1 H2az2 H3c1
Rrp9 Metap1 1If3 Dnmt3b Cbx3 Actg1
Rps13 Rpl29 Cdca8 Snu13 Ywhae Hspa8
Rpl18a Rpl36a Ngdn Sec61b NvI Npm1
Ddx24 Nop16 Rps25 Rps15a Tardbp Lmnb1
Hnrnpc Nol6 Rplp1 1f2 Pabpc1 H4c1
Rpl26 Rps6 Ddx52 Ywhab Nup98 Ncl
Pwp2 Rps16 Utp23 Rps12 Hnrnpd
Table 2.2. List of 76 highly enriched proteins
Dhx9 Hnrnpu Brix1 Rpl17 Rpl21 Rpl27a
Ftsj3 Rpl5 Ddx18 Nol11 Utp4 Rps15
Gtpbp4 Rpf2 Ppan Rrp1b Ccdc59 Rps19bp1
Chtop Prpf8 Rpl7a Ebna1bp2 | Nol7 Rpl18
Ddx27 GnlI3 Rsl1d1 Rrp1 Tbl3 Gnl2
Bop1 Pdcd11 Utp15 Nop14 Rpl32 Rpl37
Nat10 Wdr46 Utp18 Rrp9 Rps19 Rpl29
Pum3 Hnrnpm Rpl7 Rps13 Imp4 Rpl34
Nop?2 Nifk Wdr43 Rpl18a Rpl30 Rpl37a
Rpl6 Noc3l Cebpz Ddx24 Rpl8 Rpl14
Utp14a Pes1 Rpl23a Rpl26 Rpl35a Rrp8
Ddx54 Rps4x Rpl3 Pwp?2 Rbm14
Rbm28 Utp6 Raly Surf6 Pwp1
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Regulation of rRNA processing by R-loop-interacting DEAD-box family

helicases

The DEAD-box protein family, named after the conserved D-E-A-D amino
acid sequence within the Walker B motif, consists of known or putative ATP-
dependent RNA helicases that are conserved throughout eukaryotes (Linder et al.,
1989; Cordin et al., 2006; Linder, 2006). DEAD-box proteins have been found to
contribute to RNA metabolism in vivo, including processes such as mRNA
transcription and degradation, splicing, mRNA export, and ribosome biogenesis

(Linder, 2006).

Of the 335 stringent R-loop-associated proteins we identified from our MS,
13 belong to the DEAD-box protein family, including known R-loop regulators such
as DDX5 (Villarreal et al., 2020) and DDX21 (Song et al., 2017). To better
understand the functions of this protein family in the regulation of R-loops, we used
RNA interference to examine the cellular consequences of partial depletion of R-
loop-associated proteins DDX10, DDX24, DDX27, DDX54. Several DEAD-box
family members were previously shown to localize to the nucleolus and function in
ribosome biogenesis (Zagulski et al., 2003; Turner et al., 2009; El Hage et al.,
2010; Srivastava et al., 2010; Saporita et al., 2011). For example, DDX5 has been
shown to promote rRNA transcription (Saporita et al., 2011), whereas DDX51 and
DDX54 were shown to affect different steps of rRNA processing (Srivastava et al.,
2010; Milek et al., 2017). We therefore examined the roles of DDX10, DDX24,

DDX27, and DDX54 in the production and processing of rRNAs. To this end, we
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performed Northern blotting on total RNA isolated from mESCs, using probes
specific to the 18S or 28S rRNAs. In addition to fully processed rRNAs, these
probes also hybridize to the 45S pre-rRNA and multiple smaller rRNA processing
intermediates (Morello, Hesling, et al., 2011; Henras et al., 2015; Moraleva et al.,
2017), as outlined in Fig. 2.4a. The 18S rRNA Northern probe, which also detects
the 45S, 41S, and 34S pre-rRNAs, uncovered alterations in levels of 45S and 34S
pre-rRNAs in Ddx24 and Ddx10 KD, respectively (Fig. 2.4b). In contrast, the 28S
probe revealed increased 36S pre-rRNA in Ddx24 KD and Ddx27 KD mESCs (Fig.
2.4c). In addition, Ddx54 KD cells exhibited increased 32S pre-rRNA relative to
EGFP KD control cells (Fig. 2.4c). Collectively, these data demonstrate that
DDX10, DDX24, DDX27, and DDX54 contribute to production of mature 18S and
28S rRNAs at the level of rRNA processing, as previously observed for DEAD-box
helicases DDX5, DDX17, and DDX51 (Jalal, Uhimann-Schiffler and Stahl, 2007;

Srivastava et al., 2010; Saporita et al., 2011).
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Figure 2.4. Regulation of rRNA processing by R-loop-interacting DEAD-box

family helicases.
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a. Schematic diagram of rRNA processing in mouse. b. Relative abundance of 18S
rRNA and indicated pre-rRNA transcripts in EGFP and Ddx KDs, as shown in a
Northern blot using a probe targeting the 18S sequence. Arrowheads indicate
alterations in pre-mRNA transcripts in some KDs. ¢. Northern blot using a probe

targeting the 28S sequence, as depicted in b.
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Shared functions of DEAD-box proteins in regulation of mRNA expression

Some of the DEAD-box proteins have not only been found regulate rRNA
transcription and processing, but also been shown to regulate mRNA transcription.
For example, DDX17 and DDX24 have been shown to regulate rRNA processing
as well as transcription of genes regulated by estrogen receptor-alpha (Wortham
et al., 2009; Song et al., 2017). DDX5, which has been shown to promote rRNA
transcription, also interacts with zinc finger protein PLZF and binds at its binding
sites, such as promoter of ILF3 gene and promotes its transcription (Saporita et

al., 2011; Legrand et al., 2019).

Based on IF, DDX24 and DDX27 exhibited strong nucleolar localization but
also some localization within non-nucleolar regions of the nucleus (Fig. 2.3b). To
test these proteins for potential roles in expression of protein-coding genes, we
performed mRNA-seq upon knockdown of the same set of DEAD-box proteins.
Using a cutoff of 2-fold up- or down-regulated in any knockdown relative to control
and adjusted p-value < 0.05, we observed 737 genes that were differentially
expressed, with more genes up-regulated than down-regulated, in one or more
Ddx KD relative to controls (Fig. 2.5a). Consistent with the high correlation of their
overall expression profiles, the sets of genes up-regulated or down-regulated by
depletion of each factor were highly overlapping. Of the 603 genes significantly up-
regulated in any of the four KDs, 209 were shared among all four of the KDs (Fig.
2.5b), including transcripts such as Cdkn1a, Cdkn2b, and Wnt5a. The observed

changes in expression of these transcripts upon knockdown of each DEAD-box
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protein were further confirmed by RT-gPCR (Fig. 2.5f-h). Of the 134 genes
significantly downregulated in at least one knockdown, 19 were downregulated in
all four KDs (Fig. 2.5¢). This overlap was also significantly more than expected (p-
value = 1.27 x 107133), albeit lower than observed for upregulated genes. The
substantial overlap of genes misregulated by knockdown of each factor suggested
either that DDX10, DDX24, DDX27, and DDX54 regulate mRNA levels through a
shared pathway, or that the genes observed to be misregulated were more
sensitive to the alterations in rRNA levels observed upon knockdown of these
proteins. Notably, GO term analysis of upregulated genes revealed enrichment for
multiple terms related to cellular differentiation, including “neuronal differentiation”,
“cell fate commitment”, and “cell migration” (Fig. 2.5d). Similarly, down-regulated
genes were also enriched for terms related to development and differentiation,
including genes that regulate lipid and lipoprotein homeostasis, such as Adipoq
(Hu, Liang and Spiegelman, 1996) and Pcsk9 (Wu and Li, 2014) (Fig. 2.5e, 2.5i).
These findings raise the possibility that some alterations in gene expression upon
depletion of these DEAD-box family helicases may be specific to ESCs, with
potential implications for maintenance of the pluripotent state or regulation of ESC

differentiation.
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Figure 2.5. Regulation of mMRNA expression by R-loop-interacting DEAD-

box proteins.

a. Genes significantly misregulated by Ddx knockdown as measured by mRNA-
seq. The 737 transcripts at least 2-fold up- or down-regulated in any knockdown
relative to control (with a p-value < 0.05) are depicted in the heatmap. b. Overlap
of genes significantly up-regulated in any of the four KDs. Linked dots represent
genes shared between the indicated KDs. ¢. Overlap of the genes significantly
down-regulated in any of the four KDs, depicted as in b. d. GO term analysis of the
genes significantly up-regulated in all four KDs. The top five GO pathways are
shown. e. GO term analysis of the genes significantly down-regulated. The only
four pathways reaching statistical significance are shown. f. RT-gPCR
confirmation of the Cdkn1a gene shown by mRNA-seq to be up-regulated in all
Ddx KDs. Expression levels were normalized to Gapdh levels. Three technical
replicates were included. g. Expression of the Cdkn2b gene, depicted as in f. h.
Expression of the Wnt5a gene, depicted as in f. i. Confirmation of the Pcsk9 gene

shown by mRNA-seq to be down-regulated in four KDs.
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RNA-protein crosslinking uncovers transiently or weakly interacting R-loop-

associated proteins

Although proteins that bind to or near R-loops can be identified by co-
immunoprecipitation using the S9.6 antibody, it is difficult to distinguish proteins
that bind directly to RDHs from the proteins that bind to chromatin flanking the
RDHs. In addition, while our stringent chromatin wash reduces background in our
co-immunoprecipitation procedure, it likely also removes RDH-associated proteins
that interact transiently or weakly with these structures. To systematically and
specifically identify proteins that directly bind to the RDH structure of R-loop, we
adapted a crosslinking protocol previously used to enrich for RNA-associated
proteins (He et al, 2016) and coupled this procedure with S9.6 co-

immunoprecipitation.

To this end, we cultured mESCs with 4-thiouridine (4SU) to incorporate this
nucleotide analog into RNA transcripts, followed by irradiation with intermediate
wavelength (312 nm) UV light, which has been shown to induce crosslinks
between 4SU-labeled RNA and their direct binding proteins (Hafner et al., 2010;
He et al., 2016). To precisely quantify the extent to which crosslinking affected
enrichment of proteins, we introduced stable isotope labeling by amino acids in
cell culture (SILAC) (Ong et al., 2002; Mann, 2006) to directly compare protein
abundance in the presence or absence of 4SU addition. After 4SU or vehicle

addition and UV treatment, cells were lysed and their chromatin was mixed in equal
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amounts, followed by S9.6 IP and LC-MS/MS for each of three independent

replicates (Fig. 2.6a).

After removing proteins that appeared only in one replicate, 231 proteins
were left for downstream analysis (Table 2.3). Interestingly, although we observed
enrichment of 116 proteins upon 4SU addition, another group of 115 proteins was
reduced in the 4SU samples relative to non-4SU-containing samples. Whereas the
enriched proteins were likely proteins that directly interact with the RNA part of R-
loops, either transiently or weakly, those that were reduced in the crosslinked
samples may represent proteins that interact very strongly with R-loops with
multiple RNA contacts throughout each polypeptide. For proteins in this latter
category, multiple protein-RNA crosslinks may render a substantial fraction of
peptides “unreadable” by mass spectrometry, due to the covalent attachment of
oligonucleotides of unknown mass that remain even after bulk digestion of RNA in
the immunoprecipitates. Although 202 of 231 proteins identified in the crosslinking
dataset overlapped with the 335 R-loop-interacting proteins identified in our initial
studies, an additional 29 proteins were recovered in the crosslinked samples, for
a total of 364 R-loop-binding proteins overall (Table 2.3). Based on GO term
analysis, these 29 additional proteins included proteins that function in mRNA
splicing or transport, raising the possibility that some of these proteins were only
weakly or transiently associated with R-loops due to active roles in removing

transcripts from contexts conducive to R-loop formation.
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To explore the possibility that crosslinking may enrich weakly interacting
proteins while depleting strongly interacting proteins, we directly compared the two
datasets, hereafter referred to as “crosslinked” and “uncrosslinked”. For this
comparison, we included proteins that appeared in two or more replicates in the
uncrosslinked data, and further filtered this list to include only those proteins
identified by both mass spectrometry approaches, leaving 214 total proteins.
Interestingly, we found that the proteins with higher enrichment in the presence of
4SU than in its absence were among the most poorly enriched in the uncrosslinked
data relative to input (Fig. 2.6b, upper left quadrant). Conversely, the proteins for
which enrichment was reduced by crosslinking were often among the highly
enriched in the uncrosslinked data (Fig. 2.6b, lower right quadrant). Consequently,
we observed a negative correlation between the two datasets (Fig. 2.6b). To
further validate these results, we performed S9.6 co-IP followed by quantitative
Western blotting, with or without crosslinking, on a sample of proteins across the
enrichment spectrum. We examined three proteins (CEBPZ, DDX18, and DDX27)
reduced in the presence of 4SU-dependent crosslinking and one (SFPQ) enriched
in the presence of crosslinking (Fig. 2.6b). Consistent with the mass spectrometry
data, the quantitative Western blotting showed an anti-correlation pattern (Fig.
2.6¢). Overall, these findings suggest crosslinking improves enrichment of weakly
or transiently RDH-interacting proteins that bind directly to RNA but reduces
enrichment of some strongly associated proteins. Previous studies of RNA-protein

interactions revealed that proteins and protein domains directly associated with
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RNA can be underrepresented in the spectra upon crosslinking, due to the
covalent attachment of RNA nucleotides (He et al., 2016). A similar phenomenon
may explain the crosslinking-dependent reduction we observe for strongly

enriched R-loop-associated factors.
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Figure 2.6. RNA-protein crosslinking enables identification of weakly-

interacting R-loop-binding proteins.

a. Schematic diagram of 4SU-labeled crosslinking R-loop purification approach. b.
Comparison of protein enrichment by S9.6 IP in the presence or absence of
crosslinking. Normalized enrichment of the 214 proteins identified by both methods
are plotted, and the Pearson’s correlation coefficient is indicated. ¢. Measurement
of the effect of crosslinking on selected R-loop-interacting proteins by quantitative

Western blotting. Two biological replicates were performed.



Table 2.3. List of proteins identified in uncrosslinked and crosslinked IP
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29 proteins
202 proteins shared between 133 proteins specific to specific to
uncrossslinked and crosslinked uncrosslinked crosslinked
Atp5po Rps5 Utp18 Nat10 Dnmt3b Srsf2
Xrn2 H2bc1 Ngdn Utp20 Snu13 Fus
Srsfs Tra2b Rpl12 Prpf8 Sec61b Sfpq
Rps10 Rpl29 Cdchl Pdcd11 Ywhab Nono
Srsf1 H1-1 Rpl5 Rsl1d1 Rps12 Strbp
Rpl24 Rps9 Rpl4 Nol11 Mcm5 Npm3
Hnrnpa1 Rbm39 Rrp7a Rrp1b Snrpe Ubb
Hnrnpab Dkc1 Utp14a Rrp9 Lbr Rbmx
Srsf7 Gar1 Rpl17 Ddx24 Nop9 H2ac11
Erh Rps18 Rpl28 Pwp?2 Slc25a4 Snrpai
Actb Wdr46 Ddx27 Utp4 C1qgbp Csnk2a1
[1f2 Mybbp1a Ddx18 Tbl3 Ywhaq Igf2bp1
Hnrnpk Rpl27 Fam207a | Rpl35a Slc2a1 Syncrip
Pcbp2 Rplp0 Rpl18 Rps19bp1 Ywhag U2af2
13 Rps6 Rpl21 Alb Trip12 Khsrp
Srsf3 Rps19 Hnrnpul2 | Rpl37 Nup107 H2bc7
Hspa8 Hnrnpl Fcf1 Poldip3 Rpsa H2bc14
Hnrnpa2b1 | Macroh2a1 | Rbm19 Noc4l Bclaf1 Hist2h2bb
Rps15 Hnrnpu Rpl13a Nop53 Atp5fic H2bc4
Utf1 Alyref Ppan Wdr75 Gnai2 Khdrbs1
Hnrnpa0 Nhp2 Nol6 Metap1 Ppia Hnrnph2
Npm1 Lin28a Brix1 Rpl36a Slc25a3 Hnrnph1
Ddx17 Rpl35 Ftsj3 Wdr3 Cbx1 H3-5
Rpl14 Nol7 Ddx56 Ccdc137 Snrpa Rpl10a
Snrpd3 Top2a Rcl1 Rrp12 Rack1 Rbm8a
C1orf13
H2az1 Imp3 Rbm28 homolog Vdac2 Krr1
H2az2 Cdca8 Rsl24d1 Rpl15 Rae1 Ssb
Fyttd1 Utp15 Bop1 Rrp8 Pabpc1 Rpf1
Ywhaz Rpl6 Surfé Liph Nup98 Psmd1
Ywhae Esrrb Elavl1 Dcaf13 Snrnp40
Rps8 Rpl31 Nip7 Mov10 Rpn1
H4c1 Srsf10 Nop2 Cenpv Chd4
Ddx5 Fbl Pum3 Nol10 H2ax
RbmxI1 Hnrnpf Utp23 Rrp15 Phb
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Pcbp1 Rpl26 Ebna1bp2 | Nol9 Ppp1icb
Rps3 Rps24 Mak16 Glyr1 H2aw
D1Pas1 Utp11 Noc3l Rrp36 Vdac1
Ddx3x Mphosph10 | Nop16 Nol12 Sf3b1
C110rfo98
Ddx3y Cebpz Rpf2 homolog Rps27a
Rps3a Utp3 Nop14 Tubailb Hsp90ab1
Hnrnpd Rpl3 Mrto4 Rpl10 Hsp90aa1
Hnrnpdl Kri1 Rrs1 Rplp1 Vim
Ddx21 Pwp1 wWdr74 Ddx52 Kpna2
Rps2 Rpl23 Nifk Ddx10 Pppica
Rps25 Tardbp Ccdch9 Prpf19 Nup93
Rps17 Wdr43 Rrp1 Baz2a Acta2
H1-5 Aatf Eif6 Rps23 Actg?2
Slc25a5 Nop56 Hnrnpc Sap18 Actc
H1-6 Rpl30 Rpl711 Dimt1 Acta1
Rps15a Rpl8 Gni3 Abt1 Phb2
Rps14 Rpl32 Matr3 Nup160 H2bu1
Tra2a Rpl13 Pes1 Ssr1 Hist3h2ba
Hnrnpa3 Rpl27a I1sg20I12 Nup155 Smarcab
Ptbp1 Eftud2 Raly Dppa2 H2bc21
Cbx3 Ddx54 Rpl9 Rps20 Lmnb2
Rps16 Imp4 Nvl Rplp2 Canx
H1-2 Nop58 Nsa2 Slc25a13 H2bc3
H1-4 Rbm14 Hnrnpm Nup133 H2bc12
H1-3 Rpl7 Gtpbp4 Cmss1 Trim28
U2af1 Rpl36 Myef2 Rps26 Kpnb1
Chtop Noc2I Gnl2 Snrpd2 H3c2
Pppicc Rpl7a Dhx15 Pnn H3c1
Rps4x Rpl23a Citcf Actg1
Rps13 Rpl34 Dppa4
Rps11 Rpl11 Srsf6
Snrnp70 Rpl18a Gapdh
H2bc9 Dnttip2 Tomm22
Ncl Utp6 Rpl22
Rps7 Dhx9 Srsf4
Lmnb1 Rpl37a Pno1
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Discussion

In this chapter, we established approaches for identification of R-loop-
associated proteins, using a modified immunoprecipitation approach that includes
stringent extraction of chromatin proteins prior to pull-down, with or without RNA-
protein crosslinking. These approaches uncovered several hundred associated
proteins, including a high portion of RNA-interacting proteins and several known
R-loop regulators. One of the most enriched proteins was DHX9, which has
previously been shown to bind R-loops and regulate their formation (Chakraborty,
Huang and Hiom, 2018; Cristini et al., 2018). Moreover, DHX9 is also known to
bind G-quadruplexes (G4s) within DNA (Chakraborty and Grosse, 2011),
suggesting a possible role for DHX9 in coordinate regulation of R-loops and G4s

where they colocalize in the genome (Miglietta, Russo and Capranico, 2020).

Upon examining the functions of R-loop interacting proteins identified in this
study, GO terms related to rRNA were enriched, and factors that localize within the
nucleolus and function in rRNA processing were particularly prominent. The
proteins most highly enriched by S9.6 tend to be nucleolar, often with known or
predicted functions in rRNA production or processing. These findings lend
additional support to the idea that a significant fraction of R-loops within cells is
located within nucleolus due to RNAP | mediated transcription (El Hage et al.,

2010; Shen et al., 2017).
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Members of the DEAD-box family of RNA helicases were overrepresented
among the R-loop-associated RNA-binding proteins identified. DEAD-box
helicases are known to be involved in RNA processing, including transcription,
splicing, and RNA decay (Rocak and Linder, 2004). Several DEAD-box proteins
have established roles in the regulation of rRNA (Martin et al., 2013). For example,
DDX5 functions in rRNA transcription and processing (Jalal, Uhlmann-Schiffler
and Stahl, 2007; Saporita et al., 2011), while DDX51 was shown to be necessary
for normal cleavage of pre-rRNAs (Srivastava ef al., 2010). Consistent with these
roles, we found that R-loop-interacting proteins DDX18, DDX24 and DDX27
localized largely to the nucleolus, with lower levels of localization to non-nucleolar
chromatin (Fig. 2.3b). To further study the functions of several R-loop-interacting
DEAD-box proteins, we tested the effects of DDX10, DDX24, DDX27, and DDX54
loss using RNA interference. Northern blotting revealed increased accumulation of
different pre-rRNAs in different DEAD-box knockdown cells, suggesting these
DEAD-box proteins impact rRNA maturation at several different steps. These data
indicate that resolution of R-loops by multiple RNA helicases acting non-
redundantly may be necessary to efficiently process the pre-rRNA transcript into

mature rRNAs.

In addition, by performing mRNA-seq, we observed misregulation of a
highly overlapping set of genes in all four KDs, including genes implicated in
cellular differentiation and migration. These findings raise the possibility that

DEAD-box helicases act in a common pathway to regulate the levels of hundreds
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of MRNAs. These effects could potentially occur through direct effects on a shared
set of mMRNA encoding genes. Alternatively, the shared set of transcripts could be
more sensitive to the change in rRNA levels, thus being misregulated upon

knockdown of the four DEAD-box proteins.

Although stringent high salt extraction of chromatin prior to
immunoprecipitation of R-loops may reduce contamination with general chromatin-
binding proteins, this harsh treatment may also result in loss of dynamic or weakly-
binding proteins that nevertheless play roles in R-loop regulation or function. To
identify such proteins, we introduced a specific RNA-protein crosslinking step into
our immunoprecipitation protocol and utilized SILAC labeling to increase
sensitivity. By comparing the array of R-loop-interacting proteins identified with and
without crosslinking, we observed that crosslinking increased enrichment of
numerous proteins that were weakly enriched in the absence of crosslinking, as
predicted, as well as a number of proteins that were not identified in the absence
of crosslinking. For example, STRBP, a splicing factor known to bind to both DNA
and RNA, was enriched by crosslinking. More interestingly, a large fraction of
proteins highly enriched in the uncrosslinked dataset exhibited reduced
enrichment in the presence of crosslinking, suggesting that many proteins that
strongly interact with the RNA component of R-loops may become less easily
detected by mass spectrometry approaches, due to the covalent addition of RNA
nucleotides of unknown size. These two methods in combination enabled us to

identify 364 stringent R-loop-interacting proteins, including known regulators of R-
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loops and proteins previously not shown to bind these structures. Taken together,
these findings suggest that both uncrosslinked and crosslinked S9.6 co-IP offer
advantages for identification of the R-loop-interactome in vivo. These studies serve
as a resource for uncovering the mechanisms by which R-loops are regulated, as

well as the means by which R-loops might affect regulation or processing of RNA.
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Materials and methods

Cell culture. E14 mESCs were maintained in tissue culture plates coated with
0.2% gelatin, in medium that contained DMEM-high glucose (MilliporeSigma,
D6546-500ML), supplemented with 10% Fetal Bovine Serum (MilliporeSigma,
F2442-500ML), 2 mM L-Glutamine (Corning, 25-005-Cl), MEM Nonessential
Amino Acids (Corning, 25-025-Cl), B-mercaptoethanol (MilliporeSigma, M6250-

500ML) and recombinant leukemia inhibitory factor.

Antibodies. Antibodies used included DDX18 (Bethyl Laboratories, A300-535A),
DDX24 (Abcam, ab70463), DDX27 (Bethyl Laboratories, A302-216A), DDX54
(MilliporeSigma, AV36498-100UL), DHX9 (Abcam, ab26271), RPB1 (Santa Cruz
Biotechnology, sc-899x), Fibrillarin (Novus Biologicals, NB300-269), CEBPZ
(Proteintech, 25612-1-AP), SFPQ (Abcam, ab38148), CTCF (MilliporeSigma, 07-
729), mouse lgG2a (Abcam, ab18413). The S9.6 monoclonal antibody was

purified from the HB-8730 hybridoma, obtained from ATCC.

$9.6 co-immunoprecipitation. For uncrosslinked immunoprecipitation, mESCs
were resuspended in 10 mM Tris-HCI pH 7.0, 150 mM NaCl, 0.15% NP-40 with 1
x Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific, 78429), layered onto
Sucrose Buffer (10 mM Tris-HCI pH 7.0, 150 mM NaCl, 25% sucrose, protease
inhibitor) and centrifuged. The pellet was resuspended in stringent wash buffer (10
mM Tris-HCI pH 7.9, 1.5 mM MgClz, 420 mM NaCl, 25% glycerol, 0.2 mM EDTA,

0.5 mM DTT, protease inhibitor) and incubated on ice for 30 min. Nuclei were
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centrifuged at 7000 g and resuspended in AM-150/0.1% NP-40 buffer (150 mM
KCI, 20 mM Tris-HCI pH 7.9, 5 mM MgClz, 0.2 mM EDTA, 10% glycerol, 0.1% NP-
40, with 1 x Halt Protease Inhibitor Cocktail). The salt-extracted nuclei were then
sonicated using a Bioruptor (Diagenode) for 15 cycles, 30s on/30s off with the
intensity set at medium. Based on protein concentration, 1 mg of sonicated
chromatin was mixed with 20 ug S9.6 or mouse IgG2a as control and incubated
overnight at 4 °C. 20 ug of sonicated chromatin was set aside untreated as Input
(2% of IP samples). Before mixing sonicated chromatin with antibody, 0.2 uL
RNase A (Thermo Fisher Scientific, EN0531) was added and treated at 37 °C for
15 min. For DNase | treatment, 10 uL DNase | (New England Biolabs, M0303L)
was added and treated at 37 °C for 2 hr. The next day the mixture was incubated
with pre-washed Protein G magnetic beads (New England Biolabs, S1430S),
washed 3 times in AM-150/0.1% NP-40 buffer for 5 min each and eluted in 1 x
SDS Loading Buffer (0.2 M Tris-HCI pH 6.8, 277 mM SDS, 40% glycerol, 6 mM
bromophenol blue) by boiling for 10 min. For crosslinked IP, mESCs were cultured
in SILAC medium (Thermo Fisher Scientific, A33972) either supplemented with
standard lysine and arginine or 3Ces *N2 lysine and "3Cs N4 arginine. 500 uM
4SU (Biosynth Carbosynth, NT06186) was added to heavy isotope treated cells
for 2 hr while the light isotope cultured cells were treated with DMSO vehicle. Both
sets of cells were then UV treated at a wavelength of 312 nm for 1J/cm?, cells were
lysed and combined after sonication at 1:1 ratio based on protein amount, and

immunoprecipitated as above. After washing, IP samples were subjected to on-
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beads RNase A treatment before elution as described above. Both uncrosslinked

and crosslinked S9.6 co-IP were performed with three biological replicates.

LC-MS/MS. S9.6 co-IP elution was run on a 10% SDS-PAGE gel and gel slices
were recovered with care to exclude the majority of the IgG heavy and light chains.
Gel bands were in-gel digested and analyzed by LC-MS and LC-MS-MS as
described previously (Chen, 2013; Chu et al., 2019). The digestion mixture was
separated on a 75 um x 25 cm PepMap Rapid Separation Liquid Chromatography
(RSLC) column (100 A, 2 um) at a flow rate of ~450 nL/min, and the eluant was
analyzed by an LTQ Orbitrap XL mass spectrometer (Thermo Scientific, Waltham,
MA). LC-MS data were acquired in a data-dependent acquisition mode, cycling
between a MS scan (m/z 315-2,000) acquired in the Orbitrap, followed by collision-
induced dissociation (CID) analysis on the 3 most intensely multiply charged
precursors acquired in the linear ion trap. The centroided peak lists of the CID
spectra were generated using PAVA searched against a database that is consisted
of the Swiss-Prot protein database (version 2017.11.01, 16942/556006 entries
searched for Mus Musculus), using Batch-Tag, a program of the University of
California San Francisco Protein Prospector software, version 5.9.2. Protein hits
were reported with a Protein Prospector protein score = 22, a protein discriminant
score = 0.0 and a peptide expectation value < 0.01 (Chalkley et al., 2005). This set
of thresholds of protein identification parameters did not return any substantial
false positive protein hits from the randomized half of the concatenated database.

Data are available via ProteomeXchange (Deutsch et al., 2020) with identifier
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PXD022697. For differential analysis of IP versus Input, we used the R package
Prostar (Wieczorek et al., 2017) to calculate the normalized fold change of spectra

counting and p-value, and to make volcano plots.

For crosslinked co-IP, cells were differentially labeled, combined,
immunoprecipitated, and processed for MS as described above, and fold change
values were normalized based on the SILAC ratio. For comparison of the
crosslinked and uncrosslinked S9.6 co-IP, we first included proteins that appeared
in either or both of the input and immunoprecipitates in the uncrosslinked data (587
proteins), filtered this list to include only those proteins also found in the

crosslinked dataset, and compared both datasets after Z-Score normalization.

Immunofluorescence staining. mMESCs were cultured on gelatinized coverslips
and fixed with 4% paraformaldehyde (Electron Microscopy Sciences, 15710) for
10 min. Cells were then permeabilized with 0.5% NP-40 and blocked with 5%
Normal Goat Serum (Vector Laboratories, S-1000), 0.3% Triton X-100 (Amresco,
M143-1L). Primary antibodies were diluted in 1% BSA, 0.3% Triton X-100 in PBS,
the dilution were: DDX18 (1:250), DDX24 (1:50), DDX27 (1:250), Fibrillarin (1:250),
SFPQ (1:250), CTCF (1:500). Secondary antibodies were Alexa Fluor 488 Goat
anti-Rabbit 1IgG (Thermo Fisher Scientific, A-11008, 1:250) and Alexa Fluor 594
Goat anti-Mouse IgG (Thermo Fisher Scientific, A-11005, 1:250). DNA was stained
by 1 ug/mL DAPI and slides were observed under Nikon Eclipse E400. IF were

performed two to three independent times per antibody
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Northern blotting. DNA probes were amplified using cDNA from mESCs as a
template, radiolabeled by [a-32P]dCTP (PerkinElmer, 3000Ci/mmol 10mCi/mL,
BLUO13H100UC) using Prime-a-Gene Labeling System (Promega, U1100).
Radioactivity was determined by a scintillation counter, 5 X 10% cpm of labeled
probes were used for a Northern blotting assay. 1 pg of total RNA was load into
gel containing 1% agarose and 6% formaldehyde, ran in 1 X MOPS buffer 100
volts for 1.5 hr. RNA was transferred from gel to Amersham Hybond-N+ membrane
using 10 X SSC buffer (Invitrogen, 15557044) overnight. The next day, blots were
crosslinked at a wavelength of 254 nm for 120 mJ/cm?. Blots were prehybridized
with 10 ml PerfectHyb Plus hybridization buffer (MilliporeSigma, H7033-50ML) at
68 °C for 10 min. Radiolabeled probes were added, hybridized at 68 °C overnight
with rotation. The next day, blots were quickly washed twice with 5 mL 2x SSC-
0.1% SDS Wash Buffer, then washed with 10 mL 2x SSC-0.1% SDS Wash Buffer
for 10 min. The blots were exposed to X-ray film. Two biological replicates were

performed with similar results.

Western blotting. Dilution for antibodies was: DDX18 (1:4,000), DDX27 (1:1,000),
DDX54 (1:500), DHX9 (1:1,000), RPB1 (1:1,000), CEBPZ (1:2,000), SFPQ
(1:1,000). Western Blotting was quantified by ChemiDoc Touch Imaging System

(Bio-Rad).

EsiRNA preparation and transfection. Endoribonuclease-prepared small
interfering RNA (esiRNAs) were prepared as described(Fazzio, Huff and Panning,

2008). Briefly, cDNA from mESCs was used as template to amplify cDNA that
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targets each gene with T7 anchor sequence added, in vitro transcription was then
performed using T7 RNA Polymerase (New England Biolabs, M0251L). RNA was
digested by ShortCut RNase Il (New England Biolabs, M0245L) to generate a pool
of small siRNAs, which was purified using a PureLink RNA Mini Kit (Thermo Fisher
Scientific, 12183020). For transfection, 400 ng esiRNA was mixed with 0.4 mL
serum-free medium and 4 pL Lipofectamine 2000 (Thermo Fisher Scientific,
11668-019), and after 15 min of incubation 2.8 x 10> MESCs were added and the
mixture was plated in one well of a gelatinized 6-well plate. Media was replaced

~16 hr later and cells were harvested 48 hr after transfection.

RT-gPCR and RNA-seq. RNA was extracted using an RNA Clean & Concentrator-
25 Kit (Zymo Research, 11-353B) with on-column DNase | digestion for 1 hr. For
RT-gPCR, cDNA was synthesized using purified MMTV reverse transcriptase.
Quantification was performed using primers targeting cDNA, with Gapdh used as
a loading control (Table 2.4). We performed three biological replicates each with
three technical replicates. RNA-seq libraries were prepared by BGI Genomics
Company. mRNA was enriched from total RNA by oligo(dT)-attached magnetic
beads, followed by fragmentation, first- and second-strand cDNA synthesis, end
repair, add A, adapter ligation, and PCR amplification. PCR products were purified
with Ampure XP beads (Beckman Coulter, A63881). The PCR products were
sequenced on BGISEQ-500 using 100-base paired-end sequencing. Reference
genome mapping, transcript assignment, quantification, and differential analysis

were done using RSEM (Li and Dewey, 2011). Heatmaps were made by Java
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TreeView. GO term analyses were done by PANTHER Classification System, and
overlapping of RNA-seq data was illustrated by UpSet (Lex et al., 2014). Three

biological replicates were performed for RNA-sequencing.

Data availability. Primary mass spectrometry data are available via

ProteomeXchange with identifier PXD022697. RNA-sequencing data are

deposited in Gene Expression Omnibus (GSE161890).

Table 2.4. Primers for preparing esiRNAs and performing RT-qPCR

Primer sets

Ddx10 _esiRNA F
Ddx10_esiRNA R
Ddx24 esiRNA F
Ddx24 esiRNA R
Ddx27 esiRNA_F
Ddx27 esiRNA R
Ddx54 esiRNA F
Ddx54 esiRNA R
Gapdh RTgPCR F
Gapdh RTgPCR R
Cdkn1a_RTgPCR F
Cdkn1a_RTgPCR R

Sequence
GGGCGGGTTGGCCACAGATTCAGAAATG
GGGCGGGTCCAGCTCTTCATCCTCTGCT
GGGCGGGTAGTGGAGACGCTAACGGAGA
GGGCGGGTCTTGGACTGCACTGGAAACA
GGGCGGGTAGCAGAAAGCCTTGCAGAAG
GGGCGGGTGCTGTAATGGCCTTCAGGAG
GGGCGGGTTGTTCGATGAAGCAGACAGG
GGGCGGGTAGTCACGATGAGGGTGGAAC
TTGATGGCAACAATCTCCAC
CGTCCCGTAGACAAAATGGT
GTGGCCTTGTCGCTGTCTTG
CAATCTGCGCTTGGAGTGATAGAAA

Cdkn2b_RTqPCR_F

GCAGATCCCAACGCCCTGAA

Cdkn2b_RTqPCR R

GGTCTGGTAAGGGTGGCAGG

WntSa_RTqPCR _F

TGCCATGTCTTCCAAGTTCTTCC

WntSa RTqPCR R

GGGTTATTCATACCTAGAGACCACCA

Pcsk9 RTqPCR F

AAGATGAGCAGTGACCTGTTGGG

Pcsk9 RTGgPCR R

GCGGTCTTCCTCTGTCTGGTG
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CHAPTER llI: Characterization of R-loop-interacting protein
CEBPZ reveals roles in R-loop regulation and colocalization with

CTCF

Preface

Data presented in this chapter are unpublished work performed by Tong

Wu and Thomas Fazzio.

Author contributions. Tong Wu and Thomas Fazzio designed experiments. Tong

Wu performed most of the experiments with help from Thomas Fazzio.
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Abstract

CEBPZ is a transcription factor that was recently found to control the
abundance of m6A, an mRNA modification that has been shown to promote R-
loop formation. | identified CEBPZ as an R-loop-associated protein by R-loop
immunoprecipitation followed by mass spectrometry. To test for potential roles of
CEBPZ in regulation of R-loops, | first performed CUT&RUN to identify its genomic
localization. By comparing with DRIP-seq that showed R-loop distribution, some
R-loops were shown to localize close to CEBPZ binding sites, which were found
down-regulated by CEBPZ depletion. Moreover, unexpected colocalization of
CEBPZ with CTCF, a protein known for regulating chromatin looping, was revealed
by comparing their localization in the genome, with their interaction further
confirmed by co-IP. However, conflicting results from CUT&RUN and ChlP-seq
were observed when investigating the effect of CEBPZ depletion on CTCF binding.
H3K4me3 CUT&RUN confirmed that CEBPZ depletion affected CUT&RUN
performance but not CTCF and H3K4me3 binding in the genome. This discrepancy
raises interesting possibilities about how CEBPZ loss has non-specific effects on
CUT&RUN mapping and what these signify. These possibilities are still under

study.
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Introduction

R-loops are co-transcriptional nucleic acid structures, with most well-
studied R-loops dependent on RNAP II transcription (Ginno et al., 2012; Sanz et
al., 2016). Despite the outsized emphasis on RNAP |I-dependent R-loops, R-loops
formed during rDNA transcription are a major source of them in cells. rDNA
contains 200-600 copies in humans and 70-400 copies in mice (Parks et al., 2018).
rDNA and its transcribed rRNA (28S, 18S, 5.8S) form nucleolus. These rRNAs
contribute to about 80% of total RNA in cells (Harvey et al., 2000), thus forming a
high-abundant of R-loops observed in the nucleus. In yeast, R-loops accumulate
across 18S and 28S rDNA, especially enrich at the 5’ end of 18S and 28S (El Hage
et al., 2010). Their accumulation dramatically increases when Top1 and Top2,
topoisomerases that resolve negative supercoiling, are depleted (El Hage et al.,
2010). In HeLa cells, IF of TOP1 and ribonuclease RNASEH1 shows their strong
localization to nucleoli and colocalization with S9.6 signal. Inhibition of RNAP |
transcription abolishes the S9.6 IF signal observed in nucleoli, and also causes
migration of TOP1 and RNASEH1 to the perinucleolar region, indicating their
strong binding affinity for the high abundance of R-loops in nucleoli (Shen et al.,
2017). Moreover, accumulation of R-loops has also been linked to change or
disruption of nucleolar structure (Shen et al., 2017; Zhou et al., 2020). Increasing
R-loop levels by knocking down RNASEH1 causes fragmented nucleoli. Inhibition

of rRNA transcription elongation causes enhanced rRNA transcription initiation
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and accumulation of R-loops at the 5’ end of rDNA, leading to fragmented nucleoli

(Zhou et al., 2020).

CEBPZ was first identified in a screen for factors that bind to the CCAAT
element of the hsp70 promoter. It has sequence-specific binding activity to the
CCAAT sequence as well as transcription stimulation activity of the hsp70 gene
(Lum et al., 1990). Later, Imbriano et al. showed that the CEBPZ binding to CCAAT
boxes from the hsp70 and hsp40 promoters requires another transcription factor
named NF-Y. Their research indicates that NF-Y directly interacts with CCAAT
sequences and recruits CEBPZ to its binding sites, and CEBPZ does not have the
ability to activate hsp70 or hsp40 genes without the presence of NF-Y (Imbriano

et al., 2001).

CEBPZ has also been shown to bind at the same genomic regions with
METTL3. METTLS is the catalytic subunit of the N6-methyltransferase complex
that methylates adenosine of mMRNA to form N6-methyladenosine (m6A), which is
the most abundant co-transcriptional mMRNA modification identified in eukaryotes.
CEBPZ KD induces decrease of METTL3 at regions where CEBPZ and METTL3
bind. Moreover, CEBPZ KD has also been shown to cause reduction of m6A level
(Barbieri et al., 2017). m6A modification has been shown to function in various
processes, including alternative splicing, RNA export, translation, and RNA
degradation (Zhang, Fu and Zhou, 2019). In recent years, functional roles of m6A
in the regulation of R-loops have been described. Using liquid chromatography

with tandem mass spectrometry, Abakir et al. show that m6A but not other RNA
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modifications are associated with RNA of RDHs in human induced pluripotent stem
cells. m6A DNA immunoprecipitation, which identifies m6A distribution in RNA that
is associated with the genome, shows presence of m6A in the majority of RDHs
(Abakir et al., 2019). Mutation of adenosine to uridine in a minigene reporter
system causes reduction of m6A and R-loop level and facilitates RNAP I
readthrough. (Yang et al., 2019). In all, m6A has been shown to be present in RNA

of R-loops and promote R-loop formation.

CEBPZ was one of the transcription factors identified in both our
uncrosslinked and crosslinked MS studies. Considering the role of CEBPZ in the
regulation of m6A modification and the presence of m6A in R-loops, in this chapter,
| examine the genomic distribution of CEBPZ, and whether CEBPZ regulates

levels of R-loops associated with mRNA and rRNA.
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Results

CEBPZ colocalizes with R-loops and regulates their levels

To further study the R-loop-interacting proteins in the regulation of R-loops,
| chose one of the transcription factors enriched by S9.6 named CEBPZ for closer
examination. Its enrichment by S9.6 co-IP was confirmed by Western blotting (Fig.
3.1a). CEBPZ recognizes the CCAAT binding motif present at many promoters to
drive gene expression. In addition, CEBPZ has been shown to regulate the
recruitment of METTL3 to the genome (Barbieri et al., 2017). METTL3 methylates
adenosine on RNA to form m6A in a co-transcriptional manner. Importantly,
METTL3 and m6A have been shown to promote R-loop formation. Therefore, |
hypothesized that depletion of CEBPZ would cause reduction of R-loops with

which it associates.

To identify the R-loops that could potentially be affected by CEBPZ
depletion, | first tried to identify the genomic distribution of CEBPZ. | took
advantage of the cleavage under targets and release using nuclease (CUT&RUN)
method to study the CEBPZ binding in the genome (Fig. 3.1b). Serving as an
alternative method for traditional ChIP-seq for mapping factors that bind genome,
CUT&RUN does not require crosslinking, produces less background, and can
easily be adapted to low cell numbers (Skene and Henikoff, 2017). CEBPZ
CUT&RUN produced ~2000 peaks relative to no antibody control libraries. To

illustrate one example, at the intron region of the Gphn gene, CEBPZ showed a
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peak over no antibody control (no ab), which overlapped with an R-loop peak
revealed by DRIP-RNA-seq (DRIP-seq like technique with the RNA part of R-loops
being sequenced) performed in mESCs from a previous study (Fig. 3.1c) (Chen et
al., 2015). By overlapping peaks identified in the two datasets, 120 peaks from
CUT&RUN and DRIP were found to overlap or be present within 1 kb of each other

(Fig. 3.1d).

Next, | wanted to study the effect of CEBPZ depletion on the formation of
R-loops. To alter the levels of CEBPZ in cells, | took advantage of the auxin-
inducible degron (AID) system (Nishimura et al., 2009). We obtained an mESC line
engineered to express the TIR1 F-box protein from Oryza sativa (rice), and tagged
CEBPZ at its endogenous locus with an auxin-inducible destabilizing degron and
a hexahistidine triple FLAG tag at the C-terminus. TIR1 can form a functional
ubiquitin E3 ligase composed in complex with other proteins from mESCs. Upon
addition of an auxin derivative, indole-3-acetic acid (IAA), the TIR1 ubiquitin ligase
ubiquitylated the AID tagged CEBPZ, resulting in its degradation (Fig. 3.1e).
Western blotting using CEBPZ antibody showed that by incubating IAA with
mMESCs for 6 hours, a partial decrease of AlID tagged CEBPZ can be observed. 24
and 48 hours of incubation brought CEBPZ to a very low level, without affecting

the expression of any other proteins examined, such as B-actin (Fig. 3.1f).

| then performed DRIP-gPCR with or without IAA treatment for 48 hours to
study the CEBPZ regulation of R-loop abundance. By performing DRIP-qPCR

using primers that target several R-loops that do not exhibit CEBPZ binding within
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5 kb (Wipf2, Sp2, Sp1), or R-loops that have CEBPZ binding within 1 kb distance
(Jarid2, Gphn), | was able to show that upon CEBPZ depletion, CEBPZ-proximal
R-loops showed a more dramatic reduction in R-loop levels relative to R-loops far
from any CEBPZ binding site (Fig. 3.1g). This indicated that CEBPZ is a potential

R-loop regulator, which is consistent with my hypothesis.



76

a
Scale 50 kb mm10
chri2: 78,250,000| 78,300,000/ 78,350,000/ 78,400,000/
20-
CEBPZ CUT&RUN
*.
20-
No ab CUT&RUN
& | i
Permeabilized nuclear 44 Primary antibody
membrane
il Transcription <N
‘ ‘Iamor . ‘ ‘
Gphn
| Antibody incubation
b d e . .
Endogenous Cebpz Random integration
o | ProteinA-MNase incubation
MNase Protein A CEBPZ DRIP hﬁ_
i CUT&RUN
Ca* incubati
} Gaf" incubation 2292 (120) 20779
¢] ¢ IAA incubation
_LL _LL 1A -
| DNA extraction HaF s
Library preparation for sequencing F de::::iealtr;on
E14-Tir1- 9 %
Cebpz-H3F-AID
2!(5% 0 6 122448 IAA treatment time (h) 1.4
1.2
150 CEBPZ-H3F-AID e
short exposure) =
( P ) R
100 £ m-1AA IgG2a
250 2 s m-IAAS9.6
_g oO+lAAIgG2a
150 CEBPZ-H3F-AID T o6 O+AA S9.6
(long exposure) é
100 04
50
0.2
B-actin H
- N | nn 0 il
Wipf2 Sp2 Sp1 Jarid2 Gphn
CEBPZ-distal R-loops CEBPZ-proximal R-loops

Figure 3.1 CEBPZ colocalizes with R-loops and regulates them.

a. Western blot of CEBPZ protein enriched by S9.6 co-IP. b. Schematic diagram
of CUT&RUN experiment. c. Browser track comparing CUT&RUN and DRIP-RNA-
seq results on Gphn gene. No antibody (light blue) was used as a control for
CEBPZ CUT&RUN (blue). RNase H (RH) treated DRIP-RNA-seq (faint blue) was

used as a control for untreated DRIP-RNA-seq (yellow), with only plus-strand
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displaced. d. Venn diagram of the overlap between the peaks identified by CEBPZ
CUT&RUN and DRIP-RNA-seq, peaks from two experiments that their center is
within 1 kb of each other were counted as shared peaks. e. Schematic diagram of
the AID system for depletion of CEBPZ. f. Depletion of CEBPZ tagged by
hexahistidine triple Flag tag and AID tag. Upon IAA treatment for 0, 6, 12, 24, and
48 hours, CEBPZ was detected by CEBPZ antibody, with B-actin as a loading
control. g. DRIP-gPCR performed upon CEBPZ depletion. Five genomic regions

that contain R-loops were targeted.



78

Colocalization of CEBPZ and transcription factor CTCF in the genome

To gain additional insights into the functions of CEBPZ, | next performed
motif enrichment analysis of regions enriched for CEBPZ binding by CUT&RUN.
The most significantly enriched sequence was the CCAAT binding motif
corresponding to NF-Y, the binding partner of CEBPZ, confirming the specificity of
the CUT&RUN data (Fig. 3.2a). Surprisingly, the binding motif that belongs to
BORIS/CTCFL was also very highly ranked (Fig. 3.2a). Brother of the regulator of
the imprinted site (BORIS), also known as CCCTC-binding factor like (CTCFL), is
a paralog of the insulator binding protein CTCF. BORIS/CTCFL and CTCF share
highly similar 11-zinc-finger DNA binding domains as well as similar DNA binding

motifs (Loukinov et al., 2002).

CTCEF is well-known for its roles in 3D genome organization, as well as gene
“‘insulation”: segregation of enhancer regulatory units away from nearby genes to
prevent promiscuous enhancer utilization. Even though different groups have
examined CTCF functions in multiple organisms, CEBPZ was not reported as a
CTCEF interactor, nor has it been shown to bind at the same genomic loci as CTCF
(Marino et al., 2019; Lehman et al., 2021). To study if CEBPZ and CTCF share the
same binding regions in the genome, | performed motif analysis by CTCF
CUT&RUN. CTCF binding sites were enriched for the CTCF binding motif, as well
as the CCAAT motif shared by NF-Y and CEBPZ (Fig. 3.2b). A browser track of
CEBPZ and CTCF CUT&RUN shows their frequent colocalization in the genome,

for example, at the promoter of the G3bp7 gene (Fig. 3.2c). Indeed, of the 1942
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CEBPZ peaks identified by CUT&RUN, 1557 have CTCF binding within 1 kb
distance, while most CTCF binding sites do not exhibit CEBPZ binding (Fig. 3.2d).
This suggested that most CEBPZ binding sites are also CTCF sites, but not the

reverse.

To further study the presence of CEBPZ and CTCF at some shared
genomic target loci, | next investigated whether CEBPZ and CTCF physically
interact. By performing IP of CEBPZ, CTCF was shown to be pulled down by
CEBPZ antibody in WT mESCs, indicating their potential interactions (Fig. 3.2e).
The reverse IP using CTCF antibody to IP CEBPZ was not able to identify
detectable levels of CEBPZ by Western blotting (data not shown). This may be
due to that the majority of CEBPZ interacts with CTCF, but only a small portion of
CTCF has CEBPZ binds, which was indicated by the CUT&RUN data (Fig. 3.2d).
Moreover, by using an antibody that recognizes hexahistidine tag of CEBPZ in the
Cebpz-H3F-AID cell line, CTCF was precipitated together with CEBPZ-H3F-AID,

though at a different IP efficiency than observed in WT cells (Fig. 3.2e).
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Figure 3.2. CEBPZ and CTCF bind to some shared genomic regions.

a. HOMER de novo motif analysis of CEBPZ CUT&RUN with top five motifs. Motif
sequence, percent of targets, p-value, and motif details were shown. b. HOMER
de novo motif analysis of CTCF CUT&RUN, as depicted in a. c. Browser tracks of
CEBPZ (blue) and CTCF CUT&RUN (red), with no antibody as a control (light
blue). The promoter of G3bp7 was used as a representative region. d. Venn
diagram of the overlap between the peaks identified by CEBPZ CUT&RUN and

CTCF CUT&RUN, peaks from two experiments that their center is within 1 kb of
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each other were counted as shared peaks. e. Western blotting of CEBPZ and
CTCF immunoprecipitated by CEBPZ antibody in the WT mESCs or anti-His

antibody in the Cebpz-H3F-AID cell line.
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Effect of CEBPZ depletion on the performance of CUT&RUN

Since CEBPZ interacts with CTCF and colocalizes at shared genomic
regions, | hypothesized that CEBPZ might recruit CTCF to some genomic regions.
In this scenario, depletion of CEBPZ would likely cause a reduction in CTCF
binding, particularly at CEBPZ binding sites. By treating the Cebpz-H3F-AID line
with 1AA for 24 hours, Western blotting showed depletion of CEBPZ with CTCF
level unchanged (Fig. 3.3a). CTCF CUT&RUN showed that average CTCF binding
over all of its binding sites dramatically decreased upon depletion of CEBPZ (Fig.
3.3b). This reduction in CTCF binding occurred not only at the CTCF binding sites
that overlap with CEBPZ, but also at CTCF binding sites that lack CEBPZ binding.
These results suggested that either CEBPZ had a global impact on chromatin

association of CTCF, or CEBPZ depletion reduced the efficiency of CUT&RUN.

To distinguish between these two possibilities, | next performed CTCF
ChIP-seq, a well-established technique for mapping binding sites of proteins.
Compared to CUT&RUN, ChlP-seq requires crosslinking of the proteins to
genomic DNA and physical fragmentation of genome using sonication (Baranello
et al., 2016). In contrast, CUT&RUN detects proteins binding sites in a more native
environment, which may be affected by global chromatin architecture.
Interestingly, CTCF ChIP-seq showed that upon CEBPZ depletion, there is
essentially no reduction of CTCF binding at its binding sites, in conflict with what |
observed by CUT&RUN (Fig. 3.3c). To investigate this discrepancy, | performed

CUT&RUN of H3K4me3, a histone modification enriched at active promoters
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(Howe et al., 2017). CEBPZ has not been reported to impact H3K4me3 deposition.
Similar to CTCF, H3K4me3 CUT&RUN showed a dramatic decrease of H3K4me3
occupancy near TSSs (Fig. 3.3d). This suggested that CEBPZ depletion may affect
the performance of CUT&RUN such that CTCF and H3K4me3 CUT&RUN
experiments recover relatively fewer reads mapped to their binding sites upon
CEBPZ depletion. Interestingly, we found that upon CEBPZ depletion, larger
quantities of DNA are recovered after library preparation, suggesting CEBPZ
depletion causes elevated MNase digestion at genomic regions not bound by
CTCF or H3K4me3. Consequently, enrichment at CTCF or H3K4me3 sites
appeared to be lower upon CEBPZ depletion due simply to an increase in the

background in these libraries.

The CUT&RUN technique identifies protein binding in the genome in a more
native status compared to ChlP-seq, which means it may be affected by the
biophysical features of chromatin (e.g., fluidity) or chromatin architecture (e.g.,
chromatin “openness”). To see if CEBPZ depletion affects chromatin architecture,
which in turn may affect CUT&RUN performance, | performed the assay for
transposase-accessible chromatin with high-throughput sequencing (ATAC-seq),
a technique for mapping chromatin accessibility (Buenrostro et al., 2015). Upon
CEBPZ depletion, ATAC-seq revealed a slight decrease in chromatin accessibility
near CTCF binding sites (Fig. 3.3e), although this small difference may be
insufficient to explain the CUT&RUN data. Another possibility is that CEBPZ

depletion changes three-dimensional chromatin architecture and/or nuclear
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structure, which in turn affects CUT&RUN performance. However, the distribution
and pattern of CTCF (Fig. 3.3f) and H3K4me3 (Fig. 3.3g) staining measured by IF
showed no observable change upon IAA treatment. Similarly, genomic DNA
stained by DAPI showed minimal differences in nuclear morphology in CEBPZ
depleted cells. This confirmed that CEBPZ depletion did not cause a dramatic
change of chromatin or nuclear structure, nor did it cause relocalization of the
proteins tested. At this stage, additional assays must be carried out to address the
mechanisms by which CEBPZ affects CUT&RUN performance and what the
significance of this finding might be. Examples of such approaches could be
investigating changes in DNA lesions (e.g., breaks or nicks) or alterations in

nucleosome positioning in CEBPZ depleted cells.
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Figure 3.3. CEBPZ depletion affects CUT&RUN performance.

a. Western blotting of CEBPZ and CTCF upon 24 hours of IAA treatment, with -

actin as a loading control. b. Aggregation plot of CTCF CUT&RUN signal mapped
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around CTCF binding sites upon CEBPZ depletion, no antibody CUT&RUN as a
control, £ 1 kb of flanking regions were shown. ¢. Aggregation plot of CTCF ChlP-
seq mapped around CTCF binding sites upon CEBPZ depletion, rabbit IgG was
used as a control. d. Aggregation plot of H3K4me3 CUT&RUN mapped around
TSSs upon CEBPZ depletion, £+ 2 kb of flanking regions were shown. e.
Aggregation plot of ATAC-seq signal mapped around CTCF binding sites upon
CEBPZ depletion. f. Immunofluorescence staining of CTCF with or without IAA
treatment. DNA was stained by DAPI. Scale bar = 10 ym. g. Immunofluorescence

staining of H3K4me3 with or without IAA treatment, as depicted in f.
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Regulation of rRNA abundance and rRNA-associated R-loops by CEBPZ

When performing IF using the anti-Flag antibody that targets the epitope tag
at the C-terminus of CEBPZ, a nucleolar staining pattern was observed, as
indicated by its colocalization with nucleolar marker Fibrillarin (FBRL) (Fig. 3.4a).
The nucleolar IF signal was specific for CEBPZ, as indicated by IAA treatment in

the Cebpz-H3F-AID line, which dramatically diminished the staining (Fig. 3.4b).

Based on the IF of CEBPZ, | then examined the regulatory roles of CEBPZ
in rRNA transcription and processing. Using primers that targeted the 18S and 28S
rRNA sequences, RT-gPCR showed that the level of the 18S- and 28S-containing
rRNAs gradually decreased upon 12, 24, 48 hours of IAA treatment. In contrast,
RT-gPCR using primers that target the 5’ external transcribed spacer (5’ ETS),
which only exists in the nascent 47S pre-rRNA, revealed no change upon IAA
treatment (Fig. 3.4c). These data suggested that CEBPZ plays roles in rRNA
processing but not transcription. Moreover, DRIP-gPCR performed using primers
that target the 18S and 28S rDNA regions showed a decrease in R-loop levels at
those regions upon depletion of CEBPZ (Fig. 3.4d). This decrease may be caused
by a defect in rRNA processing upon CEBPZ depletion that leads to lower levels

of pre-rRNA associated with rDNA.



88

a b
FBRL
-1AA
FBRL
+1AA
c

1.2 1.2, 1.24

1.0 4 1.0 1

-
o
L

0.8 4

0.8 1

o
©

u0h

312h
024h
048h

0.6 - 0.6

0.4 0.4 4

I
S

0.2 - 0.2 4

et
N

18S rRNA relative expression
o
o
28S rRNA relative expression
47S pre-rRNA relative expression

0- 0 -

o
I

d
3.0 -
2.5 -
:g 2.0 1
‘é m-lIAAIgG2a
@ 1.5 - m-IAA S9.6
B O+AAIgG2a
€ 1.0 | O+IAA S9.6
0.5

18S 28S

Figure 3.4. CEBPZ regulates rRNA processing and rRNA-associated R-loops.

a. Immunofluorescence staining of CEBPZ-3xFlag by Flag tag antibody, co-
stained with FBRL antibody to mark the nucleolus. DNA was stained by DAPI.
Scale bar = 10 ym. b. Immunofluorescence staining of CEBPZ-6xHis-3xFlag-AlD

by Flag tag antibody, with or without IAA treatment. DNA was stained by DAPI.
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Scale bar = 10 ym. c. Relative levels of rRNA, after IAA treatment of 0, 12, 24, or
48 hours. Levels in 0 hour were set to 1 after normalization to Gapdh. Three
technical replicates were included. From left to right: rRNA containing 18S
sequence, rRNA containing 28S sequence, pre-rRNA containing 5’ ETS sequence.
d. DRIP-gPCR performed upon CEBPZ depletion. R-loops at 18S and 28S rDNA

regions were targeted.
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Discussion

CEBPZ is a transcription factor we found to be enriched on or near R-loops,
using an IP/mass spectrometry approach. To study the regulation of R-loops by
CEBP/Z, | performed CEBPZ CUT&RUN to identify its genomic distribution relative
to R-loops. CUT&RUN revealed partial colocalization of CEBPZ peaks with R-loop
peaks in the genome. By introducing an AID tag at the C-terminus of Cebpz,
depletion of CEBPZ was achieved upon IAA treatment. DRIP-gPCR showed that
R-loop levels decreased upon depletion of CEBPZ, especially at genomic regions
where there is overlapping of CEBPZ binding with R-loops. This agrees with the
established function of CEBPZ in the regulation of m6A on mRNA through
recruitment m6A writer METTL3 (Barbieri et al., 2017), and the function of m6A to
promote R-loop formation (Abakir et al., 2019; Yang et al., 2019). To further solidify
the role of CEBPZ in R-loop abundance, METTL3 recruitment to CEBPZ-binding
genes and m6A levels on transcripts of genes bound by CEBPZ will need to be

investigated upon CEBPZ depletion.

Motif analysis of CEBPZ CUT&RUN showed its CCAAT binding motif.
Surprisingly, the binding motif of CTCF was within the top five motifs being
identified. CTCF is a transcription factor mostly known for regulating 3D genome
folding by forming boundaries for loops and TADs. R-loops have previously been
shown to regulate CTCF binding at certain TAD boundaries (Luo et al., 2020), and
CTCF was enriched by S9.6 co-IP in this thesis. However, no clear colocalization

or physical interaction of CTCF and CEBPZ in the genome has been reported. To
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further confirm their colocalization in the genome, CTCF CUT&RUN was
performed, motif analysis revealed its binding motif and CEBPZ binding motif. By
overlapping CEBPZ with CTCF CUT&RUN, a high number of CEBPZ peaks were
found to be near CTCF binding sites, but not the reverse. In agreement with these
findings, IP of CEBPZ resulted in co-immunoprecipitation of CTCF, but not the
reverse. This may suggest that a high portion of CEBPZ binds with CTCF, but only

a small portion of CTCF binds CEBPZ.

To further study if CEBPZ recruits CTCF to regions where they colocalize,
| performed CTCF CUT&RUN upon CEBPZ depletion. It showed that CTCF
binding in the genome significantly decreased upon CEBPZ depletion. However,
this conclusion was not supported by CTCF ChIP-seq, which revealed minimal
changes in CTCF enrichment upon CEBPZ depletion. To better understand the
discrepancy between CUT&RUN and ChlP-seq, H3K4me3 distribution in the
genome was measured by CUT&RUN, which also showed a significant decrease
upon CEBPZ depletion. H3K4me3 has not been shown by any group to be
regulated by CEBPZ, supporting the idea that CEBPZ depletion affects CUT&RUN
performance in general, rather than CTCF binding and H3K4me3 enrichment
specifically. Together with the observation that CEBPZ depletion caused me to
recover higher levels of DNA in CUT&RUN libraries, these results confirmed that
CTCF and H3K4me3 occupancy in the genome were not decreased upon CEBPZ

depletion. It raised the possibility that CEBPZ depletion seemed to increase the
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levels of background DNA fragments released by MNase in the CUT&RUN

procedure.

To investigate the possible mechanisms by which CEBPZ would affect
CUT&RUN performance, | performed ATAC-seq to study chromatin openness.
ATAC-seq signal showed a slight decrease of accessibility when CEBPZ was
depleted. Reduction of chromatin accessibility would lead to a slight reduction in
DNA recovery in CUT&RUN libraries rather than an increase. Therefore, these
data are inconsistent with the possibility that changes in chromatin accessibility in
CEBPZ depleted cells can explain the CUT&RUN results. Moreover, IF of CTCF
and H3K4me3, along with DAPI staining of nuclei, showed minimal changes upon
CEBPZ depletion, arguing against the possibility that chromatin structure or
nuclear structure dramatically changed by CEBPZ depletion to cause mis-
performance of CUT&RUN. At this time, | am still looking for possible mechanisms
that explain this phenomenon, for example, by examining DNA damage markers
as more DNA damage may cause more DNA fragments to be released upon
MNase digestion. | also plan to examine nucleosome occupancy in the CEBPZ
depleted cells, as the distribution of nucleosomes in the genome may affect pA-

MNase binding to primary antibodies and fragmentation of genomic DNA.

IF of CEBPZ showed strong nucleolar localization and weaker nuclear
signal, suggesting it may function primarily at the rDNA, despite its established role
as a transcription factor. RT-gPCR showed that depletion of CEBPZ affected

processing but not transcription of rRNAs. Consistent with this finding, DRIP-qPCR
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showed that CEBPZ depletion caused downregulation of R-loops at rDNA regions,
possibly through its effects on rRNA abundance. This research sheds light on a
new role of CEBPZ within the nucleolus as a regulator of rRNA, and its function in
regulating R-loops associated with rRNA and mRNA transcription. Further
research is required to examine whether or not CEBPZ regulates rRNA and mRNA
through similar mechanisms, and whether m6A modification is critical for the
function of CEBPZ at both types of transcripts. This will increase our understanding
of the roles of CEBPZ in the regulation of R-loops and the importance of this

regulation within cells.
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Materials and methods

Antibodies. Antibodies used included: Fibrillarin (Novus Biologicals, NB300-269),
CEBPZ (Proteintech, 25612-1-AP), CTCF (MilliporeSigma, 07-729), H3K4me3
(MilliporeSigma, 05-745R), Flag Tag (MilliporeSigma, F1804), Histidine Tag
(MilliporeSigma, 05-949), mouse IgG2a (Abcam, ab18413), rabbit IgG (Abcam,
ab37415). The S9.6 monoclonal antibody was purified from the HB-8730

hybridoma, obtained from ATCC.

S$9.6 co-immunoprecipitation. Uncrosslinked immunoprecipitation was
performed as described in Chapter Il. S9.6 co-IP followed by Western blotting was

performed with two biological replicates.

CRISPR-Cas9 for genome editing. gRNA (Table 3.1) targeting the C-terminus of
the Cebpz gene was cloned to the vector containing a spCas9 expression cassette
and a puromycin-resistant marker. gBlock dsDNA (Table 3.2) that contains the
6xHis-3xFlag-AID sequence with Cebpz C-terminus homology arms on both sides
were cloned to a vector. 3 ug of both plasmids were mixed with 100 uyL OptiMEM
(Gibco, 31985070), 24 pyL Fugene HD (Promega, E2311), and incubated for 10
min. The mixture was then added to 2 X 10° ESCs seeded in a 6-well plate one
day before transfection. Cells were trypsinized and split to three 10-cm plates 16
hours after transfection. 48 post-transfection, medium was added with 2 ug/mL
puromycin for selection of clones with gRNA and spCas9 expression. Medium was

switched to normal one 96 hours after transfection, and about ten days post-
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transfection, colonies were picked by pipette with p200 tips, transferred to 96-well
plate, cultured for three days until cells in most of the wells reached full confluence.
The 96-well plate was replicated into two new plates, with one plate later used for
genomic DNA extraction and PCR amplification to determine the positive clones
by PCR primers that target the C-terminus of Cebpz and the 6xHis-3xFlag-AID
sequence (Table 3.1). Once positive clones were screened, corresponding clones
in another 96-well plate were transferred to 24-well plates then 6-well plates.
Clones were lysed and analyzed by Western blotting using an antibody that
recognized CEBPZ to further confirm the addition of tags and similar CEBPZ

expression levels as in WT mESCs.

Immunofluorescence staining. Details for the experiment are described in
Chapter Il. The dilution for primary antibodies were: CTCF (1:500), H3K4me3
(1:250), Fibrillarin (1:250), Flag Tag (1:500). For IAA treatment, mESCs were
incubated with 500 uM of IAA for 24 hours and removed before fixation. IF were

performed two to three independent times per antibody.

DRIP-qPCR. DNA was extracted from mESCs. Briefly, cells were resuspended in
400 pL ESC lysis buffer (10 mM Tris-Cl pH 7.5, 10 mM EDTA, 10 mM NacCl, 0.5%
sarkosyl) with 3.2 yL 20 mg/mL Proteinase K Solution (Bioline, BIO-37084), and
incubated at 37 °C overnight. The next day, Phenol/Chloroform extraction was
performed, the supernatant was mixed with NaOAc pH 5.2 to 0.3 M, then 2.5
volumes of cold ethanol, kept at -80 °C for 30 min. Spin at maximum speed for 30

min at 4 °C, DNA pellet was washed twice with 70 % ethanol and resuspended in
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200 pL mH20. DNA concentration was measured by Nanodrop. 150 ug of DNA
was mixed with mH20 to a final volume of 50 pL then with 500 uL MeDIP buffer
(10 mM Naz2HPO4, 140 mM NacCl, 0.05% Triton X-100), sonicated using a Bioruptor
(Diagenode) for 15 cycles, 30s on/30s off with the intensity set at medium. 15 pL
sonicated samples were as input. 500 pL sonicated samples were mixed with 10
Mg mlgG2a antibody or 10 pg S9.6 antibody and rotated 4 °C overnight. The next
day, samples were mixed with 50 pL Protein G magnetic beads (NEB, S1430S)
pre-washed by MeDIP buffer, rotated at 4 °C for 3 hours. The mixture was then
washed with MeDIP buffer 4 X 5 min. To elute, beads were resuspended in 100
uL 2 X STOP buffer (20 mM Tris-Cl pH 8.0, 100 mM NaCl, 20 mM EDTA, 1% SDS),
incubated on a Eppendorf ThermoMixer 65 °C 1,000 rpm for 15 min. Supernatant
was saved, elution was repeated and combined with the previous one. To input, 2
X STOP buffer was added to 200 uL then both input and elution were added with
200 pL TE buffer (10 mM Tris-Cl pH 8.0, 1 mM EDTA pH 8.0), 4 uL RNase A
(Thermo Fisher Scientific, EN0531), 37 °C 1 hour, then 4 uL 20 mg/mL Proteinase
K, 55 °C 1 hour. After the treatment, Phenol/Chloroform extraction was performed
as described above, DNA was precipitated with ethanol at -20 °C overnight. Next
day, DNA was centrifuged at 16,000 g X 45 min at 4 °C and resuspended in 30 L
mH20. qPCR was performed using 1 uyL of input or elution, three technical

replicates each. Primers targeting R-loop-containing regions are listed in Table 3.1.

CUT&RUN. 0.5 million mESCs were resuspended in 1 mL NE buffer (20 mM

HEPES-KOH pH 7.9, 10 mM KCI, 0.5 mM Spermidine, 0.1% Triton X-100, 20%
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glycerol, 1 x Halt Protease Inhibitor Cocktail (Thermo Fisher Scientific, 78429)),
spin down, and resuspended in 600 puL NE buffer. 200 pyL BioMag Plus
Concanavalin A beads (Polysciences, 86057-10) were washed twice in 1 mL
Binding buffer (20 mM HEPES-KOH pH7.9, 10 mM KCI, 1 mM CaClz, 1 mM MnCl>)
and resuspended in 300 pL Binding buffer. Nuclei in NE buffer were gently
vortexed and mixed with beads, then rotated 10 min at room temperature.
Beads/nuclei mixer were resuspended in 1 mL Blocking buffer (20 mM HEPES pH
7.5, 150 mM NaCl, 0.5 mM Spermidine, 0.1% BSA, 2 mM EDTA, protease inhibitor)
and incubated at room temperature for 5 min. Washed once with Wash buffer
(same as Blocking buffer without 2 mM EDTA), resuspended in 250 yL Wash
buffer, mixed with 250 yL Wash buffer with 5 pL antibody derived from rabbit while
vortexing, or 250 yL Wash buffer without antibody as a no antibody negative
control. Rotated for 2 hours at 4 °C, then washed twice in 1 mL Wash buffer.
Beads/Nuclei mixture were resuspended in 250 uL Wash buffer, while under gentle
mixing, 250 yL Wash buffer that contained 2.5 uL protein A-MNase were added.
Rotated for 1 hour at 4 °C, then washed twice in 1 mL Wash buffer. Beads/Nuclei
mixture were resuspended in 150 uL Wash buffer, left on top of ice water for more
than 10 min. To initiate MNase cutting, 3 pL of 100 mM CaClz was added to the
150 uL mixture while vortexing, then the mixture was returned to ice water to be
incubated for 5 min. The reaction was terminated by addition of 150 uL 2 X STOP
buffer (200 mM NaCl, 0.5 mM EDTA, 4 mM EGTA, with 50 ug/mL RNase A, 40

Mg/mL glycogen, 10 pg/mL yeast spike-in genomic DNA added freshly) while
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vortexing. The reaction was incubated at 37 °C for 20 min, spined 16,000 g for 5
min at 4 °C, supernatant was transferred to a fresh tube. Then 3 yL 10% SDS and
2.5 pL of 20 mg/mL Proteinase K was added and incubated for 10 min at 70 °C.
Phenol/Chloroform extraction was performed, supernatant was added with 2 pL of
20 mg/mL glycogen and 750 yL 100% ethanol, mixed, kept at -80 °C for 30 min.
Sample was centrifuged at 16,000 g for 45 min at 4 °C. Pellet was washed once in
1 mL 100% ethanol, left dry, and resuspended in 36.5 yL 1 X TE buffer as the

fragmented target DNA from the CUT&RUN experiment.

The harvested DNA was then turned into libraries for sequencing. The 36.5
ML DNA was mixed with 5 uL 10 X T4 DNA ligase buffer (NEB, B0202S), 2.5 yL
10 mM dNTPs (NEB), 1.25 mM 10 mM ATP (NEB, P0756S), 3.13 uL 40% PEG
4000, 0.63 uyL T4 PNK (NEB, M0201S), 0.5 pL 1:20 diluted T4 DNA polymerase
(NEB, M0203S), 0.5 uL Taq DNA polymerase. The mixture was incubated at 12 °C
for 15 min, 37 °C for 15 min, and 72 °C for 20 min. TruSeq Universal Adapter was
mixed and annealed with each individual TruSeq Indexing Adapter to a final
concentration of 1.5 yM. Then 5 uL of each 1.5 yM annealed adapter was mixed
with the above 50 uL prepared sample, together with 55 pyL Quick Ligation
Reaction Buffer (NEB, B2200S) and 5 uL Quick Ligase (NEB, M2200S), incubated
at 20 °C for 15 min. The DNA was purified by 38 uL AMpure XP beads (Beckman
Coulter, A63881), eluted in 20 yL 10 mM Tris-Cl pH 8.0. The purified DNA was
then mixed with 10 yL of 5 X KAPA HiFi GC Buffer (Kapa Biosystems, KK2502),

1.5 yL 10 mM dNTPs, 20 uM TruSeq PE1.0 and PE 2.0 PCR primer, each with a
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volume of 5 uL, 7.5 uyL mH20, 1 yL KAPA HiFi HotStart DNA Polymerase (Kapa
Biosystems, KK2502). Amplification was carried out using the following program:
1) 98 °C 45s, 2) 98 °C 15s, 3) 60 °C 10s, 4) Repeat step 2) and 3) for a total of 13-
14 cycles, 5) 72 °C 1 min, 6) 4 °C . The amplified library was run in 1.5 % agarose
gel, cut at the band size from 150-650 bp, gel purified, and eluted in 30 yL mH20.
The libraries were mixed at the same amount of DNA, diluted to 1.8 pM, and loaded

onto lllumina NextSeq 550 for sequencing.

ChlP-seq. 50 uL Protein A magnetic beads (NEB, S1425S) were washed with PBS
with 5 mg/mL BSA three times, then resuspended in 500 yL PBS/BSA. 5 ug
primary antibody was added and rotated at 4 °C overnight. The next day, 10 million
cells were resuspended in 10 mL PBS and mixed with 1 mL fix solution (11%
formaldehyde, 100 mM NaCl, 1 mM EDTA, 50 mM HEPES-KOH pH 7.6),
incubated for 10 min at room temperature. 500 pyL 2.5M glycine was added and
incubated for 5 min at room temperature. Spin 5,000 rpm for 5 min, cell pellet was
washed once with PBS + protease inhibitor, then resuspended in 640 uL SDS lysis
buffer (1% SDS, 10 mM EDTA, 50 mM Tris-Cl pH 8.0, protease inhibitor) and
incubated on ice for 10 min. Cell pellet was sonicated using a Bioruptor for 30
cycles, 30s on/30s off with the intensity set at high, spin down 16,000g for 10 min
at4 °C. 30 yL sample was saved as input, the rest was added with 2 mL IP buffer
(0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-Cl pH 8.0, 167 mM
NaCl, protease inhibitor). 1.25 mL sample was mixed with antibody/beads and

rotated 4 °C overnight. The next day, washed twice in IP buffer, and five times in
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MVL buffer (50 mM Tris-Cl pH7.4, 250 mM NaCl, 1 mM EDTA, 0.1% Triton X-100,
protease inhibitor), 5 min each at 4 °C. To elute, beads were resuspended in 100
uL 2 X STOP buffer (20 mM Tris-Cl pH 8.0, 100 mM NaCl, 20 mM EDTA, 1% SDS),
incubated on a Eppendorf ThermoMixer 65 °C 1,000 rpm for 15 min. Supernatant
was saved, elution was repeated and combined with the previous one. To input,
170 uL 2 X STOP buffer was added, then elution and input were incubated at 65 °C
overnight. The next day, RNase A treatment, protease K treatment, DNA extraction
was carried out as described in the DRIP-gPCR procedure, DNA pellet was
resuspended in 40 yL mH20. Library preparation and sequencing steps were

similar to what was described in the CUT&RUN procedure.

ATAC-seq. 50,000 mESCs were washed with PBS and resuspended in 50 uL
Lysis buffer (10 mM Tris-Cl pH 7.5, 10 mM NaCl, 3 mM MgClz, 0.1% NP-40, 0.1%
Tween-20, 0.01% Digitonin) and incubated on ice for 15 min. The cells were
resuspended in wash buffer (10 mM Tris-Cl pH 7.5, 10 mM NaCl, 3 mM MgClz-
,0.1% Tween-20), spin down 500 g for 10 min at 4 °C. The nuclei pellet was mixed
with 25 yL Tagment DNA buffer (lllumina, 15027866), 16.5 yL PBS, 0.5 pL 10%
Tween-20, 0.5 pL 1% Digitonin, 2.5 yL Tagment DNA Enzyme 1 (lllumina,
1027865), 5 uL mH20, incubated at 37 °C for 30 min with vortexing at 1,000 rpm.
DNA was isolated using MinElute Reaction Cleanup Kit (Qiagen, 28204), eluted in
10 yL EB. The purified transposed DNA was mixed with 10 yL mH20, 2.5 uL 25
MM Nextera S50* barcoded primer, 2.5 pL 25 yM Nextera N70* barcoded primer,

25 pL NEBNext High-Fidelity 2X PCR Master Mix (NEB, M0541S). PCR
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amplification was carried out using: 1) 72 °C 5 min, 2) 98 °C 30 s, 3) 98 °C 10 s,
4)63 °C 30 s, 5) 72 °C 1 min, 6) Repeated step 3) 4) and 5) for a total of 10 cycles,
7) 72 °C 3 min, 8) 4 °C «. Sample was run in 1.5% agarose gel with the band at
the size of 150 — 500 bp cut and gel purified. DNA was eluted in 20 yL mH20.

Libraries were mixed at an equal amount and loaded for sequencing.

Western blotting. Dilution for antibodies was: CTCF (1:4,000), CEBPZ (1:2,000),

B-actin (1:2,000).

RT-gPCR. RNA was extracted using an RNA Clean & Concentrator-25 Kit (Zymo
Research, 11-353B) with on-column DNase | digestion for 1 hour. cDNA was
synthesized using purified MMTV reverse transcriptase. Using primers that target
cDNA, quantification was performed with Gapdh used as a loading control (Table

3.1).

Data availability. CUT&RUN, ChlIP-seq, ATAC-seq data are deposited in Gene

Expression Omnibus (GSE185181).
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Table 3.1. CRISPR gRNAs that target Cebpz. Primers for performing DRIP-

gPCR, and RT-qPCR

Primer sets

Sequence

Cebpztag gRNA F

CACCGATGTCACTTCCTCTGCCGTT

Cebpztag gRNA R

AAACAACGGCAGAGGAAGTGACATC

Cebpztag _inner_F TGACTGGCTGCACAACAGAGA
Cebpztag_inner_R AGTCTGGAATGTATGGAGTTAGAGAGA
Cebpztag_outer_F ATAGCCTTGCCCACCCTTCC

Cebpztag outer R CAGATTTCAGACAAACAATGAGCAAGA
Wipf2_R-loop_F GATCCATTTCCGGGTTGGTAA
Wipf2_R-loop R TTTAGTCCTGCTCGTTCGCC
Sp2_R-loop_F GATCGCTGTGAGTGTGAGGCTAA
Sp2_R-loop_R TCTTCCTCTCTTTGTTGTTGTTGACT

Jarid2 R-loop F

GGCGTGACTCTAACTAAGGAGGTG

Jarid2_R-loop R

GCTGCGGGATGAACCGAACG

Gphn_R-loop F CAGTACGAATACAGACCGTGAAAGC
Gphn_R-loop_R CACAAGCCAGTTATCCCTGTGGTA
5ETS F CTTGCGTGTGCTTGCTGT

5ETS_R GAAATCGGGAAAAACGTCTG

18S_F CTATCAACTTTCGATGGTAGTCGCC
18S_R CTTGGATGTGGTAGCCGTTTCTC
28S_F CTAGCAGCCGACTTAGAACTGGT
28S_R CAGAAATCACATCGCGTCAACACC
Gapdh_RTqPCR_F TTGATGGCAACAATCTCCAC
Gapdh_RTqPCR_R CGTCCCGTAGACAAAATGGT

Table 3.2. gBlock dsDNA that targets Cebpz for adding AID tag

Name | Sequence

gtaagtaagctggtggtgtttgtttgtttgtttgtttgtgttgtttttacagcagggtcgtagcccaggctg
6xHis- | accttgggctctaaatcctcctcctcccaagcagtaggattacaagtgcactaccaggtcacctgt
3xFla | gtcatttaaatggtacttccctgaagatgtccttagtggcaggatgtttgtcacatagcaaggcatit
g-AlD | aaaccacacacacaaactgcagacccacacacgttatttcttcaagagtctgtctgttttatttaga
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cttagctaaaggtgtactctcacatgcttgaagactttgtaattattcctgatgttataatcactagtttc
tattctttcataaaatagaaaagaaaaatctttccagtataaatcctatattttcacttgtaaattcctc
aactatccagtagaggagagcagcaaacagtgggtgggaagccgcaggcctgcagttacgg
tcagggagcgtctgtggagtcccgggtacagactcatctgtcgtctcccctcaaagGTTTCA
AACAGCTCAAGTGGGAAGCTGAGCGAGATGACTGGCTGCACAAC
AGAGATGTGAAAAGTATCATCAAGAAAAAGAAAAATTTCAGGAAG
AAGATGAAAGCCCCTCAGAAACCgAAACGGCAGAGGAAGtccggaa
gaggatcgCATCACCACCATCATCACGCTGGCGCAGACTACAAAGA
CCATGACGGTGATTATAAAGATCATGACATCGACTACAAGGATGA
CGATGACAAGggaggctctgggagcggaCCAAAGGACCCAGCTAAGCCT
CCCGCTAAAGCCCAGGTGGTCGGATGGCCACCTGTCCGATCCTA
TCGGAAGAATGTGATGGTGTCTTGCCAGAAGAGCTCTGGCGGAC
CAGAGGCTTGACATCTTCAGGGTGACAATAAATTAAGATTATACT
TACCCTTAGTTTTTGCTAGTCAACCATTTTTCCTCATCTTTCTCTC
TAACTCCATACATTCCAGACTGTTCAATGGATTTGTAATAAACTGT
GGAAACAAAGTACTGTCATTTATAAAATTACACAAAATTTAAACTT
ATAGTGAAAGAATTCTTCCATATTGCTACATAGCAAACGAAAGGA
CAGCGGGGCTCCATGTCCACACGGGAGCTGTAACCACTCTCCA
GACCTCTGTGATGGGCTGCTTGTCCGGGACCAGGTACCATGCTT
AGGCTAAGTGCATGATGTCACTGTGGTCAACTCTAACTATCAGG
GTCAGCGTTGGCTCTCCCCAAGAGAAAGCAGTATCTCTGAGAAC
ATAGTACACCGGAGGAAAACAGTCTTTACAGCAGTAACTATGGTT
TGTGCCCGTCCCAACCCTTAGGTCTCGCTCTGGAATCTATAATCT
TAACCACTGAACGAATGAAAACTCCAGCTGGCACGTGGGGTATA
TAACTCAGTGACAGCACTTTTGTCCATTGTTTATAAAGCCTGCAG
GTTGATCAGTAAACAGGGGAATAAGGATTAAAACAA
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CHAPTER IV: Discussion and future directions

Summary

RNA can associate with dsDNA in a sequence-dependent manner to form
RNA-DNA hybrids, with ssDNA corresponding to the non-complementary DNA
strand looped out. This three-stranded nucleic acid structure is known as an R-
loop. R-loops are usually formed during transcription when the RNA transcribed by
RNAP threads back and anneal with the ssDNA it transcribed from. The primary
interest of researchers focused on R-loops has been R-loops associated with pre-
mRNAs at coding genes. However, R-loops have also been reported at tRNA
genes transcribed by RNAP Il (El Hage et al., 2014; Liu and Sun, 2021) and rRNA
loci transcribed by RNAP | (ElI Hage et al., 2010; Velichko et al., 2019). Even
though these classes of R-loops are less well characterized, rRNA-associated R-
loops, in particular, appear to be a large source of R-loops found in cells, due to
the high level of rRNA transcription. Therefore, it is clear that greater attention

should be focused on R-loops at the rDNA loci in studies of R-loop functions.

R-loops have been shown to regulate transcription initiation and
termination, class-switch recombination, DNA repair, and other processes.
Moreover, the R-loops that accumulate to high levels in the genome have long
been known as a source of genomic instability, indicating that R-loops need to be
tightly regulated. Indeed, since the discovery of R-loops, various factors, including

ribonucleases, RNA helicases, splicing factors, and topoisomerases, have been
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shown to associate with and regulate R-loop abundance. The aim of this thesis
has been to identify R-loop-interacting proteins in a systematic way. In the first part
of the thesis, | described a method using an antibody that recognizes R-loops to
capture R-loops in conjunction with their interacting proteins. | found that a large
fraction of the R-loop interactome consists of proteins either partially or completely
localized to the nucleolus. | examined several identified DEAD-box helicases and
uncovered important regulatory roles in rRNA processing. In the second part of the
thesis, | characterized a transcription factor named CEBPZ that is enriched on or
near R-loops. | found that CEBPZ regulates mRNA- and rRNA-associated R-loops,
and associates with the insulator-binding protein CTCF. In this chapter, | will
highlight key features of my findings described in Chapters Il and Ill, delve into
how these findings contribute to our understanding of R-loops, and propose future

directions that may further advance this field.

Interplay between rRNA synthesis and R-loops

Using high salt washes to remove nuclear proteins that non-specifically
associate with R-loop-proximal chromatin, followed by chromatin fragmentation
and R-loop capture by S9.6 antibody, | identified a stringent set of R-loop-
associated proteins. By introducing 4SU-dependent crosslinking before the IP
steps, proteins that directly interact with the RNA part of R-loop could be captured

more efficiently, enabling identification of additional R-loop-binding proteins.
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Several proteins known to regulate R-loops, including RNA helicases DHX9
and DDX21, along with numerous additional RNA-binding proteins, were identified,
validating these approaches. It was noticeable that proteins with no known
functions in regulation of R-loops but known functions in pre-rRNA processing and
ribosome biogenesis, such as SPB1 and NOG1, were highly enriched by S9.6.
Functional analysis of the R-loop-associated proteins indicated rRNA processing
factors were highly overrepresented. By overlapping the R-loop interactome with
the nucleolar proteome of mouse fibroblasts, | observed numerous proteins shared
between the two data sets, further confirming that many of the most highly enriched
R-loop-associated proteins localize mainly to the nucleolus. Known as co-
transcriptionally formed structures, R-loops at coding genes have been studied
most intensively, with rRNA- and tRNA-dependent R-loops only occasionally
mentioned in much of the previous literature (El Hage et al., 2010, 2014). However,
my findings suggest that R-loops formed during rRNA transcription and processing
should not be ignored. In addition to my findings that R-loop binding proteins are
largely nucleolar, IF using the S9.6 RNA/DNA hybrid antibody shows strong
staining in nucleoli (Garcia-Rubio et al., 2015; Shen et al., 2017). Moreover,
inhibition of rRNA transcription abolished nucleolar R-loops detected by IF,
causing loss of nucleolar localization of a significant portion of RNase H1 and Top1
(Shen et al., 2017). Together, my studies and previous studies indicate that rRNA-
dependent R-loops contribute to a high percent of R-loops in cells and lead to R-

loop-associated factors being identified within nucleoli.
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RNA helicases belonging to the DEAD-box family were highly enriched in
R-loop immunoprecipitates, with DDX5 and DDX21 already identified as R-loop
regulators (Song et al., 2017; Mersaoui et al., 2018). DEAD-box helicases are
known to play roles in mRNA transcription, splicing, rRNA processing, and
ribosome biogenesis (Rocak and Linder, 2004; Martin et al., 2013). IF of DDX18,
DDX24, and DDX27 indicated their strong nucleolar localization and weaker
staining in nuclear regions outside of nucleoli. Northern blotting using probes
targeting 18S and pre-rRNAs that contain the 18S sequence indicated that DDX10
and DDX24 function at different rRNA processing steps. This agrees with the
previous research that DDX10 and DDX24 affect pre-rRNAs that lead to mature
18S (Zagulski et al., 2003; Turner et al., 2009; Yamauchi et al., 2014), and adds
an additional layer of mechanistic insight. Similarly, by performing Northern blotting
using a probe that targets 28S and pre-rRNA that contain the 28S region, | found

that DDX27 and DDX54 contribute to 28S processing.

CEBPZ, which was identified by the uncrosslinked and crosslinked S9.6 co-
IP, is a transcription factor previously shown to drive the expression of the hsp
promoter (Lum et al., 1990; Imbriano et al., 2001). However, IF using antibodies
that target endogenously epitope-tagged CEBPZ revealed strong nucleolar
staining. Rapid depletion of CEBPZ caused downregulation of 18S-containing and
28S-containing rRNAs but not 47S pre-rRNA, the latter of which corresponds to
unprocessed nascent pre-rRNA, indicating that CEBPZ regulates some steps of

rRNA processing but not rRNA transcription. In agreement with this observation,
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depletion of CEBPZ induced downregulation of R-loops associated with 18S and
28S regions, possibly due to mis-processing of the underlying pre-rRNAs. This
observation supports the argument that by affecting the abundance and dynamics
of rRNA processing in nucleoli, the rRNA regulators and nucleolar proteins

characterized in this thesis affect the abundance of R-loops in cells.

It is worth noting that IF of S9.6 was recently shown to exhibit a bias toward
certain RNA species, potentially due to low-affinity dsSRNA binding (Phillips et al.,
2013; Hartono et al., 2018). Indeed, Smolka et al. showed that S9.6 has a strong
affinity for rRNAs by EMSA, contributing to the strong nucleolar and cytoplasmic
staining by IF (Smolka et al., 2021). By performing RNase A and DNase |
treatment, | was able to show that the ability of S9.6 to co-IP proteins was
dependent on both RNA and DNA. Although this experiment rules out the
possibility that S9.6 binds to free rRNAs to capture a bunch of R-loop-independent
rRNA-interacting proteins, the R-loops interactomes should still be interpreted
carefully. A mixture of RNase Ill and RNase T1 treatment, which digests dsRNA
and ssRNA under defined conditions, could be carried out prior to the S9.6 IP to
eliminate the interference of dsSRNAs and rRNAs. Once R-loop-interacting proteins
are identified, DRIP-gPCR or DRIP-seq, which are more robust than S9.6 IF
(Smolka et al., 2021), should be carried as proof that the identified R-loop-

interacting proteins actually regulate R-loop abundance.
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Functions of nucleolar proteins outside of the nucleolus

IF of several DEAD-box helicases showed strong nucleolar localization but
also some degree of nuclear staining in regions other than the nucleolus, raising
the possibility these proteins function in regulation of mMRNA expression. mRNA-
seq upon Ddx10, Ddx24, Ddx27, Ddx54 KD shows that a shared set of genes were
misregulated upon the four KDs, including genes associated with development and
differentiation. The fact that largely the same genes were affected upon KD of each
of the four Ddx genes could reflect a shared set of direct mRNA targets.
Alternatively, these findings could indicate that the genes misregulated in each KD

are more sensitive to alterations in rRNA levels.

It has been observed for some DEAD-box proteins with strong nucleolar
localization, that they can function outside of nucleoli. DDX21 and DDX5 were
shown by IF and nuclear fractionation to be nucleolar proteins, with known
functions in regulating rRNA transcription and processing (Saporita et al., 2011,
Song et al., 2017). They were also shown to regulate transcription of mRNAs:
DDX21 was shown to resolve R-loops formed due to RNAP Il pausing and affect
expression of the associated genes (Song et al., 2017), while DDX5 has been
shown to interact with the transcription factor Fra-1 and help regulate the
expression of Fra-1 target genes (He et al., 2019). To investigate the possibility
that DDX10, DDX24, DDX27, and DDX54 regulate a set of genes through a shared
pathway, genome localization of the DEAD-box proteins could be studied by ChIP-

seq or CUT&RUN to identify shared target genes. In addition, proteomics
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approaches could be performed to reveal the transcription factors or other proteins
that bind to the four DEAD-box proteins. Furthermore, mRNA-seq could be carried
out upon treatment with drugs that disrupt rRNA processing or inhibit rRNA
transcription to study if the same genes misregulated upon KD of the four DEAD-

box helicases are also misregulated upon chemical inhibition of rRNA expression.

CEBPZ, a transcription factor that drives the expression of hsp genes (Lum
et al., 1990; Imbriano et al., 2001), is also known to regulate the recruitment of
METTLS3 (Barbieri et al., 2017). METTL3 catalyzes deposition of m6A on RNAs,
which in turn favors formation of R-loops (Barbieri et al., 2017). CEBPZ CUT&RUN
showed binding to known targets as well as new target genes. | found that
depletion of CEBPZ caused a reduction in R-loops that localize close to CEBPZ
binding sites. However, unexpected nucleolar localization was observed in CEBPZ
IF studies. Depletion of CEBPZ affected processing but not transcription of rRNA.
Moreover, reduction of R-loops at rDNA regions was observed upon CEBPZ
depletion. In total, these results indicate that CEBPZ is a protein with largely
nucleolar distribution and functions, which also has roles in regulating mRNA

expression and its associated R-loops.

Comparison of R-loop-interactomes from different studies

At this time, several groups have published different methods to identify R-

loop-interacting proteins. Among them, the Gromak group used the S9.6 antibody



111

to capture R-loops and binding proteins from HelLa cells (Cristini et al., 2018). A
similar technique was used by another group to study the R-loop-interactome in
mMESCs, with 229 proteins identified (Li et al., 2020). In contrast to my approach,
neither of these studies used a stringent wash step to remove proteins loosely
bound to R-loops or R-loop proximal chromatin. In addition, no previous approach
used selective RNA-protein crosslinking to stabilize weakly binding proteins that
associate with the RNA component of R-loops. Instead of using S9.6 antibody to
capture existing R-loops in cells, Wang et al. used two different in vitro generated
RDHs (produced by annealing RNA and DNA oligonucleotides), whose sequences
were derived from the genomic regions known to form R-loops in cells. Using these
RDHs to pull down proteins from human B-cell extracts, they were able to identify
803 proteins shared between the two (Wang et al., 2018). By comparing the 364
proteins identified by our uncrosslinked and crosslinked S9.6 co-IP study and the
229 proteins from Li et al., both of which were performed in mESCs, 123 proteins
were identified that were shared by the two studies (Observed/expected = 29.5; p-
value = 6.366 x 107'%8). The high number of shared proteins observed between the
two studies suggests that many R-loop binding proteins are insensitive to
moderate differences in the methods. The proteins that are specific to one study
or the other may result from differences in the methods, including the methods of
extracting nuclei, the presence or absence of crosslinking, different components
of wash and IP buffers, and other differences. By comparing the 364 proteins

identified in my studies with the 469 proteins from Cristini et al., in which mouse to
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human homologs could be identified, 172 proteins were found to be shared (O/E
= 20.5, p-value = 4.346 x 10-°"). Similarly, 156 overlapping proteins were found in
between our study and the 803 proteins from Wang et al. (O/E = 10.7, p-value =
1.006 x 10-127). The lower but still high observed/expected ratio between our study
and Wang et al. could be explained by their use of annealed RDHs as probes
rather than use of S9.6 to capture R-loops. Moreover, by overlapping the lists of
proteins identified from the four studies, a shared of 36 proteins can still be

identified, including known R-loop regulators such as DHX9, DDX21, and NONO.

R-loops and other non-canonical nucleic acid structures, such as G4s, have
previously been shown to colocalize in the genome (De Magis et al., 2019). By
comparing 77 known G4-binding proteins from Homo sapiens (Brazda et al., 2018)
with the 364 R-loop-interacting proteins from this thesis, 21 of the 77 G4-binding
proteins overlap with the 364 mESC R-loop-binding proteins (O/E = 15.0; p-value
= 2.572 x 10°"°). One overlapping protein is the DDX21 helicase, consistent with
studies showing that DDX21 resolves R-loops and G4s (McRae et al., 2017; Song
et al., 2017). m6A modification has been shown to accumulate on the RNA
components of R-loops and favor R-loop formation (Abakir et al., 2019; Yang et
al., 2019). Comparison of the R-loop interactome identified in this thesis with the
915 m6A-interacting proteins previously identified in mESCs (Edupuganti et al.,
2017) revealed 229 shared proteins (O/E = 13.8, p-value = 1.062 x 10-2'%). Among

the overlapping proteins were CEBPZ and HNRNPA2B1, the latter of which is
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known as an m6A reader and has been shown to induce R-loop-dependent DNA

damage (Alarcon et al., 2015; Abakir et al., 2019).

Significant effects of CEBPZ on CUT&RUN performance

To further study the roles of CEBPZ in regulation of R-loops, | performed
CUT&RUN to map its genomic distribution. Depletion of CEBPZ followed by DRIP-
gPCR showed that CEBPZ regulates the abundance of nearby R-loops but not R-
loops far from CEBPZ binding sites. When performing motif analysis for CEBPZ
CUT&RUN, the CTCF binding motif was highly ranked, consistent with my finding
that CTCF was enriched by S9.6 and with previous research that CTCF co-
localizes with R-loops. Motif analysis of CTCF CUT&RUN also revealed the
CEBPZ binding motif, and co-IP experiment confirmed their physical interaction in
the nucleus.

Though both were identified as R-loop-binding proteins, CEBPZ and CTCF
were not shown to bind at shared genomic regions and were not previously
observed to interact in proteomics studies (Marino et al., 2019; Lehman et al.,
2021). To investigate if CEBPZ could function to recruit CTCF and/or regulate
CTCF binding at shared CEBPZ/CTCF binding sites, | performed CTCF
CUT&RUN upon depletion of CEBPZ, which showed a significant decrease of
CTCF binding over its binding sites upon CEBPZ depletion. However, the
reduction of CTCF binding occurred not only at the shared binding sites with

CEBPZ but also at CTCF-only sites, suggesting the possibility that CEBPZ
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depletion may non-specifically affect the performance of CUT&RUN. To further
examine this possibility, | performed CTCF ChIP-seq upon CEBPZ depletion,
which showed no reduction of CTCF binding at its binding sites. Moreover, by
performing CUT&RUN of H3K4me3, which has not been reported to be affected
by CEBPZ, H3K4me3 distribution around TSSs was also dramatically decreased
upon CEBPZ depletion, confirming that CEBPZ depletion affects CUT&RUN
performance. CEBPZ depletion resulted in higher levels of DNA released by
CUT&RUN, independent of whether primary antibodies were included to recruit
protein A-MNase to specific loci. To figure out the mechanisms by which CEBPZ
affects CUT&RUN performance, | performed ATAC-seq to look for chromatin
accessibility change upon CEBPZ depletion, which showed little change. Similarly,
IF of CTCF, H3K4me3, and DAPI staining revealed no change in CTCF and
H3K4me3 nuclear distribution, and little change of nuclear morphology upon
CEBPZ depletion.

Further studies need to be carried out to understand the mechanism by
which CEBPZ depletion affects CUT&RUN performance. One possibility is that
DNA damage is increased upon CEBPZ loss, causing additional DNA to be
liberated from bulk chromatin and included in CUT&RUN libraries. This possibility
could be tested by looking for DNA lesions upon CEBPZ depletion, as well as
performing a “mock” CUT&RUN experiment in which protein A-MNase was left out
in cells with or without CEBPZ depletion. Another direction would be to look for

changes in nucleosome positioning or density, which may affect the digestion
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kinetics of protein A-MNase in background regions of the genome. Investigation of
how CUT&RUN is impacted by CEBPZ loss may help us better understand the
roles of CEBPZ in regulation of global chromatin structure or genome integrity,
adding to its known roles in regulation of rRNA processing, R-loops, m6A

deposition, and transcription.
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