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1. INTRODUCTION

1.1. The transcriptional regulator CTCF

The CCCTC-binding factor (CTCF) is a highly conserved zinc finger DNA-
binding protein. CTCF is implicated in many regulatory functions, including
transcriptional activation or repression, chromatin insulation, chromatin looping
and long-range interactions. CTCF is also involved in the epigenetic regulation of

many genes.

CTCF was originally discovered by two independent groups in 1990
(Baniahmad et al., 1990; Lobanenkov et al., 1990). Lobanenkov et al, identified
CTCF as a DNA-binding protein which interacts with three repeats of the CCCTC
sequence in its DNA binding site at the chicken c-MYC promoter. CTCF was also
characterized as a nuclear protein that bound to promoter sequences in human,
mouse and avian MYC gene and suppressed the transcription of the c-MYC gene
(Filippova et al., 1996; Klenova et al., 1993; Lobanenkov et al., 1990). In addition,
CTCF was independently discovered as a silencer protein (NeP1) which bound
to an AT-rich sequence of the chicken lysozyme silencer (Baniahmad et al., 1990;
Burcin et al., 1997). Furthermore, it was described the ability of CTCF to interact
with the amyloid precursor protein-g (APPB) site of the human APP promoter
(Vostrov and Quitschke, 1997) and with the FllI site within the HS4 enhancer-
blocking region of the chicken B-globin locus (Bell et al., 1999). CTCF was finally
described a multivalent factor due its ability to recognize multiple target sites
(Ohlsson et al., 2001).

1.1.1. The CTCF protein

Human CTCF gene maps at the 16922.1 chromosome (Filippova et al.,
1998), a region frequently deleted in several human malignancies (Lasko et al.,
1991). CTCF gene encodes a 727 amino acids protein composed of three

domains: the N-terminal domain (amino acids 1 to 265), a central DNA-binding
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domain which contains 11 zinc finger motifs (amino acids 265 to 580) and the C-
terminal domain (amino acids 580 to 727) (Figure 1.1a). The central domain
consists in 10 ZFs of the C2H2 type and 1 ZF of the C2HC type (Klenova et al.,
1993). The 11 zinc finger motives are stabilized by zinc ions binding to cysteine
and histidine residues to form a compact structure to recognize and interact with
the major groove of the DNA (Klug and Schwabe, 1995). The 93% of the amino
acids sequence of the avian and mammalian CTCF proteins are identical.
However, in the zinc finger domain the identity increases up to 100% (Filippova
et al., 1996).

a -
©
Poly(ADP-ribosyl)ation Phosphorylation S E
3 (P) k=
° ©
: £ g
[ ... o Q E E
(1) - O
[ ] . . . L O
SUMO e Zinc fingers motifs SUMO |% E
. & DNA Binding Domain O
& YYYYYYYYYY o
N _ ) Je
1 265 680 727
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Spacer Spacer
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U motif C motif D motif

. Tookel e, | e il | ] L.

10 1 5 10 15 20 1 5 10 N°bp

9-11 4-7 1-2 ZF

Figure 1.1. CTCF structure, post-translational modifications and
binding motifs. a) The scheme of the human CTCF proteins shows the N-
terminal domain (amino acids 1 to 265), the central DNA-binding domain
with the 11 zinc fingers (represented in dark blue) (amino acids 266 to 580)
and the C-terminal domain (amino acids 581 to 727). The main post-
translational modifications are also represented including phosphorylation
(P), SUMOylation and poly(ADP-ribosyl)ation (Figure adapted from
Ohlsson et al., 2010). B) CTCF DNA-binding consensus motifs D
(downstream), C (core) and U (upstream). D motif is bound by fingers 1-2,
C motif is bound by fingers 4-7 and the U motif is bound by fingers 9-11.
Spacer sequences between DNA motifs are indicated in nucleotides
(Figure adapted from Marshall et al., 2014).
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CTCF is expressed in various tissues and cells except primary
spermatocytes (Klenova et al.,, 1993). CTCF is widely distributed within the
nucleus (Klenova et al., 1993). CTCF can translocate to the nucleolus in myeloid
cells and this localization is associated with cell differentiation and growth
inhibition (Torrano et al., 2006). CTCF is also associated with centrosomes at
metaphase (Rosa-Garrido et al., 2012; R. Zhang et al., 2004).

1.1.2. CTCF binding to DNA

CTCEF is able to bind to many different DNA sequences called CTCF target
sites (CTSs) using different combinations of the 11 zinc fingers. While the zinc
finger domain was the major DNA binding region, the N-terminal and C-terminal

domains also have a weak ability to interact with DNA (J. Guo et al., 2018).

Different groups of zinc fingers appear to be necessary for CTCF binding to
some sequences but not necessary for others (Ohlsson et al., 2010). Initial
studies revealed that mutations or deletions in the ZFs abolished CTCF binding
and that only ZFs 4 to 7 were essential for binding to a core of 12 bp sequence
found in different CTSs (Filippova et al., 2002, 1996; Renda et al., 2007). Kim et
al, identified that ZFs 4 to 7 bound to a core of 15-20 bp motif in around 80% of
CTCF target sites (Kim et al., 2007). Recent studies suggested that the ZFs
recognize DNA fragments in groups: ZFs 4 to 7 target the CCCTC core motif (C),
ZFs 1 to 2 recognize the downstream motif (D) and ZFs 9 to 11 the upstream
motif (U) (Hashimoto et al., 2017; Nakahashi et al., 2013; Yin et al., 2017). The
core motif is separated from the U motif by 5-6 nucleotides and from the D motif
by 6-8 nucleotides. In the absence of the U motif, ZF 3 is important for binding
and when D and U motifs are not present, ZFs 1-2 and 8 to 11 help to stabilize
CTCF binding (Nakahashi et al., 2013). The linker regions between the zinc
fingers are flexible to adopt multiple conformations and allow the recognition of
different DNA sequences (Xu et al., 2018) (Figure 1.1b).

In the mammalian genome, CTCF is present at 40,000 to 80,000 sites
depending on the cellular context (Chen et al., 2012). More than 70,000 CTSs

were identified in different cell lines and near 50,000 CTSs showed cell-type
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specific distribution (Wang et al., 2012). Most of the CTCF target sites are located
in intergenic regions and sites upstream of transcription start sites (TSSs) while
near the 15% are located near promoters and the 40% of CTSs are within introns

and exons (Ong and Corces, 2014; Song and Kim, 2017).

1.1.3. Post-translational modifications of CTCF

Different post-translational modifications including poly(ADP-ribosyl)ation
(PARylation), phosphorylation and SUMOylation, are important for the regulation
of the CTCF activity (Figure 1.1a).

CTCF can suffer PARylation by the poly(ADP-ribose) polymerase enzymes.
PARylation at Glu239 and Glu243 residues regulates CTCF activity as a
chromatin insulator and is implicated in the control of imprinting (Yu et al., 2004).
CTCF poly(ADP-ribosyl)ation also mediates its translocation to the nucleolus and
ribosomal gene transcription inhibition (Torrano et al., 2006). PARylated CTCF is
recruited to the sites of DNA damage with an important role in early DNA damage
response (Han et al., 2017). Loss of CTCF PARylation is associated with cell

proliferation and tumorigenesis (Docquier et al., 2009).

The protein kinase CK2 can phosphorylate CTCF at four serine residues of
the SKKEDSSDSE motif in the C-terminal domain (Ser604, Ser609, Ser610 and
Ser612) (ElI-Kady and Klenova, 2005; Klenova et al., 2001). Phosphorylation
switches CTCF function from a transcription repressor to an activator of the MYC
promoter (El-Kady and Klenova, 2005). A novel phosphorylation site in Ser224
was recently described, associated with the G2/M transition of the cell cycle (Del
Rosario et al., 2019). CTCF is also phosphorylated during mitosis in Thr289,
Thr317, Thr346, Thr374, Ser402, Ser461 and Thr518 which are situated in the
linker sequences of the zinc fingers (Sekiya et al., 2017). These phosphorylations
reduce CTCF DNA-binding activity (Sekiya et al., 2017). In myeloid cells, CTCF
is differentially phosphorylated upon induction of cell differentiation (Delgado et
al., 1999).
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Finally, CTCF can be SUMOylated at the N-terminal and C-terminal domains
(Lys74 and Lys589) by the small ubiquitin-like modifiers 1, 2 and 3 (MacPherson
et al., 2009; Yu et al., 2004). SUMOylation is related with the repressive function
of CTCF on the MYC P2 promoter (MacPherson et al., 2009). SUMOylation of
CTCF at the N-terminal domain represses transactivation and chromatin

decondensation (Kitchen and Schoenherr, 2010).

1.1.4. CTCF interacting partners

Interactions between CTCF and other proteins are important in the regulation
of CTCF functions. CTCF partners interact with CTCF through different domains.
Nowadays the number of proteins recognized to interact with CTCF is
continuously increasing. CTCF partners can be grouped into several functional
groups: basal transcription, DNA-binding, epigenetic modifiers/chromatin
modelers, multifunctional proteins and architectural proteins (Arzate-Mejia et al.,
2018; Zlatanova and Caiafa, 2009) (Figure 1.2).

CTCF can interact with basal transcription factors. CTCF interacts and
recruits the largest subunit of the RNA polymerase Il to regulate transcription and
insulator functions (Chernukhin et al., 2007). The general transcription factor II-I
(TFII-1) binds to CTCF in promoter-proximal regions and co-operate with CTCF
to recruit the cyclin-dependent kinase 8 (CDK8) to the promoter regions and

enhance transcription initiation (Pefa-Hernandez et al., 2015).

The DNA-binding proteins group includes different transcription factors
(activators or repressors) and cofactors. The Class |l transactivator (CIITA) and
the regulatory factor X (RFX) bind to CTCF and activate the transcription of the
major histocompatibility complex class |l genes (Majumder et al., 2006). The
methyl-CpG binding protein Kaiso mediates enhancer-blocking activity of CTCF
(Defossez et al.,, 2005) and contributes to epigenetic silencing of the
retinoblastoma protein (pRB) (De La Rosa-Velazquez et al., 2007). Smad3
protein binds to CTCF at the Igf2/H19 imprinted control region (Bergstrom et al.,
2010). The Y-box DNA/RNA-binding protein (YB1) interacts with CTCF to repress
transcriptionally MYC (Chernukhin et al., 2000) and to activate the serotonin
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transporter 5-HTT (Klenova et al., 2004). The Ying Yang 1 protein (YY1) is a ZF
transcription factor which cooperates with CTCF in the transactivation of Tsix
gene (Donohoe et al., 2007). CTCF also interacts with the DNA-binding proteins
HOXA10, MYOD, OCT1, OCT4 and RBPJ. Our group described the interaction
of CTCF with the transcription factor UBF to regulate the ribosomal genes

transcription (van de Nobelen et al., 2010).

N terminal DNA binding C terminal
domain domain domain

e e % S
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o . . . . .
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A

Figure 1.2. CTCF interacting partners and regions involved in the
interactions. CTCF partners are shown according to function: basal
transcription, DNA-binding, epigenetic modifiers/chromatin modelers,
multifunctional proteins, architectural proteins and RNA (color code are
shown in the square). CTCF partners are located under the interacting
CTCF domain: N terminal domain, DNA binding domain or C terminal
domain (highlighting in blue). A number of proteins have been shown to
interact with CTCF, although their binding has not been mapped to a
specific domain (Figure adapted from Arzate-Mejia et al., 2018).

The group of epigenetic modifiers and chromatin modelers includes
structural proteins and enzymes. The chromodomain helicase DNA-binding
protein 8 (CHD8) regulates CTCF-mediated intrachromosomal contacts (Ishihara
et al., 2006). The histone variant H2A.Z that replaces H2A in nucleosomes was

identified as a CTCF cofactor that co-localize with CTCF genome-wide (Barski et
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al., 2007; Yusufzai et al., 2004). Sin3A recruits histones deacetylases and
contributes to the transcriptional repressor activity of CTCF (Lutz et al., 2000).
The Polycomb group repressor Suz12 has an important role in the regulation of
the insulation function of CTCF at the H19 Imprinting Control Region (Li et al.,
2008). Recently, it has been found that BRG1, the major ATPase subunit of the
chromatin remodeling complex SWI/SNF, physically interacts with CTCF and
mediates the effect of CTCF on transcription (Marino et al., 2019).

The multifunctional group includes proteins with different functions. PARP1
interacts with CTCF which is involved in the cross-talk between poly(ADP-
ribosyl)ation and DNA methylation (Guastafierro et al., 2008). Nucleophosmin is
a molecular chaperone which interacts with CTCF at insulator sites and regulates
CTCF function (Yusufzai et al.,, 2004). The interaction between LDB1
transcription complex and CTCF provides a mechanism to recruit CTCF into

erythroid lineage specific enhancer looping function (J. Lee et al., 2017).

Cohesin is the most important chromatin architectural protein interacting with
CTCF. Genome wide analysis demonstrated that between 60-90% of cohesion
sites are co-occupied by CTCF and the 55-80% of CTCF sites overlap with
cohesin (Wendt et al., 2008). Cohesins regulate insulation function of CTCF and
formation and maintenance of chromatin loops (Ing-Simmons et al., 2015; Wendt

et al., 2008) (see next section).

Finally, CTCF can also directly bind to RNA and regulate gene expression
(Saldafia-Meyer et al., 2014). Also, RNAs target CTCF to the X-inactivation
center by long non-coding RNAs and induce homologous X-chromosome pairing
(Kung et al., 2015).

1.1.5. Molecular functions of CTCF

Nowadays, the best known function of CTCF is the regulation of the global

organization of chromatin architecture. However, CTCF has been implicated in

many regulatory functions, including transcriptional activation or repression,
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insulation ability and epigenetic regulation. The different CTCF molecular

functions are briefly described below.

Transcriptional repressor and activator

CTCF was originally identified as a transcriptional repressor of chicken
lysozyme gene and the chicken and human MYC gene (Burcin et al., 1997;
Filippova et al., 1996; Klenova et al., 1993; Lobanenkov et al., 1990). CTCF
represses these genes by the interaction with promoters and upstream silencers
of the genes. The ZF region of CTCF binds to the corepressor SIN3A at the PAH3
domain and the C-terminal region and allows CTCF to repress transcription by
the recruitment of histone deacetylase complexes (Lutz et al., 2000). As another
example, the binding of CTCF to the hTERT gene inhibits the transcription of the

telomerase catalytic subunit (Renaud et al., 2005).

Analysis of other CTCF target sites revealed that CTCF can also activates
gene transcription. CTCF allows the activation of the amyloid-3 precursor protein
(APP) (Vostrov and Quitschke, 1997), the CDKN2A (p19ARF) tumor suppressor
gene (Ohlsson et al., 2001), the human interleukin 1 receptor-associated kinase-
2 (IRAK2) promoter (Kuzmin et al., 2005) and the human p716/NK4a (Witcher and
Emerson, 2009).

In summary, the first function described for CTCF was the transcriptional

regulation of genes, acting either as activator or repressor (Figure 1.3a).

Insulator binding factor

Chromatin insulators are DNA elements that prevent inappropriate
interactions between neighboring genes. Insulators can block the interaction
between promoters, enhancers and silencers when positioned between them
(enhancer-blocking activity) or can avoid the spreading of heterochromatin into

euchromatin (barrier activity) (Bushey et al., 2009) (Figure 1.3b).

CTCEF is the only known insulator protein in vertebrates (for recent reviews
see Arzate-Mejia et al., 2018; Liu et al., 2018; Merkenschlager and Nora, 2016).
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The first relation between an enhancer-blocking element and CTCF was
described by Bell et al who found that CTCF binds to the 5'HS4 insulator
sequence upstream of the chicken pB-globin locus (Bell et al., 1999).
Subsequently, four CTCF-binding sites were discovered at the imprinted control
region (ICR) of the H19/Igf2 locus (Bell and Felsenfeld, 2000; Hark et al., 2000;
Kanduri et al., 2000). More recently, a role of CTCF in the mediation of enhancer-
promoter interactions was described (Guo et al., 2015). Recent studies revealed
that BRD2 is recruited to CTCEF sites and both cooperated as insulators to enforce
architectural boundaries in the genome in order to block enhancer regulation (Hsu
et al., 2017). Moreover, it was described that the activity of the IgH 3’ regulatory
region (3'RR) is delayed by CTCF insulator in developing B cells (Braikia et al.,
2017).

Heterochromatin Euchromatin

‘O

Promoter

Promoter

Enhancer

Insulated

DNA region Enhancer

blocker

Barrier
element

Figure 1.3. CTCF function as a transcription factor or insulator
binding factor. a) CTCF transcription factor can mediate both activation
(left) and repression (right) of transcription of a number of genes. b) CTCF
as an insulator binding factor. The enhancer blocking function is illustrated
at the right. Enhancer blockers are located between promoters and
enhancers. The barrier function is represented at the left. The barrier
element avoids the spreading of heterochromatin into euchromatin.

CTCF binds at barrier sites flanked by opposite chromatin states: highly
condensed heterochromatin and less condensed euchromatin (Dixon et al.,

11
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2012). CTCF binding sites are enriched at the boundaries between the repressive
H3K27me3 and active H2AK5ac domains in cell-type specific patterns
(Cuddapah et al., 2009). A recent study showed that CTCF binding to CTRL2
region prevent the spread of heterochromatin markers as H3K27me3 to the
Herpes simplex virus 1 (HSV-1) LAT promoter/regulatory sequences (Lee et al.,
2018).

The insulation function of CTCF is tightly related to its role in regulating the
three-dimensional chromatin organization as it will be described in the next

section.

Chromatin architecture regulator

The three-dimensional structure of the chromatin is important for the
maintenance of genome stability, organization and regulation of gene expression

(Szalaj and Plewczynski, 2018).

Genome is organized at different levels: the nucleosome, chromatin loops,
topologically associating domains (TADs), chromosomal compartments and
chromosome territories (Figure 1.4). The functional unit of chromatin is the
nucleosome which consists of DNA wrapped around a core of two copies of each
of the H2A, H2B, H3 and H4 histones. Post-translational modifications of histones
and chromatin modifiers affect the accessibility of the DNA. Chromatin can form
long-range interactions in which two distal DNA elements are brought close
together forming a loop. Multiple loops form a chromosomal framework of
insulated neighborhoods and form topologically associating domains. TADs are
categorized based on the enrichment of specific epigenetic marks.
Compartments are formed by interaction between different TADs with similar
epigenetic signature. Finally, all compartments of a chromosome together form
one territory (Rosa-Garrido et al., 2018; Stam et al., 2019; Zheng and Xie, 2019).

Eukaryotic genomes form long-range interactions that allow the formation of
chromatin loops and TADs (Nora et al., 2012). TADs are regions of genome

organization that allow interactions between genes and regulatory sequences in
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the same TAD, but prevent interactions between sequences located in different
TADs (Bickmore, 2013; Dixon et al., 2012). TADs are highly conserved through

species and its organization is stable between cell types (Dixon et al., 2012).

Together, CTCF and cohesin are regulators of TAD formation and
maintenance (Merkenschlager and Nora, 2016). CTCF and cohesin participate
on gene regulation through the formation or stabilization of long-range chromatin
loops. These CTCF / cohesin loops are distributed throughout the genome,
creating a network of long-range interactions which includes loops that define the
borders of TADs but also loops within the TADs (Phillips-Cremins et al., 2013;
Seitan et al.,, 2013; Zuin et al., 2014). Highly transcribed genes, including
housekeeping genes and architectural protein genes are contained in TAD
borders (Nora et al., 2012). Only 15% of CTCF binding sites are present at TAD
borders in mouse and human cells and that sites are frequently oriented
convergent at TAD borders (de Wit et al., 2015; Guo et al., 2015; Vietri Rudan et
al., 2015). However, most CTCF-binding sites (85%) are localized within TADs
(Dixon et al., 2012).

Loop formation is highly dynamic and can be explained by the “loop
extrusion” model. In this model, the cohesin complex extrude chromatin until it
meets with CTCF chromatin barriers (Chen and Lei, 2019; Fudenberg et al.,
2016; Haarhuis et al., 2017). CTCF binding to convergent CTCF binding sites
(sites with consensus CTCF motifs pointing toward each other) seems to serve
as a barrier to extrusion, where cohesin accumulates at CTCF-anchored loops
(Haarhuis et al., 2017; Wutz et al., 2017). Depletion of CTCF or cohesin causes
global loss of most loops and TADs (Nora et al., 2017; Wutz et al., 2017).
Silencing or deletion of CTCF binding sites disrupts loop domain boundaries and
allows abnormal interaction between enhancers and promoters and,
consequently, the induction of aberrant gene activation (Flavahan et al., 2016;
Denes Hnisz et al.,, 2016). A recent study shows that during transcription
elongation, RNA polymerase Il disrupts cohesin from CTCF sites and leads to
local decompaction. Conversely, when the elongation is inhibited cohesin can
accumulate at transcribed CTCF sites and mediate chromatin looping and 3D

genome architecture (Heinz et al., 2018).
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Figure 1.4. Chromatin organization. a) The nucleosome is the
functional unit of the chromatin. Different histone post-transiational
modifications regulates the accessibility to transcription factors or
chromatin modifiers. b) Gene transcription is regulated by transcription
factors and DNA methylation state. ¢) CTCF (blue balls) together with
cohesins (green circles) mediates chromatin loop formation, facilitating or
preventing enhancer-promoter interactions and other regulatory elements.
d) Topologically associating domains (TADs) are regions of preferential
chromatin interactions. TADs contain smaller subTADs and within them
several chromatin loops are formed. CTCF is present at TADs borders. The
direction of CTCF sites is indicated by the orientations of red and green
arrows. e) Chromatin compartmentalization in active and inactive
compartments (shown in yellow and blue, respectively) (Figure adapted
from Rosa-Garrido et al., 2018).

Epigenetic regulator

CTCF isinvolved in different aspects of epigenetic regulation. It can modulate

the histone posttranslational modification status and DNA methylation at CpGs
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from several genes. CTCF is also involved in the regulation of genomic imprinting

and X-chromosome inactivation (Filippova, 2008).

Epigenetic marks in some promoters are related with the presence or the
absence of CTCF and, therefore, influencing gene expression. For example, in
the Retinoblastoma (Rb) promoter, CTCF bins to unmethylated DNA and blocks
the spreading of the CpG methylation front (De La Rosa-Velazquez et al., 2007).
Moreover, PUMA transcriptional repression by CTCF is associated with
repressive histone marks since CTCF knockdown leads to the loss of the
repressive mark H3K9me3 and increases PUMA levels (Gomes and Espinosa,
2010). In the case of BAX gene, it was described two CTSs on its promoter, which
were enriched with open chromatin marks and unmethylated DNA, and the
depletion of CTCF resulted in the activation of BAX and apoptosis (Méndez-
Catala et al., 2013).

CTCF prevents the spread of DNA methylation front which is important for
the maintenance of methylation-free zones. Frequently, CpG methylation blocks
CTCF binding (Engel et al., 2006). Methylation-dependent binding of CTCF at the
imprinted control region (ICR) mediates imprinted expression of the H19 and Igf2
genes. ICR is methylated on the parental allele which prevents CTCF binding and
allows Igf2 expression by the interaction between the /gf2 promoter and the distal
enhancer. On the contrary, ICR is unmethylated on maternal alleles and allows
the binding of CTCF which blocks the interaction between the Igf2 gene and the
distal enhancer activating H79 gene (Bell and Felsenfeld, 2000). Similar CTCF-
mediated mechanisms are also found at other imprinted control regions like WT1
(Hancock et al., 2007) and PLAGL1 (lglesias-Platas et al., 2013).

CTCEF is also implicated in the regulation of the X-chromosome inactivation.
In mammals, one X chromosome is selected for inactivation. This process is
controlled by the transcription of inactive x-specific transcript (Xist) and is blocked
by the gene Tsix (Chao et al., 2002). Numerous CTCF binding sites are present
in the imprinting center of the X chromosome inactivation (Xu et al., 2007). CTCF
binding repress Xist expression and is required for Tsix transactivation and

expression of the active X (Sun et al., 2013). The initiation and propagation of the
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X-chromosome inactivation occurs in DNA unmethylated and CpG methylation is

necessary for the maintenance of stable silencing (Sado, 2004).

Finally, CTCF is implicated in the epigenetic regulation of important cancer

associated genes (see below).

1.1.6. CTCF in human cancer

CTCF deregulation is associated with the development of different
malignancies and genetic diseases. Among other mechanisms, mutations in the
zinc finger domain or mutations in the CTCF binding sites are responsible for

CTCF deregulation in tumors.

Human CTCF gene is located at chromosome 16g22.1, a region frequently
associated with loss of heterozygosity in Wilm’s tumor, breast and prostate
cancer (Filippova et al., 1998). Mutations or heterozygous deletion of CTCF have
been found in early T-cell precursor acute lymphoblastic leukemia (Zhang et al.,
2012). Nonsense mutations and missense DNA mutations have been identified
in the 11 ZF region that inhibits CTCF binding to its target sites (Aulmann et al.,
2003; Filippova et al., 2002; Tiffen et al., 2013).

Recurrent mutations happen frequently in CTCF binding sites adjacent to
cancer associated genes or oncogenes (Ji et al., 2016). For example, isocitrate
dehydrogenase (IDH) mutant gliomas present genome-wide hypermethylation
which reduces CTCF binding to specific sites in the genome and leads to
abnormal gene activation and carcinogenesis (Flavahan et al., 2016). Abnormal
CTCF enrichment on the promoter region of HOXA10 in breast cancer cells helps
in the development of tumorigenesis by the inactivation of HOXA10 expression
(J. Y. Lee et al., 2017). In T-cell acute lymphoblastic leukemia (T-ALL) deletions
of a loop boundary CTCF site in TAL7 and LMOZ2 oncogenes generates aberrant
regulatory interactions that increase oncogene expression (D Hnisz et al., 2016).
Recent studies support that CTCF/cohesin loop anchors can suffer continuous
DNA breaks and that translocation breakpoint regions in some cancers are

enriched at loop anchors (Canela et al., 2017).
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Mutations in CTCF binding sites are related with aberrant gene expression
and affect chromatin structure. CTCF/cohesin binding sites are frequently
mutated in colorectal cancer (Katainen et al., 2015). Accumulation of mutations
at AT base pairs in CTCF binding sites are related with tumorigenesis and
cellular defects such as aberrant gene expression, epigenetic changes and
genetic instability (Katainen et al., 2015). Recently, Guo et al identified 11
mutation hotspots overlapping CTCF binding sites in gastric cancer which are
associated with changes in the expression of neighboring genes (Y. A. Guo et
al., 2018).

Finally, CTCF participates in the epigenetic regulation of cancer associated
genes such as RB, p53 or BCL6. CTCF binding protects the RB gene promoter
against DNA methylation and contributes to an optimal chromatin conformation
(De La Rosa-Velazquez et al., 2007). CTCF promotes p53 transcription by
maintaining an open chromatin state and protecting this region against repressive
histone marks (Soto-Reyes and Recillas-Targa, 2010). Our group found that
CTCEF regulates epigenetically BCL6 gene through the binding to the exon 1A of
BCL6 and this binding is associated with the presence of active histone marks

and gene expression (Batlle-Lopez et al., 2015).

1.1.7. CTCF in cell differentiation

CTCEF is also involved in the control of different developmental processes
(reviewed in Arzate-Mejia et al., 2018). CTCF is crucial during early, postnatal
and adult development. Depletion of CTCF in oocytes causes embryo lethality
and nullizygous mice presented early embryonic lethality at the peri-implantation
stage (Moore et al., 2012; Wan et al., 2008). CTCF is also important in brain
development, synapse formation and dendritic development. For example, it was
found a high number of brain-specific CTSs which were involved in the regulation
of neural genes expression (Prickett et al., 2013). Gregor et al, identified de novo
mutations in CTCF in individuals with intellectual disability (Gregor et al., 2013).
A recent study showed that CTCF is essential for cardiogenesis, as the

conditional removal of CTCF from cardiac progenitors in mouse embryos causes
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severe cardiac defects and death, and CTCF mediates genomic interactions to
coordinate cardiomyocyte differentiation in the developing heart (Gomez-
Velazquez et al., 2017; Rosa-Garrido et al., 2018).

Importantly, CTCF is implicated in hematopoietic cell differentiation.
Enforced expression of CTCF blocked dendritic cells maturation (Koesters et al.,
2007). In T-cells, CTCF mediates inter-chromosomal interactions between genes
related with T-cell differentiation like Oct-1 (Kim et al., 2014). Also, inactivation of
CTCEF in thymocytes impairs differentiation of a3 T cells (Heath et al., 2008). Our
group has described that CTCF downregulation in BCL6-expressing cells
reduces BCL6 expression and induces B-cell terminal differentiation toward
plasma cells (Batlle-Lopez et al., 2015). Finally, CTCF also regulates erythroid

cell differentiation, as described in the next section.

1.2. Erythroid cell differentiation

1.2.1. Hematopoiesis

Hematopoiesis is a tightly regulated process that involves the formation,
development and differentiation of all the cellular components of the blood from
the pluripotent hematopoietic stem cells (HSCs). Mature hematopoietic cells
included myeloid and lymphoid lineages. The myeloid lineage comprises
erythrocytes, megakaryocytes producing platelets, granulocytes (basophils,
neutrophils and eosinophils), monocyte-macrophages and mast cells. The
lymphoid lineage includes T-cells, B-cells and natural kKiller cells. Dendritic cells
can derived from the myeloid or lymphoid lineage (Hoffmann et al., 2016; lwasaki
and Akashi, 2007) (Figure 1.5). Hematopoietic differentiation is regulated at
different levels by cytokines, growth factors and hormones as well as specific
transcriptional regulators (Miranda-Saavedra and Gottgens, 2008; Orkin and
Zon, 2008).
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Figure 1.5. The hematopoietic hierarchy. Representation of
hematopoietic lineage pathways from hematopoietic stem cells (HSC) to
mature blood cells. Abbreviations: HSC, hematopoietic stem cells; MPP,
multipotent progenitor; CMP, common myeloid progenitor; CLP, common

lymphoid progenitor; MEP, megakaryocyte-erythroid progenitor;

GMP,

granulocyte-macrophage progenitor. (Figure adapted from Larsson and

Karlsson, 2005).

Multipotent hematopoietic stem cells are undifferentiated cells with two

essential properties, self-renewal and multipotent differentiation (Orkin and Zon,

2008). Stem cells renewal allows the production of new stem cells

the pool of HSCs. During multipotent differentiation, the stem

to maintaining

cells produce,

through several steps of differentiation, multipotent progenitors, committed

progenitors and, finally, the different mature blood cells which are non-

proliferative and lineage restricted cells (Orkin and Zon, 2008; Seita and

Weissman, 2010) (Figure 1.5).

1.2.2. Erythropoiesis

Erythropoiesis is the process by which the red blood cells are formed. Red

blood cells are necessary for transporting oxygen to tissues in the body
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(Nikinmaa, 1997). During embryonic development, erythrocytes are produced in
different organs by highly regulated and tightly orchestrated events (Barminko et
al., 2015). In healthy adults, the bone marrow produces about 2x10"" erythrocytes

per day that are released into the peripheral blood (Palis, 2014).

The erythroid cell differentiation from stem cells to erythrocytes takes place
through different stages which are characterized based on cell morphology,
colony forming capacity or marker expression analysis by flow cytometry (Figure
1.6). Hematopoietic stem cells firstly differentiate towards multipotent progenitors
(MPPs) which give rise to common lymphoid progenitors (CLPs) or common
myeloid progenitors (CMPs). CMPs further differentiate towards progenitors with
restricted erythroid potential and reduce proliferative capacity which have the
ability to generate megakaryocytes or erythrocytes (MEPs). MEPs differentiate to
committed erythroid progenitors (EPs). The most immature erythroid progenitors
are the burst forming unit-erythroid (BFU-E) that can form large colonies
containing thousands of hemoglobinized cells (Dulmovits et al., 2017; Dzierzak
and Philipsen, 2013). BFU-Es respond to erythropoietin (EPO), Stem Cell Factor
(SCF), Interleukin-3 (IL-3), Interleukin-6 (IL-6) and corticosteroids (Hattangadi et
al., 2011). BFU-Es then differentiate into mature erythroid progenitors known as
colony-forming units-erythroid (CFU-E) which can form smaller colonies.
Terminal erythroid differentiation is strongly dependent on EPO (Koury and
Bondurant, 1988). During this process, cells become progressively smaller, the
nucleus condensates and hemoglobin accumulates in the cytoplasm (Barminko
et al., 2015; Nandakumar et al., 2016). The earliest morphologically identifiable
erythroid precursor is the proerythroblast. It progressively differentiates into
basophilic erythroblast, polychromatophilic erythroblast and orthochromatophilic
erythroblast which form the reticulocyte upon enucleation (Chen et al., 2009).
Finally, reticulocytes enter the blood stream where they mature into non-

proliferative erythrocytes (Dzierzak and Philipsen, 2013) (Figure 1.6).

The expression of different cell-surface markers is characteristic of the
different stages of erythroid cell differentiation. The expression of the
transmembrane glycoproteins, CD34 and CD38, are characteristic of the first

steps of erythropoiesis, from HSCs to MEPs. MEPs gradually lose CD34
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expression and acquire CD71 (transferrin receptor) high expression (Sanada et
al., 2016). The maturation of proerythroblasts to reticulocytes can be discerned
by the loss of CD71 expression and the increase of CD235a (Glycophorin-A)

expression (Nandakumar et al., 2016) (Figure 1.6).
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Figure 1.6. Erythroid cell differentiation. Differentiation from
hematopoietic stem cell to erythrocyte follows different stages based on
surface marker expression (flow cytometry analysis), cell morphology and
regulation by cytokines and transcription factor. Blue bars show the
periods of expression for each cytokine, transcription factor and
erythrocyte-related proteins. Abbreviations: HSC, hematopoietic stem
cells; MPP, multipotent progenitor; MEP, megakaryocyte-erythroid
progenitor; BFU-E, burst-forming unit-erythroid;, CFU-E, colony-forming
unit-erythroid; ProEB, proerythroblast; BasoEB, basophilic erythroblast;
PolyEB, polychromatic erythroblast; OrthoEB, orthochromatic erythroblast;
RET, reticulocyte; RBC, red blood cell. (Figure adapted from Koury, 2009).

The main role of erythroid cells is the production of hemoglobin, the protein
responsible for oxygen transport in the bloodstream. Loss of the erythroid nucleus
in mammals is thought to provide more intracellular space for hemoglobin,
allowing erythrocytes to specialize for efficient gas exchange (Ji et al., 2011).
Different hemoglobins are synthesized in the embryo, fetus and adult which are

adapted to their particular oxygen requirements. Hemoglobin is a tetramer which
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consists in two a and two B globin chains associated with a heme group. In
humans, the a locus and the B locus gene clusters controls the synthesis of
hemoglobins. The a locus contains the embryonic { gene and the two adult a
genes. The B locus consists of the ¢ Sy, Ay , d, and B genes

(Stamatoyannopoulos, 2005).

1.2.3. Regulation of erythropoiesis by extracellular signals

Different cytokines and growth factors are involved in the regulation of the
erythropoiesis (Figure 1.6). Erythropoietin (EPO) is the main regulator of the
erythroid cell maturation. EPO acts on erythroid progenitors and early precursors
by increasing proliferation and reducing apoptosis. CFU-E depends on EPO for
survival and continued differentiation (Koury, 2016). EPO signaling is initiated by
the binding to an specific receptor, the Epo receptor (EpoR) which is expressed
on the surface of erythroid cells from BFU-Es to orthochromatic erythroblast
(Constantinescu et al., 1999; Ingley et al., 2004). Binding of EPO to its receptor
activates the cytoplasmic tyrosine kinase Janus Kinase 2 (JAK2) which activates
a downstream signaling cascade via the signal transducer and activator of
transcription 5 (STATS5), phosphoinositide-3-kinase (PI3K) and protein kinase B
(PKB) pathways to maintain the proliferation and differentiation of erythroid
progenitors. STATS maintains the viability of the cells during the late stages of
maturation by the induction of the expression of the anti-apoptotic B-cell
lymphoma-extra-large (BCL-xL) (Gregory et al., 1999; Ingley et al., 2004). Upon
EPO stimulation, STAT5 and some transcription factors (GATA1, TAL1 and
KLF1) co-occupy enhancers of numerous erythroid genes to induce
erythropoiesis and, finally, the expression of globin genes and the enucleation of
reticulocytes (Koulnis et al., 2014; Moore and von Lindern, 2018; Perreault and
Venters, 2018). The importance of EPO has been demonstrated in Epo” or
EpoR” mice, which are both embryonically lethal due to lack of mature

erythrocytes (Suzuki et al., 2002).

Another important regulator during erythropoiesis is Stem Cell Factor (SCF),
which binds to the cell growth factor receptor KIT to enhance growth and survival

of early erythroid progenitors. SCF cooperates with EPO to induce erythroid cell
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proliferation (Wang et al., 2008). Moreover, KIT maintains EpoR expression,
which results in erythroid progenitor survival upon EPO stimulation (Kapur and
Zhang, 2001).

In addition to EPO and SCF, other factors with positive effects on erythroid
cell differentiation are insulin-like growth factor, activin or angiotensin II
(Nandakumar et al., 2016). For example, insulin and Insulin-Like Growth
Factor-l stimulate the proliferation of the late stage of primitive erythroid
progenitor cells and mature erythroid progenitor cells and have anti-apoptotic
effects on differentiating cells (Miyagawa et al., 2000). Finally, other factors that
regulate negatively erythropoiesis are transforming growth factor B (TFGP),
growth and differentiation factor 11 (GDF11) or y-interferon (Nandakumar et al.,
2016).

1.2.4. Transcriptional regulation of erythropoiesis

Differentiation of the erythroid cells requires the expression of lineage-
specific transcription factors (TFs). These transcription factors must be
expressed at the correct time to control the commitment, proliferation and
differentiation of red blood cells. There are some TFs essential for the
development and maintenance of HSCs, others for the differentiation process
and some TFs are involved in both processes. Different transcription factors such
as GATA1, SCL/TAL1, LMO2, LDB1 and KLF1 are found forming protein
complexes which allows the regulation of erythroid genes (Hattangadi et al.,
2011; Nandakumar et al., 2016).

The GATA transcription factors, GATA1 and GATAZ2, are essential regulators
of hematopoiesis (J. Gao et al., 2015). GATAZ2 is necessary for expansion,
survival and maintenance of early hematopoietic progenitor cells (Bresnick et al.,
2012; Tsai and Orkin, 1997). On the other hand, GATA1 has an essential role in
the terminal differentiation and maturation of erythroid progenitors (Weiss and
Orkin, 1995). Gatat1 and Gata2 null mutant embryos die between E10 and E11
of gestation from severe anemia showing up the importance of both factors in

erythropoiesis (Fujiwara et al., 1996; Tsai and Orkin, 1997).
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A GATA factor switching was described during human erythropoiesis (Suzuki
et al., 2013). During normal erythroid development, GATAZ2 is expressed in
hematopoietic stem cells and hematopoietic progenitor cells like CMP, MEP and
BFU-E and its expression is inhibited from CFU-E stage. GATAZ2 is replaced by
GATA1 during terminal maturation, during this process the level of GATA2
decline whilst GATA1 increase. GATA1 expression is initiated at common
myeloid progenitors (CMP) and is highly upregulated in MEPs and erythroblasts.
Finally, GATA1 expression decrease during the maturation of red blood cells
(Moriguchi and Yamamoto, 2014; Suzuki et al., 2013).

Both GATA factors can associate with the transcription factor Friend of
GATA-1 (FOG-1) which is a GATA coregulator. In early erythroid cells, GATA2
and FOG1 association takes place before the GATA switch. It is remarkable that,
when FOG1 is not present, GATAZ2 is not efficiently silenced (Pal et al., 2004).
Within the MEP, FOG1 binds GATA1 to promote erythroid maturation (Mancini et
al.,, 2012). Furthermore, FOG1 and GATA1 cooperation activates B-goblin
expression (Welch et al., 2004).

GATAT1 also acts in cooperation with other DNA-binding transcription factors
like TAL1 and KLF1 and non-DNA-binding factors like LDB1 and LMO2 forming
a complex known as “Core Erythroid Network” (CEN) to activate erythroid genes
(Cantor and Orkin, 2002; Nandakumar et al., 2016) (Figure 1.7). GATA1, TAL1
and KLF1 are considered erythroid “master regulators” and the absence of any
of them in mice results in severe anemia and death by mid-gestation (Nuez et al.,
1995; Pevny et al.,, 1991; Porcher et al., 1996). High expression levels of
TAL1/SCL are detected in HSC, myeloid progenitors, and mature myeloid cells
(Porcher et al., 2017). TAL1/SCL expression increases during erythropoiesis
promoting proliferation and differentiation and is absent from most mature
myeloid and lymphoid cells (Begley et al., 1999). TAL1 directly binds to the LMO2
protein, which, in turn, interacts with LDB1. The expression of the transcription
factor KLF1 (also called EKLF) is essential for the maturation of erythroblasts to
erythrocytes and in the activation of B-globin gene expression during terminal
erythroid differentiation (Miller and Bieker, 1993; Perkins et al., 2016). Also, KLF1

expression blocks megakaryocyte development and allows erythroid
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development (Bouilloux et al., 2008; Frontelo et al., 2007). One important non-
DNA-binding factor is LDB1 which is required for fetal and adult definitive
erythropoiesis (Mukhopadhyay et al., 2003). LDB1 null mice do not produce red
blood cells and die at approximately embryonic day 9.5 (Mukhopadhyay et al.,
2003). On the other hand, LMO2 participates in the lineage-specific mechanism
that regulates erythropoiesis. LMO2 null mice die around E9 by severe anemia
and lack of any yolk sac hematopoiesis which suggest an essential role of LMO2

in early hematopoiesis (Warren et al., 1994).
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Figure 1.7. Core Erythroid Network (CEN). The DNA-binding
transcription factors, GATA1, TAL1 and KLF1, and the non-DNA-binding
transcription factors, LMO2 and LDB1 act in cooperation forming the core
erythroid network to activate erythroid gene transcription. (Figure adapted
from Nandakumar et al., 2016).

Outside the CEN, other transcription factors also have important roles in
erythropoiesis. One of them is NFE2 which participates in the regulation of globin
gene expression during erythroid differentiation (Sawado et al., 2001). Deletion
of NFE2 results in reduced a- and B-globins in mature red cells (Shivdasani and
Orkin, 1995). The proto-oncogen c-MYB is highly expressed in immature
hematopoietic cells but its expression declines upon differentiation. To allow
terminal differentiation, MYB expression has to be downregulated. Moreover,
MYB transactivates KLF1 and LMOZ2 expression which enhances erythropoiesis
(Bianchi et al., 2010), although MYB forced expression inhibits erythropoiesis
(Shivdasani and Orkin, 1996). Other important factor is ETS1 which must be

downregulated for optimal red blood cells maturation. Moreover, enforced
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expression of ETS1 blocks erythrocyte maturation at the polychromatophilic
stage (Lulli et al., 2006).

Finally, MYC transcription factor was shown to have pivotal roles in the
regulation of hematopoiesis and erythropoiesis (Delgado and Leon, 2010). MYC
is an erythropoietin early response gene and its expression is upregulated in
response to erythropoietin stimulation (Spangler and Sytkowski, 1992). The first
biological effect described for MYC was its ability to inhibit erythroid cell
differentiation in a murine erythroleukemia-derived cell line (Coppola and Cole,
1986; Dmitrovsky et al., 1986; Prochownik and Kukowska, 1986). Our group
described that MYC inhibits erythroid differentiation induced by Ara-C in K562
cells (Delgado et al.,, 1995). In addition, MYC also inhibits the erythroid
differentiation induce by p27 in K562 cells and blocks the upregulation of erythroid
specific genes and transcription factors that regulate the erythroid commitment
like GATA1 and NFE2 (Acosta et al., 2008).

In conclusion, erythroid cell differentiation is a highly regulated process by
the combination of transcription factors in a stage-specific manner. However,
erythropoiesis is not only regulated by transcriptional mechanisms and regulation
by microRNAs (reviewed in Azzouzi et al., 2012; Kim et al., 2019; Listowski et al.,
2013), long non-coding RNAs (reviewed in Alvarez-Dominguez et al., 2014;
Jeong and Goodell, 2016; Kulczynska and Siatecka, 2016) and epigenetic
mechanisms (reviewed in Ginder et al., 2008; Wozniak and Bresnick, 2008;
Hattangadi et al., 2011; Perreault and Venters, 2018) are also important in

erythroid cells differentiation and erythroid gene expression (Figure 1.8).

1.2.5. CTCF role in erythropoiesis

CTCF seems to have important functions in the regulation of erythroid cells
differentiation. Previous results from our group revealed a possible role for CTCF
in the regulation of erythroid differentiation. We described that CTCF mRNA and
protein expression was modulated during differentiation in different erythroid,
megakaryocytic, granulocytic and monocytic-like cells (Delgado et al., 1999).

Also, overexpression of CTCF increased differentiation specifically into the
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erythroid pathway while CTCF down-regulation inhibited the expression of
erythroid markers like e-globin (Torrano et al., 2005). More recently, the
importance of CTCF in cell differentiation was pointed out on studies with CTCF-
cKO mice which present functionally immature erythroid cells, severe anemia and

rapid hematopoietic failure (Kim et al., 2017).

Several studies described that specific CTCF binding sites are required for
correct chromatin contacts and transcription of the erythroid genes (Figure 1.8).
In erythrocytes, interactions between enhancers and globin genes promoters
take place within CTCF insulated subdomains (Hanssen et al., 2017; Splinter et
al.,, 2006). The chicken, human and mouse [(-globin loci are located in
chromosomal regions of heterochromatin which are flanked by CTCF-binding
sites and are associated with CTCF enhancer-blocking activity (Farrell et al.,
2002; Ulianov et al., 2012). Human B-globin (HBB) gene contains a locus control
region (LCR) which consists of five DNasel hypersensitive sites (HSSs), among
which HS1 to HS4 are enhancers and rich in binding sites for erythroid specific
transcription factors (GATA1, NFE2 and EKLF), while HS5 carries CTCF binding
sites (Palstra et al., 2003; Tanimoto et al., 2003). CTCF is involved in loop
formation and long-range interactions during the activation of B-globin gene in
erythroid cells (Splinter et al., 2006). Moreover, interaction between CTCF sites
around the [B-globin locus is dependent on erythroid transcription activator
GATA1 (Kang et al., 2017). CTCF-dependent enhancer-blocking elements were
also identified in the upstream region of the chicken a-globin domain (Valadez-
Graham et al., 2004). Mahajan et al describe a pattern of CTCF recruitment at
the a-globin locus and its rearrangement during erythropoiesis and suggested
that CTCF can acts as an insulator before erythropoiesis and as a positive
transcription factor upon erythropoiesis (Mahajan et al., 2009). Recently, it was
reported the interaction between CTCF and LDB1, allowing the activation of a
significant number of erythroid genes by LDB1-CTCF enhancer looping via CTCF

sites within their promoters (J. Lee et al., 2017).

Despite the increasing information regarding the link of CTCF with

erythropoiesis, the precise role of CTCF in this process is still unknown. Following
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previous results from our lab, the first part of this Thesis was devoted to get

insights into the regulation of erythroid differentiation by CTCF.
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Figure 1.8. Transcriptional and epigenetic regulation of erythroid
genes. CTCF together with cohesin may participate in the formation of
chromatin loops allowing the interaction of enhancers with erythroid master
transcription factors such as GATA1, KLF1 and TAL1. EPO-EPOR
signaling activates STATS that together with erythroid transcription factors
bind to enhancers and direct erythropoiesis. Transcription factors,
enhancers and chromatin looping work together during erythropoiesis
activating the transcription of specific erythroid genes (Figure adapted
from Perreault and Venters, 2018).

1.3. B-cell differentiation and germinal centers

B-cells are produced in the bone marrow from hematopoietic stem cells
which differentiate into progenitor stages with restricted potential. The
development of immature B-cells can be defined by the differential expression of
cell-surface markers and by the rearrangement status of immunoglobulin genes.
Immature B-cells express IgM at their surface and migrate as naive B-cells from
the bone marrow to lymph nodes. Naive B-cells become activated by interaction
with CD4* T-cells and aggregate into primary follicles to form germinal centers
(GCs) (Basso and Dalla-Favera, 2015; De Silva and Klein, 2015; Song and
Matthias, 2018).
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Germinal centers are dynamic and highly organized structures within normal
lymph nodes and are essential for the formation of high affinity antibodies. GCs
can be histologically differentiated in two zones with different functions, the dark
zone (DZ) and the light zone (LZ) (Figure 1.9). The dark zone contains a large
number of highly proliferating cells named centroblasts. After several rounds of
proliferation, centroblasts undergo somatic hypermutation (SHM), a process that
increases the affinity and the specificity of the immunoglobulin. Germinal center
B-cells express the enzyme activation-induced deaminase (AID) which
introduces mutations into the immunoglobulin genes to generate diverse clones
which express antibodies with different affinity for the antigen. Then, the B-cells
move to the light zone which contains a number of follicular dendritic cells
presenting the immunizing antigen on their surface. B-cells in the light zone,
called centrocytes, exit the cell cycle and are selected based on their affinity for
the antigen. Centrocytes in which this selection fails, die by apoptosis. B-cells
with high affinity can differentiate into antibody-secreting plasma cells or memory
B-cells. Finally, B-cells with low affinity for the antigen, can re-enter to the dark
zone and suffer additional cycles of SHM in order to increase their affinity
(Bannard and Cyster, 2017; Basso and Dalla-Favera, 2015; Song and Matthias,
2018; Victora and Nussenzweig, 2012).

Germinal center reaction is controlled by a complex network of cellular
signals that affect GC B-cell responses by activating or repressing specific
transcriptional programs in order to coordinate proliferation, cell cycle exit, re-

entry into the dark zone, cell differentiation and cell death by apoptosis.

1.3.1. Transcription factors regulating Germinal Center reaction

Multiple transcription factors act in concert to promote or repress specific
steps of the germinal center development. Some factors like BCL6, PAX5 and
BLIMP1 are consider to be master regulators of the GC or plasma cell
differentiation. Many other factors like XBP1, MYC or IRF4 are also important for
the GC reaction (Figure 1.10).
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Figure 1.9. Germinal center reaction and GC-derived lymphomas.
Activated naive B-cells are recruited into the follicles to form the germinal
centers. Germinal center dark zone consists in highly proliferative B-cells
that undergo somatic hypermutation (SHM). B-cells in the light zone stop
proliferate and are selected based on their affinity for the antigen to
differentiate into plasma cells or memory B-cells. Cells in which selection
fails, die by apoptosis. A number of B-cells can re-enter to the dark zone
to suffer new cycles of SHM. Different germinal center derived B-cell
lymphomas are shown at the bottom. Arrows indicated their origin: Burkitt
lymphoma from dark zone B-cells; GCB DLBCL and Follicular lymphoma
from light zone B-cells; and ABC DLBCL from B-cells that are commited to
plasma cell differentiation (Figure adapted from Basso and Dalla-Favera,

2015).

BCL6

B-cell lymphoma 6 protein (BCL6) is a transcriptional repressor that belongs
to the family of BTB/POZ proteins. BCL6 has an N-terminal BTB/POZ domain

that mediates transcriptional repression and form multi-molecular complexes; a

middle region which contains a second repression domain (RD2); and the C-

terminal domain which contains six zinc fingers that bind to DNA and target
proteins (Cardenas et al., 2017; Chang et al.,, 1996). BCL6 contains an

autoregulatory binding site within the first exon which allows suppression of its

own transcription (Kikuchi et al., 2000; Pasqualucci et al., 2003). Also, acetylation
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inhibits BCL6 function by preventing the recruitment of corepressor complexes
containing histone deacetylases (HDAC) (Bereshchenko et al., 2002). Our group
has previously described that CTCF regulates epigenetically BCL6 expression by
the binding to the exon 1A of BCL6 and this binding is associated with the
presence of active histone marks; on the contrary, the absence of CTCF lead the
binding of BCL6 to its negative autoregulatory region and the recruitment of

repressive histone marks (Batlle-Lopez et al., 2015).
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Figure 1.10. Transcriptional regulation of germinal center
reaction. Transcription factors are involved in the regulation of the
different processes of the germinal center reaction from the initiation to
the exit and differentiation. Color bars indicate the stages in which
transcription factors are expressed. (Figure adapted from Basso and Dalla-
Favera, 2015).

BCL6 is essential for germinal center formation as BCL6-null mice fail to
develop GCs and immunoglobulin affinity maturation (Ye et al., 1997). BCL6
is first detected in naive B-cells in which upregulation of BCL6 is essential for
initiation of GC reaction and for the migration of these cells to the center of the

follicle (Kitano et al., 2011). BCL6 is induced and highly expressed in centroblasts
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and its expression is maintained in most centrocytes (Cattoretti et al., 1995)
(Figure 1.10). In the DZ, BCL6 acts predominantly as a transcriptional repressor,
inhibiting genes involved in the DNA damage-sensing pathway, including TP53,
ATR and CHEK1 and regulators of the cell cycle like p21 (Phan et al., 2005; Phan
and Dalla-Favera, 2004; Ranuncolo et al., 2008, 2007). DNA damage-sensing
and response pathway is functionally correlated with the regulation of apoptosis
in which BCL6 affects pro- and antiapoptotic proteins such as BCL2 (Basso and
Dalla-Favera, 2010). Also, BCL6 regulates other cellular pathways by modulating
signaling through toll-like receptors, IFN-R, cytokines, TGF-R and WNT signaling
(Basso and Dalla-Favera, 2010). BCL6 function in the DZ allows the maintenance
of the GC phenotype by the establishment of a transcriptional program that
facilitate the rapid proliferation of cells and tolerance of genomic damage during
clonal expansion and somatic hypermutation. Moreover, BCL6 represses a
number of genes required for the differentiation of B-cells into plasma cells,
including PRDM1 and IRF4 (Tunyaplin et al., 2004). Finally, BCL6 expression
has to be downregulated in order to allow B-cells to exit the GC and to

differentiate and is undetectable in plasma cells (Basso et al., 2010).

PAXS

Paired Box Protein 5 (PAX5) is the master regulator of B-cell identity and is
expressed during B-cell development, from pro-B cells to mature GC B-cells
(Revilla et al., 2012) (Figure 1.10). Conditional inactivation of PAXS5 in mature B-
cells results in the loss of B-cell identity and reversion to a progenitor stage
(Cobaleda et al., 2007). PAX5 forms a complex with AID and other proteins to
contribute to directing AID to the Igh locus for class switch recombination (CSR)
(Hauser et al., 2016). PAXS represses XBP1 to prevent plasma cell differentiation
and its downregulation is necessary for differentiation into committed Ig-secreting
plasma cells (K. I. Lin et al., 2002; Nera et al., 2006).

BLIMP1

B-lymphocyte-induced maturation protein 1 (BLIMP1) is encoded by the PR
domain zinc finger protein 1 (PRDM1) and is essential for promoting plasma cell

differentiation and repressing the B-cell transcriptional program by the repression
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of BCL6 (Shaffer et al.,, 2004a) (Figure 1.10). BLIMP1 is essential for the
generation and maintenance of mature plasma cells, but is not required for the
initiation of the plasmatic differentiation program (Shapiro-Shelef et al., 2003).
BLIMP1 downregulates PAX5 which is necessary for the induction of XBP1 and
the activation of the plasma cell program (K. |. Lin et al., 2002). BLIMP1
expression induces growth arrest and death at the earliest stages of B-cell
development but induces maturation and the acquisition of an antibody-secreting

phenotype at the later stages of B-cell differentiation (K.-I. Lin et al., 2002).

Other factors

X-bon binding protein (XBP1) is a transcription factor essential for
upregulation of the secretory apparatus necessary for antibody production in
plasma cells (Shaffer et al., 2004b). Studies using a B-cell specific knockout of
Xbp1 shown that, in its absence, plasma cells are formed but they are strongly
impaired in their capacity to secrete high amounts of immunoglobulins (Hu et al.,
2009).

MYC is transcription factor with important roles in cell growth and division.
MYC is expressed at the initiation of the germinal center formation (Calado et al.,
2014). MYC expression is suppressed in the highly proliferative germinal center
centroblasts by BCL6, so B-cells in the dark zone are capable to proliferate in a
MY C-independent manner (Dominguez-Sola et al., 2012). MYC expression is
reactivated in a subset of B-cells from the light zone that are going to re-enter into

the dark zone for further cycles of SHM (Dominguez-Sola et al., 2012).

Interferon regulatory factor 4 (IRF4) is required for the formation of the
germinal centers and once they are formed and initiated, IRF4 expression is
inhibited (Bollig et al., 2012). IRF4 induces BCL6 expression at the early phase
of the germinal center formation and inhibits it at the end of the germinal center
reaction (De Silva and Klein, 2015). IRF4 is also required for the initiation of the
plasma cell differentiation program and its expression is induced in the B-cells of
the light zone which present high affinity antibodies (Ochiai et al., 2013; Song and
Matthias, 2018).
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IRF8 is expressed in the germinal center initiation and contributes in the
induction of BCL6 expression and also regulates SHM (Lee et al., 2006). MEF2B
is expressed early during germinal center formation and induces BCL6
expression in germinal center precursor B-cells (Ying et al., 2013). MCL1 is the
principal regulator of B-cell survival during germinal center formation (Vikstrom et
al., 2010). BACH2 represses BLIMP1 and blocks plasma cell differentiation (Muto
et al., 2010). Finally, BCL2 overexpression leads to increased plasma cells
number and enhances B-cell ability for plasmatic differentiation (Smith et al.,
2000; Taylor et al., 2015).

Deregulated expression of these genes, due to chromosomal translocations,
mutations or genetic alterations, is associated with the development of different

hematological malignancies, mainly lymphomas.

1.3.2. Germinal Center derived B-cell ymphomas

Lymphomas are a heterogeneous group of malignancies that arise from cells
of the lymphoid lineage. Lymphomas can be classified depending on the cell
origin in T-cell, B-cell or NK-cell. B-cell derived lymphomas are the most common
lymphomas and comprise a group of genetically, phenotypically and clinically
different neoplasias. In general, they are originated from lymphoid B-cells with
uncontrolled growth during their maturation in the germinal center (Basso and
Dalla-Favera, 2015; Kuppers, 2005). Lymphomas can be originated at any stage
of B-cell development, although the most common occur in B-cells following
migration to germinal centers, where B-cells undergo proliferation and antibody
diversification of immunoglobulin genes through somatic hypermutation and

heavy chain class switching (Basso and Dalla-Favera, 2015) (Figure 1.9).

Genome-wide analysis revealed that B-cell lymphomas present numerous
genetic alterations such as amplifications, deletions and point mutations which
can alter the structure or transcriptional regulation of proto-oncogenes and tumor
suppressor genes (Pasqualucci, 2019). Two additional types of genetic
alterations are aberrant somatic hypermutation (ASHM) and chromosomal

alterations. ASHM allows the introduction of point mutations in non-
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immunoglobulin loci that are not targeted in normal GC B-cells (Pasqualucci et
al., 2001). This phenomenon is uniquely associated with germinal center B-cell
lymphomas. On the other hand, chromosomal alterations usually involve
recombination between immunoglobulin loci and an oncogene locus.
Translocations can derived from mistakes in the recombination-activating gene
(RAG) mediated VDJ recombination as happens in translocations involving IgH
and BCLZ2 in Follicular Lymphoma (FL). Translocations can also derived from
errors in the AID-mediated CSR process like, for example, immunoglobulin-MYC
translocation in sporadic Burkitt Lymphoma (BL). Finally, AID-mediated SHM
mechanism can generate DNA breaks and allows translocations as happens
between immunoglobulin and MYC in endemic BL (Kuppers and Dalla-Favera,

2001; Nussenzweig and Nussenzweig, 2010; Pasqualucci, 2019).

According to the latest World Health Organization (WHO) classification there
are over 30 different subtypes of B-cell ymphomas (Swerdlow et al., 2016). Two
important types of germinal center derived lymphomas are Burkitt Lymphoma
(BL) and Diffuse Large B-cell Lymphoma (DLBCL).

Burkitt Lymphoma (BL)

Burkitt Lymphoma is an aggressive malignancy derived from germinal center
dark zone B cells and included three variants: sporadic, endemic and
immunodeficiency-associated (Schmitz et al., 2014). BL is also associated with
Epstein-Barr virus which is present in almost all cases of endemic BL and in 25%
to 40% of sporadic and immunodeficiency-associated cases (Magrath, 2012).
Almost all cases of BL present a MYC translocation. The translocation between
MYC gene on chromosome 8 and the immunoglobulin heavy chain gene on
chromosome 14 is found in more than 80% of cases which allows the constitutive
expression of MYC in BL. In the remaining 20% of BL cases, the translocation
involves the kappa and lambda light-chain loci in chromosomes 2 and 22 (15%
and 5% respectively) (Hecht and Aster, 2000). BCL6 is expressed in all cases of
Burkitt Lymphoma and contributes to proliferation and survival, but its role has

not been thoroughly investigated.
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Diffuse Large B-cell Lymphoma (DLBCL)

Diffuse large B-cell lymphoma is the most common aggressive B-lymphoma
and accounts for ~ 40% of lymphoma cases. DLBCL can occur de novo or as a
result of transformation from a more indolent lymphoma. It has been identified
two major subtypes: GCB-DLBCL which derives from GC light zone B-cells that
re-enter in the DZ and ABC-DLBCL which originate when B-cells are committed
to plasmablastic differentiation prior to GC exit (Alizadeh et al., 2000) (Figure
1.9).

Each subtype presents exclusive genetic lesions. However, some oncogenic
pathways are common in both subtypes like BCL6 deregulation, inactivating
mutations of TP53 and mutations in genes implicated in the immune response
(B2M and CD58), as well as alterations in chromatin modifiers which affects
epigenetic regulation (CREBBP, EP300 and MLL2). Deregulated BCL6 (by
mutation or chromosomal translocation) contributes to pathogenesis via several
mechanisms, such as suppression of DNA damage response through p53
repression, increasing the proliferative phenotype and blocking terminal
differentiation (Basso and Dalla-Favera, 2015; Pasqualucci, 2019; Pasqualucci
and Dalla-Favera, 2015).

BCL6 is overexpressed in GCB-DLBCLs but translocation affecting BCL6
locus occurs more frequently in the ABC-DLBCL subtype (24%) than in GCB
DLBCL (10%). GCB subtype is characterized by alterations in the PISK/AKT and
JAK/STAT signaling pathways and has a higher frequency of BCL2 and EZH2
mutations. Chromosomal translocations involving MYC and BCL2 are detected
in 10% and 40% of cases, respectively. On the other hand, ABC subtype is
characterized by the constitutive activation of the NF-kB pathway and the
blockade of terminal plasma cell differentiation. They also present a higher
frequency of BCL6 rearrangements, BCL2 amplifications and recurrent mutations
of CD79B, MYD88 and PRDM1 (Basso and Dalla-Favera, 2015; Crombie and
Armand, 2019; Pasqualucci, 2019).
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Currently, treatments for aggressive B-cell lymphoma are based on
nonspecific and highly toxic regimens such as chemotherapy, radiation or the
monoclonal anti-CD20 antibody rituximab, but many patients are not cured
(Coiffier et al., 2010). The recent findings about the genetic and molecular
characteristics of the different lymphomas provide information for the
development of new therapies. Novel agents that target oncogenic pathways and
drug combinations are recently under clinical trials (Shaffer et al., 2012). For
example, BET inhibitors and PI3K inhibitors are being using in Burkitt lymphoma
(Delmore et al., 2011; Schmitz et al., 2012). In DLBCL, therapy with BCL2 and
EZH2 inhibitors are already available (Anderson et al., 2014; Knutson et al.,
2012). Thus, the identification of somatic mutations which are drivers and define
the regulatory pathways to which lymphomas are development are the key to

identify new approaches to therapy for patients with lymphomas.

1.4. Epigenetic therapy of lymphomas

1.4.1. Epigenetic modifications

Epigenetics is defined as heritable changes in gene expression that are not
due to any alterations in the DNA sequence (Holliday, 1987). Epigenetic is based
on the study of the chromatin modifications that include DNA methylation,
posttranslational modifications of histone residues and chromatin remodeling
(Ahuja et al., 2016). These mechanism are involved in the regulation of gene
expression and in the control of essential biological processes like proliferation,

survival, cell differentiation, genomic imprinting and X chromosome inactivation.

DNA methylation

DNA methylation occurs mainly in the cytosines of CpG dinucleotides.
Regions with high density of CpGs are called CpG islands and they are often
located in promoters. Hypermethylation in promoters is associated with
repression of gene transcription while methylation in gene bodies is associated

with active transcription (Jones, 2012; Kazanets et al., 2016).
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Methylation is regulated by three DNA methyltransferases (DNMTs)
enzymes: DNMT1, DNMT3A and DNMT3B (Cheng and Blumenthal, 2008).
DNMT1 is a maintenance methyltransferase that methylates the newly
synthesized hemimethylated DNA generated during DNA replication (Li et al.,
1992). On the other hand, DNMT3A and DNMT3B are de novo
methyltransferases which establish DNA methylation during early development
(Okano et al., 1999).

The regulation of DNA methylation is important for embryonic development,
genome instability and cell differentiation. During normal hematopoiesis, DMNTs
are essential for hematopoietic stem cell self-renewal, niche retention and for the
production of the different blood lineages (Celik et al., 2016; Gore and Weinstein,
2016). Loss of methylation by active DNA demethylation processes is carry out
by the ten-eleven translocation (TET) proteins. These proteins are essential
intermediates in both active and passive DNA demethylation and also promote

DNA demethylation in collaboration with DNA repair enzymes (Ko et al., 2015).

Histone posttranslational modifications

Posttranslational modifications of histones at the N-terminal domain of the
histone “tails” affects the local structure of chromatin. The most common histone
modifications are acetylation, methylation and phosphorylation. PTMs can
regulate chromatin structure and also provide binding sites for the recruitment of
non-histone proteins. Histone modifications are involved in the regulation of many
cellular processes like gene expression regulation, replication and DNA repair
(Fardi et al., 2018; Kouzarides, 2007; Wang and Zhong, 2015).

Histone acetylation is associated with gene transcription and deacetylation
with gene repression. Lysine acetylation neutralizes the positive charge of
histones tails and their interaction with the negatively charged DNA. This
generates a more open chromatin state that allows the binding of transcription
factors and increased levels of gene transcription. On the contrary, histone
deacetylation results in a more compacted chromatin and reduced transcriptional

activity (Grunstein, 1997; Shahbazian and Grunstein, 2007). Histone acetyl
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transferases (HATs) and histone deacetylases (HDACs) add and remove acetyl
groups from histone residues and are critical regulators of gene expression. HATs
include different families such as MYST, GNAT and CREBBP/EP300. On the
other hand, there are 18 HDACSs, divided in four families: Class | (HDAC 1, 2, 3
and 8), Class Il (HDAC 4, 5, 6, 7, 9 and 10), Class lll (sirtuins 1-7) and Class IV
(HDAC 11). Both types of enzymes can target histones and non-histone proteins

(Bannister and Kouzarides, 2011).

Histones are mainly methylated on arginine (R) and lysine (K) residues.
Histone methylation can regulate gene transcriptional activation and repression.
For example, methylation of H3K4, H3K36 and H3K79 is related with actively
transcribed genes in euchromatin while methylation of H3K9, H3K27 and H3K20
is associated with silenced genes (Barski et al., 2007). In addition, the number of
methyl groups (mono-, di- or trimethylation) is also related with the regulation of
gene transcription, for example, the monomethylation of lysine in H3K9 activate
transcription while its trimethylaton causes transcriptional inhibition (Barski et al.,
2007). Histone methylation is mediated by lysine methyltransferases (KMTs) and
protein arginine methyltransferases (PRMTs). Lysines can also be demethylated
by lysine demethylases (KDMs) (Allis et al., 2007).

1.4.2. Epigenetic alterations in hematological malignancies

Alterations in epigenetic modifiers disturb the balance between gene
activation and gene repression which result in aberrant gene expression and in
uncontrolled cell proliferation. Epigenetic deregulation is found in cancer cells
presenting global DNA hypomethylation, particularly in gene bodies and
intergenic regions, which generate genome instability. This hypomethylation is
accompanied by increased de novo methylation at many promoters of specific
tumor suppressor genes, resulting in gene silencing (Ahuja et al., 2016; Esteller,
2008; Jones and Baylin, 2007).

Alterations in proteins related with DNA methylation are involved in
hematological malignancies. Around 20% of patients with acute myeloid leukemia

(AML) and acute lymphoblastic leukemia (ALL) present recurrent mutations in
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DNMT3 (Ley et al., 2010; Neumann et al., 2013). Also, TETZ inactivation through
loss-of-function mutation or deletion is a frequent event in myeloid (AML and

MDS) and lymphoid malignancies (T-cell ymphomas) (Solary et al., 2014).

HATs and HDACs have been found frequently mutated in hematological
malignancies. Loss-of-function mutations in HATs are recurrent in lymphoid
malignancies, occurring in up to 40% of DLBCL (Pasqualucci et al., 2011) and,
with reduced frequency, in cutaneous T-cell ymphoma (Da Silva Almeida et al.,
2015). Moreover, mutations and chromosomal translocations in CREBBP and
EP300 histone acetyl transferases result in loss of HAT activity and transcriptional
deregulation present in DLBCL, AML and ALL malignancies (Morin et al., 2011;
Pasqualucci et al., 2011).

Mutations in histone methyltransferases and their aberrant activity have been
reported in different hematological malignancies. MLL1 (KMTZ2A) and MLL?2
(KMT2B) are members of the mixed-lineage leukemia (MLL) gene family which
encode for histone methyltransferases. Mutations in MLL2, one of the most
frequent mutated gene in B-cell lymphoma, leads to a global reduction in H3K4
methylation and is the most common mutated gene in B-cell lymphomas (Morin
et al.,, 2011). Moreover, MLL1 is frequently rearranged by chromosomal

translocations in leukemias with poor prognosis (De Braekeleer et al., 2005).

Polycomb repressive complex 2 (PRC2) is a group of proteins which
stablishes specific PTMs. EZH2 is the catalytic component of PRC2. EZH2 has
H3K27 methyltransferase activity and is involved in gene transcriptional silencing
(Schwartz and Pirrotta, 2008). Loss-of-function mutations of EZHZ2 have been
found in myeloid malignancies while mutations in B-cell lymphomas result in
enzymatic hyperactivity which allows the inappropriate inhibition of tumor

suppressor genes (Morin et al., 2010; Nikoloski et al., 2010).

Epigenetic alterations are starting to get used as biomarkers in hematological
malignancies and some of them have been found to be associated with poor
prognosis. Epigenetic modifications are reversible which make them important

therapeutic targets.
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1.4.3. Epigenetic drugs

In contrast to genetic alterations, which are hard to target, epigenetic
modifications are potentially reversible and can be targeted with the therapeutic
inhibition of a specific epigenetic drug. Some epigenetic drugs have been
approved for the treatment of different hematological malignancies and novel
drugs are currently being used in different clinical trials. Some examples will be

describe below.

DNA methyltransferase inhibitors (DNMTi)

DNA methyltransferase inhibitors are analogs of cytidine nucleosides that are
incorporated into the DNA or RNA of proliferating cells. DNMTis covalently
sequester DNMTs and inhibit their enzymatic activity and target them for

proteosomal degradation (Ghoshal et al., 2005).

Two DNMTis were approved by the Food and Drug Administration (FDA) for
the treatment of myelodysplastic syndromes (MDS) characterized by global
promoter hypermethylation. 5-azacytidine was the first epigenetic drug approved
by the FDA (Kaminskas et al., 2005). It was proved to be efficient in patients with
MDS in clinical trials, improving the response rate and increasing survival.
Decitabina or 5-aza-2’-deoxycytidina has been also approved for the treatment
of MDS (Lubbert et al., 2011). Additional DNMTS are being used in different
clinical trials with promising results. Some example are azacytidine in MDS and
chronic myelomonocytic leukemia (CMML) (Garcia-Manero et al., 2016);
guadecitabine in MDS and AML (Issa et al., 2015; Kantarjian et al., 2017) and
decitabine in MDS (Garcia-Manero et al., 2017).

Histone deacetylase inhibitors (HDACI)

Aberrant activity of HDACs has been implicated in cancer. Therefore, HDACs
represent an important target for cancer treatment (Imai et al., 2016). HDAC
inhibitors can induce cell cycle arrest which results in differentiation and/or
apoptosis of tumor cells while normal cells remain relatively tolerant. The

substrate of HDACs is not limited to histones, they also can deacetylate non-
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histone proteins, which provides the opportunity for the use of HDAC inhibitors in
regulating these transcription factor, oncoproteins, and/or signal transducers
(Glozak et al., 2005).

Several classes of synthetic and natural HDAC (class |, Il, and 1V) inhibitors
have been identified: hydroxamic acids, benzamides, short chain fatty acids, and
cyclic peptides (Dimopoulos and Grgnbaek, 2019; Qin et al., 2017). An overview

of some HDAC inhibitors currently used in clinical trials is shown in Table 1.1.

Table 1.1. HDAC inhibitors. Histone deacetylases inhibitors used in
clinical trials involving hematological malignancies. Abbreviations: CTCL,
cutaneous T-cell lymphoma; AML, acute myeloblastic leukemia; MDS,
myelodysplastic syndrome; CLL, chronic Iymphocytic leukemia.
(Dimopoulos and Granbaek, 2019).

el Specificity Clinical Status
structure
LBH589 (panobinostat) Classes |, lland IV | Approved (multiple mieloma)
SAHA (vorinostat) Classes |, Il and IV | Approved (CTCL)
PXD-101 (belinostat) Classes |, Il and IV Phase Il (B-cell and T-cell ymphomas)
ITF2357 (givinostat) Classes |, Il and IV | Phase Il (polycythemia vera)
Hydroxamic . )
acid derivatives 4SC-201 (resminostat) Classes |, Il and IV Phase Il (Hodgkin lymphoma)
LAQ824 (dacinostat) Classes |, Il and IV | Phase | (solid tumors)
PCI24781 (abexinostat) Classes | and Il Phase Il (B-cell lymphomas)
ACY-1215 (ricolinostat) HDACG6 Phase Il (multiple lymphoma)
SB939 (pracinostat) Classes |, lland IV | Phase Il (AML, myelofibrosis)
Benzamide MGCDO0103 (mocetinostat) | Class | Phase Il (B-cell lymphomas)
derivatives MS-275 (entinostat) Class | Phase Il (B-cell lymphomas)
Cyclic peptides Depsipeptide (romidepsin) Class | Approved (CTCL)
Short chain Valproate Classes | and lla Phase Il (MDS, AML)
fatty acids Butyrate Classes | and lla Phase Il (CLL, AML)

The FDA approved the use of some HDAC inhibitors for the treatment of
different hematological malignancies. In 2006, SAHA (suberoylanilide
hydroxamic acid) also known as Vorinostat, was the first HDAC inhibitor approved
by the FDA for clinical use in patients with cutaneous T-cell lymphoma (CTCL)
(Grant et al., 2007). Depsipeptide or Romidepsin, a cyclic peptide, was approved
in 2009 for the treatment of CTCL (Vandermolen et al., 2011) and in 2011 for the
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treatment of peripheral T-cell lymphoma (PTCL) (Barbarotta and Hurley, 2015).
Belinostat (PXD-101), the third drug approved by FDA in 2014, has been used
for the treatment of refractory or relapsed PTCL (Lee et al., 2015). Finally,
panobinostat, a hidroxamic acid analog, was approved in 2015 for the treatment

of multiple myeloma (MM) (Laubach et al., 2015).

Romidepsin is a natural product obtained from the bacteria
Chromobacterium violaceum (Ueda et al., 1994). Romidepsin is a HDAC inhibitor,
being especially active against class | HDACs. Within the cell, the disulfide bond
of the peptide is reduced releasing thiol which interacts with zinc atoms in the
binding pocket of the HDAC, inhibiting its activity. By the inhibition of HDAC,
romidepsin blocks the removal of acetyl groups from the lysine residues of N-
terminal histone tails maintaining a more open and transcriptionally active
chromatin state in the cell (Figure 1.11). The cellular action of romidepsin results
in enhanced histone acetylation, as well as the acetylation of other nuclear or
cytoplasmic proteins, influencing in cell cycle regulation, apoptosis, DNA repair
and autophagy (Smolewski and Robak, 2017). Romidepsin was shown to induce
antiproliferative effects and apoptosis in many human cancer cell lines including
leukemia, non-small cell lung cancer, breast cancer or colon cancer. Romidepsin
was approved by the FDA for the treatment of CTCL and PTCLs but its effect on

B-cell ymphomas and on BCL6 regulation has not been thoroughly investigated.

Bromodomain and extraterminal domain inhibitors (BETi)

BET proteins are a family of chromatin readers (BRD2, BRD3, BRD4 and
BRDT). They can bind to acetylated histone tails and other acetylated proteins
like transcription factors and act as regulators of RNA transcription and cell cycle
progression (Fukazawa and Masumi, 2012). BET proteins are also related with
cancer development. For example, BRD2 overexpression is associated with
DLBCL and inhibition of BRD4 has antileukemic potential in AML (Genta et al.,
2019).
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Figure 1.11. Mechanism of action of histone deacetylase
inhibitors. Histone acetylation is associated with open chromatin and
gene transcription. Histone deacetylases remove acetyl groups from
histone residues resulting in a compacted chromatin state and gene
repression. Histone deacetylase inhibitors such as romidepsin, blocks the
removal of acetylation. Abbreviations: K, lysine residue; ac, acetylation;
HDAC, histone deacetylase.

JQ1 is a potent and selective BET inhibitor which can competitively occupy
the acetyl lysine recognition pocket of bromodomains and displace BRD4 from
chromatin leading to cell cycle arrest and promotion of apoptosis (Delmore et al.,
2011; Ramadoss and Mahadevan, 2018). JQ1 is being widely studied in many
cancer cell lines and multiple animal models as a potential therapeutic agent. JQ1
is able to downregulate MYC levels in different human cancers such as
lymphomas and leukemias (Cortiguera et al., 2015) (Figure 1.12). JQ1 induces
transcriptional downregulation of MYC gene and, subsequently, leads to a
downregulation of MYC-dependent target genes. MYC is transcriptionally
regulated by multiple enhancers and super-enhancers that are dependent on
BRD4. JQ1 displaces BRD4 from the super-enhancer regions leading to inhibition
of MYC (Delmore et al., 2011; Lovén et al., 2013).
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Figure 1.12. Mechanism of action of JQ1 inhibitor. BRD4
interaction with acetylated histones activates MYC gene expression. JQ1
binds to BRD4, preventing this interaction and repressing MYC
transcription. Abbreviations: K, lysine residues; ac, acetylation; BRD4,
bromodomain-containing protein 4; pTEFb, positive transcription
elongation factor b.

Combination of therapies

Currently, therapy with a single epigenetic drug is not sufficient to achieve
disease control with the exception of the drugs approved by the FDA. However,
the combination of epigenetic drugs with standard or other epigenetic therapies

seems to be efficient and helps to reduce the possible cytotoxicity of the drugs.

Several clinical trials show that the combination of chemotherapy with
epigenetic drugs increases the sensitivity of the malignant cells to chemotherapy
in lymphoid and myeloid cancers and also in myeloma (Dimopoulos et al., 2018;
Mathur et al., 2017; Niitsu et al., 2001; Xue et al., 2016). For example, the
combination of the HDACi sodium butyrate and chemotherapy has an apoptotic
synergistic effect on Burkitt lymphoma cell lines (Dos Santos Ferreira et al.,
2012). Treatment with HDAC inhibitors after low doses of DNMT inhibitors allows
a synergistic reactivation of tumor suppressor genes and restoration of DNA-
repair pathways of malignant cells in different hematological malignancies (Ahuja
et al.,, 2016; Hassler et al., 2013; Momparler, 2003). Currently, a phase l/lla
clinical trial studies the effects of the combination of oral 5-azacitidine with
romidepsin in patients with relapsed and refractory lymphoid malignancies
(NCT01998035). In addition, synergistic effects between some BET

bromodomain inhibitors and HDAC inhibitors have been found in different studies
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in lymphoma and myeloma cells (Ramadoss and Mahadevan, 2018). Finally,
several ongoing clinical trials investigate the effect of combining epigenetic

therapy with immune checkpoint inhibitors (Ali et al., 2017).
In summary, many epigenetic drugs are currently been tested in several

clinical trials, either as monotherapy or in combination with other drugs and

therapies for the treatment of cancer.
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2. AIMS

This Thesis is divided into two parts related to the regulation of hematopoietic
cells differentiation. The first part refers to the control of erythroid differentiation
by the transcriptional regulator CTCF. The second part deals with lymphomas
produced by B-cells differentiation deregulation and its possible treatment with

epigenetic drugs.

2.1. Erythroid cells differentiation: regulation by the CTCF

factor

As it has been highlighted in the introduction, CTCF can interact with a high
number of DNA sequences all over the genome and is involved in the regulation
of gene transcription, chromatin insulation, epigenetic regulation and genome
organization. Previous results from our group indicated a possible role of CTCF
in the regulation of erythroid differentiation (Delgado et al., 1999), showing that
overexpression of CTCF promotes erythroid cell differentiation (Torrano et al.,
2005). Moreover, profiling analysis in K562 cells overexpressing CTCF revealed
the differential expression of erythroid related genes (unpublished data).

However, the underlying molecular events of these effects are unknown.

The general aim of the first part of this work is to gain further insight into
CTCF function in the regulation of erythroid cell differentiation in human

hematopoietic cells. For this purpose we stablished the following aims:

1. Analyze the effects of CTCF knock-down on K562 erythroid cell
differentiation.

2. Explore the role of CTCF in the differentiation of human CD34" cells.

3. ldentify erythroid transcription factors regulated by CTCF.

4. Study CTCF binding to regulatory regions of erythroid transcription
factor genes upon induction of erythroid differentiation.

5. Analyze CTCF occupancy of MYC regulatory regions upon
differentiation.
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2.2. B-cells differentiation and lymphoma: regulation by

epigenetic drugs

CTCEF is also involved in the regulation of lineage-specific gene expression
in lymphoid cells. Our group has demonstrated that CTCF affects plasma cell
differentiation through the epigenetic regulation of BCL6 in lymphoma cells
(Batlle-Lopez et al., 2015). In contrast to genetic alterations, epigenetic
modifications are potentially reversible and can be targeted with specific
epigenetic drugs. Therapy with epigenetic drugs has an enormous potential in
lymphoma-B treatment. Romidepsin is a histone deacetylase inhibitor that inhibits
HDAC class | (Smolewski and Robak, 2017). We have previously demonstrated
that romidepsin treatment induces apoptosis, cell cycle arrest and plasma cell
differentiation in B-cells lymphoma (Cortiguera, MG and Garcia-Gaipo, L,
submitted, see annex). On the other hand, JQ1 is a potent BET bromodomain
inhibitor that is able to repress the expression of some genes such as MYC
(Delmore et al., 2011). MYC deregulation is prevalent in lymphomas and is
associated to a worse prognosis in lymphomas derived from the germinal center
(Nguyen et al., 2017). Moreover, promising results combining HDAC with BET
inhibitors have been recently reported (Ahuja et al.,, 2016; Ramadoss and
Mahadevan, 2018).

The general aim of the second part is to investigate the effects of romidepsin
in combination with JQ1 in the treatment of different aggressive B-cell lymphoma

cells. For this purpose we stablished the following aims:

1. Study the effects of romidepsin and JQ1 combined treatment in cell
proliferation, apoptosis and cell cycle.
2. Analyze the effect of romidepsin and JQ1 treatment on BCL6

expression and B-cell differentiation.
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3. MATERIALS AND METHODS

3.1. Cell culture

3.1.1. Cell lines

in RPMI-1640 or DMEM basal media (Gibco)
supplemented with 10% or 20% fetal bovine serum (Gibco), 150 ug/ml of

Cells were grown
gentamycin and 2 pg/ml of ciprofloxacin and confirmed to be mycoplasma free.
Cells were maintained at 37°C in a humidified 5% CO:2 atmosphere. Table 3.1

provides a list of cell lines used in this study.

Table 3.1. Cell lines used in this work

CELL CULTURE SOURCE /
PHENOTYPE
LINE © MEDIUM REFERENCE
Burkitt-Lymphoma. ) Laboratory collection /
Ramos EBV negative RPMI-10F Klein et al, 1975
Burkitt-Lymphoma. Laboratory collection /
DG75 EBV negative RPMI-TOF | e Bassat et al, 1977
. Burkitt-Lymphoma. ATCC/
Raji EBV positive RPMI-10F Epstein et al, 1965
ATCC/
Toledo GCB-DLBCL RPMI-10F Martinez et al, 1993
Dr. A Piris CNIO /
LYO03 ABC-DLBCL RPMI-20F Martinez el at, 1993
Human chronic myeloid ATCC/
K562 leukemia RPMI-10F Lozzio 1975
. ATCC/
HelLa Human cervical cancer DMEM-10F Gey et al, 1952
Human embryonic kidney with Laboratorv collection /
HEK-293T SV40 T antigen constitutive DMEM-10F y
; Graham et al, 1977
expression

3.1.2. Purification and culture of human CD34* cells

Primary CD34" cells were obtained from human umbilical cord blood kindly
donated from the Banco de Sangre y Tejidos de Cantabria. Mononuclear cells
were isolated by density gradient centrifugation on Ficoll-Paque Plus (GE
Healthcare). For separation, fresh blood was diluted with phosphate-buffer saline
(PBS) supplemented with 2 mM EDTA and 100 U/ml DNase was added. Diluted

o7



MATERIALS AND METHODS

blood was carefully layed over the Ficoll solution in a centrifuge tube. Tubes were
centrifuged at 400 g for 35 min at 20°C without brake. Mononuclear cell layer was
harvested from the interface and washed 2 times with PBS-2 mM EDTA.
Mononuclear cells were frozen resuspended in freezing medium (90% fetal
bovine serum and 10% DMSO) at -80°C.

CD34" cells were purified using a magnetic beads separation system (CD34
MicroBead Kit Ultrapure and MACS Columns. Miltenyi Biotec)(Giani et al., 2016).
Mononuclear cells were thawed and centrifuged for 5 min at 1200 rpm. Cell pellet
was resuspended in a buffer containing PBS, 0.5% bovine serum albumin (BSA)
and 2 mM EDTA (300 ul of buffer for each 108 cells). CD34 Microbeads and
Blocking Reagent were added (100 pl of each for 108 cells) and samples were
incubated for 30 min at 4°C. Cells were washed with 5 ml of buffer and centrifuged
at 300 g for 10 min. Cell pellet was resuspended in 500 ul of buffer and cell
suspension was added into a MACS Magnetic Column placed in a magnetic field
of a MACS Separator. Column was previously equilibrated with 3 ml of buffer.
Column was washed three times with 3 ml of buffer. Then, the column was
removed from the magnetic separator and 5 ml of buffer were added to collect
the cells. CD34" cells were immediately cultured in StemSpam™ SFEM Il
supplemented with StemSpam™ CD34* Expansion Supplement 10X (FIt3L, SCF,
IL-3, IL-6 and TPO) (StemCell Technologies) up to three days. The purity of the

isolated CD34" cells was evaluated by flow cytometry analysis (see below).

3.1.3. Induction and assessment of erythroid cell differentiation

Exponentially growing K562 cells (2.5x10° cell/ml) were treated with 1 yM 1-
B-D-arabinofuranosylcytosine (Ara-C) (Sigma-Aldrich) or 0.5 or 1 uM Imatinib (LC
Laboratories) up to 5 days to induce erythroid cell differentiation (Delgado et al.,
1995; Gomez-Casares et al., 2013). Ara-C is incorporated into replicating DNA
strands and inhibits DNA polymerase producing topoisomerase dysfunction and
preventing DNA repair. Imatinib is an ATP-competitive inhibitor of Bcl-Abl tyrosine
kinase that works by binding close to the ATP binding site, locking it in a closed
conformation and inhibiting the enzyme activity. Both drugs are used for the

treatment of chronic myeloid leukemia.
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Expanded CD34* cells were treated with 3 or 6 U/ml Erythropoietin (EPO)
(R&D Systems) up to 14 days to induce erythroid differentiation. Cells were
collected at different time points and erythroid differentiation was analyzed by the

expression of specific erythroid markers and the benzidine test.

Benzidine test is based on the catalytic reaction occurring between benzidine
and hemoglobin in presence of H202. The benzidine test was carried out mixing
5x10* cells resuspended in 20 pl of medium and 20 ul benzidine-H202 mixture
(50:1 v/v). After 10 min of incubation on ice, blue cells (hemoglobin-containing
cells) were counted in a Neubauer chamber. A minimum of 200 cells were
counted using the Imaged software and the number of hemoglobin producing
cells (blue) over the number of non-hemoglobin producing cells (white) was

determined and expressed as percentage of benzidine-positive cells.

Ara-C: dissolved in distilled water; stock concentration: 100 mM; stored at -20°C.
Imatinib: dissolved in DMSO; stock concentration: 1 mM; stored at -20°C.

Benzidine: dissolved in 0.5 M acetic acid solution; stock concentration: 0.2% (Sigma);
stored at 4°C protected from light.

3.1.4. Colony forming unit assay

Expanded CD34* cells were plated in duplicated at a density of 2x103 cells
in 35-mm Petri dishes in 1.5 mL of a methylcellulose semisolid medium
(Methocult; Stem Cell Technologies Inc.) mixed with StemSpam™ SFEM I
supplemented with StemSpam™ CD34* Expansion Supplement 10X (FIt3L, SCF,
IL-3, IL-6 and TPO) or with StemSpam™ CD34* Erythroid Expansion Supplement
100X (SCF, IL-3 and EPO). After 14 days of incubation, individual colonies were

identified and counted using an inverted microscope.

3.1.5. Cell surface markers analysis

The purity of the isolated CD34" cells was evaluated by flow cytometry
analysis. The CD34 antigen is a single chain transmembrane glycoprotein,
expressed on human hematopoietic stem and progenitor cells. 1x10° purified

CD34* cells were harvested, centrifuge 3 min at 1500 rpm, resuspended in 100
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pl of phosphate-buffered saline (PBS) and incubate with 10 pl of CD34 PE
antibody (Miltenyi Biotec) for 30 min at room temperature in dark conditions. After
incubation, cells were washed in PBS and analyzed by flow cytometry using the

FACScan cytometer (BD Biosciences).

Erythroid differentiation was analyzed by flow cytometry. Glycophorin-A
(CD235a) is a single-pass transmembrane glycoprotein, which is expressed on
mature erythrocytes and erythroid precursor cells. It is one of the major
sialoglycoprotein expressed on human red blood cells. 1x10% cells were
harvested, centrifuge 3 min at 1500 rpm, resuspended in 100 yl of phosphate-
buffered saline (PBS) and incubated with 5 pl of anti-CD235a VioBlue (Miltenyi
Biotec) for 30 min at room temperature in dark conditions. After incubation, cells
were washed in PBS and analyzed by flow cytometry using the FACScan

cytometer (BD Biosciences).

3.1.6. Epigenetic drugs

Lymphoma B-cells were treated with the histone deacetylase inhibitor
romidepsin (kindly provided by Celgene) and/or the BET bromodomain inhibitor
(+) JQ1 (Cayman Chemical).

To study the effects of the epigenetic drugs, exponentially growing cells
(3x10° cells/ml) were treated with different drugs alone or in combination for
several time points (24, 48 and 72 hours) at the indicated concentrations,

depending on the experiment and cell line.

Romidepsin: dissolved in DMSQO; stock concentration: 100 mM; stored at -20°C.
JQ1: dissolved in DMSO; stock concentration: 1 mM; stored at -20°C.

3.1.7. Cell proliferation and viability assays

Cells growing exponentially were counted using the NucleoCounter NC-
100™ System (Chemometec) which identifies and counts cells containing

staining DNA. The system consists in a NucleoCassette, which contains a
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fluorescent dye (propidium iodide), the measurement chamber and two buffers.
The Lysis Buffer (Reagent A100) is used for disruption of the plasma membranes
and the Stabilizing buffer (Reagent B) raises the pH of the sample mixture and
stabilize the cell nuclei. To obtain the total cell number, 100 pl of the sample were
diluted with 100 pl of Reagent A and 100 ul of Reagent B and loaded into the
NucleoCassette where the nuclei were stained with propidium iodide.

Metabolic activity was measured using the WST-1 reagent (Roche) which
allows the quantification of the number of viable cells by the cleavage of
tetrazolium salt WST-1 (4-[3-(4-lodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-
1,3-benzene disulfonate) to formazan dye. The amount of formazan directly
correlates to the number of metabolically active cells in the culture. Cells were
grown for 3 days in T96 well plates with R10F at 2.5x10° cells/ml in a final volume
of 100 pl in each well. For each day, 10 pl of WST-1 reagent was added to the
cell culture and incubated for 2-4 h at 37°C. The absorbance was measured at
405 nm in the microplate (ELISA) reader Multiskan™ FC Microplate Photometer
(Thermo Scientific). Metabolic activity was expressed as percentages relative to

the activity of the non treated cells (value = 100%).

Cell viability was assessed by the dye exclusion test with Trypan Blue
(Sigma). In this test, 10 ul of cell suspension was mixed with 10 ul of Trypan Blue
and applied to a Neubauer chamber. Stained (blue) and unstained cells were

counted and the percentage of viable cells was calculated.

3.1.8. Calculation of IC5o values and drugs synergy

To determine the half maximal inhibitory concentration (ICso0) values and the
combination index (CIl) of the drugs, lymphoma B- cells were seeded in
quadruplicates in T96 well plates and treated with different concentrations of
romidepsin and JQ1. After 72 hours of treatment, metabolic activity was
measured by WST-1 assay and ICso values were determined with CompuSyn
software. For determination of drug synergy, metabolic activity results were used
according to the Chou-Talalay method (Chou, 2010; Chou and Talalay, 1984)
using CompuSyn software to determine the combination index. The Chou-Talalay
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method is based on the median-effect equation. Using this method, values < 1
represent synergistic effect of the two drugs, values equal to 1 indicate additive

effect and values > 1 represent an antagonistic effect of the drugs.

3.1.9. Apoptosis analysis

Annexin V-PE Apoptosis detection Kit (Immunostep) was used for the
detection of early apoptotic cells. The human vascular anticoagulant, Annexin V,
is a phospholipids binding protein with high affinity for phosphatidylserine. In the
early phases of apoptotic cell death, the distribution of phosphatidylserine
changes and it appears in the external surface of the cell membrane. Staining of
cells with Annexin-V allows the discrimination of intact cells (Annexin-V negative)

and early apoptotic cells (Annexin-V positive).

Cells were treated with romidepsin and/or JQ1 for 24 and 48 h. 1x10° cells
were harvested, washed twice with PBS and resuspended in 100 ul of 1X Annexin
V Binding Buffer. Five ul of Annexin V-PE were added. After incubation for 15
min at room temperature in the dark, 400 ul of Annexin V Binding Buffer were
added and samples were analyzed by flow cytometry. The percentage of
apoptotic cells was calculated using FACSDIVA™ software (BD Biosciences).
The number of apoptotic cells was expressed as percentages relative to the

apoptosis of the non treated samples (value = 100%).

The cleavage of poly(ADP-ribose)polymerase-1 (PARP1) indicative of

apoptosis, was analyze by immunoblot, as described below.

Annexin V Binding Buffer: 10 mM Hepes/NaOH, pH 7.4, 140 mM NaCl and 2.5
mM CaCls; stored at 4°C.

3.1.10. Cell cycle analysis

Cell cycle measurement was carried out using propidium iodide staining as
previously described (Albajar et al., 2011). Propidium iodide is a nucleic acid

intercalating agent and fluorescent molecule used to stain DNA. Propidium iodide
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staining allows the quantification of the number of cells in each cell cycle phase

by flow cytometry.

Cells were treated with romidepsin and/or JQ1 for 24, 48 and 72 h. 1x108
cells were harvested, centrifuge for 3 min at 1500 rpm and resuspended in 1.5
ml of phosphate-buffered saline (PBS). To fix the cells, 3.5 ml of pure cold ethanol
was added in a drop-wise manner on a top of a vortex device at low velocity. Cells
were incubated for at least 30 min (up to 3 days) on ice. After incubation, cell
were washed with PBS and resuspended in 0.5 ml PBS-citrate Na-BSA 1X
containing 200 pg/ml RNase and 10 pyg/ml propidium iodide. The samples were
incubated at 37°C in the dark for 30 min. The analysis was performed by flow
cytometry (FACSDiva cytometer). Cell cycle distribution was analyzed by flow

cytometry in the FACScan cytometer (BD Biosciences).

PBS-Citrate Na-BSA 10X: 0.1 g sodium citrate, 1 g BSA dissolved in 10 ml PBS; stored
at -20°C.

3.2. Lentiviral infection

3.2.1. Lentivirus production

Lentiviral particles were produced to transduce different cell lines in order to

downregulate CTCF expression.

To produce the lentiviral particles, HEK293T cells were transfected using the

PEI cationic lipids-based method. Three different plasmids were transfected:

e pCMV-VSV-G: envelope plasmid encoding the VSV-G gene.

e psPAX2: packaging plasmid encoding the HIV gag, pol, rev and tat
genes.

e Short hairpin sequence lentiviral plasmid of interest: provides the psi
packaging signal and the LTRs (Long Terminal Repeats) needed to

integrate the construct in the genome of the infected cell.
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The ratio amount for the mixture of the three different plasmids was 1:3:4
(VSV-G:PAXZ2:plasmid of interest, respectively) (Table 3.2). The following
transfer plasmids were used: pLKO (Sigma-Mission®) and pTRIPZ
(Dharmacon™ GE healthcare) (Figure 3.1). Cells were seeded in 150 mm plates
at 70-80% of confluence. Total amount of transfected DNA (6:19:25 ug) was
mixed with 1 ml of DMEM (without serum) and 100 ul PEI (Polysciences, Inc.).
Mixture of DNA+PEI was added to the cells containing 15 ml of serum-free DMEM

and, after 12 hours, the medium was replaced by 15 ml of complete medium.

Two days after transfection, supernatants containing lentivirus were collected
and stored at 4°C and 15 ml of complete medium were added. 24 hours
afterwards, supernatants were collected. Both supernatants were mixed,
centrifuged 10 min at 1500 rpm and filtered through a 0.45 ym pore size sterile
syringe filters (Merck Millipore). Next, PEG8000 (Sigma-Aldrich) was added to a
final concentration of 15%. Mixture was homogenized by inversion and kept at
4°C for at least 6 hours. After that, the mixture was centrifuged for 30 min at 1500
rom in order to concentrate the lentiviral particles. Supernatant was removed and
the pellet containing lentivirus was resuspended in 150 pl serum-free medium,

aliquoted and stored at -80°C.

PEI: dissolved in distilled water; stock concentration 1 ug/ul, pH: 7; Filtered with a 0.22
um pore size sterile syringe filters; stored at -20°C.

PEGB8000: dissolved in PBS 1X; stock concentration 40% (w/v); autoclaved; stored at
room temperature.

Table 3.2. Plasmids used in this work.

PLASMID CONSTRUCT ORIGIN
pLKO Control Lentiviral empty vector Sigma-Mission®
pLKO shCTCF ;gggwral shRNA for human CTCF Sigma-Mission®

i ivi ™
TRIPZ Control TRIPZ Inducible lentiviral empty Dharmacon™ GE
vector Healthcare
TRIPZ Human CTCF Inducible lentiviral shRNA for Dharmacon™ GE
shRNA V3THS_409881 | human CTCF gene Healthcare
pCMV-VSV-G VS\_/-_G gene e:ncodmg enveloped Addgene
lentiviral protein
psPAX2 GAG and POL genes enconding Addgene

packaging lentiviral proteins
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Figure 3.1. Detailed Vector Maps of the pLKO and pTRIPZ Ientiviral
vectors.

3.2.2. Lentivirus tittering

Hel a cells were used to titer lentivirus particles. Between 10* and 2x10* cells
were seeded on a 6-well plate and different volumes of the concentrated lentivirus
(0.1, 0.5, 1 and 5 pl) were added in 1.5 ml of serum-free culture medium
containing 3 pg/ml of Polibrene (Sigma-Aldrich). After 12 hours, 3 ml of complete

medium were added and 48 hours after infection the selective antibiotic was
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added (1 pg/ml of Puromycin; Sigma-Aldrich) to select the infected cells.
Puromycin selection was controlled by using a control well without lentiviral
particles. Puromycin selection was maintained until control cells die and the
single-infected cells form colonies of more than 6-10 cells. Then, the medium was
removed and the wells were washed twice with PBS. Cell colonies were stained
with Crystal Violet solution and the number of cell colonies were counted under

the microscope. The titer of the lentivirus was calculated as following:

X humber of colonies

3 _
y WL of virus x 10" = C.F.U./ml

Polybrene: dissolved in distilled water; stock concentration: 5 mg/mL; stored at -20°C.
Crystal Violet solution: 1% acetic acid, 1% methanol, 1% (w:v) crystal violet dye.

3.2.3. Cell transduction

For K562 cells transduction, a MOI (multiplicity of infection) from 3 to 5 was
used. The MOI indicates the ratio of the number of virus particles to the number
of target cells. 2.5x10° cells/ml were seeded in half of the normal volume in
serum-free medium and the corresponding amount of lentiviral particles. 5 pg/ml
polybrene were added to the cells during transduction in order to increase the
efficiency of the infection. After 12 hours, complete cell culture medium was
added until the corresponding total volume and 48 hours after infection medium
was removed and new medium, containing 1 pg/ml puromycin, was added to

select the infected cell population.

For CD34" cells transduction, a MOI of 3 was used. 1.2 ml per well of 50
pg/ml retronectin were added in a 6-well plate and incubated for 2 hours at room
temperature. Retronectin is a 63 kDa fragment of recombinant human fibronectin
fragment that enhances the efficiency of lentiviral-mediated gene transduction.
Then, retronectin was removed and 1.2 ml of PBS-2% BSA were added and
incubated 30 min at room temperature. After that, wells were washed with PBS.
The corresponding amount of viruses was added and incubated for 5 hours at

37°C. Lentivirus were removed and cells were resuspended in 1 ml of serum-free
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medium. After 12 hours, StemSpam™ SFEM Il supplemented with StemSpan™
CD34* Expansion Supplement 10X (StemCell Technologies) was added until the
corresponding total volume and 48 hours after infection medium was removed
and new medium with 0.5 pg/ml puromycin was added to select the infected cell

population.

Retronectin: dissolved in PBS; stock concentration: 1 ug/ul; stored at -20°C.

3.3. DNA and RNA analysis

3.3.1. Plasmid DNA purification

Plasmid DNA for transfections was purified using the Plasmid Midi Kit
(Qiagen). Twenty pl from the glycerol stock of the desire plasmid-containing
bacteria was inoculated into 10 ml LB growth medium containing antibiotic (100
pg/ml ampicillin) and incubated for 6 hours in an orbital shaking incubator at 37°C
and 160 rpm. After incubation, the culture was added to 200 ml LB growth
medium containing the same selection antibiotic and grown over-night in the
same conditions (37°C and 160 rpm). The following day, bacterial culture was
centrifuged at 6000 rpm for 10 min at 4°C and plasmid DNA was purified following
manufacturer’s instructions. Plasmid DNA concentration was determined by
measuring A2eonm Using a microvolume spectrophotometer (Thermo Scientific™
NanoDrop 2000). All constructs used in this study were verified by DNA

sequencing and/or restriction enzyme digestion.

3.3.2. RNA extraction and purification

Total RNA purification from cell cultures was performed using Trizol reagent
(Invitrogen™). Between 2-5x108 cells were collected by centrifugation and lysed
with 1 ml of Trizol reagent. After 5 min of incubation at room temperature, 0.2 ml
of chloroform was added, gently mixed for 15 s, incubate 2-3 min at room
temperature and centrifuged at 12000 rpm for 15 min at 4°C. The upper aqueous

phase was collected and mixed in a new 1.5 ml tube with 0.5 ml of isopropanol.
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The mixture was incubated 10 min at room temperature and centrifuged at 12000
rom for 20 min at 4°C. Supernatant was discarded and the RNA pellet was
washed with 75% ethanol and centrifuged at 7500 rpm for 5 min at 4°C. Ethanol
supernatant was discarded and the pellet was allowed to dry at room temperature
for 5-10 min. After drying, the RNA pellet was resuspended in 30 ul of RNAse-
free water. Finally, RNA concentration was determined by measuring A2sonm using
a microvolume spectrophotometer (Thermo Scientific™ NanoDrop 2000). RNA

was stored at -80°C until used.

Alternatively, RNA purification from CD34" cells was performed using the
RNeasy Mini Kit (Qiagen). One million cells were collected by centrifugation and
lysed with 350 ul Buffer RLT. Lysates were mixed with 350 pl of 70% ethanol.
The mixture was transferred to an RNeasy mini spin column and centrifuged for
15 s at =2 8000 g. Then, 700 pl Buffer RW1 was added to the column and
centrifuged for 15 s at = 8000 g. After that, 500 ul Buffer RPE was added to the
column and centrifuged for 2 min at 2 8000 g. Finally, RNA was eluted in 30 pl
RNase-free water and RNA concentration was determined by measuring Azeonm
using a microvolume spectrophotometer (Thermo Scientific™ NanoDrop 2000).
RNA was stored at -80°C until used.

3.3.3. Reverse transcription and quantitative polymerase chain
reaction (RT-qPCR)

In order to analyze the expression of genes at mMRNA level, quantitative real
time PCR (RT-gPCR) was performed.

For reverse transcription reaction, complementary DNA (cDNA) was
synthesized from 1 ug of RNA using the iScript cONA Synthesis Kit (Bio-Rad) in
a total volume of 20 pl, according to manufacturer’s instructions. The following
protocol was set for the reaction: 5 min at 25°C, 20 min at 46°C and 1 min at

85°C. The obtained cDNA samples were stored at -20°C until used.
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cDNA was amplified by quantitative PCR using specific primers for the gene
of interest in order to analyze the expression of a specific mMRNA. Primers were
designed using the online Primer 3 software tool (http://bioinfo.ut.ee/primer3-
0.4.0/) following the PCR standard guidelines: length 18 to 25 bp; GC content 40

to 65%; avoiding secondary structures; Tm: 50 to 65°C. PCR conditions were

determined depending on the nature and complexity of the primers. Primer

sequences and amplicon sizes used in RT-gPCR assays are shown in Table 3.3.

Quantitative PCR reaction mix was prepared (22 pl final volume used for two
duplicate reactions) mixing 11 pl of 2X SyBR® Select Master Mix (Applied
Biosystems), 1.3 pl of specific primers (0.3 uM; stock concentration 100 mM), 8.7
pl of distilled water and 1 pl of cDNA. Ten pl per well were loaded on a 96-well
white PCR plate. Reaction mix without cDNA was used as negative control to

detect possible amplification from contaminating DNA or primer dimers.

PCR was performed in the CFX Connect™ Real-Time PCR Detection
System (Bio-Rad). The gPCR protocol for DNA amplification was the following:
95°C 10 min; (95°C 5 min; 55-65°C 30 s) 40 cycles; 95°C 1 min; 55°C 1 min. The
protocol for real time melting curve was: (55°C 10 s decreasing by half a degree

each cycle) 80 cycles.

Quantitative PCRs were analyzed with the CFX Manager™ software.
Threshold cycles (Ct) were determined by default at the beginning of DNA
amplification in the exponential phase. MRNA expression of genes of interest was
normalized to mRNA expression of the ribosomal protein S14 using the
comparative DeltaDeltaCt (AACt) method:

*deltaCt1 = Ct (target condition 1) - Ct (normalizer condition 1; S14).
deltaCt2 = Ct (target condition 2) - Ct (normalizer condition 2; S14).
** delta delta Ct: delta Ct1-delta Ct2

comparative expression level = 2 -AACt
****Standard deviation=\(SD1 2+SD2 2)
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3.4.

3.4.1.

Protein levels were analyzed by Western-Blot. Five to ten million cells were
collected, washed in cold PBS and resuspended in RIPA lysis buffer. Cell lysates
were incubated 30 min on ice. Then, samples were sonicated using the Bioruptor
Plus sonication device (Diagenode) set at high power setting for 10 cycles (30 s
ON, 30 s OFF). After sonication, cell lysates were centrifuged at 14000 rpm for
20 min at 4°C. Supernatant was placed on a new tube and protein concentration

was measured using the Qubit 2.0 Fluorometer (Invitrogen) mixing 1 ul of the

Table 3.3. Primers used for RT-qPCR analysis

AMPLIFIED . .. AMPLICON
CENE PRIMER SEQUENCES (5" —3) “VCoF

Fw: TTACACGTGTCCACGGCGTTC

CTCF Rv: GCTTGTATGTGTCCCTGCTGGCA | 389Dbp

- Fw: TCCAGACAGACACCTTGCAG 1530
Rv: TGAGGCGATCACAACTATCG P
Fw: CCAAGCTTCGTGGAACTCTC

GATA1 Rv: CCTGCCCGTTTACTGACAAT 202 bp
Fw: CAAGATGAATGGGCAGAACC

GATA2 Rv: GCCATAAGGTGGTGGTTGTC 113 bp
Fw: GAGAAAGGGTACAACTTGCC

GLYCOPHORIN-A | o - CATTGATCACTTGTCTCTGG 220 bp

HEvT Fw. GACCGTGGATCACCTGA AA 73b
Rv. ATTCCCGAAATCCCAAACTC P

LF1 Fw: CAGGTGTGATAGCCGAGACC b
Rv: CCGTGTGTTTCCGGTAGTG P
Fw: CTGAGCTGCGACCTCTGTG

LMO2 Rv: CGCATTGTCATCTCATAGGC 164 bp

B Fw: AGCAAGGTGCATGATCGTC R
Rv: GGGGGTGGAAGTTAAAGAAGG P

e Fw: TCGGATTCTCTGCTCTCCTC P
Rv: CCTGCCTCTTTTCCACAGAA P
Fw: CGGTATGCAACAGGACATTG

NFE2L2 Rv: AGAGGATGCTGCTGAAGGAA 246 bp

oAXS Fw: AGACTTGTTCACACAGCAGCA .
Rv: AGATTGGCCTTCATGTCGTC P
Fw: CTGAGAGTGCACAGTGGAGA

PRDM1 Rv: TGGGTCTTGAGATTGCTGGT 167 bp
Fw: TATCACCGCCCTACACATCA

RPS14 Rv: GGGGTGACATCCTCAATCC 135 bp

<EPT Fw: GGAGTTAAGACAGCGCTTGG .
Rv: GAGATGTTCTGGAGGGGTGA P
Fw: GCAAGAAGGTGCTGACTTCC

e-GLOEIN Rv: TGCCAAAGTGAGTAGCCAGA 168 bp

Protein analysis

Western-Blot
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protein extract with 199 pl of freshly prepared Qubit Working Solution (Invitrogen).
Samples were incubated for 15 min protected from light at room temperature and

finally, samples were read in the Qubit 2.0 Fluorometer.

5X Laemli buffer were mixed with 50 ug of protein and distilled water to 1X
final concentration. The protein samples were heated for 4 min at 95°C and
loaded in a polyacrylamide-SDS (SDS-PAGE) gel. The percentage of the SDS-
PAGE gels varied from 8 to 15% depending on the molecular weight of the
analyzed protein. Vertical electrophoresis was carried out in a Mini Protean Il
cuvette, (Bio-Rad) at constant voltage of 175 V for 1 hour, using electrophoresis
running buffer. “Precision PlusProtein™ Dual Colors Standars” (Bio-Rad) were
used to evaluate protein migration and separation during gel electrophoresis.
Proteins were transferred to a nitrocellulose membrane (AmershamProtan
Supported 0.45 NC, GE Healthcare Life Sciences) in a Mini-Trans Blot cell (Bio-
Rad) using transfer buffer at constant amperage of 400 mA for 30 min to 1 hour
depending on the molecular weight of the protein of interest. After the
transference, the polyacrylamide-SDS gels were stained with Coomassie Brilliant
Blue solution for 10 min at room temperature and distained with water until

proteins bands were seen to check proteins load and integrity.

The membrane containing the proteins was incubated with shaking for 60
min at room temperature using TBS-T solution with 10% non-fat dry milk for
blocking unspecific binding sites. Then, the membranes were incubated over-
night or during 4 hours at 4°C in agitation with the specific primary antibody
(Table 3.4) diluted in 1-5% BSA in TBS-T solution. Membranes were washed 3
times for 5 min each with TBS-T at room temperature on a shaker and incubated
with the corresponding fluorescent secondary antibodies (Table 3.5) for 45 min
diluted in 1% BSA in TBS-T. Finally, the membranes were washed 3 times for 5

min each with TBS-T solution.
Finally, the immunocomplexes were detected with an Odyssey Infrared

Imaging System (Li-COR, Biosciences). For protein loading control, the blots

were restained with anti-Actin or anti-Tubulin antibodies.
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RIPA lysis buffer: 150 mM NaCl, 50 mM Tris-HCI pH 6.8, 0.5% NaDoc; 1% NP-40;
0.1% SDS; supplemented with protease inhibitor cocktail Set | (1:100; Calbiochem) and
phosphatase inhibitor cocktail | (1:100; Sigma-Aldrich®) immediately before using; stock
concentration: 1%, stored at 4°C.

Laemli buffer: 100 mM Tris-HCI pH 6.8, 5% [B-mercaptoethanol (v/v), 5% SDS (w/v),
0.1% bromophenol blue (w/v), 50% glycerol (v/v); stock concentration: 5X; stored at -
20°C.

Running buffer: 25 mM Trizma pH 8.3, 192 mM glycine and 0.1% SDS (w/v); stock
concentration: 1X; stored at room temperature.

Transfer buffer: 25 mM Trizma pH 8.3, 192 mM glycine and 10% methanol (v/v); stock
concentration: 1X; stored at room temperature.

Coomassie Brillant Blue solution: 0.025% Coomassie Birilliant Blue R-250 (w/v), 40%
methanol (v/v) and 10% (v/v) glacial acetic acid; stock concentration: 1X; stored at room
temperature.

TBS-T: 20 mM Tris-HCI pH 7.5, 1560 mM NaCl, 0.056% Tween 20 (v/v); stock
concentration: 1X; stored at room temperature protected from light.

Table 3.4. Primary antibodies used for Western-Blot

ANTIBODY TYPE ORIGIN DILUTION |

ACTIN (C-4) Mouse Santa Cruz BT (sc-47778) 1:3000
monoclonal

BCL6 (N-3) Rabbit Santa Cruz BT (sc-858) 1:1000
polyclonal

BCL-xL Rabbit Cell Signaling (2764s) 1:1000
monoclonal

BLIMP1 Rabbit Cell Signaling (C14A4) 1:1000
polyclonal

CTCF Mouse BD Bioscience (612149) 1:1000
monoclonal

CYCLIN-A (H-432) | Rabbit Santa Cruz BT (sc-751) 1:1000
polyclonal

GATA1 (C-20) Goat Santa Cruz BT (sc-1233) 1:1000
polycl_onal

LMO2 Rabbit Abcam (ab72841) 1:2000
polyclonal

MYC Rabbit Cell Signaling (9402s) 1:3000
polyclonal

P21 Rabbit Cell Signaling (2947s) 1:1000
monoclonal

p27 Rabbit Cell Signaling (3686s) 1:1000
monoclonal

PARP1 (H-250) Ec?lt;/g;énm Santa Cruz BT (sc-7150) 1:1000
Rabbit Laboratory of Nick Cowan, .

TUBULIN polyclonal | NY. USA 1:3000

y-GLOBIN (51-7) mgzi‘;onal Santa Cruz BT (sc-21756) 1:1000

y-H2A X (Ser139) mgzi‘;onal Millipore (05-636) 1:1000
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Table 3.5. Secondary antibodies used for Western-Blot

ANTIBODY TYPE (o] {[e]]\\] DIL:TIO

Anti-Goat IRDye®680 | DOnkey LI-COR (926-68074) | 1:10000
polyclonal

Anti-Goat IRDye®800 | DOnkey LI-COR (926-32214) | 1:10000
polyclonal

Anti-Mouse IRDye®680 | 2OnKey LI-COR (926-68072) | 1:10000
polyclonal

Anti-Mouse IRDye®800 | DONKeY LI-COR (926-32212) | 1:10000
polyclonal

Anti-Rabbit IRDye®680 | DONKeY LI-COR (926-68073) | 1:10000
polyclonal

Anti-Rabbit IRDye®800 | DONkeY LI-COR (926-32213) | 1:10000
polyclonal

3.5. ENCODE analysis of CTCF binding and interactions

The Encyclopedia of DNA Elements (ENCODE) project was used to predict
and analyze possible CTCF binding sites (CTSs) to erythroid genes and MYC
gene. ENCODE is a Genome Browser, which contains a broad collection of
model organism assemblies and annotations developed by University of
California Santa Cruz (UCSC) and the other members of the International Human

Genome Project consortium (https://genome.ucsc.edu/).

All analyses were done using the Feb. 2009 GRCh37/hg19 assembly of the
human genome. CTCF ChlP-seq peak files for the K562 cell line were taken from
the ENCODE project. The identified CTSs were then utilized for designing
primers and performing chromatin immunoprecipitation (ChlIP) to confirm CTCF
binding. ENCODE analysis for the binding of cohesin (Rad21 subunit) was also
carried out. ENCODE project also shows the locations of CTCF mediated
chromatin interactions determined by ChIA-PET techniques (Chromatin

Interaction Analysis with Paired-End Tag) sequencing.

3.6. Chromatin Immunoprecipitation (ChlP)

ChIP experiments were performed using the Pierce™ Magnetic ChIP Kit

(Thermo Scientific). Four million cells were used for each immunoprecipitation.
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Cells were fixed with 1% formaldehyde (Thermo Scientific 16% Formaldehide
solution Methanol-free) diluted in PBS and incubated for 10 min at room
temperature by shaking. To stop the fixation, glycine was added to a final
concentration of 1X (stock solution: 10X) and incubated for 5 min at room
temperature by shaking. Cells were collected by centrifugation (5 min at 1500
rom) and washed twice with cold PBS. Cell pellets were resuspended in 200 pl
of Membrane Extraction Buffer supplemented with protease and phosphatase
inhibitors and incubated on ice for 10 min. The nuclei were collected by
centrifugation (3 min at 9000 g) and resuspended in 200 pl of MNase Digestion
Buffer Working Solution. MNase (10 U/pl) were diluted in MNase Digestion Buffer
Working Solution (1:10) and 1 yl was added and incubate for 15 min at 37°C.
After incubation, 20 ul of MNase Stop Solution was added to stop the reaction,
samples were incubate on ice for 5 min and centrifuged at 9000 g for 5 min. Nuclei
were resuspended in 100 pl of 1X IP Dilution Buffer supplemented with protease
and phosphatase inhibitors and sonicated using the Bioruptor Plus sonication
device (Diagenode) set at high power setting for 10 cycles (30 s ON, 30 s OFF).
The supernatant containing the digested chromatin was collected by
centrifugation at 9000 g for 5 min. Ten pl of the sample was used as the 10%
total input sample and 90 pl were taken to a final volume of 500 ul with 1X IP
Dilution Buffer.

Chromatin immunoprecipitation was performed with a mixture of three CTCF
antibodies (2 pl of each antibody) (Table 3.6) and lysates were incubated rotating
over-night at 4°C. For each experiment, sample without antibody was used as

negative control (beads).

Table 3.6. Antibodies used for ChIP experiments

ANTIBODY IMMUNOGEN TYPE (o] {[e]]) \
Mouse BD Bioscience
CTCF Human CTCF aa. 184-290 monoclonal (612149)
CTCF Human CTCF aa. 659-675 | RaPbit EMD
polyclonal Millipore/Merck
CTCF Human CTCF aa. 650-700 | ~apbit ABCAM
polyclonal
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After incubation, 20 ul of the ChIP Grade Protein A/G Magnetic Beads was
added to each immunoprecipitation and incubated for 2 h at 4°C by mixing.
Afterwards, beads were collected with a magnet, the supernatant was discarded
and beads were washed three times with 1 ml of IP Wash Buffer 1 and once with
1 ml of IP Wash Buffer 2 for 5 min each washed. Immunocomplexes were eluted
from beads in 150 yl of 1X IP Elution Buffer for 30 min at 65°C. Then, beads were
collected with a magnet and the supernatant containing the eluted complexes
was treated with 6 pl of 5 M NaCl and 2 pl of 20 mg/ml Proteinase K. At this point,
150 pl of 1X IP Elution Buffer, 6 pl of 5 M NaCl and 2 pl of 20 mg/ml Proteinase
K were added to input samples. Immunocomplexes and input samples were
incubated for 1.5 h at 65°C.

To purify DNA, 750 ul of DNA Binding Buffer was added to each sample. The
mixture was transferred to a DNA Clean-Up Column and centrifuged for 1 min at
10000 g. Then, 750 pl of DNA Column Wash Buffer was added to the column and
centrifuged for 1 min at 10000 g. Finally, DNA was eluted in 50 pl of DNA Column
Elution Solution by centrifugation at 10000 g for 1 min.

Immunoprecipitated DNA was analyzed by quantitative PCR using the CFX
Connect™ Real-Time PCR Detection System (Bio-Rad). Quantitative PCR
reaction mix was prepared (35 ul final volume used for two duplicate reactions)
mixing 17.5 ul of 2X SyBR® Select Master Mix (Applied Biosystems), 2.1 ul of
specific primers (0.3 pM; stock concentration 100 mM), 12.4 ul of distilled water
and 3 pl of DNA. Fifteen ul per well were loaded on a 96-well white PCR plate.
Primers were designed using the online Primer 3 software tool
(http://biocinfo.ut.ee/primer3-0.4.0/) (Table 3.7). Quantitative PCR protocol was
the same described in RT-gPCR section.

Immunoprecipitated DNA was normalized to total DNA (input) using the
comparative DeltaCt (ACt) method: ACt = 2 (Ctinput - Ctimmunoprecipitated sample) \yhgre
Ct is the number of cycles needed to rise the threshold. The fold enrichment was

calculated relative to the control sample (no-antibody).
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Table 3.7. Primers used for ChIP

AMPLIFIED

GENE

LOCATION

PRIMER SEQUENCES (5" - AMPLICON

SIZE

3)
Fw: GAGGTCCTTCCTCCTGGAAC

ETS1 43 Kbupstream | p " ATGCAGCTATTGGGTTTTGC 184 bp
iz swwmn | R SIS | s,
T T
ooz | B SOOI | g
ar ez ram | B SSRGS g
02 34 kb Fw: TTAAGGTGATGGCCAGAAGG 162bp
downstream Rv: TTTTCCAAGACGGGTGTCTC
B intron 1(+2.5 | Fw: TCCAAGCAAGCCCTTATTGT 198 bp
kb) Rv: ACAACCCAGGAACAAGCAAC
OB | downsieam | R OSCCOSTTIATCIAMGTCOS | 201
wen | ST |
oS0 | e | R I | o,
e s | e 5 EEOEATES |
NFE2L2 intron 1 (+ 10 kb) | " ggéégéggg%%%ﬁggm 185 bp

3.7. Statistical analysis

Data was represented as the mean of two to five independent experiments
(in some cases performed in duplicate or triplicate). Error bars represent the

standard error of the mean.
The significance of differences was determined by the unpaired Student’s t-

test. Results were considered statistically significant when p < 0.05 (* p < 0.05;
**p<0.01; ** p<0.001; **** p <0.0001).
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4. RESULTS

4.1. Function of CTCF in the control of erythroid differentiation

During erythroid cell differentiation, hematopoietic stem cells differentiate into
different erythroid progenitors to finally form mature red blood cells.
Erythropoiesis is a highly regulated process by different growth factors, cytokines

and transcription factors.

The transcription factor CTCF has the ability to bind to a high number of DNA
sequences all over the genome and participates in the regulation of gene
transcription, chromatin insulation, epigenetic regulation and genome
organization. Insulator activities nearby globin genes firstly indicated a role of
CTCF in erythroid cell differentiation (Splinter et al., 2006). Previous results from
our group indicated a possible role of CTCF in the regulation of erythroid
differentiation (Delgado et al., 1999), showing that overexpression of CTCF
promotes erythroid cell differentiation (Torrano et al., 2005). However, the

underlying molecular events of these effects are unknown.

The aim of the first part of this work is to gain further insight into CTCF
function in the control of erythroid cell differentiation and in the regulation of

specific erythroid transcription factors in hematopoietic cells.

4.1.1. Cytosine arabinoside (Ara-C) and Imatinib induce erythroid cell

differentiation in K562 cells

In order to study the role of CTCF in the control of erythroid differentiation,
we first used the multipotent cell line K562 which derived from a human chronic
myeloid leukemia in blast crisis. This cell line has the ability to differentiate into
distinct hematopoietic lineages in response to specific differentiation inducers.
For example, K562 can be differentiated into the erythroid lineage by treatment
with cytosine arabinoside (Ara-C) (Delgado et al., 1995) or Imatinib (Gémez-

Casares et al.,, 2013) (Figure 4.1a), into the megakaryocytic lineage with
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staurosporine or into the monocytic-macrophagic pathway with TPA (Lerga et al.,
1999). In this cellular model, CTCF seems to have a specific role in the erythroid

differentiation (Torrano et al., 2005).

Cell proliferation
K562 Q
. ” @
' t\) | @
s Ifn;g,-n ib @

g
; g Lntraatad
£ K862 + Ara-C
-
9 = +
Erythroid K582 + Imatinib
Cell proliferation
Benzidine Test
Erythroid markers
expression
Benzidine Test 6 10
60 -
2 501 : 2
H - a 4 &
o mDay 1 H P
2 40 4 . : :
= mDay 2 3 3 <
8 30 4 - @Day 3 ? 2 ‘E 4
o oDay 4 & é
g 209 Day 5 3 Z 2
] oDay 2 l:
N
5107 [ 0
m o GLYCOPHORIN-A -GLOBIN
Untreated Ara-C 1M Imatinib 1 pM
/ 1 \ Untreated Ara-C 1 yM Imatinib 1 pM
v

0 § 1 2 3 4 5 1 2 3 4 5 Days

‘ ‘_.__——-—-—--’"v-nlohin
»

1 1 25 49 56 11 142 48 W2 176 M4 W02

Tubulin

Figure 4.1. Ara-C and Imatinib induce erythroid differentiation of
K562 cells. a) Schematic representation of the differentiation assay. b)
Cell proliferation curves for K562. 2.5x10°% cells were seeded and treated
with 1 uM Ara-C or 1 uM Imatinib. Cells were counted daily for 5 days.
Bars indicate mean * s.e.m of five independent experiments. ¢c) Benzidine
test of K662 cells treated with 1 uM Ara-C or 1 uM Imatinib for 5 days.
Pictures taken during benzidine test evaluation are shown. In each
experiment, a minimum of 200 cells were counted. Bars indicate mean +
s.e.m of three independent experiments; significance difference (*,p<0.05;
** p<0.01) from the untreated cells. d) Expression of glycophorin-A and ¢-
globin was analyzed by RT-qPCR after treatment with 1 uM Ara-C and 1
UM Imatinib for 72 hours. Expression was normalized against RPS14
levels. Bars indicate mean + s.e.m of two to four independent experiments;
significance difference (*,p<0.05) from the untreated cells. e) Protein
expression of y-globin analyzed by Western-Blot after treatment with 1 uM
Ara-C and 1 uM Imatinib during 5 days. Tubulin levels were used as loading
control. Densitometry values are shown at the bottom, normalized to the
control.
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We first confirmed the effects of Ara-C and imatinib in the proliferation and
differentiation of K562 cells. Erythroid cell differentiation is correlated with cell
growth arrest while undifferentiation and stemness maintenance are associated
to an active proliferative state. Erythroid differentiation was induced by treatment
with 1 yM Ara-C and 1 pM Imatinib in K562 cells and number of cells were
counted during the following five days to analyze cell proliferation. We observed
that both treatments induced cell proliferation arrest in K562 cells compared to
untreated cells (Figure 4.1b). Trypan blue assay was carried out to assess cell
viability. Treatment with 1 uM Ara-C did not significantly affect cell viability, while
treatment with 1 yM Imatinib decreased cell viability up to 50% after four days
(data not shown). For that reason, we decided to reduce Imatinib concentration

to 0.5 yM and time of treatment up to 72 hours in the following studies.

The presence of hemoglobin is exclusive of erythroid cells. Thus, we can
assess the erythroid differentiation analyzing the hemoglobin production using
the benzidine test. With this test, the cells which produce hemoglobin become
blue in the presence of benzidine. K562 cells were treated with 1 yM Ara-C and
1 uM Imatinib and benzidine test was performed during 5 days (Figure 4.1¢c). We
observed that cells treated with Ara-C and Imatinib showed a progressive
increase in the percentage of hemoglobin producing cells after 5 days of

treatment compared to untreated cells, indicating erythroid cell differentiation.

In order to confirm erythroid differentiation induction, we analyzed the
expression of key erythroid markers. For that, K562 cells treated during 72 hours
with Ara-C or Imatinib were harvested and mRNA expression was measured by
RT-gPCR (Figure 4.1d). We analyzed the levels of glycophorin-A (GYPA), which
is an erythrocyte membrane surface marker and e-globin, which is an embryonic
globin gene expressed in K562 and used as a specific erythroid marker. GYPA
and e-globin levels were significantly upregulated upon treatment with both drugs.
We also analyzed by Western-Blot the expression of the fetal y-globin protein
upon induction of differentiation (Figure 4.1e). Ara-C and Imatinib treatments

increased y-globin protein levels within 5 days compared with untreated cells.
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As mentioned before, CTCF is involved in the regulation of erythroid cell
differentiation. CTCF was first described as a transcriptional regulator of MYC
gene which also plays an important role in erythropoiesis. Our group has
previously described that MYC inhibits erythroid differentiation induced by Ara-C
in K562 cells (Delgado et al., 1995) and inhibition of MYC activity enhances
erythroid differentiation (Cafielles et al., 1997). So, we analyzed CTCF and MYC
mMRNA and protein levels in K562 cells upon Ara-C and Imatinib treatment in order
to analyze how their expression changes upon erythroid differentiation (Figure
4.2). We observed a significant downregulation of CTCF mRNA expression only
with Ara-C, while CTCF protein levels were maintained quite stable along the
differentiation process. A strong downregulation in MYC mRNA and protein levels
was observed upon induction of differentiation with both treatments, as previously
described (Delgado et al., 1999). These results are consistent with the role of
MYC in cell proliferation and in the maintenance of an undifferentiated state.
Taking all these results together we can confirmed the induction of erythroid

differentiation of K562 cells upon Ara-C and Imatinib treatment.

4.1.2. CTCF knock-down inhibits erythroid differentiation induced by
Ara-C and Imatinib in K562 cells

To study the importance of CTCF in erythropoiesis, we aimed to silence its
expression in K562 cells and analyzed erythroid cell differentiation upon induction
with Ara-C and Imatinib. First, we produced lentiviral particles containing a
specific shRNA for CTCF gene (shCTCF) and for the corresponding empty vector
pLKO (EV). K562 cells were infected with the lentiviral particles, selected for
puromycin resistance for two days and CTCF downregulation was assessed by
RT-gPCR and Western-Blot (Figure 4.3a).
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differentiation of K562. a) Expression of CTCF and MYC was analyzed
by RT-qPCR after treatment with 1 uM Ara-C or 1 uM Imatinib for 72 hours.
Expression was normalized against RPS14 levels. Bars indicate mean =
s.e.m of two to five independent experiments; significance difference
(*,p<0.05; **,p<0.01; ****,p<0.0001) from the untreated cells. b) Protein
expression of CTCF and MYC analyzed by Western-Blot after treatment
with 1 uM Ara-C or 1 uM Imatinib during 5 days. Tubulin levels were used
Densitometry values are shown at the bottom,
normalized to the control.

as loading control.

Once CTCF downregulation was confirmed, infected K562 cells were treated

with 1 yM Ara-C or 0.5 pM Imatinib during 3 days to induce erythroid cell

differentiation. We analyzed again CTCF protein levels by Western-Blot to

confirm that CTCF downregulation was maintaining upon treatments (Figure

4.3b). Exponentially growing cells were counted daily for 3 days and growth

curves were performed (Figure 4.3c). We found that both treatments reduced

cell proliferation independently of CTCF downregulation. We also observed a

slight reduction in cell proliferation when we reduced CTCF expression.
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Figure 4.3. Downregulation of CTCF in K562 cells with the pLKO
constitutive vector. a) Schematic representation of the experimental
workflow and validation of CTCF downregulation. Expression of CTCF was
analyzed by RT-qPCR after infection of K662 cells with shCTCF or pLKO
(EV) and selection with puromycin for two days. Expression was
normalized against RPS14 levels. Bars indicate mean = s.e.m of three
independent experiments; significance difference (*,p<0.05) from the
untreated cells. CTCF protein levels analyzed by Western-Blot in K562
cells infected as above. Tubulin levels were used as loading control.
Densitometry values are shown at the bottom, normalized to the control.
b) CTCF protein levels analyzed by Western-Blot after infection of K562
cells with shCTCF or pLKO EV and treated with 1 uM Ara-C or 0.5 uM
Imatinib during 3 days. Actin levels were used as loading control.
Densitometry values are shown at the bottom, normalized to the control.
c) Cell proliferation curves for K662 infected with shCTCF or pLKO (EV).
2.5x10° cells were seeded after 2 days of puromycin selection and treated
with 1 uM Ara-C or 0.5 uM Imatinib. Cells were counted daily for 3 days.
Bars indicate mean + s.e.m of two independent experiments.
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To verify that the downregulation of CTCF inhibits erythropoiesis, the
expression of specific erythroid markers, y-globin, GATA1 and LMOZ2, were
analyzed by Western-Blot upon induction of cell differentiation (Figure 4.4b). As
we shown before, y-globin levels increased upon treatment with Ara-C and
Imatinib in K562 cells infected with the empty vector, indicating erythroid
differentiation. However, upon CTCF silencing, no increase in y-globin protein
levels was observed. Similar results were found when we analyzed GATA1 and
LMO2 levels: they increased upon treatments with Ara-C and Imatinib but
remained low when CTCF expression was reduced. These results were

consistent with the benzidine test data.

Interestingly, when we compared the K562 cells infected with shCTCF with
the ones infected with the EV prior to Ara-C or Imatinib treatment (Day O of
treatment), we also observed a reduction in the percentage of benzidine positive
cells (Figure 4.4.a) and in the expression of y-globin, GATA1 and LMO2 protein
levels (Figure 4.4b; Day 0). These results indicates that knock-down of CTCF
not only inhibits erythroid differentiation induced by Ara-C and Imatinib, but also

the spontaneous erythroid differentiation.

To sum up, downregulation of CTCF strongly decreases the percentage of
hemoglobin producing cells and erythroid markers protein levels, indicating that

CTCF knock-down could inhibit erythroid cell differentiation.

In order to confirm and extend these results, the pTRIPZ inducible lentiviral
shRNA vector containing a tetracycline-inducible promoter reporter (tet-on
system) was used. K562 cells were infected with pTRIPZ Empty Vector and
pTRIPZ shCTCF lentiviral particles and selected for puromycin resistance to
eliminate the uninfected cells (Figure 4.5a). Then induction with doxycycline was
carried out for 3 days and the expression of the TurboRFP reporter (indicating
the efficiency of infection) was checked by microscopy and quantified. We
obtained more than the 83% of infected cells with the empty vector and more than
the 78% with the shCTCF vector (Figure 4.5b). The next step was to confirm
CTCF downregulation upon doxycycline induction, by RT-qPCR. Induction of
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pTRIPZ shCTCF with doxycycline reduced CTCF mRNA levels more than the
60% (Figure 4.5¢).

a
Day 3 EV shCTCF
Benzidine Test
60
Untreated
2
» 50
H mDay 0
o 40
2z @Day 1 =
k4 -
é 30 pDay 2
] 20 | oDay 3 Ara-C
3
N
é 10 -
0 g
o9 (A‘C LY C .
e x M o™ A€ .
o o Al o x\ Q"c‘? o < Imatinib N ]
By b
Ara-C Imatinib
o"é cfé '\('Q
(4]
¢ 5 & B o F
0 0 1 2 3 1 2 3 Days 1 2 1 2 3 Days
P a— — e y-Globin [ y=Globin
1 07 14 1 21 07 03 03 1 16 06 0.8 1
L T W— — GATA1 ] LMO2
- - — — - -——
1 0.6 14 21 38 15 1 05 1 18 06 08 08
- - — [ LMO2 Tubulin
1 05 0.9 1.2 15 0.8 08 11
— — — [ Tubulin

Figure 4.4. Constitutive CTCF downregulation inhibits erythroid
differentiation of K562 cells. a) Benzidine test of K562 cells infected with
ShCTCF or pLKO EV and treated with 1 uM Ara-C or 0.5 uM Imatinib during
3 days. Pictures taken during benzidine test evaluation are shown. In each
experiment, a minimum of 200 cells were counted. Bars indicate mean +
s.e.m of three independent experiments; significance difference (*,p<0.05;
** p<001) from the untreated cells. b) Protein expression of y-globin,
GATA1 and LMOZ2 analyzed by Western-Blot after infection of K562 cells
with shCTCF or pLKO EV and treated with 1 uM Ara-C or 0.5 uM Imatinib
during 3 days. Tubulin levels were used as loading control. Densitometry
values are shown at the bottom, normalized to control.

Once confirmed that the inducible system worked, infected K562 cells were
treated with 1 yM Ara-C or 0.5 yM Imatinib for 3 days to induce erythroid
differentiation. Then, we analyzed CTCF protein levels by Western-Blot to confirm
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that CTCF downregulation was maintaining upon treatments (Figure 4.6a).

Number of cells were counted during 3 days of treatment to measure cell

proliferation. As we observed before, Ara-C and Imatinib treatments inhibited cell

proliferation independently of CTCF downregulation (data not shown).
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Figure 4.5. Downregulation of CTCF in K562 cells with the pTRIPZ
inducible vector. a) Schematic representation of the experimental
workflow. b) Efficiency of infection checked by microscopy after three days
with doxycycline induction. Bright field pictures show total cell number.
Red cells represent infected cells. ¢) Validation of CTCF downregulation.
Expression of CTCF was analyzed by RT-qPCR after infection of K562
cells with inducible shCTCF or pTRIPZ EV, two days of puromycin
selection and three days of induction with 2 ug/ml doxycycline. Expression
was normalized against RPS14 levels. Bars indicate mean = s.e.m of three
independent experiments; significance difference (**,p<0.01) from the
untreated cells.

Erythroid differentiation was assessed by the benzidine test to score

hemoglobinized cells after three days of Ara-C or Imatinib treatment (Figure
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4.6b). In cells infected with the EV without (-) and with (+) doxycycline induction,
we observed and increase in the percentage of benzidine positive cells, as
expected. Similar results were observed in K562 cells infected with shCTCF prior
to doxycycline induction. However, in K562 cells with CTCF downregulation (i.e.
upon doxycycline induction), the percentage of hemoglobinized cells was
significantly reduced, indicating inhibition of erythroid cell differentiation. We also
analyzed the expression of erythroid markers by Western-Blot (Figure 4.6c). y-
globin levels increased upon treatments with Ara-C and Imatinib in cells with
normal expression of CTCF. However, in cells with shCTCF, lower increase in y-
globin protein levels was observed. Similar results were observed when GATA1

protein levels were analyzed.

These results obtained upon knock-down of CTCF with the inducible pTRIPZ
system are consistent with the ones obtained with the constitutive pLKO system.
Altogether, our results indicate that silencing of CTCF inhibits erythroid cell
differentiation, therefore, CTCF seems to be essential for erythroid differentiation
in K562 cells.

4.1.3. Erythropoietin (EPO) induces erythroid differentiation in
primary CD34" cells

In view of the results observed with the K562 cell line, we decides to switch
to a more physiological model as primary CD34" cells. While K562, is an
immortalized leukemia cell line, CD34" cells are human hematopoietic
stem/progenitor cells with the capacity to differentiate into myeloid or lymphoid
lineage and, therefore, a more suitable model to study the role of CTCF in
erythropoiesis. We purified CD34* cells from cord blood of newborns. First, we
isolated the mononuclear cells by density gradient centrifugation on Ficoll and
then we purified CD34" cells using magnetic beads. By flow cytometry analysis,
a purity of more than 85% of CD34" cells was obtained. Finally, we treated them
in culture with erythropoietin (EPO) to induce erythroid differentiation (Figure
4.7a). Two different concentrations of EPO (3 U/ml and 6 U/ml) were used to set

up the system.
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Figure 4.6. Inducible CTCF downregulation inhibits erythroid
differentiation of K562 cells. a) Protein expression of CTCF analyzed by
Western-Blot after infection of K562 cells with inducible shCTCF or pTRIPZ
EV and treated with 1 uM Ara-C or 0.5 uM Imatinib for 3 days. Actin levels
were used as loading control. Densitometry values are shown at the
bottom, normalized to the control. b) Benzidine test in K662 cells infected
with inducible shCTCF or pTRIPZ EV and treated with Ara-C or Imatinib as
in a). Pictures taken during benzidine test evaluation are shown. In each
experiment, a minimum of 200 cells were counted. Bars indicate mean *
s.e.m of three independent experiments; significance difference (*,p<0.05;
** p<0.01) from the untreated cells. d) y-globin and GATA1 protein
expression analyzed by Western-Blot in K562 cells after infection with
inducible shCTCF or pTRIPZ EV and treated with Ara-C or Imatinib as in
a). Actin levels were used as loading control. Densitometry values are
shown at the bottom, normalized to the control.

Erythroid cell differentiation was analyzed first using the benzidine test after
5, 7 and 10 days of EPO induction (Figure 4.7b). We observed a significant

increase in the percentage of hemoglobinized cells after treatment with both

concentrations of EPO. To confirm erythroid cell differentiation we also analyzed

the percentage of GYPA positive cells by flow cytometry (Figure 4.7¢c) and the

expression of y-globin and GATA1 proteins by Western-Blot (Figure 4.7d). An

increase in the number of GYPA* cells and in the levels of y-globin and GATA1

were observed upon EPO treatment. These results together confirmed that we

set up the model system for erythroid cell differentiation in CD34™ cells.

91



RESULTS

a
c’g& -m
2 Erythropoietin (EPO|
‘ i l rythropoietin (EPO)
Plasma and
Cord blood platelets I 0 1 2 3 & 6 6 7 & 8 10 11 12 13 14 Days >
: | e | Mo lear Cells
L w—1 Ficoll * * ‘y * * *
Ficoll Red blood cells and
polymorphonuclear I Benzidine Test / Flow cyfometry / Western-Blot l
b Benzidine Test c
80 Glycophorin A +
£ o 100
2 60
] 80 -
; mDay 5
T 40 o 604
& @Day 7 E
£ 2 401
2 20 —~ oDay 10
g 20 4
i)
0 0-
Untreated 3U/mL 6 U/mL
Untreated 3 U/mL EPO 6 UmL EPO Day 10 EPO EPO
. .
.
. .
pod’ p
Day 10 Untreated 3 U/mL EPO 6 UmL EPO
d 3 UimL EPO 6 UimL EPO
0 3 5§ 7 10 14 3 5 7 10 14 Days
on B e e \-Globin
C+ 1 16 18 21187 3058 14 11 12 85 40
g o ¢ 7 s & = -
- — e ——— >R | GATA-1
B - -

1 17 15 3 45 19 19 14 21 4 08

Tubulin

h’—-——' — — — Py

Figure 4.7. EPO induces erythroid differentiation of primary
CD34*cells. a) Schematic representation of CD34* cells purification and
induction of differentiation with EPO. b) Benzidine test of CD34"* cells
treated with 3 U/ml and 6 U/ml EPO during 10 days. Pictures taken during
benzidine test evaluation are shown. In each experiment, a minimum of
200 cells were counted. Bars indicate mean + s.e.m of two independent
experiments; significance difference (*,p<0.05; **,p<0.01) from the
untreated cells. ¢) Glycophorin-A positive cells analyzed by flow cytometry
after treatment of CD34" cells with 3 U/ml and 6 U/ml EPO during 10 days.
Bars indicate mean t* s.e.m of two independent experiments; significance
difference (**,p<0.05; ***,p<0.001) from the untreated cells. d) Protein
expression of y-globin and GATA1 analyzed by Western-Blot after
treatment of CD34* cells with 3 U/ml and 6 U/ml EPO during 14 days.
Tubulin levels were used as loading control. Densitometry values are
shown at the bottom, normalized to the control. C+, 293T cells transfected
with pCEFL-GATA1 as positive control.
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4.1.4. Downregulation of CTCF inhibits erythroid differentiation in
CD34" cells

Once the conditions for CD34* cells purification and differentiation were
established, we studied the effects of CTCF downregulation using both the
constitutive and inducible lentiviral shRNA systems described in the previous

section.

Isolated CD34" cells were infected with lentiviral particles containing the
specific sShRNA against CTCF (shCTCF) or with the pLKO empty vector (EV) and
selected for puromycin resistance. After two days of puromycin selection, CTCF
MRNA expression was analyzed to confirm CTCF downregulation (Figure 4.8a).
We observed that the expression of CTCF was significantly reduced (around
50%) in shCTCF cells. CTCF protein levels could not be detected by Western-
Blot in CD34* cells.

To study the effect of CTCF ablation in erythroid differentiation, CD34" cells
infected with EV and with shCTCF were treated with EPO during 14 days and
benzidine test was performed (Figure 4.8b). Upon EPO treatment, the fraction of
benzidine positive cells gradually increase in EV-CD34" cells, indicating erythroid
cell differentiation. However, CD34" cells infected with lentiviral particles
containing shCTCF did not show an increase in benzidine positive cells. Upon
CTCF downregulation, the fraction of benzidine positive cells was reduced by
approximately 40% compared with the empty vector. These results were
confirmed by measuring the percentage of Glycophorin-A (GYPA) positive cells
and the expression of y-globin and GATA1 proteins after EPO treatment. As
shown Figure 4.8c, the percentage of GYPA™ cells, analyzed by flow cytometry,
increased with EPO treatment in cells infected with the empty vector whereas in
cells with shCTCF, no increase in the percentage was observed. Protein levels
of y-globin and GATA1 were analyzed by Western-Blot (Figure 4.8d). We
observed a high increase in y-globin levels in cells infected with the empty vector.
In contrast, upon CTCF known-down, a slightly increase can be revealed. Similar

results were found with GATA1 protein levels.
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Figure 4.8. CTCF downregulation inhibits erythroid differentiation
of CD34*cells. a) Expression of CTCF was analyzed by RT-qPCR after
infection of CD34* cells with shCTCF or pLKO (EV) and puromycin
selection for two days. Expression was normalized against RPS14 levels.
Bars indicate mean t s.e.m of three independent experiments; significance
difference (**,p<0.01) from the EV. b) Benzidine test of CD34* cells
infected with shCTCF or pLKO (EV) and treated with EPO during 14 days.
Pictures taken during benzidine test evaluation are shown. In each
experiment, a minimum of 200 cells were counted. Bars indicate mean +
s.e.m of three independent experiments; significance difference
(**,p<0.01; ***,p<0.001; **** p<0.0001) from the EV untreated cells. c)
Glycophorin-A positive cells analyzed by flow cytometry after infection with
shCTCF or pLKO (EV) and treated with EPO during 5 days. d) Protein
expression of y-globin and GATA1 analyzed by Western-Blot of CD34*
cells after infection with shCTCF or pLKO (EV) and treated with EPO during
5 days. Actin levels were used as loading control. Densitometry values are
shown at the bottom.

Colony forming unit assay was also performed to analyze erythroid cell
differentiation. Infected CD34* cells, with EV or shCTCF, and treated with EPO,
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were grown in methocult medium. Upon 14 days of incubation, individual colonies
were identified and counted using an inverted microscope. We observed different
types of colonies such us CFU-GEMM (Colony forming unit-granulocyte,
erythroid, macrophage and megakaryocyte) and BFU-E (Burst forming unit-
erythroid) (Figure 4.9a). After counting the number of colonies, we observed that
CTCF downregulation dramatically reduced the number of erythroid colonies
(Figure 4.9b).

Day 14
80 -
70 1
60 1
50 4 mEV +EPO
40 @shCTCF + EPO

30

Number of colonies

10 1

TOTAL CFU-GEMM BFU-E

Figure 4.9. CTCF downregulation inhibits erythroid colony
formation. Infected CD34* cells were treated with EPO and grown in
methocult medium for 14 days. One representative experiment is shown.
a) Erythroid colonies observed in the inverted microscope. CFU-GEMM;
colony forming unit-granulocyte, erythroid, macrophage and
megakaryocyte. BFU-E; Burst forming unit-erythroid. b) Number of
erythroid colonies counted in the inverted microscope.

Together, these findings reveal that CTCF downregulation inhibits erythroid
cell differentiation in CD34* primary cells. To confirm this result, we
downregulated CTCF expression with the pTRIPZ doxycycline-inducible system.
Isolated CD34" cells were infected with pTRIPZ EV and pTRIPZ shCTCF
lentiviral particles and selected for puromycin resistance. Then, treatment with
doxycycline was carried out for 2 days to deplete CTCF. The efficiency of
infection was confirmed by fluorescence and more than the 84% of the CD34"
cells were infected cells with both vectors (Figure 4.10a). CTCF downregulation

upon doxycycline induction was confirmed by RT-gPCR. Induction of pTRIPZ
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shCTCF by doxycycline reduced CTCF mRNA levels by more than the 65%
(Figure 4.10b).

a b
+ Dox
CTCF
4 -
3.5
5
EV 5
R
&
o 2.5
o
z
E Z 1
2
3 = _
o . £ 15
; &
iy 1 1
*
g 0.5
shCTCF v
u -

Benzidine Test

| - " Day 5 EV shCTCF
. - - + - + Dox
‘ \ NT

8

o
S

-
=

Benzidine Positive Cells (%)
8

- - - 3 %

[Untreated EPO

+ dox

o

Untreated EPO
- dox

Untreated EPO
- dox

Untreated EPO
+ dox

EPO

EV shCTCF

Figure 4.10. Inducible CTCF downregulation inhibits erythroid
differentiation of CD34* cells. a) Efficiency of infection of CD34+ cells
checked by microscopy after two days with doxycycline induction. Bright
field pictures show total cell number. Red cells represent infected cells. b)
Validation of CTCF downregulation. Expression of CTCF was analyzed by
RT-qgPCR after infection of CD34* cells with inducible shCTCF or pTRIPZ
EV, two days of puromycin selection and two days of induction with 2 ug/ml
doxycycline. Expression was normalized against RPS14 levels. Bars
indicate mean + s.e.m of two independent experiments; significance
difference (*,p<0.05) from the untreated cells. ¢) Benzidine test of CD34"
cells infected with inducible shCTCF or pTRIPZ EV and treated with EPO
during 5 days. Pictures taken during benzidine test evaluation are shown.
In each experiment, a minimum of 200 cells were counted. Bars indicate
mean + s.e.m of three independent experiments; significance difference
(*,p<0.05) from the EV untreated cells without doxycycline induction.

Finally, erythroid differentiation was analyzed by the benzidine test after five
days of EPO treatment (Figure 4.10c). In cells infected with the EV without (-)
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and with (+) doxycycline induction, we observed the expected increase in the
percentage of benzidine positive cells. Similar results were observed in CD34"
cells infected with shCTCF without doxycycline induction. However, in cells with
downregulated CTCF (doxycycline induction), the percentage of benzidine

positive cells was reduced indicating inhibition of erythroid differentiation.

To summarize, all these results together reveal that CTCF downregulation,
with constitutive or inducible systems, inhibits erythroid cell differentiation in K562
cells and in primary CD34* cells indicating an important role of CTCF in the

regulation of erythropoiesis.

4.1.5. CTCF binding in vivo to erythroid transcription factor genes

Once we have demonstrated that CTCF has an essential role in the erythroid
differentiation, we aimed to analyze the molecular mechanisms in which CTCF
could be involved in erythropoiesis. We hypothesized that CTCF could be
regulating specific erythroid genes, therefore we analyzed the CTCF in vivo
binding to the regulatory regions of selected genes encoding erythroid
transcription factors and how the binding changes upon induction of erythroid

differentiation.

Our group had previously described that overexpression of CTCF in K562
cells induces erythroid differentiation (Torrano et al., 2005). Torrano et al
performed microarray analysis with the Affymetrix platform HG-U133 Plus2.0
comparing RNA from K562 control cells and K562 cells overexpressing CTCF
(unpublished data) and focused the analysis in genes implicated in different
aspects of the erythroid differentiation (Table 4.1). The analysis of transcriptomic
data revealed the differential expression of genes encoding erythroid membrane
proteins (glycophorin A and E, ankirin1, transmembrane glycoproteins), erythroid
cytoskeletal proteins (spectrin alpha) and different hemoglobin components
(hemoglobin alpha, beta, delta, and epsilon). Notably, a number of transcription
factors that determine erythroid lineage differentiation seemed to be regulated by
CTCF (Table 4.1). The microarray-based expression profiling data where

consistent with the function of CTCF promoting erythroid differentiation.
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Table 4.1. Erythroid related genes regulated by CTCF expression.
a) Affymetrix microarray analysis revealed erythroid genes upregulated by
CTCF expression. b) Affymetrix microarray analysis revealed erythroid

genes downregulated by CTCF expression.

Data from Torrano, V.

(unpublished).
a
GENE DESCRIPTION FUNCTION
GYPA Glycophorin A Erythroid-specific membrane protein
GYPE Glycophorin E Erythroid-specific membrane protein
ANK1 Ankirin 1, erythrocytic Erythroid-specific membrane protein
SPTA1 Spectrin alpha, erythrocytic 1 Erythrocyte cytoskeletal protein
HBA2 Hemoglobin, alpha 2, adult chain 2 Hemoglobin component
HBA1 Hemoglobin, alpha 1, adult chain 1 Hemoglobin component
HBB Hemoglobin, beta adult chain Hemoglobin component
HBD Hemoglobin, delta Hemoglobin component
HBZ Hemoglobin,zeta Hemoglobin component
HBE1 Hemoglobin, epsilon1 Hemoglobin component
HEMGN Hemogen Hematopoietic nuclear protein. Regulated by GATA1
ID1 Inhibitor of DNA binding 1 Transcription factor. Erythroid function
ID3 Inhibitor of DNA binding 3 Transcription factor 3. Induces erythroid differentiation
LMO2 LIM domain2 (rhombotin-like 1) Transcription factor. TAL-1/SCL partner
TCF3 Transcription factor (E2A) Transcription factor. TAL-1/SCL partner
NF-E2-like 2 Nuclear factor erythroid like 2 Transcription factor. Binds to beta-globin promoter
KLF1/EKLF Erythroid Kruppel-like factor 1 Transcription factor. Activates beta-globin gene
b
GENE DESCRIPTION FUNCTION
CcD44 Cluster of differentiation 44 Transmembrane glycoprotein
CcD164 Cluster of differentiation 164 Transmembrane glycoprotein
MYB Myeloblastosis oncogene Z;;Zﬁ:ii;tiz]n factor. Inhibitor of erythroid
HES 1 Hairy and enhancer of split 1 Transcription factor. Inhibits GATA1
HEY1 Hairy related transcription factor 1 Transcription factor. Inhibits erythroid differentiation
D2 Inhibitor of DNA binding 2 Z;;Zﬁ:ii;tiz]n factor. Inhibited during erythroid
GATA 2 GATA binding protein 2 Transcription factor. Inhibits erythroid differentiation
ETS1 Erythroblastosis oncogene 1 Transcription factor. Blocks erythroid differentiation
STAT5B tsriag’n":c'rz::i"os:‘écer and activator of Transcription factor. Antiapoptotic effect
VIM Vimentin Intermediate filament
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In this Thesis work, we selected some important transcription factors
implicated in erythroid differentiation such as LMO2, KLF1, GATA2 and MYB
among others. We first analyzed their mRNA expression upon induction of
erythroid cell differentiation with Ara-C or Imatinib (Figure 4.11). We observed a
significant reduction in the expression in ETS1, MYB and GATA2 upon
differentiation and an increase in the levels of LMO2 and KLF1. In the case of
HEY1 and NFE2L2 their expression were slightly increased with Ara-C treatment
and reduce with Imatinib treatment. In general, these results are in concordance

with the role of those genes during differentiation (see Introduction).

B Untreated
BAra-C

DOlImatinib

Relative mRNA expression

ETS1 MYB GATA2 HEY1 LMO2 KLF1 NFE2L2

Figure 4.11. mRNA expression of erythroid genes upon
differentiation. mMRNA expression levels of ETS1, MYB, GATA2, HEY1,
LMO2, KLF1 and NFE2L2 analyzed by RT-qPCR in K562 cells upon
treatment with 1 yM Ara-C for 72 hours or with 0.5 yM Imatinib 48 hours.
Expression was normalized against RPS14 levels. Bars indicate mean %
s.e.m of two or three independent experiments; significance difference
(*,p<0.05; **,p<0.01; ***,p<0.001; ****,p<0.0001) from the untreated cells.

We next asked if CTCF is regulating the expression of these erythroid related
genes by binding directly to their regulatory sequences. For this, we performed
chromatin immunoprecipitation (ChlP) assays to confirm the CTCF in vivo binding
to a number of erythroid-related genes from Table 4.11: ETS1, MYB, GATAZ2,
HEY1, LMO2, KLF1, NFE2L2 and TCF3. The ChlP-seq data published in the
Encyclopedia of DNA Elements (ENCODE) project (https://genome.ucsc.edu/)

was analyzed to identify possible CTCF binding sites (CTSs) to the selected
erythroid genes. For the study of CTCF binding in erythroid-differentiated cells,
K562 cells were treated with 1 uyM Ara-C for 48 and 72 hours followed by CTCF
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immunoprecipitation with a mixture of three anti-CTCF antibodies. Then,
chromatin enrichment was detected by real-time quantitative PCR using different
sets of primer pairs. In all the experiments, positive and negative controls were
used in order to check that ChIP was working. The H42.1 ribosomal DNA (rDNA)
repeat was used as positive control and the H4 ribosomal DNA (rDNA) repeat as
negative control (Figure 4.12), as previously described by our group (van de
Nobelen et al., 2010). Samples incubated without antibody were used to check

the specificity of the beads (samples referred as beads).

aCTCF
60 - . Figure 4.12. Positive and negative
controls for ChIP assays. Binding of CTCF
50 to H42.1 rDNA and H4 rDNA. Fold enrichment
E was determined by calculating the ratio of the
E 40 + mBeads amount of the target sequence in the
2 3p @H42.1 immunoprecipitation over the amount of the
g OH4 target sequence in the input DNA. Each value
o 20 was normalized with respect to the beads (no-
L 10 antibody sample).
0

CTCF and cohesins participate on gene regulation through the formation or
stabilization of long-range chromatin loops (see Introduction). To get further
information of the possible loops formed by CTCF and cohesin (Rad21 subunit)
for the regulation of the erythroid genes, we used the ENCODE platform to find
chromatin interactions by Chromatin Interaction Analysis with Paired-End Tag
(ChIA-PET). PET clusters indicate two different genomic regions in the chromatin
interacting with each other for regulatory functions. ChlA-PET sequencing is a
genome-wide high-throughput technology use to detect chromatin interactions
associated with a specific protein of interest in the cell genome (Li et al., 2015).
The ENCODE Project shows the locations of protein factor mediated chromatin
interactions determined by ChIA-PET techniques. We analyzed the selected
CTSs of the different erythroid transcription factors to look for possible PET

clusters.

In summary, for the analysis of the erythroid genes mentioned above we
performed: i) ENCODE analysis to predict possible CTSs; ii) ChIP assay in K562

100



RESULTS

cells to confirm in vivo binding of CTCF; iii) ChIP assays in K562 cells treated
with Ara-C to analyzed how CTCF binding changes upon induction of

differentiation; and iv) ENCODE analysis showing possible PET clusters.

ETS1

ETS1 (Erythroblastosis oncogene 1) is a transcription factor which inhibits
erythroid differentiation and, during erythropoiesis, its expression has to be
downregulated (Lulli et al., 2006). ENCODE analysis revealed a CTCF binding
site 43 kb upstream ETS17 gene (Figure 4.13a, blue arrow).

CTCF binding to the CTS found upstream ETS1 gene was analyzed in K562
cells without induction of differentiation (untreated K562 cells). ChIP experiments
revealed a high occupancy of CTCF at the analyzed CTS (Figure 4.13b). Once
confirmed that CTCF is binding to the ETS71 CTS, we analyzed the binding upon
induction of erythroid differentiation with Ara-C (Figure 4.13c). ChIP assay
showed a gradual increase in CTCF binding to ETS7 upon differentiation with
Ara-C.

From the ENCODE ChIA-PET data we analyzed the possible interactions
that are formed around ETS17 gene. The CTCF and cohesin (Rad21 subunit)
binding sites were analyzed (Figure 4.13d). We observed two loops which bridge
regions of CTCF occupancy. The loops are formed between the analyzed CTS
upstream ETS1 and two CTS located downstream and both loops contain ETS1
gene. A scheme of the possible loop formed is also depicted, showing that CTCF
could act as an insulator between ETS7 and FLI/1 (another ETS-family gene)
(Figure 4.13d).
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Figure 4.13. CTCF binding to ETS1 gene. a) ENCODE analysis
showing ChlP-seq profile of CTCF for ETS1 gene in chromosome 11 from
K562 cell line. CTCF binding site is shown (blue arrow). b) ChIP analysis
showing the binding of CTCF to the ETS1 CTS in K562 cells. The fold
enrichment of the target sequence was determined as indicated in
Materials and Methods section. Each value was normalized with respect to
the beads (no-antibody). Bars indicate mean + s.e.m of eight independent
experiments; significance difference (**,p<0.01) from the beads. c) ChIP
analysis showing the binding of CTCF to the ETS1 CTS in K562 cells upon
treatment with 1 uM Ara-C for the indicated times. Each value was
normalized with respect to the untreated cells. Bars indicate mean £ s.e.m
of eight independent experiments. d) ChlA-PET interactions from the ETS1
CTS (blue arrow) are shown as blue arcs. ChlP-seq profiles of CTCF and
RAD21 (left) and representation of possible loop (right) are shown. CTCF,
blue balls; Cohesin (RAD21), green circle; genes, blue boxes.
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mMyB

MYB (Myeloblastosys oncogene) is a crucial transcription factor in
hematopoiesis and erythropoiesis. MYB is highly expressed in the hematopoietic
stem and progenitor cells and downregulated during differentiation (Wang et al.,
2018). Actually MYB was discovered in retrovirus inducing leukemia in chicken
(Lipsick and Wang, 1999). ENCODE analysis showed a CTCF binding site in the
Intron 1 (+ 2.5 kb) of the MYB gene (Figure 4.14a, blue arrow).

Binding of CTCF to the Intron 1 of MYB gene was determined in untreated
K562 cells. ChIP experiments confirmed a high occupancy of CTCF to MYB gene
(Figure 4.14b). Furthermore, CTCF binding upon treatment with Ara-C was
analyzed (Figure 4.14c). ChIP assay revealed an increase in CTCF binding to

MYB upon induction of differentiation.

From the ENCODE ChIA-PET data we analyzed the putative interactions that
are formed around MYB gene, looking for the CTCF and cohesin (Rad21 subunit)
binding sites. We observed a loop formed between the analyzed CTS in the Intron
1 of MYB and a CTS located upstream MYB gene (Figure 4.14d).

GATA2

GATAZ2 is a transcription factor expressed in hematopoietic stem and early
progenitor cells and regulates their proliferation and maintenance. During
erythroid differentiation, GATA2 expression is repressed by GATA1 (GATA
switching) (Moriguchi and Yamamoto, 2014). According to ENCODE analysis, a
CTCF binding site sited 5 kb upstream GATAZ2 gene was found (Figure 4.15a,

blue arrow).

ChIP assays in untreated K562 cells, revealed high CTCF occupancy in
GATAZ2 CTS (Figure 4.15b). Additionally, we analyzed changes in CTCF binding
upon induction of erythroid differentiation (Figure 4.15c). We observed that

treatment with Ara-C increased occupancy of CTCF upstream GATAZ.
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Figure 4.14. CTCF binding to MYB gene. a) ENCODE analysis
showing ChlP-seq profile of CTCF for MYB gene in chromosome 6. CTCF
binding site is shown (blue arrow). b) ChIP analysis showing the binding
of CTCF to the MYB CTS in K662 cells. The fold enrichment of the target
sequence was determined as indicated in Materials and Methods section.
Each value was normalized with respect to the beads (no-antibody). Bars
indicate mean t s.e.m of eight independent experiments; significance
difference (**,p<0.01) from the beads. c) ChIP analysis showing the
binding of CTCF to the MYB CTS in K562 cells upon treatment with with 1
UM Ara-C for the indicated times. Each value was normalized with respect
to the untreated cells. Bars indicate mean + s.e.m of eight independent
experiments. d) ChlA-PET interaction from the MYB CTS (blue arrow) is
shown as a blue arc. ChlIP-seq profiles of CTCF and RAD21 (left) and
representation of possible loop (right) are shown. CTCF, blue balls;
Cohesin (RAD21), green circle; genes, blue boxes.

104

—_—



RESULTS

a
chrd
— - — Y eamaz
95 _
CTCF ' |
bt o ..___.-_‘.AA-—;..A_-._-.—_‘__
CTS -5kb
Scale 5kb | |
b c
aCTCF oa-CTCF
80 . 10
9
- 40 £ s
¢ E 7
Y 2
£ OBeads c
z CTCF 3 °
E 20 a 3 .,
2
2 3
&
10 3 2
1
0 J
GATA2 0 s < <
&’5& c.’ib Cﬂ
O @
d
ChIA-PET Cohesin
i i —
interactions ‘ - oTOF
749 _ e
CTCF EEFSEC GATA2
99 _ )
RAD21 v
> «
EEFSEC i ) GATA2 * DNAJBS

-
DNAJBS »
Scale 200kb | |

Figure 4.15. CTCF binding to GATA2 gene. a) ENCODE analysis
showing ChIP-seq profile of CTCF for GATA2 gene in chromosome 3.
CTCF binding site is shown (blue arrow). b) ChIP analysis showing the
binding of CTCF to the GATA2 CTS in K562 cells. The fold enrichment of
the target sequence was determined as indicated in Materials and Methods
section. Each value was normalized with respect to the beads (no-
antibody). Bars indicate mean t* s.e.m of five independent experiments;
significance difference (*,p<0.05) from the beads. c) ChIP analysis
showing the binding of CTCF to the GATA2 CTS in K562 cells upon
treatment with with 1 uM Ara-C for the indicated times. Each value was
normalized with respect to the untreated cells. Bars indicate mean + s.e.m
of four to five independent experiments; significance difference (*,p<0,05)
from the untreated cells. d) ChIA-PET interactions from the GATA2 CTS
(blue arrow) are shown as blue arcs. ChlP-seq profiles of CTCF and RAD21
(left) and representation of possible loop (right) are shown. CTCF, blue
balls; Cohesin (RAD21), green circle; genes, blue boxes.
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From the ENCODE ChIA-PET data we analyzed the possible interactions
that are formed around GATAZ2 gene. We observed three loops which could be
formed between the analyzed CTS upstream GATAZ2 and three CTS located
downstream GATAZ2 gene (Figure 4.15d). The different loops contain GATA2
gene and DNAJBS8 gene (encoding a heat shock protein). The biggest one
contain the EEFSEC gene (a translation factor necessary for the incorporation of

selenocysteine into proteins).

HEY1

HEY1 (Hairy/enhancer-of-split related with YRPW motif protein 1) is a
transcription factor that maintain an undifferentiated state of erythroid precursor
cells. HEY1 interacts with GATA-1 and represses its transcriptional activation
(Elagib et al., 2004). ENCODE analysis showed a CTCF binding site in the Exon
5 of HEY1 gene (Figure 4.16a, blue arrow).

ChIP assays in untreated K562 cells showed a high CTCF occupancy in
HEY1 CTS (Figure 4.16b). We then analyzed how CTCF binding changed upon
induction of erythroid differentiation (Figure 4.16c). After 72 hours of treatment
with Ara-C, a significant increase of CTCF binding to Exon 5 of HEY1 was

observed.

From the ENCODE ChIA-PET data we analyzed the possible interactions
that are formed around HEY7 gene. We observed a loop formed between the
analyzed CTS in exon 5 of HEY1 and a CTS located upstream HEY1 gene
(Figure 4.16d). The loop also contains the MRPS28 gene (a component of the

mitochondrial ribosome small subunit).
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Figure 4.16. CTCF binding to HEY1 gene. a) ENCODE analysis
showing ChIP-seq profile of CTCF for HEY1 gene in chromosome 8. CTCF
binding site is shown (blue arrow). b) ChIP analysis showing the binding
of CTCF to the HEY1 CTS in K562 cells. The fold enrichment of the target
sequence was determined as indicated in Materials and Methods section.
Each value was normalized with respect to the beads (no-antibody). Bars
indicate mean * s.e.m of four independent experiments; significance
difference (*,p<0.05) from the beads. ¢) ChIP analysis showing the binding
of CTCF to the HEY1 CTS in K562 cells upon treatment with with 1 uM
Ara-C for the indicated times. Each value was normalized with respect to
the untreated cells. Bars indicate mean + s.e.m of four independent
experiments; significance difference (*,p<0,05) from the untreated cells. d)
ChlA-PET interaction from the HEY1 CTS (blue arrow) is shown as a blue
arc. ChlP-seq profiles of CTCF and RAD21 (left) and representation of
possible loop (right) are shown. CTCF, blue balls; Cohesin (RAD21), green
circle; genes, blue boxes.
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LMO2

LMO2 (LIM domain-only protein 2) is a non DNA-binding component of the
CEN protein complex (see Introduction). LMO2 controls the erythroid lineage via
activation of an erythroid-specific gene expression program and belongs to the
core erythroid network (Chambers and Rabbitts, 2015). ENCODE analysis
indicated a CTCF binding site 34 kb downstream of the LMOZ2 gene (Figure

4.17a, blue arrow).

The CTCF binding site found downstream LMO2 was analyzed in K562 cells.
ChIP experiments confirmed a high occupancy of CTCF at the predicted CTS
(Figure 4.17b). We also analyzed the binding of CTCF to LMO2 CTS upon
induction of erythroid differentiation with Ara-C (Figure 4.17c) and observed that
Ara-C treatment slightly increased CTCF binding to LMOZ2 upon differentiation.

From the ENCODE ChIA-PET data we analyzed the possible interactions
that are formed around LMOZ2 gene. We observed four possible loops which are
formed between the analyzed CTS downstream LMOZ2 and a CTS located
upstream LMOZ2 gene (Figure 4.17d). All the loops contain LMOZ2 gene.

KLF1

KLF1 (Erythroid Kruppel-like factor 1) is a master erythroid transcription
factor that belongs to the core erythroid network. KLF 1 is essential during terminal
erythroid differentiation and activation of adult B-globin expression
(Gnanapragasam and Bieker, 2017). A possible CTCF binding site at Exon 2 of
KLF1 gene was found after the analysis of the ENCODE data (Figure 4.18a, blue

arrow).

To analyzed CTCF binding to Exon 2 of KLF1, we performed ChIP assays in
K562 cells. ChIP results confirmed a high CTCF binding to the KLF1 CTS (Figure
4.18b). We analyzed the binding of CTCF upon induction of erythroid
differentiation with Ara-C (Figure 4.18c). The results indicated that Ara-C
treatment for 72 hours increased CTCF binding to KLF1 Exon 2.
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Figure 4.17. CTCF binding to LMO2 gene. a) ENCODE analysis
showing ChIP-seq profile of CTCF for LMO2 gene in chromosome 11.
CTCF binding site is shown (blue arrow). b) ChIP analysis showing the
binding of CTCF to the LMO2 CTS in K562 cells. The fold enrichment of
the target sequence was determined as indicated in Materials and Methods
section. Each value was normalized with respect to the beads (no-
antibody). Bars indicate mean * s.e.m of eight independent experiments;
significance difference (****,p<0.0001) from the beads. c) ChIP analysis
showing the binding of CTCF to the LMO2 CTS in K562 cells upon
treatment with with 1 uM Ara-C for the indicated times. Each value was
normalized with respect to the untreated cells. Bars indicate mean + s.e.m
of eight independent experiments. d) ChlA-PET interactions from the LMO2
CTS (blue arrow) are shown as blue arcs. ChlP-seq profiles of CTCF and
RAD21 (left) and representation of possible loop (right) are shown. CTCF,
blue balls; Cohesin (RAD21), green circle; genes, blue boxes.
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Figure 4.18. CTCF binding to KLF1 gene. a) ENCODE analysis
showing ChlP-seq profile of CTCF for KLF1 gene in chromosome 19. CTCF
binding site is shown (blue arrow). b) ChIP analysis showing the binding
of CTCF to the KLF1 CTS in K562 cells. The fold enrichment of the target
sequence was determined as indicated in Materials and Methods section.
Each value was normalized with respect to the beads (no-antibody). Bars
indicate mean t* s.e.m of eight independent experiments; significance
difference (**,p<0.01) from the beads. c) ChIP analysis showing the
binding of CTCF to the KLF1 CTS in K562 cells upon treatment with with 1
UM Ara-C for the indicated times. Each value was normalized with respect
to the untreated cells. Bars indicate mean + s.e.m of eight independent
experiments. d) ChlA-PET interaction from the KLF1 CTS (blue arrow) is
shown as a blue arc. ChIP-seq profiles of CTCF and RAD21 (left) and
representation of possible loop (right) are shown. CTCF, blue balls;
Cohesin (RAD21), green circle; genes, blue boxes.
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From the ENCODE ChIA-PET data we analyzed the possible interactions
that are formed around KLF1 gene. We observed a loop formed between the
analyzed CTS in exon 2 of KLF1 and a CTS located upstream KLF1 gene (Figure
4.18d). The loop also contains the GCDH gene (glutaryl-CoA dehydrogenase).

NFE2L2

NFE2L2 (Nuclear Factor Erythroid like 2) is an erythroid transcription factor
involved in the regulation of B-globin gene transcription (Andrews, 1998).
ENCODE analysis revealed two CTSs in the Intron 1 of NFE2L2 gene and we
selected one of them for study CTCF binding (Figure 4.19a, blue arrow).

To confirm CTCF binding to Intron 1 of NFE2L2, ChlIP assay was performed
in K562 cells and high occupancy of CTCF at NFE2L2, was found (Figure 4.19b).
We also analyzed the binding of CTCF to NFE2L2 CTS upon induction of
erythroid differentiation (Figure 4.19c). Ara-C treatment increased CTCF binding
to NFE2L 2 upon differentiation.

From the ENCODE ChIA-PET data we analyzed the possible interactions
that are formed around NFE2L2 gene. We observed one loop formed between
the analyzed CTS in intron 1 of NFE2L2 and a CTS located downstream NFE2L2
which also contains the HNRNPAS3 gene (involved in pre-mRNA splicing). A
smaller loop was also formed with a CTS in the exon 1 of NFE2L2 gene (Figure
4.19d).

TCF3

TCF3 (Transcription Factor 3 or E2A) factor is part of the core erythroid
network and participates in terminal erythroid maturation and hemoglobin
production (Tsiftsoglou et al., 2009). ENCODE analysis revealed a CTCF binding

site around 23 kb upstream TCF3 gene (Figure 4.20a, blue arrow).
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Figure 4.19. CTCF binding to NFE2L2 gene. a) ENCODE analysis
showing ChIP-seq profile of CTCF for NFE2L2 gene in chromosome 2.
CTCF binding site is shown (blue arrow). b) ChIP analysis showing the
binding of CTCF to the NFE2L2 CTS in K562 cells. The fold enrichment of
the target sequence was determined as indicated in Materials and Methods
section. Each value was normalized with respect to the beads (no-
antibody). Bars indicate mean + s.e.m of five independent experiments;
significance difference (*,p<0.05) from the beads. c¢) ChIP analysis
showing the binding of CTCF to the NFE2L2 CTS in K562 cells upon
treatment with 1 uM Ara-C for the indicated times. Each value was
normalized with respect to the untreated cells. Bars indicate mean £ s.e.m
of four to five independent experiments; significance difference
(***,p<0.001) from the untreated cells. d) ChlA-PET interactions from the
NFE2L2 CTS (blue arrow) are shown as blue arcs. ChlP-seq profiles of
CTCF and RAD21 (left) and representation of possible loop (right) are
shown. CTCF, blue balls; Cohesin (RAD21), green circle; genes, blue
boxes.
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CTCF occupancy was analyzed in K562 cells. ChIP experiments confirmed
a significant CTCF binding upstream TCF3 gene (Figure 4.20b). We also
analyzed the binding of CTCF to TCF3 CTS upon induction of erythroid
differentiation with Ara-C (Figure 4.20c). We observed that Ara-C treatment
slightly increased CTCF binding.

From the ENCODE ChIA-PET data we analyzed the possible interactions
that are formed around TCF3 gene. We observed seven loops formed between
the analyzed CTS upstream TCF3 and others CTSs around TCF3 gene (Figure
4.20d). Four loops are formed with different CTSs located upstream TCF3 gene
and include the ONECUT3 gene (a transitional activator) and ATP883 gene
(ATPase). Two loops are formed with CTSs located downstream TCF3 gene and
contains the UQCR11 gene (a component of ubiquinol-cytochromo C reductase
complex) and the MBD3 gene (a transcriptional repressor). A smaller loop was
also formed with a CTS in the exon 1 of TCF3 gene (Figure 4.20d).

In conclusion, our results confirm a high occupancy of CTCF in all the
analyzed CTSs to specific erythroid transcription factor genes. Additionally, when
we induced erythroid differentiation with Ara-C, a tendency to increase in the
binding of CTCF (non-significant in most cases) was found. These changes in the
binding of CTCF are independent of the changes observed in the expression of
these genes upon erythroid differentiation. ChlA-PET data suggest that CTCF,
together with cohesins, is forming different long range interactions that could be

important for the regulation of the studied erythroid genes.
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Figure 4.20. CTCF binding to TCF3 gene. a) ENCODE analysis
showing ChlP-seq profile of CTCF for TCF3 gene in chromosome 19. CTCF
binding site is shown (blue arrow). b) ChIP analysis showing the binding
of CTCF to the TCF3 CTS in K562 cells. The fold enrichment of the target
sequence was determined as indicated in Materials and Methods section.
Each value was normalized with respect to the beads (no-antibody). Bars
indicate mean + s.e.m of five independent experiments; significance
difference (*,p<0.05) from the beads. c) ChIP analysis showing the binding
of CTCF to the TCF3 CTS in K562 cells upon treatment with with 1 uM Ara-
C for the indicated times. Bars indicate mean t s.e.m of three to five
independent experiments; significance difference (*,p<0.05) from the
untreated cells. d) ChlA-PET interactions from the TCF3 CTS (blue arrow)
are shown as blue arcs. ChlP-seq profiles of CTCF and RAD21 (left) and
representation of possible loop (right) are shown. CTCF, blue balls;
Cohesin (RAD21), green circle; genes, blue boxes.
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4.1.6. MYC regulation by CTCF

Since CTCF was first identified as a protein interacting with the CCCTC motif
in the chicken c-MYC promoter (Lobanenkov et al., 1990), several studies
reported MYC regulation by CTCF at different levels. In 1996, Fillipova et al,
described that CTCF regulates negatively MYC expression and identified two
constitutive CTCF-binding sites (site A and B) located in the first exon, close to
the transcriptional start site of the MYC P2 promoter (Filippova et al., 1996). Also,
it was described a constitutive CTCF binding site (site N), associated with a
DNAse | hypersensitive region, termed MINE (MYC insulator element) (Gombert
et al., 2003). In the last years, several studies have found a positive regulation of
MYC by CTCF. It was described a super-enhancer mapping at -515 kb upstream
MYC in colorectal cancer (Xiang et al., 2014). Also, a conserved enhancer-
docking site located -2 kb upstream MYC transcription start site (Schuijers et al.,
2018) and a distal enhancer cluster residing +1.8 Mb downstream MYC promoter

(Hyle et al., 2019) have been recently reported.

Therefore, the previous results regarding MYC regulation by CTCF are
controversial. In addition, the possible role of CTCF regulating MYC in the context
of the erythroid differentiation has not been explored. To identify possible CTCF
binding sites to MYC regulatory regions in our cellular model, we carried out and
ENCODE analysis. We selected six possible CTSs, some of them previously
described in different cellular models, such as the -515 kb upstream MYC, site N
(-2 kb upstream), site A/B (exon 1) and site W (intron 1). Moreover, we selected
two additional sites mapped at -335 kb and -10 kb upstream of MYC (Figure
4.21a).

To confirm the binding of CTCF, we performed chromatin
immunoprecipitation (ChlP) assays in untreated K562 cells. In all the
experiments, positive and negative controls were used in order to check that ChlIP
was working (see Figure 4.12). ChlIP results indicated a high occupancy of CTCF
in all the analyzed CTSs in the regulatory region of MYC gene, although the

maximal signal was at the -10 kb site (Figure 4.21b).
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Figure 4.21. CTCF binding to MYC gene. a) ENCODE analysis
showing ChIP-seq profile of CTCF for MYC gene in chromosome 8 in K662
cell line. CTCF binding sites are shown (blue boxes). b) ChIP analysis
showing the binding of CTCF to the MYC CTS in K562 cells. The fold
enrichment of the target sequence was determined as indicated in
Materials and Methods section. Each value was normalized with respect to
the beads (no-antibody). Bars indicate mean + s.e.m of four independent
experiments; significance difference (***,p<0.001; ****,p<0.0001) from the
beads.

Once confirmed that CTCF is occupying the MYC gene regulatory regions,

we analyzed the binding upon induction of erythroid differentiation. K562 cells
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were treated with 1 uM Ara-C for 24, 48 and 72 hours or with 0.5 yM Imatinib for
24 and 48 hours. In general, CTCF occupancy upon differentiation increased with
both treatments. Ara-C treatment slightly increased CTCF binding (Figure
4.22a). However, high occupancy of CTCF was observed with Imatinib treatment,
except in Site -10 kb, where CTCF binding was maintained at short treatment
times (Figure 4.22b).
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Figure 4.22. CTCF binding to MYC gene upon induction of
erythroid differentiation. ChIP analysis showing the binding of CTCF to
the MYC CTSs in K562 cells upon treatment with with 1 uM Ara-C (a) or
with 0.5 uM Imatinib for the indicated times (b). The fold enrichment of the
target sequence was determined as indicated in Materials and Methods
section. Each value was normalized with respect to the untreated cells.
Bars indicate mean + s.e.m of four independent experiments; significance
difference (*,p<0.05;**,p<0.01) from the untreated cells.

From the ENCODE ChIA-PET data we analyzed the possible interactions

that are formed around the regulatory regions of MYC gene in K562 cells. We
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observed a loop formed between the site -10 kb and a CTSs located around +928
kb downstream MYC gene (Figure 4.23). A second loop is formed between the
MYC promoter and a CTS sited +1.9 Mb downstream MYC gene.
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Figure 4.23. Putative interactions between MYC regulatory
regions. ChlA-PET interactions from MYC CTSs are shown in blue arcs.
ChlP-seq profiles of CTCF and RAD21 are shown. Representation of two
possible loops (bottom) are shown. CTCF, blue balls; Cohesin (RAD21),
green circle; genes, blue boxes.

Altogether, these results confirm CTCF binding to different regulatory regions
of MYC gene and indicate a role of CTCF in MYC regulation. Moreover, during
erythroid differentiation CTCF binding to MYC gene tends to increase, a process

concomitant with the downregulation of MYC expression.
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4.2. Effects of epigenetic drugs in B-cell lymphoma

CTCEF is also involved in the regulation of lineage-specific gene expression
in lymphoid cells. Our group has demonstrate that CTCF downregulation reduces
BCL6 expression and induces plasma cell differentiation. Moreover, CTCF
regulates epigenetically BCL6 through the binding to the exon 1A of BCL6 and
this binding is associated with the presence of active histone marks and BCL6
expression (Batlle-Lopez et al., 2015). Since BCL6 is heavily involved in
lymphomas, we were then interested in the study the effects of epigenetic drugs

potentially targeting BCL6.

Romidepsin is a histone deacetylase inhibitor that inhibits HDAC class |I. It
was approved by the FDA for the treatment of some T-cell lymphomas
(Smolewski and Robak, 2017). We previously found that romidepsin induces
apoptosis and differentiation, as well as BCL6 acetylation, in lymphoma cells
(Cortiguera, MG, Garcia-Gaipo, L et al submitted, see annex). On the other hand,
JQ1 is a potent BET bromodomain inhibitor that is able to repress the expression

of some genes such as MYC (Delmore et al., 2011).

Thus, the aim of this second part is to investigate the effects of romidepsin in
combination with JQ1 in the treatment of different aggressive B-cell lymphoma
cells. For that, we treated B-cell ymphoma cell lines from different origins (Table
4.1) with romidepsin and JQ1. A schematic representation of the experimental

workflow is shown in Figure 4.24.

Table 4.1. B-cell lymphoma cell lines used in this work.

CELL SRR FISH BCL6
LINE BCL6 MYC BCL2 EXPRESSION

Ramos Burkitt Iymphpma; Normal Rearrangement Gain +++
EBV negative

DG75 Burkitt Iymphpma; Gain Rearrangement Normal ++
EBV negative

. Burkitt lymphoma;
Raji EBV positive Normal Rearrangement Normal ++
Gain and .
Toledo GC-DLBCL Gain Normal -
rearrangement
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BCL6, BCL2 and MYC loci status and BCL6 expression of the different cell
lines used was previously analyzed (MG Cortiguera, PhD Thesis 2017). These

results are shown in Table 4.1.

5 nM Romidepsin
1uM JQ1
5 nM Romidepsin +1 pM JQ1

24

48

72

Hours >

Cell count Cell count (o]
Cell viability Cell viability Cell count
Apoptosis Apoptosis Cell viability
Protein levels Protein levels Protein levels
Cell cycle Cell cycle Cell cycle
phases phases phases

Figure 4.24. Experimental workflow for the analysis of epigenetic
drugs in B-lymphomas. Different human B-cell lymphoma cell lines were
seeded (3x10°% cells) and treated with 5 nM romidepsin and/or 1 uM JQ1
for 72 hours. Analysis performed at each time are shown.

4.2.1. Romidepsin and JQ1 combination index

As a first approach, using different concentrations of romidepsin and JQ1 we
generate a combination index plot (Cl). Ramos, Raji and DG75 cells from Burkitt
lymphoma were treated with different combinations of romidepsin and JQ1 for 72
hours. Metabolic activity was measured by WST-1 method and the combination
index was obtained by the Chou-Talalay method (Chou and Talalay, 1984)
(Figure 4.15). Synergistic effect (Cl<1) was detected for Ramos, Raji and DG75
cell lines using different combinations of romidepsin and JQ1. For further
experiments, we selected 5 nM romidepsin and 1 uM JQ1 that are doses close
to the 1Cso values (data not shown) where synergism was evident, especially in
Ramos and Raji cells. Combined treatment of Toledo cells (from GC-DLBCL) did

not showed a clear synergistic effect.
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Figure 4.15. Romidepsin and JQ1 Combination Index (Cl).
Lymphoma B-cells were seeded and treated with different combinations of
romidepsin and JQ1 for 72 hours (left tables). Metabolic activity was
measured by WST-1 assay and combination index (Cl) was determine by
Chou-Talalay method using CompuSyn software. Combination index plots
for the combination of Romidepsin and JQ1 (right plots). CI<1 synergistic
effect; Cl=1 additive effect; CI>1 antagonistic effect. a) Cl in Ramos cells.
b) Cl in Raji cells. ¢) Cl in DG75 cells.
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4.2.2. Romidepsin and/or JQ1 decrease cell metabolic activity and

inhibit cell proliferation

Once stablished the working concentration for the different treatments, alone
or in combination (5 nM romidepsin and/or 1 yM JQ1) we analyzed the effect of
the combination of romidepsin and JQ1 on metabolic activity and cell proliferation

in Ramos, Raji, DG75 and Toledo cells.

Metabolic activity was measured using the WST-1 method which allows the
quantification of cell viability. In general, results indicated that both treatments
alone and their combination reduced metabolic activity in Ramos, Raji, DG75 and
Toledo (Figure 4.26). Ramos cells were the most sensitive, showing a metabolic
activity of 20% after treatment with 5 nM romidepsin + 1 ypM JQ1, while Raji and
Toledo showed around a 40% of metabolic activity. The less sensitive cells were
DG75 which showed a 55% of metabolic activity. Similar results were obtained
with treatment with romidepsin alone (around 25% in Ramos, 45% in Raiji and
Toledo and 65% in DG75) while the reduction was lower when cells were treated
only with JQ1 (near 50% in Ramos and Toledo and 70% in Raji and DG75).

In addition, a reduction on cell proliferation was observed in cells treated with
romidepsin or with JQ1 alone, being higher with romidepsin. The combination of
treatments inhibited almost completely the proliferation in the four lymphoma cell
lines (Figure 4.27).

All together, these results indicated that treatment with romidepsin and JQ1
reduced cell metabolic activity and proliferation of the lymphoma cell lines at
different extent. Synergistic effect on cell proliferation was observed mainly in
Ramos and Raiji cells. For further experiments we focused in these two Burkitt

lymphoma cell lines as well as in the DLBCL Toledo cells, for comparison.
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Figure 4.26. Romidepsin and JQ1 effect on metabolic activity.
Ramos, Raji, DG75 and Toledo cells were seeded and treated with 5 nM
romidepsin and/or 1 uM JQ1 for 72 hours. Metabolic activity was measured
at 24, 48 and 72 hours using WST-1 method. Untreated cells represented
100% of metabolic activity. Bars indicate mean * s.e.m of four to five
independent experiments; significance difference (*,p<0,05; ** p<0,01;
*** p<0,001) from the untreated cells.

4.2.3. Romidepsin and JQ1 combined treatment induce apoptosis

To check if reduction of proliferation is the result of cell death or cell cycle

arrest, trypan blue assay was carried out. A decrease in the percentage of viable

cells was observed upon romidepsin treatment (alone or in combination with JQ1)

in Ramos, Raji and Toledo while JQ1 alone does not induce cell death (Figure

4.28). These results suggested that treatment with romidepsin, but not JQ1, is

causing cell death in B-cell lymphoma cell lines.
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Figure 4.27. Romidepsin and JQ1 effect on cell proliferation. Cell
proliferation curves for Ramos, Raji, DG75 and Toledo cells. Cells were
seeded and treated with 5 nM romidepsin and/or 1 uM JQ1. Cells were
counted at 24, 48 and 72 hours. Bars indicate mean + s.e.m of two to four
independent experiments.

To confirm if treatments with romidepsin were causing cell death, we
performed Annexin-V assay to measure early apoptosis (Figure 4.29). As we
expected, cells treated with JQ1 do not die by apoptosis, while romidepsin
treatment increased the percentage of annexin-V positive cells mainly in Ramos
and Toledo cells (60% and 90% respectively). Interestingly, treatment with
romidepsin + JQ1 strongly increased the percentage of positive cells in Ramos
and Raji (94% and 66% respectively). In Toledo cells, the increase in the
percentage of annexin-V positive cells with the combined treatment was similar

than with romidepsin alone.
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Figure 4.28. Romidepsin and JQ1 effect on cell viability. Number
of viable cells for Ramos, Raji and Toledo cells. Cells were seeded and
treated with 56 nM romidepsin and/or 1 uM JQ1. Cells were stained with
Trypan blue and counted at 24, 48 and 72 hours. Bars indicate mean
s.e.m of two to four independent experiments.

Cleavage of PARP1 protein (a nuclear poly (ADP-ribose) polymerase) is
used as an apoptosis marker. Induction of apoptosis was analyzed by western-
blot (Figure 4.30). High levels of cleaved PARP1 were found in Ramos cells upon
treatment with romidepsin and JQ1 for 24 and 48 hours, while upon treatment
with romidepsin alone, cleaved PARP1 was not detected until 48 hours. Similar
results were found in Toledo cells at 48 hours. In Raiji cells, cleaved PARP1 was
only found with the combination treatment, in full agreement with the annexin V
assays shown above. These results indicate a synergistic effect of romidepsin

and JQ1 in the induction of apoptosis in the analyzed lymphoma cells.
BCL-xL is a member of the BCL2 family proteins which are known to regulate

the intrinsic apoptotic pathway. BCL-xL is a protein with anti-apoptotic functions.

Protein levels were analyzed by western-blot upon treatments (Figure 4.30Figure
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4.). BCL-xL decreased in Ramos cells upon romidepsin and JQ1 treatment.

Higher reduction was observed in Raji and Toledo cells.
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Figure 4.29. Romidepsin and JQ1 effect on apoptosis. Annexin-V
assay performed in Ramos, Raji and Toledo cells. Cells were seeded and
treated with 5 nM romidepsin and/or 1 uM JQ1 for 48 hours. Bars indicate
mean + s.e.m of two or three independent experiments; significance
difference (*,p<0,05; **,p<0,01; **** p<0,0001) from the untreated cells.

Finally, levels of yH2AX were also analyzed by western-blot (Figure 4.30).
YH2AX is a marker of DNA damage response. Interestingly, we found a strong

increase in yH2AX protein levels upon treatment with romidepsin and JQ1 in all

cell lines.

Altogether these results demonstrated that romidepsin and JQ1 combined
treatment induces apoptosis in lymphoma B-cells. Our results indicate a

significant synergistic effect of romidepsin and JQ1 on apoptotic cell death.
4.2.4. Romidepsin and JQ1 induce cell cycle arrest

Germinal center B-cells are highly proliferating cells which exit the cell cycle
and stop proliferation in order to be able to differentiate into plasma cells (Basso
and Dalla-Favera, 2015). Based on this, we aimed to analyze the cell cycle

distribution in Ramos, Raji and Toledo cell lines upon treatment with romidepsin

and/or JQ1.
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Figure 4.30. PARP1, BCL-xL and y-H2AX levels upon treatment
with romidepsin and JQ1. Western blot showing PARP1, cleaved PARP1
(*), BCL-xL and yH2AX protein levels in Ramos, Raji and Toledo cells
treated with romidepsin and/or JQ1 for 24 and 48 hours. Actin was used
as loading control. Densitometry values are shown at the bottom,
normalized to the control.

First, we analyzed the fraction of cells in the sub Go/G1 phase of the cell cycle
which is also an indicative of cell death. Romidepsin and JQ1 treatment increased
the percentage of cells in sub Go/G1in Ramos, Raji and Toledo cells (62%, 64%
and 42% respectively) (Figure 4.31). These results were consistent with cell

viability and apoptosis results. Then, we analyzed the cell cycle distribution in the

viable cells.
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Figure 4.31. Sub Go/G: fraction upon romidepsin and JQ1
treatment. Sub Go/G1 fraction were analyzed by propidium jodide staining
and flow cytometry analysis. Ramos, Raji and Toledo cells were treated
with 5 nM romidepsin and/or 1 uM JQ1 for 24, 48 and 72 hours. Bars
indicate mean * s.e.m of two or three independent experiments;
significance difference (*,p<0,05; **p<0,01; ****p<0,0001) from the
untreated cells.

In Ramos cells we found some accumulation of cells in Go/G1 phase,
increasing from 42% to 55% and the corresponding reduction in the number of
cells in S and G2/M phases with romidepsin treatment. It is to note that the
percentage of cells in each phase was calculated as a percentage from total
viable cells. JQ1 treatment induced a strong accumulation of cells in Go/G1 phase,
from 42% to 84%. Finally, upon treatment with romidepsin and JQ1, we observed
an increased in the number of cells on Go/G1 phase, from 42% to 60% only at 24
hours of treatment. In Raji cells a slight accumulation of cells in Go/G1 phase was
observed with romidepsin and combination treatment (from 51% to 60%) while
JQ1 treatment induced an accumulation of more than 90% of cells in Go/G1
phase. Similar results were obtained in Toledo cells in which romidepsin and

combination treatment induced an accumulation of cells in Go/G1 phase (from
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62% to 71% and 75% respectively) and around 92% of cells were accumulated

in Go/G1 phase upon JQ1 treatment (Figure 4.32).
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Figure 4.32. Romidepsin and JQ1 effect on cell cycle distribution.
Cell cycle assays were performed using propidium iodide staining and flow
cytometry analysis. Ramos, Raji and Toledo cells were treated with 5§ nM
romidepsin and/or 1 uM JQ1 for 24, 48 and 72 hours. The percentage of
cells in each phase was calculated as a percentage from total viable cells.
Bars indicate mean t+ s.e.m of two or three independent experiments;

significance difference (*,p<0,05; **p<0,01; ***p<0,001) from the
untreated cells.
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p21 and p27 belong to the Cip/Kip family of cyclin dependent kinase (Cdk)
inhibitor proteins and have important functions in the regulation of cell cycle
progression at G1 and S phase (Besson et al., 2008). We analyzed their
expression by western-blot in order to understand better the effect of romidepsin
and JQ1 treatment in cell cycle (Figure 4.33). In Ramos cells, an increase in p21
protein levels was detected with the combination treatment after 24 hours. At
longer times, synergistic effect was not evident maybe due to the high proportion
of apoptotic cells. Levels of p27 was dramatically increased in Raji cells with
romidepsin and JQ1 treatment. Finally, levels of p21 increased in Toledo cells.
Overall, romidepsin and JQ1 treatment induce cell cycle arrest together with

increase in p21 and/or p27 protein levels.

As it was previously describe, JQ1 induces transcriptional downregulation of
MYC levels (Lovén et al., 2013). In order to confirm the effect of JQ1, MYC protein
levels was analyzed by western-blot (Figure 4.33). The expected reduction in
MYC levels was observed in Ramos, Raji and Toledo cell lines. Interestingly,
romidepsin treatment also reduce MYC levels in all cell lines. Finally, the
combination treatment completely downregulated MYC expression. Moreover,
we analyzed the levels of cyclin A as a marker of proliferation and we observed

a decrease in its expression in Ramos and Toledo cell lines (Figure 4.33).
Altogether, these results indicated that romidepsin and JQ1 treatment

induces cell cycle arrest associated with increased p21 and/or p27 protein levels

and MYC downregulation.
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Figure 4.33. p21, p27, MYC and Cyclin A expression upon
romidepsin and JQ1 treatment. Western blot showing p21, p27, MYC and
Cyclin A protein levels in Ramos, Raji and Toledo cells treated with
romidepsin and/or JQ1 for 24 and 48 hours. Actin was used as loading
control. Densitometry values are shown at the bottom, normalized to the

control.

4.2.5. Romidepsin and JQ1 induce BCL6 downregulation and plasma

cell differentiation

BCL6 is highly expressed in dark zone germinal center B-cells and its
expression has to be downregulated in order to allow B-cells to exit the germinal
center and to differentiate into plasma cells (Basso and Dalla-Favera, 2010). We

analyzed the effect of romidepsin and JQ1 treatment on BCL6 expression in
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different B-cell lymphoma cell lines (Figure 4.34). Combination treatment

reduces BCLG protein levels in all cell lines with basal expression of BCL6

(Ramos, Raji and DG75 from Burkitt lymphoma cells). BCL6 downregulation

takes place after 24 hours of romidepsin and JQ1 treatment. Moreover,

romidepsin and JQ1 alone also reduce BCL6 expression.
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Figure 4.34. Romidepsin and JQ1 effect on BCL6 expression.
Western blot showing BCL6 protein levels in Ramos, Raji and DG75 cells
treated with romidepsin and/or JQ1 for 24, 48 and 72 hours. Actin was
used as loading control. Densitometry values are shown at the bottom,

normalized to the control.

A consequence of BCL6 downregulation is the induction of the expression of

genes related with plasma cell differentiation such as BLIMP1 (Shaffer et al.,

2004a). Western-blot analysis revealed that BLIMP1 levels were slightly

increased in Ramos cells (Figure 4.35). Interestingly, in Toledo cells which do
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not express BCL6, an increased in BLIMP1 levels was observed upon romidepsin
and JQ1 treatment (Figure 4.35).
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Figure 4.35. Romidepsin and JQ1 effect on plasma cell
differentiation. Western blot showing BLIPM1 protein levels in Ramos and
Toledo cells treated with romidepsin and/or JQ1 for 24, 48 and 72 hours.

Actin was used as loading control. Densitometry values are shown at the
bottom, normalized to the control.

These results together can indicate that romidepsin and JQ1 combined

treatment induces plasma cell differentiation program probably by inhibiting BCL6
expression in B-cell lymphoma cells.

We can conclude that romidepsin and JQ1 combined treatment has a
synergistic effect on apoptosis, cell cycle arrest and plasma cell differentiation.

These results indicate that this drug combination could be effective in aggressive
B-cell lymphoma treatment.
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5. DISCUSSION

5.1. CTCEF in the regulation of erythroid differentiation

Erythropoiesis is a dynamic and complex multistep process that involves
differentiation and proliferation of hematopoietic stem cells to mature red blood
cells. Different in vitro models are useful to study human erythroid differentiation
from HSCs to erythrocytes. One of the most common cellular models are
leukemia-derived cell lines such as K562 (Bianchi et al., 2000). Moreover, primary
human erythroid cells purified from cord blood or from adult bone marrow are also
used (Ronzoni et al., 2007).

The multipotent K562 cell line, which derives from a human chronic myeloid
leukemia, has been widely used as cellular model to study the control of
hematopoietic cell differentiation. This cell line, in response to specific
differentiation inducers, can differentiate into different hematopoietic lineages. In
particular, K562 cells can undergo erythroid differentiation when treated with
different compounds such as, hemin (Rutherford et al., 1979), butyric acid
(Gambari et al., 1986) and 5-azacytidine (Gambari et al., 1984). Furthermore, our
group has described that erythroid differentiation can be induced in K562 cells by
treatment with cytosine arabinoside (Ara-C) (Delgado et al., 1995) or Imatinib
(Gomez-Casares et al.,, 2013). In this work, the induction of erythroid
differentiation in K562 cells by Ara-C or Imatinib was confirmed by the inhibition
of cell proliferation, increase number of hemoglobin producing cells and high

expression of specific erythroid markers (y-globin, e-globin and GATA1).

CTCF was first described as a transcriptional regulator of MYC gene and our
studies and others have shown that MYC plays an important role in
erythropoiesis. Erythroid differentiation is accompanied with arrested cell
proliferation and MYC downregulation. Our data confirmed that upon erythroid
differentiation MYC mRNA and protein levels were significant reduced. These
results are in agreement with the already reported data about MYC inhibition of
erythroid cell differentiation induced by Ara-C in K562 cells (Delgado et al., 1995)
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and inhibition of MYC activity enhances erythroid differentiation (Canelles et al.,
1997). Moreover, we observed a modest decrease in CTCF protein and mRNA
levels upon induction of erythroid cell differentiation, as described (Delgado et al.,
1999).

Human primary CD34" cells purified from cord blood of newborns were used
as a more physiological model to study erythroid cell differentiation. CD34" cells
are human hematopoietic stem/progenitor cells with the ability to differentiate into
myeloid or lymphoid lineage. Erythropoietin (EPO) is an important cytokine
primarily acting on erythroid precursors which is used to induce erythropoiesis in
CD34" cells (Muta et al., 1994). In this work, erythroid differentiation of CD34*
cells induced by EPO treatment, was confirmed by the presence of hemoglobin
producing cells and changes in erythroid surface markers expression. Moreover,
the upregulation in y-globin and GATA1 protein levels confirmed the commitment

to the erythroid lineage.

Therefore, our results confirmed that Ara-C and Imatinib induce erythroid cell
differentiation in K562 cells and erythropoietin treatment in CD34* primary cells,

as it was previously described.

5.1.1. CTCF downregulation inhibits erythroid cell differentiation

Previous results of our group revealed a differential expression and
posttranslational modification of CTCF that was dependent on cellular
differentiation pathways (Delgado et al., 1999). Also, we described that
overexpression of CTCF in K562 cells promotes induced differentiation into the
erythroid pathway (Torrano et al., 2005). These results suggest that CTCF could
have a specific role in the regulation of erythroid differentiation. CTCF seems to
be required for erythroid differentiation (Stadhouders et al., 2012) and for the
chromatin dynamics of globin genes (Splinter et al., 2006). However, very little is
known about the precise role of CTCF in erythropoiesis. For that reason, the aim
of the first part of this Thesis is to get further insight into the regulation of erythroid
cell differentiation by CTCF.
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As a first approach, CTCF expression was downregulated via lentiviral
transduction with shCTCF. We used two different systems to knock-down CTCF
expression: a constitutive vector and a doxycycline-inducible system. With both
systems we reduced CTCF expression about 60-80% depending on the
experiment. K562 cells were infected and treated with Ara-C or Imatinib to test
the CTCF effect on erythroid differentiation. We observed that CTCF
downregulation slightly reduced cell proliferation which was also recently found
(Bailey et al., 2018). A reduction in the percentage of hemoglobin producing cells
and in the levels of erythroid markers (y-globin, GATA1 and LMO2) demonstrates
that CTCF downregulation inhibits erythroid cell differentiation in K562 cells.
Similarly, Hou et al reported that CTCF knockdown reduced y-globin transcription
levels, however, no changes in GATA1 was observed in comparison with our
results (Hou et al., 2010). Furthermore, upon induction of differentiation with Ara-
C or Imatinib, the protein levels of erythroid markers as y-globin, GATA1 and

LMO2 did not increase when CTCF expression was reduced.

Our results obtained upon CTCF knockdown with both systems confirm that
downregulation of CTCF inhibits the spontaneous and induced erythroid cell
differentiation in K562 cells, indicating that CTCF is important for erythropoiesis.
Furthermore, these results are in agreement with previous results from our lab
describing that overexpression of CTCF in K562 cells increases erythroid cell

differentiation (Torrano et al., 2005).

Using two different lentiviral systems we were able to reduce CTCF
expression more than 50% in CD34* and then, tested EPO-mediated erythroid
differentiation. CTCF depletion resulted in the impairment of erythroid
differentiation, as assessed by a decrease in the percentage of hemoglobin
producing cells, reduced number of GYPA™ cells and a decrease in y-globin and
GATA1 protein levels. Colony forming unit assay also showed that CTCF
downregulation dramatically reduced the number of erythroid colonies which

confirms inhibition of erythroid differentiation in CD34* cells.

Taken together, our findings revealed that CTCF downregulation inhibits

erythroid cell differentiation in leukemia K562 cells and in primary CD34" cells
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and indicate an essential role of CTCF in the regulation of the differentiation along
the erythroid pathway. A summary for CTCF knock-down effects on erythroid

differentiation is shown in Figure 5.1.

Erythroid
Ara-C / Imatinib
1 % Benzidine positive cells
K562 @ 1 y-globin, GATA-1, GPYA
shCTCF shCTCF

g* Ara-C / Imatinib | % Benzidine positive cells

| y-globin, GATA-1

Constitutive/inducible
lentiviral particles against
CTCF

Figure 5.1. CTCF knock-down effects on erythroid cell
differentiation. Ara-C and Imatinib treatment induces erythroid cell
differentiation in K562 cells and erythropoietin in CD34* primary cells.
Induction of erythropoiesis is confirmed by high levels of hemoglobinized
cells and upregulation of y-globin, GATA1 and LMOQOZ2 protein levels. On the
other hand, CTCF downregulation inhibits erythroid cell differentiation
induced by Ara-C and Imatinib or EPO in K562 and CD34"* cells. CTCF
downregulation results in low levels of benzidine positive cells and
downregulation of y-globin and GATA1 protein levels.

5.1.2. CTCF binding to erythroid transcription factor genes

Erythropoiesis is a developmental process regulated by different factors and
transcriptional networks in a stage-specific manner (Tsiftsoglou et al., 2009).
CTCF can directly regulate different hematopoietic and erythroid transcription
factors. Also, CTCF may directly control the expression of different erythroid
genes as globins (Cantor and Orkin, 2002). Furthermore, genomic studies in
primary erythroid cells revealed that sites of CTCF and cohesin co-occupancy
were enriched in gene promoters in hematopoietic stem cells and erythroid cells
and these sites were associated with changes in chromatin architecture and gene

expression during differentiation (Steiner et al., 2016).
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Microarray-based expression profiling data from our group identified a
number of erythroid genes which were up- or downregulated by CTCF (Table
4.1) (Torrano, V.; unpublished data). In this work, we hypothesized that CTCF
could be regulating specific erythroid transcription factors genes and, therefore,
we analyzed CTCF in vivo binding to the regulatory regions of selected erythroid
genes and how the binding changes upon induction of erythroid differentiation in

K562 cells. ENCODE platform (https://genome.ucsc.edu/) was used to identify

possible CTCF binding sites to the regulatory regions of the erythroid genes and
CTCF binding was confirmed by ChlIP assays. Furthermore, we analyzed if our
selected CTCF binding sites, together with cohesins, could participate in the
formation of long-range interaction using the ENCODE data to find ChlA-PET

(Chromatin Interaction PET) clusters.

A CTCF binding site was identified -43 kb upstream ETS7 gene. The ETS1
gene was first identified as the cellular precursor of the viral Ets1 oncogene,
which induces erythroleukemia in chickens in association with v-Myb. ETS1
belongs to a large family of transcription factors with a crucial role in stem cell
biology and tumorigenesis (Garrett-Sinha, 2013). ETS1 has been shown to be
involved in the regulation of erythro/megakaryocytic lineage differentiation (Lulli
et al.,, 2006). ETS1 expression must be downregulated during erythroid
differentiation (Lulli et al., 2006) as we found by mRNA expression analysis upon
induction of differentiation with Ara-C or Imatinib. CTCF binding to ETS7 gene
was confirmed by ChlIP assay and, upon differentiation, we found that CTCF
occupancy increased. These results could indicate that CTCF regulates
negatively ETS1 expression, allowing erythroid cell differentiation to occur.
Interestingly, the CTCF site identified is located between ETS7 and FLI/1 (friend
leukemia integration 1) another member of the ETS1 family. In human
hematopoietic cell lines, FLI1 expression induced megakaryocyte and inhibits
erythroid differentiation (Pereira et al., 1999). ENCODE ChIP-PET data revealed
two possible interactions, containing ETS7 gene, between ETS71 upstream CTS
and two CTCF sites located downstream ETS17 (see Figure 4.13). These results
allow us to hypothesize that CTCF could be acting as an insulator between ETS1

gene and FLI1 to regulate the expression of both genes.
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MYB is a crucial transcription factor in hematopoiesis and erythropoiesis
(Wang et al., 2018). MYB expression is tightly regulated and its deregulation is
oncogenic; aberrant expression of MYB is found in human leukemias and
lymphomas. MYB transcription factor has to be downregulated to allow
erythropoiesis (Wang et al., 2018). In agreement, we found MYB downregulation
upon induction of erythroid differentiation with Ara-C or Imatinib. We identify a
possible CTCF binding site in the Intron 1 of MYB gene and we confirmed it by
ChIP. Upon induction of differentiation, CTCF binding increase. Stadhouders et
al, recently described CTCF binding to MYB intron 1 and reported that CTCF
presence is required for high level MYB expression. Silencing CTCF results in a
significant reduction of MYB transcription (Stadhouders et al., 2012) in agreement
with our transcriptomic data. Moreover, ChlP-Seq and 3C-Seq studies show that
the MYB-Hbs1l intergenic region harbors important regulatory elements that
control MYB expression and these elements can bind with CTCF or with the CEN
(GATA1, LDB1, TAL1 and KLF1 complex). An erythroid-specific pattern of
interactions between a LDB1 complex binding site located -36 kb and -81 kb
upstream MYB promoter and the CTCF binding site in intron 1 was also found
(Stadhouders et al., 2012). Our ChlA-PET analysis showed a possible interaction
between MYB CTCF binding site and a CTCF site located around upstream MYB

gene which is consistent with the -36 kb site described by Stadhouders et al.

GATA factors are important regulators of erythropoiesis. GATA2 regulates
proliferation and maintenance of hematopoietic stem cells and early progenitor
cells. During erythroid differentiation its expression is repressed by GATA1 which
is necessary for survival and terminal differentiation of erythroid progenitors
(Moriguchi and Yamamoto, 2014). GATA1 and GATAZ expression is regulated
by multiple transcription factors, including their own products (Kaneko et al.,
2010). We analyzed mRNA expression upon erythroid differentiation and we
found GATA2 downregulation. Different CTCF binding sites were located -29 kb
upstream and +21, +33, and +50 kb downstream of the GATA1 gene locus
(Moriguchi et al., 2015) and GATAZ2 is transactivated by the binding of GATA2
itself to multiple autoregulatory GATA sites located at -77, -3.9, -2.8, and -1.8 kb
and the 4™ intronic +9.5 kb (Moriguchi and Yamamoto, 2014). The -2.8 and -1.8
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kb sites were previously described (Snow et al., 2011). The -2.8 kb site confers
maximal GATAZ2 expression in the undifferentiated stage while the -1.8 kb site
maintains GATAZ2 repression in differentiate stages (Snow et al., 2011). In this
study, we identified a CTCF binding site around -5 kb upstream GATAZ2 gene and
we confirmed CTCF binding by ChIP assay. Upon induction of erythroid
differentiation with Ara-C we observed an increase of CTCF occupancy. These
results could indicate that CTCF is regulating negatively GATAZ2 expression upon
differentiation. Moreover, ChlA-PET data revealed that GATAZ2 upstream CTCF
site participate in the formation of different interactions between three CTCF sites

located downstream GATA2.

Another erythroid transcription factor whose expression has to be
downregulated in order to allow erythroid differentiation is HEY1. HEY1
expression in primary hematopoietic progenitors inhibited erythroid differentiation
(Elagib et al., 2004). We found a CTCF binding site in the exon 5 and we
confirmed CTCF binding. ChIP analysis upon induction of differentiation with Ara-
C reveals increased binding of CTCF to the CTS. ChlA-PET data shown a
possible interaction between HEY1 exon 5 and an upstream CTCF site. These
results together could indicate a negative regulatory function of CTCF by the

formation of a loop with HEY1 gene.

LMO2 transcription factor also plays an important role in erythropoiesis.
LMOZ2 is a non DNA-binding component of the core erythroid network which
controls the erythroid lineage via activation of erythroid-specific genes
(Sincennes et al., 2016). LMO2 levels has to be upregulated during erythroid cell
differentiation as we confirmed by RT-qPCR. Our results also revealed that upon
CTCF downregulation LMO2 protein levels were reduced, indicating a possible
role of CTCF in LMO2 regulation. According to ENCODE data, we identified a
CTCF binding site +34 kb downstream LMOZ2 TSS. We confirmed CTCF binding
by ChIP assay and upon induction of erythroid differentiation with Ara-C a slightly
increased in the binding was observed. ChlA-PET data shown that our CTCF site
of interest could be interacting with different regions upstream LMOZ2 gene and
forming loops which include LMO2. LMO2 expression is regulated by different

upstream and downstream distal regulatory regions and they also identified
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several CTCF/RAD21 bound regions throughout the LMO2 upstream region
(Bhattacharya et al., 2012). Furthermore, it was described that silent genes are
protected by insulated neighborhoods from active enhancers located outside the
neighborhood, as happen with LMO2 which are located within a CTCF-CTCF
loop (D Hnisz et al., 2016). These results could indicate that CTCF is forming a
loop which allows LMO2 silencing.

KLF1 is also crucial for the induction of erythroid differentiation and for the
activation of B-globin expression (Gnanapragasam and Bieker, 2017). KLF1
directly or indirectly regulates most genes involved in the terminal stages of
erythropoiesis (Gnanapragasam and Bieker, 2017). KLF1 expression is
upregulated upon induction of differentiation as we observed by RT-gPCR. A
CTCF binding site at Exon 2 was found and CTCF binding was confirmed by
ChIP. Upon induction of differentiation with Ara-C, CTCF binding to Exon 2 of
KLF1 increases which suggest that CTCF is involved in the positive regulation of
KLF1 expression. ENCODE CTCF ChIA-PET data for K562 cells shown an
interaction among our CTCF site at exon 2 of KLF1 and a CTCF site upstream
KLF1 which included GCDH gene. These results could suggest that CTCF
enhances KLF1 transcription during erythroid differentiation, since the increase
in occupancy of CTCF results in increased expression of KLF1. Moreover, CTCF
binding to KLF1 exon 2 could be regulating the GCDH gene. Despite there is no
information in the literature about KLF71 regulation by CTCF, it was recently
described that KLF1, together with GATA1, participate in the generation of active
chromatin structure at CTCF binding sites in the B-globin gene, facilitating the
binding of CTCF to them and activating 3-globin gene transcription (Kang et al.,
2017). These could indicate that CTCF binding to KLF1 could be important for
the upregulation of KLF1 expression and indirectly for the [(-globin gene

expression.

Another erythroid transcription factor which is also involved in the regulation
of B-globin expression is NFE2L2. NFE2L2 participates in the defense
mechanism against oxidative stress of red blood cells (Andrews, 1998). ENCODE
analysis revealed two CTCF binding sites in the Intron 1 of NFE2L2 gene. We

confirmed CTCF binding to the one located at +10 kb downstream TSS and upon
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induction of erythroid differentiation with Ara-C the binding changes indicating a
regulatory function of CTCF. Up to now, not much information is available on how
NFEZ2L2 is regulated at the transcriptional level. ENCODE CTCF ChIA-PET data
shown that our CTS of interest could be interacting with a CTCF site downstream
NFE2L2 gene and also with the other CTCF site located in the Intron 1. We can
suggest that CTCF allows the interaction of enhancer elements with NFE2L2

gene.

The last analyzed erythroid gene was TCF3 which is essential for terminal
erythroid differentiation and hemoglobin production. TCF3 also forms part of the
core erythroid network (Tsiftsoglou et al., 2009). A CTCF binding site was found
around -23 kb upstream TCF3 gene and CTCF binding was confirmed by ChIP
assays. Moreover, upon induction of erythroid differentiation CTCF occupancy
changes. Compared with the few information available about the regulation of
TCF3 in erythropoiesis, much more is known about its role in B-cells. For
example, it was described that CTCF together with TCF3 participate in B-cell
development (Ebert et al., 2011). ENCODE ChIA-PET data shown that the
analyzed CTCF site could form several interactions with other CTCF sites located
upstream or downstream TCF3 gene. These results can suggest that CTCF could
be forming different long range interactions important for the regulation of TCF3
and also for other genes which are inside the interaction. Moreover, our CTCF

binding site can be acting as an insulator element.

To summarize, CTCF binds to different regulatory regions of a number of
erythroid transcription factors. Moreover, CTCF binding participates in the
formation of long range interactions that could be important for the regulation of
the expression of erythroid genes. Upon induction of erythroid differentiation with
Ara-C, CTCF binding changes. These changes in the binding of CTCF are
independently of the changes in the expression levels of these genes upon
erythroid differentiation. Similar results were found by Ouboussad et al when they
analyzed CTCF binding to different myeloid transcription factors (Ouboussad et
al., 2013). They observed that CTCF enrichment changes during macrophage
differentiation but they cannot correlate it with the changes in myeloid gene

expression. These results could be related with the dual role of CTCF as a
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transcriptional activator or repressor. This lack of correlation between gene
expression and CTCF occupancy could be explained by the fact that CTCF
function is modulated by neighboring DNA binding factors (Weth and Renkawitz,
2011) or by different post-translational modifications which affects CTCF function
without changing DNA binding (Klenova et al., 2001; Torrano et al., 2006; Yu et
al., 2004).

5.1.3. MYC regulation by CTCF

MYC can be regulated at different levels such as promoters, enhancers,
transcription factors and chromatin state. CTCF was first described as a protein
which interacts with chicken MYC promoter (Lobanenkov et al., 1990). Several
studies reported that CTCF can bind to MYC regulatory elements and regulate
MYC expression at different levels. Firstly, it was described that CTCF regulates
negatively MYC expression by the binding to its promoter (Filippova et al., 1996).
However, in the last years it was also described a positive regulation of MYC by
CTCF (Xiang et al., 2014). Therefore, results about MYC regulation by CTCF are
controversial. Analysis of the ENCODE data identifies six possible CTCF binding
sites to MYC regulatory regions. Some of them were previously described in
different cellular models. In this work, we analyze MYC regulation by CTCF in the

context of erythroid differentiation.

ENCODE data in K562 cells revealed two possible CTCF binding sites
located upstream MYC gene, one located at -515 kb and other at -335 kb. Both
sites were previously described in colorectal cancer. Xiang et al found that
CCAT1-L, a colorectal cancer specific long non-coding RNA, is transcribed from
a locus -515 kb upstream of MYC and participates in MYC regulation and in the
formation of long-range chromatin interactions. Their studies revealed the
formation of an interaction between site -515 and MYC promoter and also
between site -335 and -515 and between site -335 and MYC promoter. In
addition, they observed specific enrichment of CTCF at sites -515, -335 and MYC
promoter and CTCF knockdown disrupts these loops and reduces MYC
expression (Xiang et al., 2014). The -335 site was previously described by

Pomerantz et al. They showed a long-range physical interaction between MYC
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promoter and the rs6983267 SNP region, which is located -335 kb upstream
MYC, in colorectal cancer cell lines (Pomerantz et al., 2009). They suggested
that this region is part of a cis-regulatory enhancer element for MYC gene and
promotes MY C expression. Similar results were also obtained by Tuupanen et al
(Tuupanen et al., 2009). Our results show that CTCF binds to the -515 kb and to
the -335 kb regions upstream MYC in K562 cells. This interaction has not been
previously described in hematopoietic cells. We could suggest that CTCF
participate in the formation of loops between MYC and both sites in our cellular
model, however, ENCODE ChIA-PET data in K562 cells do not revealed a
possible interaction between these sites and MYC promoter.

We also confirmed CTCF binding at two additional sites located -10 kb and -
2 kb (named Site N) upstream MYC gene. Although there is not relevant
information about the site -10 kb, the site N has been thoroughly investigated.
Gombert et al described the MYC insulator element (MINE) which is located in a
conserved region around -2 kb upstream MYC P2 promoter at the intersection of
transcriptionally active and inactive chromatin (Gombert et al., 2003). They
observed that MINE provides two functional activities, enhancer-blocking and
barrier activities. In addition, they confirmed that CTCF constitutively binds to the
MINE element and MYC promoter region (Gombert et al., 2003). These results
allows us to suggest that in our cellular model CTCF acts as an insulator element
by the binding to MYC site N. Recently, Schuijers et al identified a high number
or interactions between a conserved CTCF binding site (site N) and diverse
super-enhancers within a +2.8 Mb MYC TAD (topologically associating domain).
They defined this site as a CTCF dependent enhancer docking site necessary for

high levels of MYC expression (Schuijers et al., 2018).

MYC promoter region also harbors CTCF binding sites. We selected one
located in the exon 1 which contains MYC P1 and P2 promoters (named Site A/B)
and one site located in the intron 1 (named Site W). CTCF binding to both sites
was confirmed by ChIP assays. Site A/B was previously described by Filippova
et al. They found a constitutive CTCF binding site A located close to the MYC P2
promoter and a CTCF binding site B close to MYC P1 promoter (Filippova et al.,

1996). Mutations in P2 promoter CTCF binding site resulted in increased gene
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activity and also CTCF suppressed MYC promoter activity which suggested that
CTCF is a repressor of MYC expression (Filippova et al., 1996). However,
Gombert et al revealed that CTCF is required for normal MYC expression and
deletion of sites N and A results in reduced MY C expression which is inconsistent
with the role of CTCF as a MYC repressor (Gombert and Krumm, 2009).

Finally, ENCODE ChIA-PET data in K562 cells revealed two possible long
range interactions between different CTCF binding sites. The first one are formed
between the site -10 kb and a CTCF binding site located around +928 kb
downstream. The second interaction are between the MYC promoter and a CTCF
binding site located around +1.9 Mb downstream. These second interaction could
be related with the one described by Hyle et al. In their studies, they described
an interaction between MYC promoter and a distal enhancer cluster located
around +1.8 Mb downstream MYC (Hyle et al., 2019).

Our results confirm that CTCF binds to different regulatory regions of MYC
gene allowing MYC expression in K562 cells. Then, we analyzed the binding
upon induction of erythroid differentiation with Ara-C or Imatinib. We observed
that CTCF binding increased with both treatments and upon induction of erythroid
differentiation, MYC expression is downregulated. These results suggested that

CTCF binding could repress MYC expression during erythroid differentiation.

In summary, analyzing different CTCF-binding sites to the regulatory regions
of MYC gene, we confirm the ability of CTCF to bind to regions near transcription
start sites, exons, introns and in intergenic regions and also the essential function
of CTCF in the orchestration of long range chromatin interactions (Phillips and
Corces, 2009). These results together indicate that CTCF may mediate
transcriptional activation, suppression and insulation through its ability to form
chromatin loops and regulate MYC expression. We can conclude that
transcriptional regulation of MYC gene depends of long-distance CTCF

dependent enhancer-promoter interactions.
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Taken together these results, a proposed model for CTCF binding to
erythroid transcription factor genes and MYC regulatory regions is shown in

Figure 5.2.

Undifferentiated Erythroid
cells differentiated cells

- ©

ETS1 MYB ETS1 MYB
GATA2 HEY1 GATA2 HEY1
MYC MYC

ERYTHROID ERYTHROID

GENE GENE
LMO2 KLF1 LMO2 KLF1
NFE2L2 TCF3 NFE2L2 TCF3

Figure 5.2. Proposed model for CTCF binding to erythroid
transcription factors genes and MYC regulatory regions. CTCF binds
to the regulatory regions of different erythroid transcription factor genes
and MYC gene in undifferentiated cells. Genes which inhibit erythroid cell
differentiation as ETS1, MYB, GATA2 and HEY1 are expressed while
genes which induce erythropoiesis such as LMO2, KLF1, NFE2L2 and
TCF3 are inhibited. MYC is also expressed in an undifferentiated state.
Upon induction of erythroid cell differentiation, CTCF binding increases
and ETS1, MYB, GATA2 HEY1 and MYC expression is downregulated,
while LMO2, KLF1, NFE2L2 and TCF3 expression is induced.
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5.2. Romidepsin and JQ1 effect on aggressive B-cell ymphoma

Epigenetic modifications are potentially reversible which make them
important therapeutic targets. Histone deacetylases and BET bromodomains are
related with epigenetic regulation of gene expression via histone acetylation.
HDAC erases acetylation from histones while BET proteins recognized
acetylated residues on histones and regulates gene transcription. Treatments
combining HDAC inhibitors with BET inhibitors have shown promising results in
multiple cancer types (Borbely et al., 2015; Enssle et al., 2018; Hdlscher et al.,
2018). Romidepsin is a histone deacetylase inhibitor that inhibits HDAC class |
and it was approved by the FDA for the treatment of some T-cell lymphomas
(Smolewski and Robak, 2017). On the other hand, JQ1 is a potent BET
bromodomain inhibitor that is able to repress the expression of some genes such
as MYC (Delmore et al., 2011). MYC deregulation is prevalent in lymphomas and
is associated to a worse prognosis in lymphomas derived from the germinal

center (Nguyen et al., 2017).

We have previously demonstrated that romidepsin treatment induces
apoptosis, cell cycle arrest and plasma cell differentiation in lymphoma B-cells
(Cortiguera, MG and Garcia-Gaipo, L submitted, see annex). In the second part
of this work we investigate the effects of a combination treatment with romidepsin

and JQ1 in the treatment of B-lymphoma cells.

5.2.1. Romidepsin and JQ1 treatment induces apoptosis and cell

cycle arrest.

In this study we observed that romidepsin or JQ1, either alone or in
combination, can inhibit cell viability and proliferation in different lymphoma B-
cells. In general, the combination of romidepsin with JQ1 was more efficient in
inhibiting cell proliferation than treatments alone. Similar results were also

observed in other cancer types (Holscher et al., 2018; Liu et al., 2019).
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Our results showed that romidepsin and JQ1 acted synergistically to reduce
cell viability in lymphoma B-cells. That reduction was accompanied by strong
induction of apoptosis observed by the high increase in the percentage of
annexin-V positive cells and PARP protein cleavage in Ramos, Raji and Toledo
cells. As we expected from our previous results, romidepsin alone induced
significantly apoptosis in Ramos and Toledo cells but not in Raji cells (Cortiguera,
MG and Garcia-Gaipo, L; unpublished data). These results are also in agreement
with studies showing that romidepsin induces apoptosis in some Burkitt
lymphoma cells but not in others (lerano et al., 2013). In contrast, JQ1 treatment
alone did not induce apoptosis in any cell line analyzed but only proliferation
arrest at the concentrations used here. Similar JQ1 effects on apoptosis have
been reported in urothelial carcinoma and rhabdomyosarcoma (Enssle et al.,
2018; Holscher et al., 2018).

Induction of apoptosis is tightly controlled by different pro- and anti-apoptotic
proteins of the BCL2 family (Czabotar et al., 2014). We observed a reduction in
the levels of the anti-apoptotic protein BCL-xL, which is in agreement with
apoptosis induction. The pro-apoptotic effects of romidepsin treatment can be
strongly increased in combination therapy with JQ1. These results are consistent
with recent studies showing that romidepsin and JQ1 in combination therapy
induces cell death in different cancer types such us CTCL, testicular cancer and
urothelial carcinoma (Hdlscher et al., 2018; Jostes et al., 2017; Zhao et al., 2019).
Moreover, treatments combining different HDAC inhibitors and BET inhibitors
also induce apoptosis in rhabdomyosarcoma or gallbladder cancer (Enssle et al.,
2018; Liu et al., 2019).

Interestingly, our results showed a strong increased in phosphorylated H2AX
histone (yH2AX, a marker of DNA damage repair) upon treatment with
romidepsin and JQ1 in all the analyzed cell lines. HDAC inhibitors cause
hyperacetylation of histones while BET inhibitors block the interaction of
acetylated histones with BET proteins. When histones are hyperacetylated a
more open chromatin state takes place which makes DNA more susceptible to
damage (Georgoulis et al.,, 2017). Previous studies have shown that HDAC

inhibitors induced DNA damage and apoptosis (Frew et al., 2009; Y. Zhang et al.,
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2004; Zhang et al., 2006). So this could explain our results. Indeed, we have also

observed an increased in yH2AX protein levels with romidepsin treatment alone.

B-cells are highly proliferating cells that must stop proliferation in order to
differentiate into plasma cells (Basso and Dalla-Favera, 2015). As we have
observed a reduction on cell proliferation, we also investigated the effect of
romidepsin and JQ1 treatment on the cell cycle. Flow cytometry analysis showed
that the combination of treatments induced a higher Sub Go/G+1 fraction than either
drug on its own in lymphoma B-cells. These results were in agreement with the
induction of apoptosis. Cell cycle distribution showed some accumulation of cells
in Go/G1 phase upon treatment with romidepsin and JQ1. This accumulation was
accompanied by an increased in p21 protein levels in Ramos and Toledo cells
and in p27 levels in Raiji cells. At longer times, the synergistic effect between
romidepsine and JQ1 was not evident presumably due to the high proportion of
apoptotic cells. Interestingly, a recent study also described cell cycle arrest in
Go/G1 phase upon treatment with JQ1 and the HDAC inhibitor SAHA (Zhao et al.,
2019). Cell cycle arrest in Go/G1 phase was observed with JQ1 treatment alone
(Enssle et al., 2018; Fiskus et al., 2014; Jostes et al., 2017; Shao et al., 2014) or
with romidepsin treatment (Cortiguera, MG et al; submitted, see annex).

JQ1 was described as a compound that has potent antiproliferative effects
via downregulation of MYC expression in hematologic and non-hematologic
malignancies (Delmore et al., 2011; Lovén et al., 2013). In this work,
downregulation in MYC protein levels was observed in Ramos, Raji and Toledo
cell lines. Combination treatment with romidepsin and JQ1 synergistically
reduced MYC expression in all lymphoma B-cell lines and symergisticalluy
indiced proliferation arrest. It was previously reported a synergistic activity of JQ1
and romidepsin associated with highly reduction in MYC protein levels in

urothelial carcinoma cells (Holscher et al., 2018).
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5.2.2. Romidepsin and JQ1 treatment reduces BCL6 expression and

induces plasma cell differentiation.

BCL6 is the master regulator of germinal center reaction by inhibiting the
expression if genes involved in apoptosis, cell cycle and plasma cell
differentiation (Shaffer et al., 2000). BCL6 is expressed in Burkitt ymphoma and
some DLBCL (Basso and Dalla-Favera, 2015). In this study, we analyzed the
effect of romidepsin and JQ1 treatment on BCL6 expression. In BCL6 expressing
cell lines (Ramos, Raji and DG75) we observed a reduction on BCL6 expression
upon romidepsin treatment, as we expected from previous results of our group
that demonstrated that romidepsin treatment reduced BCL6 expression in B-cell
lymphoma cell lines (Cortiguera, MG et al; submitted, see annex). JQ1 treatment
alone also reduced BCL6 expression. A recent study showed that BCL6
expression was downregulated following treatment with JQ1 in Double/Triple-Hit
lymphomas (Li et al., 2019). They found that BET inhibition directly regulated
BCL6 transcription via decreasing BRD4 binding to the promoter region of BCL6
(Li et al., 2019). It was also described a decrease of BCL6 expression upon JQ1
treatment in mouse B-cells (F. Gao et al., 2015). Combination treatment with
romidepsin and JQ1 inhibits BCL6 expression more profoundly than treatments

alone.

One important function of BCL6 is to inhibit the expression of plasma cell
transcription factors to maintain the germinal center phenotype and prevent cell
differentiation (Basso and Dalla-Favera, 2010; Shaffer et al., 2004a). BCL6 is a
transcriptional repressor of plasma cell differentiation genes such as PRDM1
(BLIMP1 protein) (Basso and Dalla-Favera, 2010). Our results showed an
increase in BLIMP1 protein levels upon romidepsin and JQ1 treatment in Ramos
(BCL6 expressing cell line) and Toledo (non-BCL6 expressing cell line). These
results together with the downregulation of BCL6 expression in Ramos cells
indicated that combination treatment may induce plasma cell differentiation. JQ1
treatment alone did not increase BLIMP1 levels although BCL6 expression was

downregulated. Consistently, a recent study described that inhibition if BRD4 with
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JQ1 led to the inhibition of germinal center B-cell differentiation via

downregulation of BCL6 expression (F. Gao et al., 2015).

Taken together our results, we proposed a model for romidepsin and JQ1

effects on B-cell ymphoma cells, shown in Figure 5.3.

[ Aggressive lymphoma B-cells ]

- = e
4_,_.[ Romidepsin + JQ1 ] oo

treatment
\ T Annexin-V positive cells

1 Cleaved PARP1
Cell cycle arrest ]

J, BCL-xL
4 p21/p27
‘ MYC / Cyclin A Plasma cell
differentiation

l BCL6

% BLMP1

Figure 5.3. Proposed model for romidepsin and JQ1 effects on
lymphoma B-cells. Romidepsin and JQ1 treatment induces cell cycle
arrest accompanied with increased levels of p21 or p27 and MYC and
cyclin A downregulation. A huge number of cells die by apoptosis as shown
by the positive annexin-V staining, cleavage of PARP protein and a
decrease in BCL-xL levels. Finally, downregulation of BCL6 together with
increase on PRDM1/BLIMP1 indicate plasma cell differentiation.

In summary, we conclude that combination treatment with romidepsin and
JQ1 synergistically induces apoptosis, cell cycle arrest and plasma cell
differentiation by inhibiting BCL6 expression in B-cell ymphoma cells. Moreover,
combination treatment is more effective than each treatment alone which
suggests that JQ1 potentiates romidepsin effects. Our results indicate that the
romidepsin and JQ1 combination could be effective in aggressive B-cells

lymphoma treatment.
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6. CONCLUSIONS

Erythroid cell differentiation: regulation by the CTCF factor

1.

CTCF downregulation inhibits erythroid cell differentiation induced by
Ara-C and Imatinib in K562 cells.

CTCF downregulation inhibits erythroid cell differentiation induced by
erythropoietin in primary CD34" cells.

CTCF binds to the regulatory regions of important erythroid
transcription factor genes and the binding increases upon induction of
erythroid differentiation.

CTCF binds to MYC gene regulatory regions and the binding

increases upon induction of erythroid differentiation.

5. CTCF binding participates in the formation of long-range interactions.

6. CTCF binding to transcription factor genes is correlated with their

functions in the modulation of erythroid differentiation.

. We propose that CTCF plays an essential role in erythroid

differentiation through the direct regulation of crucial transcription

factors.

B-cell differentiation and lymphoma: regulation by epigenetic drugs

8.

Treatment with romidepsin and JQ1 reduces cell metabolic activity
and cell proliferation in B-cell ymphoma cell lines.
Romidepsin and JQ1 combined treatment strongly induces apoptosis

in lymphoma B-cells.

10.Treatment with romidepsin and JQ1 induces cell cycle arrest

associated with increased p21 or p27 protein levels and MYC

downregulation.

11.Romidepsin and JQ1 combination treatment induces plasma cell

differentiation by inhibiting BCL6 expression in B-cell lymphoma cells.

12.Romidepsin and JQ1 have synergistic effects, showing a potential role

for the treatment of aggressive B-cell ymphomas.
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8. RESUMEN EN CASTELLANO

8.1. Introduccion

CTCF es una proteina del tipo “dedos de zinc” que puede unirse a un amplio
rango de secuencias diana usando diferentes combinaciones de sus dedos de
zinc. CTCF fue inicialmente descrito como un represor transcripcional del
oncogén c-MYC de pollo (Filippova et al., 1996). CTCF esta implicado en muchas
funciones reguladoras entre las que se incluyen activacion o represion
transcripcional de numerosos genes, unidén a secuencias “insulator” para impedir
el avance de la heterocromatina o bloqueando la accion de “enhancers” y
organizador global de la cromatina (Arzate-Mejia et al., 2018; Kim et al., 2015;
Xu et al., 2018). Mutaciones en los dedos de zinc del domino de union al DNA
de CTCF o mutaciones en los sitios diana de union de CTCF, se relacionan
frecuentemente con la desregulacién de CTCF y el desarrollo de tumores
(Filippova et al., 2002; Katainen et al., 2015). Ademas, CTCF participa en la
regulacion epigenética de numerosos genes implicados en cancer como MYC o
BCL6.

La eritropoyesis es el proceso de diferenciacion de las células madre
hematopoyéticas en diferentes progenitores eritroides para finalmente dar lugar
a los eritrocitos maduros. Es un proceso altamente regulado y controlado por
numerosas citoquinas y factores de crecimiento como eritropoyetina o SCF y
factores de transcripcion especificos, entre ellos GATA1, GATA2, MYB o KLF1
(Dzierzak and Philipsen, 2013; Nandakumar et al., 2016). Ademas, el factor de
transcripcion MYC también participa en la regulacion de la diferenciacion
eritroide (Delgado and Leon, 2010). Entre todas las funciones en las que esta
involucrado CTCF también se encuentra la regulacion de la eritropoyesis.
Resultados previos de nuestro grupo han demostrado que la sobreexpresion de
CTCF induce la diferenciacion eritroide en células K562 (Torrano et al., 2005).
Diferentes estudios describen que la unién de CTCF es necesaria para la

transcripcion de genes eritroides (Kang et al., 2017).
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Los centros germinales son estructuras dinamicas dentro de los ganglios
linfaticos y son esenciales para la formacion de anticuerpos de alta afinidad.
Histolégicamente se dividen en dos zonas, la zona oscura y la zona clara. La
zona oscura contiene células B altamente proliferativas que sufren hipermutacion
somatica de las inmunoglobulinas mientras que la zona clara las células B se
seleccionan dependiendo de su afinidad por el antigeno para sobrevivir, volver a
la zona oscura o diferenciar a célula B de memoria o células plasmaticas
(Bannard and Cyster, 2017; Basso and Dalla-Favera, 2015). Una compleja red
de factores de transcripcion regula el equilibrio entre los procesos que tienen
lugar en el centro germinal. BCL6 es un represor transcripcional indispensable
para la generacion del centro germinal linfoide. Su expresion tiene que ser
reducida para que las células B abandonen el centro germinal y diferencien a
células plasmaticas (Song and Matthias, 2018). Los linfomas agresivos, como el
linfoma de Burkitt o el linfoma difuso de célula grande derivan de las células B
del centro germinal (Swerdlow et al., 2016). Los tratamientos convencionales
para los linfomas agresivos no son muy efectivos por lo que es importante
identificar estrategias novedosas para su tratamiento, como las terapias

epigenéticas.

Los mecanismos epigenéticos estan involucrados en la regulaciéon de la
expresion génica y en el control de numerosos procesos biolégicos. Sus
alteraciones pueden generar expresion génica aberrante. La desregulacion
epigenética es frecuente en células cancerosas (Ahuja et al., 2016). A diferencia
de las mutaciones gendmicas, las alteraciones epigenéticas son potencialmente
reversibles mediante el uso de farmacos, por lo que la terapia con farmacos
epigenéticos tiene un enorme potencial para el tratamiento del cancer (Ahuja et
al., 2016). Recientemente, se han realizado estudios con resultados
prometedores en los que se combinan inhibidores de HDAC con inhibidores de
bromodominios BET (Ramadoss and Mahadevan, 2018). La romidepsina es un
inhibidor de histonas deacetilasa (HDACi) aprobado por la FDA para el
tratamiento de algunos linfomas de células T, pero su efecto sobre los linfomas
de células B y sobre la regulacién de BCL6 no se ha investigado a fondo (Bates
et al., 2015). Por otro lado, JQ1 es un inhibidor de bromodominios BET que

reprime la expresion de algunos genes como por ejemplo MYC (Delmore et al.,
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2011). La desregulacion de MYC es prevalente en linfomas y se asocia a un peor

pronostico en linfomas derivados del centro germinal (Nguyen et al., 2017).

8.2. Objetivos

El objetivo general de la primera parte de este trabajo es estudiar la funcién
de CTCF en la regulacion de Ila diferenciacion eritroide en células

hematopoyéticas humanas. Para ello establecimos los siguientes objetivos:

1. Analizar los efectos del silenciamiento de CTCT en la diferenciacion
eritroide de células K562.

2. Explorar el papel de CTCF en la diferenciacion de células primarias
CD34".

3. ldentificar factores de transcripcién eritroides regulados por CTCF.

4. Estudiar la unién de CTCF a regiones reguladores de factores de
transcripcion eritroides durante la induccion de la diferenciacién
eritroide.

5. Analizar la union de CTCF a las regiones reguladores de MYC.

Por otro lado, el objetivo general de la segunda parte de este trabajo es
investigar los efectos de la romidepsina en combinacion con JQ1 en el
tratamiento de linfoma de células B agresivos. Para ello se establecieron los

siguientes objetivos:

1. Estudiar los efectos del tratamiento combinado de romidepsina y JQ1
en proliferacién celular, apoptosis y ciclo celular.
2. Analizar el efecto del tratamiento con romidepsina y JQ1 en la

expresion de BCL6 y en la diferenciacion de células B.
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8.3. Resultados y discusion

8.3.1. Funcion de CTCF en el control de la diferenciacion eritroide

Para estudiar el papel de CTCF en la diferenciacion eritroide silenciamos la
expresion de CTCF (mediante vectores lentivirales constitutivos pLKO-shCTCF)
en células K562 e indujimos la diferenciacién a linaje eritroide con Ara-C o
Imatinib. El silenciamiento de CTCF redujo el porcentaje de células bencidina
positivas (indicativo de células diferenciadas conteniendo hemoglobina) y la
expresion de genes eritroides (y-globina, GATA1 y LMO2) en comparacién con
las células no silenciadas. Estos resultados indican que la inhibicion de CTCF
puede inhibir la diferenciacién eritroide. Para confirmar estos resultados,
utilizamos un sistema inducible por doxiciclina para inhibir CTCF (pTRIPZ-
shCTCF). Los resultados obtenidos fueron similares a los observados al inhibir
CTCF con el vector constitutivo. Todos estos resultados demuestran que CTCF
tiene un papel fundamental en la eritropoyesis ya que su silenciamiento inhibe la

diferenciacion eritroide inducida por Ara-C e Imatinib en células K562.

Como un modelo mas fisioldégico de estudio utilizamos células primarias
CD34* purificadas a partir de sangre de corddn umbilical de recién nacidos.
Silenciamos la expresion de CTCF (mediante vectores lentivirales pLKO-
shCTCF) en células CD34* y las tratamos con eritropoyetina para inducir la
diferenciaciéon eritroide. Observamos que la inhibicion de CTCF reduce el
porcentaje de células bencidina positivas, la expresion de genes eritroides (y-
globina y GATA1) e inhibe la formacién de colonias en comparacioén con las
células no silenciadas. Estos resultados se confirmaron inhibiendo CTCF
mediante el sistema inducible por doxiciclina. Al igual que con el sistema
constitutivo observamos que la inhibicién de CTCF disminuye el porcentaje de
células diferenciadas en comparacion con las células no silenciadas. Todos
estos resultados indican que el silenciamiento de CTCF inhibe la diferenciacién
eritroide en células madre hematopoyéticas primarias y corroboran el papel de

CTCEF en la eritropoyesis.
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Resultados previos de nuestro grupo identificaron una serie de genes
relacionados con la diferenciacion eritroide que parecian estar regulados por
CTCF. Seleccionamos genes que inhiben la diferenciacion eritroide (ETST,
GATA2, HEY1 y MYB) y genes que inducen la diferenciacién eritroide (KLF1,
LMO2, NFE2L2 y TCF3) y realizamos un analisis mediante la base de datos
ENCODE para localizar posibles sitios de unién de CTCF a las regiones
reguladoras de esos genes. Analizamos la unién de CTCF mediante ensayos de
inmunoprecipitacion de cromatina (ChlP) en células K562. Los resultados
obtenidos revelaron un elevado enriquecimiento de CTCF en todos los sitios

analizados de los diferentes genes eritroides.

Para estudiar si la union de CTCF a los diferentes genes eritroides varia
durante la induccién de la diferenciacion eritroide, tratamos células K562 con
Ara-C para inducir la diferenciacion eritroide. El siguiente paso fue analizar la
union de CTCF a los genes eritroides seleccionados después de la induccion de
la diferenciacion eritroide mediante ChlP. Los resultados obtenidos indican que
la unién de CTCF en los diferentes sitios analizados aumenta durante la
diferenciacion eritroide independientemente del aumento o disminucion de la
expresion del correspondiente gen. Estos resultados se podrian relacionar con

el doble papel de CTCF como activador o represor transcripcional.

Finalmente, para analizar si la expresion de MYC esta regulada por CTCF
analizamos mediante la base de datos ENCODE, los posibles sitios de union de
CTCF alas regiones reguladoras de MYC. Encontramos varios posibles sitios de
union, algunos de ellos descritos previamente. Analizamos la unién de CTCF a
los diferentes sitios de MYC mediante ensayos de inmunoprecipitacion de
cromatina (ChlP) en células K562. Los resultados obtenidos mostraron un alto
enriquecimiento de CTCF en todos los sitios analizados. Una vez confirmada la
union de CTCF a los diferentes sitios de MYC, analizamos si esa union variaba
durante la diferenciacion eritroide inducida por Ara-C e Imatinib. Los resultados
obtenidos revelaron que la unién de CTCF a los diferentes sitios de MYC
aumentaba durante la diferenciacion eritroide. Dado que durante la

diferenciacion eritroide la expresion de MYC disminuye, el aumento de la unién
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de CTCF a las regiones reguladoras de MYC puede indicar que CTCF regula

negativamente la expresion de MYC durante la diferenciacion eritroide.

8.3.2. Tratamiento epigenético de linfomas agresivos de células B

Para analizar los efectos del tratamiento combinado con los farmacos
epigenéticos romidepsina (inhibidor de histona deacetilasa) y JQ1 (inhibidor de
BRD4), tratamos diferentes lineas celulares de linfoma de células B (Ramos, Raji
y DG75 procedentes de linfoma de Burkitt y Toledo de GCB-DLBCL). Estas
lineas celulares presentan expresion desregulada de BCL6 y/o MYC. Tras el
tratamiento analizamos la actividad metabdlica (ensayo WST-1), proliferacion
celular (contaje celular), viabilidad (Trypan Blue), apoptosis (ruptura de PARP y
expresion de genes de la familia de BCL2 por Western-Blot y Anexina-V por
citometria de flujo), ciclo celular (citometria de flujo y expresiéon de MYC, p27,
p21 y Ciclina-A) y la diferenciacion de células B (expresién de BLC6 y BLIMP1).

Realizamos ensayos WST con diferentes combinaciones de ambos
tratamientos para calcular el indice de combinacion (CI). Las dosis
seleccionadas para realizar los diferentes experimentos fueron 5 nM de
romidepsina y 1 yM de JQ1, estas dosis tienen un efecto sinérgico (Cl < 1)

especialmente en Ramos y Raiji.

Los resultados obtenidos indicaron que ambos tratamientos y su
combinacion reducen la actividad metabdlica en Ramos, Raiji, DG75 y Toledo.
Resultados similares se obtuvieron con el tratamiento solo con romidepsina
como con la combinacion de romidepsina y JQ1, mientras que la reduccion en la
actividad metabdlica observada fue menor cuando se trataron solo con JQ1.
Ademas, observamos una reduccion en la proliferacion celular en células
tratadas solo con romidepsina o con JQ1, siendo la reduccion mayor con
romidepsina. Sin embargo, la combinacidn de tratamientos inhibié casi

completamente la proliferacidn celular en las cuatro lineas celulares estudiadas.

Por otro lado, observamos una disminucion en el porcentaje de células

viables con los tratamientos con romidepsina (sola o en combinacion con JQ1)
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en Ramos, Raji y Toledo. Este resultado se relaciona con el aumento del
porcentaje de células anexina-V positivas con la combinacién de tratamientos y
con el tratamiento solo con romidepsina en Ramos, Raji y Toledo, siendo el
aumento mucho mayor con el tratamiento combinado. La inducciéon de la
apoptosis se confirmé mediante la ruptura del PARP1 y el descenso de los
niveles de la proteina antiapoptotica BCL-xL observados por Western-Blot.
Ademas, la combinacion de tratamientos indujo la expresion del marcador de
respuesta a dafio al ADN yH2AX. Estos resultados indican un efecto sinérgico
en apoptosis entre la romidepsina y el JQ1 en las lineas celulares de linfoma B

Ramos, Raji y Toledo.

También analizamos el efecto de la combinaciéon de romidepsina y JQ1 en
el ciclo celular. El analisis por citometria de flujo mostro una ligera acumulacién
de células en la fase Go/G1 del ciclo celular en Ramos, Raji y Toledo con la
combinacion de tratamientos al igual que con el tratamiento con romidepsina
sola, por el contrario, el tratamiento con JQ1 si provocé parada del ciclo celular
en fase Go/G1. Sin embargo, al analizar la expresiéon de p27 y p21 por Western-
Blot observamos un aumento en su expresion en todas las lineas analizadas.
Ademas, el descenso en los niveles de MYC y de Ciclina-A observados
confirman que la combinacion de romidepsina y JQ1 provocan parada del ciclo

celular en lineas celulares de linfoma de células B.

Finalmente, en las lineas celulares que expresan BCL6 (Ramos, Raji y
Dg75) observamos una reduccion de la expresion de BCL6 a nivel de proteina
con los tratamientos solos y con la combinacion, siendo mas pronunciada con el
tratamiento combinado, mientras que los niveles de BLIMP1 aumentaron
ligeramente en Ramos. Ademas, en Toledo, una linea celular que no expresa
BCL6, también observamos un aumento de la expresion de BLIMP1 con la
combinacion de tratamientos. Estos resultados indican que el tratamiento

combinado de romidepsina con JQ1 induce diferenciacién a célula plasmatica.

En resumen, el tratamiento combinado de romidepsina y JQ1 induce
sinérgicamente apoptosis, parada del ciclo celular y diferenciacién de célula

plasmaticas en células de linfoma de células B. Ademas, el tratamiento
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combinado es mas efectivo que cada tratamiento individual, lo que sugiere que
JQ1 potencia los efectos de la romidepsina. Nuestros resultados indican que el
tratamiento combinado de romidepsina y JQ1 podria ser efectivo en el

tratamiento de linfomas de células B.

8.4. Conclusiones

1. El silenciamiento de CTCF inhibe la diferenciacion eritroide inducida por
Ara-C e Imatinib en células K562.

2. El silenciamiento de CTCF inhibe la diferenciacién eritroide inducida por
eritropoyetina en células primarias CD34".

3. CTCF se une a las regiones reguladoras de factores de trascripcion
eritroides. La union de CTCF participa en la formacion de interacciones

4. La unién de CTCF a genes eritroides aumenta durante la induccién de la
diferenciacion eritroide.

5. CTCF se une a las regiones reguladoras de MYC y la unién aumenta
durante la induccion de la diferenciacion eritroide.

6. La union de CTCF a factores de transcripcion se relaciona con sus
funciones en la regulacion de la diferenciacion eritroide.

7. Proponemos que CTCF tiene un papel esencial en la diferenciacion
eritroide a través de la regulacion directa de factores de transcripcion.

8. El tratamiento con romidepsina y JQ1 reduce la actividad metabdlica y la
proliferacion celular en lineas celulares de linfoma de células B.

9. La combinacion de romidepsina y JQ1 induce fuertemente apoptosis en
linfoma de células B.

10.El tratamiento con romidepsina y JQ1 induce parada del ciclo celular
acompanado con un incremento en los niveles de p21 o p27 y la reduccién
de la expresion de MYC.

11.La combinacion de romidepsina y JQ1 induce diferenciacion a célula
plasmatica y la reduccion de la expresion de BCL6 en células de linfoma
de células B.

12.Romidepsina y JQ1 tienen un efecto sinérgico mostrando un importante

papel para el tratamiento de linfomas agresivos de células B.
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Abstract

Multiple genetic aberrations in the regulation of BCL6, including in acetyltransferase
genes, occur in clinically aggressive B-cell ymphomas and lead to higher expression
levels and activity of this transcriptional repressor. BCL6 is, therefore, an attractive
target for therapy in aggressive lymphomas. In this study romidepsin, a potent histone
deacetylase inhibitor (HDACI), induced apoptosis and cell cycle arrest in Burkitt and
diffuse large B-cell lymphoma cell lines, which are model cells for studying the
mechanism of action of BCL6. Romidepsin caused BCL6 acetylation at early timepoints
inhibiting its function, while at later timepoints BCL6 expression was reduced and target
gene expression increased due to chromatin modification. MYC contributes to poor
prognosis in aggressive lymphoma. MYC function is reduced by inhibition of chromatin
readers of the bromodomain and extra-terminal repeat (BET) family, which includes
BRD4. The novel combination of romidepsin and JQ1, a BRD4 inhibitor was
investigated and showed synergy. Collectively we suggest that the combination of

HDACIi and BRD4i should be pursued in further pre-clinical testing.



Introduction

Aggressive lymphomas such as diffuse large B-cell ymphoma (DLBCL) and Burkitt
lymphoma (BL) are a heterogeneous group of disorders in terms of clinical behavior,
biological characteristics and response to treatments ', Despite improvements in
diagnosis and treatment, non-Hodgkins-lymphomas are still an important cause of
morbidity and mortality worldwide. Combination of rituximab with anthracycline-based
chemotherapy regimen, such as R-CHOP (Rituximab-cyclophosphamide, doxorubicin,
vincristine and prednisone) is effective ? but overall >40% of patients are not cured of
their disease. Thus, it is important to identify new approaches to therapy. Aggressive
lymphomas are often derived from germinal center B-cells. Germinal centers are
dynamic structures within normal lymph nodes, where B-cells proliferate intensely and
undergo somatic hypermutation 3, a process involving the production of DNA breaks
that is essential for the formation of high affinity antibodies. Conditions within the
germinal center are therefore believed to predispose to the formation of lymphomas °.
There is a wealth of genetic evidence that BCL6 contributes to the survival of DLBCL
and clinical evidence suggests that a proportion of BCL6 expressing DLBCL patients
have poor clinical outcomes. The role of BCL6 in Burkitt ymphoma has not been
investigated but it is expressed in all cases and is likely to contribute to proliferation

and survival.

BCLS6 is a master transcription factor that is essential for normal germinal center
formation *°. Enforced expression of BCL6 in mice is sufficient for the development of
lymphomas °. Multiple genetic abnormalities leading to increased BCL6 expression
have been described ® and BCL6 is also involved in chromosomal translocations in
~25% of DLBCL °. Thus, modulation of BCL6 expression could be a potential target for
therapy in lymphomas. Indeed, BCL6 inhibition using specific inhibitors was able to

10,11

produce apoptosis and cell cycle arrest of these cells suggesting that BCL6 may

be a promising therapeutic target in lymphoma 2.

We and others, have recently shown that epigenetic mechanisms are involved
in BCL6 regulation *'°. Histone deacetylase inhibitors (HDACi) are a novel class of
antitumor agents that have shown very promising results for the treatment of a number
of hematologic malignancies '®'". Regulation of the reversible acetylation status of an
increasing number of non-histone proteins, many of them being proto-oncogenes,
allows to modulate a number of essential cellular processes such as protein

interactions, protein stability, apoptosis, cell proliferation and cell survival '8



Particularly, HDAC inhibitors have been shown to inhibit BCL6 function by inducing its
acetylation, which leads to de-repression of its target genes '°. Romidepsin is an
HDACI with high inhibitory activity for class | histone deacetylases that is approved by
the FDA for the treatment of cutaneous T-cell lymphoma or refractory/relapsed
peripheral T-cell lymphoma ?°2'. HDACi synergize with other agents including

hypomethylating agents in pre-clinical models of DLBCL .

MYC translocations occur in 10-15% of DLBCL ". High expression of MYC,
independent of the presence of chromosomal translocations involving MYC, is
associated with poor clinical outcome in B-cell lymphoma ?*%*. There is interest in the
bromodomain and extra-terminal (BET) family member BRD4, which recognizes
acetylated histones and plays an essential role in the regulation of MYC expression %.
BRD4 (bromodomain-containing protein-4) inhibitors ?° such as JQ1 are able to cause
MY C oncogene downregulation in a variety of human cancers, including leukemia and

lymphoma ?’. BET inhibitors are currently being used in clinical trials ?°.

Promising data on combining HDACi with BRD4 inhibitors has been reported ",
This combination has a specific rationale in DLBCL and BL as it potentially targets
MYC in poor prognosis disease. Thus, the aim of this study was to investigate the
effects of romidepsin alone or in combination with the BRD4 inhibitor, JQ1, in the
treatment of aggressive lymphomas, and to identify the molecular mechanisms

involved in its effects.

Results

Romidepsin promotes apoptosis in cells from agressive lymphomas

As a first approach, we measured cell proliferation (based on metabolic activity) upon
romidepsin treatment to establish a dose-response assessment and to analyze the
effect of the HDACi on proliferation at different time points (Figure 1a). Romidepsin was
tested in different types of aggressive B-cell ymphoma cell lines: three Burkitt
lymphoma cell lines (Raji, DG75 and Ramos), one GC-DLBCL (Toledo) and one ABC-
DLBCL (Ly03) (see Supplementary Table S1).

At 48 h, Raji and DG75 cells showed little (10-20 %) reduction of metabolic activity
(Figure 1a), even with the highest doses tested (10 nM). Ramos cells were the most
sensitive, showing a metabolic reduction 50 % after treatment with romidepsin (5 nM)
while both Toledo and Ly03, showed intermediate sensitivity. Very high doses of
romidepsin inhibit almost completely the proliferation of all the lymphoma cell lines

studied (not shown). Given that with 1 nM concentration did not show any significant



effect on the studied cell lines and 10 nM treatment resulted in cell death for the most
sensitive cell lines, we chose 2 nM and 5 nM as optimal concentrations for further
experiments.

To evaluate the effects of romidepsin on apoptosis, Annexin V binding was
determined (Figure 1b). No significant cell death was observed for the metabolically
less-sensitive cell lines Raji and DG75, while the sensitive cell lines Ramos, Toledo
and Ly03, showed significant apoptosis induction after treatment with romidepsin (5
nM), (Figure 1b). The apoptotic effects of this drug were verified using the PARP1
cleavage assay. Cleaved PARP1 was found in the high and moderate sensitive cell
lines (Ramos, Toledo and Ly03) but not in the less sensitive ones (Raji, DG75) (Figure
1c).

We next examined the effect of romidepsin on expression of some BCL2 family
members (Figure 2). The intrinsic apoptotic pathway can be primarily activated by
chemotherapeutic drugs and various studies support its role in HDACi mediated cell
death %. In agreement with previous reports, BCL2 expression was neither observed in

Ramos or DG75 in basal conditions *°*'

or upon treatment with romidepsin. There was
little change in the level of BCL2 in Raji and Toledo while there was suppression in
Ly03 (Figure 2a), confirming previous results indicating that romidepsin is able to
induce apoptosis despite BCL2 expression *2. Other pro-survival proteins were
investigated: BCL-xL levels were high in basal conditions and were reduced upon
treatment in the sensitive cell lines with the exception of Ly03 (Figure 2b), suggesting
that downregulation of BCL-xL might be mediating romidepsin apoptotic effect on
germinal center derived cells. Transient expression or little change was observed in
MCL1 levels with romidepsin (Figure 2c). Interestingly, the pro-apoptotic protein BIM
(Figure 2d), showed some increase with romidepsin in DLBCL cell lines (Toledo and
Ly03), which was in agreement with the PARP1 cleavage pattern detected with

romidepsin treatment.

Altogether, these results demonstrate that romidepsin can repress metabolic
activity and induce variable levels of apoptosis associated with changes in expression
of BCL2 family proteins that might be different upon the different subtypes of

lymphomas.

Romidepsin induces cell cycle arrest accompanied with p21 and p27 up-

regulation

Romidepsin has previously been shown to induce cell cycle arrest in cells from different
tissues 2'. Based on this information, we aimed to analyze the cell cycle in cell lines

with different responses to the HDACi (Figure 3a). The fraction of cells in the sub-Gy/G;
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phases of the cell cycle, indicative of cell death (inset in Figure 3a), fully agree with the
apoptosis observed in the sensitive cells (Figure 1). In Raji cells we found a significant
accumulation of cells in Go/G4, increasing from 50% to 80%, with a corresponding
reduction in cells in S and G,/M phases of the cell cycle. For DG75 and Ramos the
accumulation in Go/G4 was smaller but still statistically significant. The cell population
distribution in Toledo cell line was not substantially affected (Figure 3a).

Given the effects of HDACIi on cell cycle arrest, we wonder whether the cell cycle
inhibitors p27"*" (p27) and p21°** (p21) were involved as has been reported for other
HDACI . We observed an increase of p21 protein levels in DG75 and Ramos cells
treated with romidepsin (Figure 3b). The increase in p21 in Toledo cells was no so
prominent, probably reflecting the lack of cell cycle arrest in these cells. Additionally,
levels of p27 were dramatically increased in Raji, DG75 and Ramos in the presence of
romidepsin (Figure 3b). There is, therefore, no clear agreement between protein levels
of p21 and p27 and the clear block in G4 phase that the drug provokes across all these
cell lines (Figure 3a). Overall, romidepsin induces cell cycle arrest together with

increase in p21 and p27 expression in Ramos, the most sensitive cell line.

Romidepsin provokes BCL6 downregulation and triggers plasma cell

differentiation

BCLS6 is a transcriptional repressor and one of the “master regulators” that controls the
exit of the B-cells from the germinal centers in order to differentiate toward plasma cells
®. To determine the effect of romidepsin on BCL6 expression, we analyze the effect of
this histone deacetylase inhibitor on several BL cell lines with different BCL6
expression levels (see Supplementary Table S1). Romidepsin reduced BCL6 mRNA
(not shown) and protein levels (Figure 4a) in a dose and time dependent manner. In
DG75, BCL6 downregulation takes place after 24 hours of romidepsin treatment either
with 2 nM or 5 nM concentrations. In Raji and Ramos, reduced BCL6 levels were
observed upon 48 to 72 hours of treatment. Romidepsin effects on CCND2 (Cyclin D2),
a direct target of BCL6 *, were evaluated. We found a strong increase in the CCND2
mRNA levels in Raji and DG75 in response to romidepsin, and a modest upregulation
in Ramos cells (Figure 4b), supporting a functionally important downregulation of BCL6

by romidepsin.

BCL6 downregulation is essential for B-cells to leave the germinal center and to
differentiate towards plasma cell. As a consequence of BCL6 downregulation, induction
of target genes essential for B-cells to differentiate into plasma cells, such as PRDM1
(BLIMP1), takes place. We analyzed PRDM1 mRNA levels in the B-cell lymphoma cell



lines upon romidepsin treatment. The gene was upregulated in Raji, DG75 and Ramos
cells (Figure 4c). No significant changes were detected in the non-GC Ly03 cell line
(not shown). B-cells exit from germinal centers and plasma cell differentiation program
not only requires changes in BCL6 and PRDM1 expression but also changes in other
regulators such as PAX5 and XBP1 ®. We chose the extensively used cell line model
Ramos to study the modifications in the expression of these other genes. A clear
increase in BLIMP1 protein levels was detected in Ramos cells upon romidepsin
treatment (Figure 4d), accompanied by a decrease in PAX5 and XBP1 mRNA
expression (Figure 4e). Finally, surface markers were analyzed by flow cytometry in
Ramos cells. The induction of plasma cell differentiation was corroborated by the
decrease of CD20 (B-cell marker) and the increase of CD138 (plasma cell marker)
(Figure 4f).

Altogether these results indicate that romidepsin triggers differentiation towards
plasma cell differentiation by inhibiting BCL6 expression and this is independent of

apoptosis induced by romidepsin.
Romidepsin induces BCL6 acetylation

BCL6 regulation is critical for germinal center development. Acetylation inactivates
BCL6 either under physiological conditions or induced by the histone deacetylase
inhibitor trichostatin A '°. Although we have shown that long-term romidepsin treatment
downregulates BCL6, we wondered whether romidepsin was able to induce BCL6
acetylation at shorter times. Using Ramos germinal center cells as a model, we
assayed BCL6 acetylation after romidepsin treatment. Acetylation was assessed by
immunoprecipitation with an antibody against BCL6, followed by western blot
employing an antibody widely demonstrated to recognize acetylated lysines in several
transcription factors or an antibody against BCL6 (Figure 5a). We found increased
BCL6 acetylation (3.9-fold) after 3 hours of romidepsin treatment and this acetylation
remains after 6 hours of treatment, although to a lesser extent (2.1-fold) (Figure 5a top
panel). Under all conditions there were approximately equal amounts of BCL6 in each
immunoprecipitate (Figure 5a bottom panel). These results are similar to those
previously reported using a different HDACi '°, demonstrating that romidepsin induces
BCL6 acetylation.

Romidepsin effects on transcription and histone marks at the BCL6 locus

As previously described, BCL6 bound to the BCL6 exon1A represses its own
transcription >3, To investigate if the acetylation of BCL6 induced by romidepsin had

consequences for transcription from the BCL6 locus, we used luciferase reporter assay



in HEK-293T, a cell line that does not express BCL6 (Figure 5b). We prepared a
luciferase reporter construct containing the BCL6 binding site in exon1A, designated as
BCL6(exon1A)pGL3. This reporter was cotransfected with a BCL6 expression vector
(PCDNA-BCLSG). Low luciferase activity was detected in cells transfected with pCDNA-
BCL6 in the absence of romidepsin due to the BCL6 negative autoregulation.
Luciferase activity progressively increased with romidepsin in a dose-dependent
manner (Figure 5b). Therefore, the negative regulation of BCL6 was counteracted by
romidepsin, suggesting that the HDAC: is inhibiting BCL6 negative autoregulation by

acetylation.

We have previously demonstrated that the chromatin regulator CTCF
epigenetically regulates BCL6 by binding to BCL6 exon1A ™. In addition, we have
observed that (at timepoints longer than 24 hours) romidepsin reduces BCL6
expression (Figure 4a). Therefore, we aimed to analyze the CTCF occupancy of the
BCL6 exon1A in that context, using ChIP assays in Ramos cells. Results revealed
CTCF binding to the BCL6 exon1A in the untreated cells, which strongly diminishes
upon treatment with romidepsin (Figure 5c¢). Finally, we analyzed the effect of
romidepsin on the local chromatin structure at exon1A. Ramos cells were treated with
romidepsin and ChIP assays using antibodies against modified histones were
performed. A reduction in the binding of the active histone mark H3Ac together with an
enrichment of the H3K9me3 repressive histone was observed in the BCL6 exon1A
when cells were treated with romidepsin (Figure 5d). Together these results indicate
that romidepsin protects the BCL6 regulatory region against CTCF binding thus

favoring the incorporation of repressive histone marks on BCL6 exon1A.

Collectively our results indicate that, at relatively short time-points, romidepsin
inhibition of the BCL6 deacetylation presumably repress BCL6 function as shown by
others ' but increase transcription at the BCL6 locus. At longer time points, romidepsin
modifies the local chromatin structure at the BCL6 locus to suppress transcription and

consequently BCL6 protein levels, to de-repress transcription of BCL6 target genes.
Romidepsin and JQ1 synergistic effects on proliferation and apoptosis

We next aimed to analyze the effect of combined treatment of the epigenetic drugs
romidepsin (HDACI) and JQ1 (BRD4i) in Ramos, a Burkitt ymphoma cell line. Cell
viability analysis (WST-1 method) using different concentrations of both compounds
were performed to generate combination index (Cl) plot (Supplementary Table S2). For
further experiments, we choose doses close to the I1Csy values (5 nM romidepsin and 1

MM JQ1) where synergism (Cl<1) was evident (Figure 6a). Growth curve analysis



confirmed the synergistic effect on cell proliferation (Figure 6b). Annexin V staining
(Figure 6¢) and cleaved PARP1 (Figure 6d) were strongly increased after 48h with the
combination treatment, together with decreased levels of the antiapoptotic protein BCL-
xL, indicating significant synergistic effect of romidepsin and JQ1 on apoptotic cell
death. Interestingly, the combination treatment dramatically induced the expression of

yH2AX (Figure 6d), a well-known marker of DNA damage response.

We also analyzed the effects of romidepsin and JQ1 on the cell cycle. Both
compounds alone provoked cell cycle arrest and increased the expression of p21
(Figure 6e). A further increase in p21 levels was detected after 24 h with the
combination treatment. At longer times, this synergistic effect was not evident
presumably due to the high proportion of apoptotic cells (Figure 6¢). The expected
decrease in the cyclin A (as a marker of proliferation) and MYC levels was also
observed (Figure 6e). Finally, we found downregulation of BCL6 expression that was
more pronounced upon 48 h of combination treatment while BLIMP1 levels were
slightly increased with both romidepsin and JQ1 (Figure 6f).

Similar results were obtained in the less sensitive Raji cells from BL (Figure 7)
and, to a lesser extent in Toledo cells, a GC-DLBCL cell line (Supplementary Fig. S1).
Clear synergistic effects of romidepsin and JQ1 in terms of apoptosis (PARP1 cleavage
and yH2AX induction) (Figure 7b), cell cycle arrest (p27 induction, MYC
downregulation) and plasmatic differentiation (BCL6 downregulation) (Figure 7c) were
observed, indicating that the drugs combination could be effective in aggressive B cells

lymphoma.
Discussion

Novel strategies for treatment of aggressive lymphomas are needed. DLBCL, one of
the most frequent lymphomas in western countries will be refractory to anthracycline
conventional treatments in a substantial proportion of cases. BCL6 is a key regulator of
normal germinal center B-cells and is expressed in Burkitt ymphoma and some
DLBCL. Transcription factors are attractive targets for therapy because they control
programs of gene expression *. It is likely that the gene expression program controlled
by BCL6 has important roles in driving cell cycle progression and proliferation in normal

.38 in turn suggesting that BCL6 is an attractive target for these

and malignant B-cells
types of lymphomas "®'2. Inhibition of BCL6 has indeed shown very promising results in
preclinical studies *. Moreover, targeting BCL6 might not only be effective on germinal
center derived lymphomas but also those ABC-DLBCL cases that express it *°.

However, generation of potent, drug-like inhibitors against BCL6 remains challenging.



We and others, have shown that different epigenetic mechanisms are involved
in the modulation of BCL6 expression in the germinal center reaction . Epigenetic
modulators are an attractive and effective strategy in a number of malignancies .
Among them, more than ten histone deacetylase inhibitors have shown promising
results in studies performed in different hematological malignances, including
lymphomas %33 HDACI can produce a variety of effects including induction of
apoptosis, cell cycle arrest, induction of differentiation and regulation of immune
responses, and these effects are exerted in a cell type specific manner 22"334! Some
of these effects are generated by the inhibition of activity of HDACs while others might
be the consequence of modification of other cellular proteins by acetylation. In this
study a number of BL derived cell lines were used to evaluate the effect of romidepsin,
a potent HDACi that has been approved for treatment of different types of T cell
lymphomas but its role on B cell lymphomas is yet not well known. BL shows high level
BCL6 expression and BL cell lines have been used to elucidate many aspects of BCL6
action 3. We also analyzed the effect of romidepsin in two GC-DLBCL and ABC-

DLBCL cell lines, for comparison.

Romidepsin induced apoptosis in metabolically sensitive lymphoma B-cell lines.
Several reports have shown a role for the mitochondrial apoptotic pathway in HDACi
mediated apoptosis ?>*'. In some cases BCL2 or BCL-xL, which block the intrinsic
apoptotic pathway, are able to overcome the effects of a number of HDACI. Therefore,
a differential expression of the pro-apoptotic and the anti-apoptotic BCL2 family
members might explain the varying response to romidepsin. In healthy B-cells, BCL2
expression is reduced when B-cells enter the germinal center reaction *2. Although the
basal expression of BCL2 was variable among the cells used in this study, no
relationship between BCL2 expression and sensitiveness to romidepsin was observed.
This is not surprisingly since romidepsin has been shown to induce apoptosis even in
models overexpressing BCL2, but not in BCL-xL models *. Although down-regulation
of BCL-xL does not imply an immediate death *?, the reduction in the anti-apoptotic
BCL-xL in Ramos and Toledo cells compared to the unchanged levels observed in the
DG75 insensitive cell line, imply that BCL-xL might be a good marker for monitoring
romidepsin effect in germinal center cells. This is in agreement with previous studies
showing how expression of BCL-xL might confer a drug resistance phenotype .
Interestingly, BIM was upregulated in both DLBCL (Toledo and Ly03) cells in the
presence of romidepsin, which might explain the apoptosis observed in those cell lines,
given that BIM plays a critical role in HDACi induced apoptosis **°. In DG75 and

Ramos cells, BIM levels are maintained while MCL1 protein transiently increases upon
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romidepsin treatment. Since MCL1 is essential for the survival of plasma cells *, this
transient expression of MCL1 detected in response to romidepsin might be providing a
short-term window to allow cells to differentiate into plasma cells and/or die by

apoptosis.

It is known that GC B-cells stop proliferating in order to be able to differentiate
into plasma cells. Accordingly, cell cycle arrest in Go/G4 phase was observed, together
with the increase in p21 and p27, in most of the lymphoma cells analyzed upon
exposure to romidepsin. This is line with previous reports showing, that accumulation of
cycling dependent kinase inhibitors is a general effect shared by most of all the histone

deacetylase inhibitors, when used on various malignancies '®3*.

In this study we have shown that romidepsin (i) induces BCL6 acetylation,
which inhibits BCL6 negative autoregulation, and (ii) protects the BCL6 regulatory
region against CTCF binding thus favouring the incorporation of repressive histone
marks. In agreement, treatment of DLBCLs with other HDACi has been shown to
induce hyperacetylation of BCL6, reactivation of repressed target genes and induction
of apoptosis "*#". In our study, the romidepsin-mediated downregulation of BCL6 was
also associated with plasma cell differentiation, as shown by induction of PRDM1
(BLIMP1) levels and the expression of plasma cell surface marker (CD138). In treated
Ramos cells, PAX5 mRNA levels were downregulated, PAX5 being necessary for B-
cells to maintain their germinal center identity ***°. However, when we analyzed the
expression of XBP1, a gene that acts downstream of PRDM1-BLIMP1, we found no
upregulation, suggesting that romidepsin might be triggering a partial plasma cell
differentiation program but is not sufficient for terminal plasma cell differentiation.
Therefore, as expected the mature plasma cell phenotype was not completely reached
because cell lines have limited differentiation capacity. The effects of romidepsin on
lymphoma B cells are summarized in Figure 8.

Combination of HDACi with drugs targeting different cellular pathways are being
used with promising results in a number of tumors including lymphomas ""*®. Recently,
combination treatments of HDAC and BET inhibitors have been described to have
synergistic effects in different cancers *. In order to further improve the response of
aggressive lymphoma cells, we explored the effects of romidepsin together with the
BRD4 inhibitor JQ1. BRD4i inhibits MYC expression, frequently deregulated in
hematopoietic malignancies #*°. Strong synergistic effect of romidepsin and JQ1
activating DNA-damage response and apoptotic cell death was found in Ramos cells
(from BL) as assessed by yH2AX induction, annexin V binding and PARP1 cleavage.

Notably, synergy in apoptosis and plasma cell differentiation was also found in the less
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sensitive Raji (from BL) and Toledo (from GC-DLBCL) cells. In agreement with our
results, two recent reports demonstrated synergistic effects of romidepsin and JQ1 in
solid tumors ***°. This novel combination therapy can be useful to treat poor prognosis
or non-responders low survival lymphoma patients.

In conclusion, our findings provide new insights into the molecular mechanisms of
romidepsin effect on aggressive lymphomas: cell cycle arrest and induction of plasma
differentiation is induced upon exposure to the drug and this effect appear to be related
to the inhibition of BCL6 expression and function. Romidepsin also induces a variable
apoptotic effect that is significantly increased upon treatment with the BET inhibitor
JQ1, which reduces MYC function. Overall our data show a potential role for
romidepsin and JQ1 combination for the treatment of aggressive and BCL6 expressing

lymphomas.

Methods

Cell lines culture and drugs treatment

Raji, DG75, Ramos, Toledo and Ly03 B-cell ymphoma cell lines (origin and features in
Supplementary Table S1) were grown in RPMI-1640 supplemented with 10% or 20%
fetal calf serum (Lonza) under standard conditions ™ and confirmed to be mycoplasma
free. BCL6, MYC and BCL2 loci status in the studied cell lines were determined by
FISH analysis (Supplementary Table S1).

Romidepsin was kindly provided by Celgene (Summit, NJ, USA). (+)-JQ1 was
purchase from Cayman Chemical (Ann Arbor, MI, USA). Drugs were diluted in DMSO
and stored at -20° C. To study the effects of the drugs, exponentially growing cells
were treated with the different drug concentrations for several time points, depending

on the experiment and cell line.
Cell proliferation and viability assays

Cells were treated with different doses of romidepsin and/or JQ1 for up to 96 h. Cell
proliferation and cell viability was measured using the Guava ViaCount reagent (Merck
Millipore, Darmstadt, Germany) or the NucleoCounter system (Chemometec, Allerod,
Denmark). Metabolic activity of cells was measured using the WST-1 method (Roche,
Basilea, Switzerland) which allows the quantification of the number of viable cells by
the cleavage of tetrazolium salt WST-1 to formazan dye. Romidepsin and JQ1
combination effects were determined using the combination index (CI) values,

analyzed by the Chou-Talalay method using CompuSyn Software .

12



Cell cycle, apoptosis and differentiation analysis

Cell cycle analysis were performed using propidium iodide staining as previously
described ®'. Cells were fixed with cold ethanol and resuspended in PBS-citrate Na-
BSA containing RNase and propidium iodide. The stained cells were analyzed by flow
cytometry (FACSDiva cytometer). Annexin V-PE Apoptosis detection Kit (Immunostep,
Salamanca, Spain) was used for the detection of early apoptotic cells. Cells were
treated with romidepsin and JQ1 for 24 and 48 h and Annexin V-binding was analyzed
by flow cytometry (FACSDiva™ software, BD biosciences, NJ, USA). The cleavage of
poly(ADP-ribose)polymerase-1 (PARP1), indicative of apoptosis, was analyze by

immunoblot.

Cell surface markers were analyzed in the Hematology Department of Hospital
Marqués de Valdecilla to assess cells differentiation. After 72 h of culture in the
presence of 5 nM romidepsin, cell surface markers were analyzed by flow cytometry
using the BD FACSDiva flow-cytometer following standard procedures °?. The
conjugated antibodies used were: anti-CD20 PE (BD 345793) from BD Biosciences
and anti-CD138 FITC (Rafer; Zaragoza, Spain, IQP 153F).

RNA analysis by Reverse transcription (RT) and polymerase chain reaction
(PCR)

Total RNA was isolated by using the Trizol reagent (Invitrogen, Carlsbad, CA, USA).
For reverse transcription, first-strand cDNA was synthesized from 1 ug of total RNA
using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). Quantitative PCR
was performed with a IQTM SyBR Green Supermix kit (Bio-Rad). mRNA expression
was normalized to ribosomal protein S14 mRNA levels (primers shown in
Supplementary Table S3). Results were analyzed by comparative AACt method and
expressed as mean + SEM of duplicate PCRs from at least two independent

experiments.
Immunoblot and immunoprecipitation assays

Cells were lysed in lysis buffer (1% NP-40, 100 mM NaCl, 20 mM Tris-HCI pH 7.4, 10
mM NaF, 1 mM orthovanadate and protease and phosphatase inhibitors cocktail).
Samples were sonicated and subjected to SDS-PAGE and immunoblot as described
previously ®. The antibodies used were: anti-actin (I-19, sc1616), anti-BCL6 (N-3,
sc858), anti-PARP1 (H-250, sc7150), anti-CycA (H-432, sc751) from Santa Cruz
Biotech. (Santa Cruz, CA, USA); anti-BCL-xL (ab7974) from Abcam (Cambrigde, UK);
anti-BCL2 (2876), anti-BIM (C34C5), anti-MCL1 (4572), anti-BLIMP1 (C14A4), anti-
GAPDH (14C10), anti-cMYC (9402S), anti-p27 (3686), anti-p21 (2947) from Cell
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Signalling Tech. (Danvers, MA, USA); Anti-phospho-Histone H2A.X (Ser139) (05-636)
from Millipore (Darmstadt, Germany). Blots were developed with secondary antibodies
conjugated to IRDye680 or IRDye800 (Li-Cor Biosciences, LiCor, Lincoln, NE, USA)
and immunocomplexes were detected with an Odyssey infrared-imaging system (Li-

Cor Biosciences). Some blots were revealed with the ECL system (Bio-Rad).

Immunoprecipitations were performed essentially as described 5. For detection of the
endogenous acetylated BCL6, Ramos cells were lysed in lysis buffer (50 mM Tris-HCI,
250 mM NaCl, 1 % Nonidet P-40, 0.5 % deoxycholic acid, 0.1 % SDS) containing 1 uM
romidepsin and protease inhibitors cocktail. Protein extracts were immunoprecipitated
with 3 pg of a mouse monoclonal antibody against BCL6 (PG-B6P) or unspecific
immunoglobulins used as a control (IgGs sc-2025), from Santa Cruz Biotech.
Dynabeads-protein G-bound magnetic beads (Invitrogen) were used to capture protein-
antibody immunocomplexes. Immunocomplexes were resolved by SDS-PAGE and
analyzed by western blot with antibody against acetyl lysine (9441, Cell Signaling). The
same filter was then incubated with an anti-BCL6 (N3, sc858) rabbit polyclonal
antibody.

Luciferase reporter assays

HEK-293T cells were transiently transfected using polyethilenimine (PEI) transfection
reagent (Polysciences Inc., Warrington, PA, USA) as previously described ™ and
reporter experiments were performed essentially as described °. 0.3 pg of the pGL3-
basic vector (Promega) or 0.35 ug of the BCL6(exon1)-pGL3 reporter vector ® and 0.1
Mg of the pRL-null vector (Promega) were cotransfected with pCDNA-BCL6 expression
vector . Cells were treated for 12 hours with different concentrations of romidepsin.
Luciferase activities were measured 48 hours after transfection using the Dual-Glo
Luciferase Reporter System (Promega, Madison, WI, USA) in a Luminometer TD 20/20
Turner Designs. For each determination, luciferase activity was calculated as the
Firefly activity normalized by the Renilla activity. Luciferase activity in arbitrary units
(a.u.) was shown as the increase in activation relative to the activity of the pGL3 vector

alone and the maximum value for each condition was set to 100.
Chromatin immunoprecipitation (ChlP)

For ChIP experiments chromatin was prepared from Ramos cells treated with 5 mM
romidepsin for 48 h. ChlP assays were performed using the Pierce Magnetic ChIP Kit
(Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s protocol.
Cells were fixed in formaldehyde, lysed, treated with Micrococcal nuclease and

sonicated using a Bioruptor UCD-200TM (Diagenode, Lieége, Belgium). ChIP was
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performed using ChlP-Grade Protein A/G Magnetic Beads coupled to different
antibodies: anti-CTCF-Ab-1 (07-729) from Millipore, anti-CTCF (ab10571) from Abcam;
anti-CTCF (612149) from BD and anti-H3acetylated (06-599) from Millipore; anti-
H3K9me3 (ab8898) from Abcam. Real-time PCR of immunoprecipitated DNA was
performed in duplicate with equal amounts of specific antibody immunoprecipitated
sample, control (beads) and input. Primers used for ChlIP assays corresponding to the
BCL6 exon 1A (+257) were: 5-GCACTCCCCCTCTTATGTCA-3’ and 5'-
GATTTGGAGGTTCCGGTTC-3’ ™. The comparative cycle threshold approach was
used for the data analysis '*. The signals were normalized to the inputs and the fold
enrichment was calculated relative to the control sample (no-antibody). The values are
the mean £ S.E.M. of two to six independent experiments. Normalization of histone
marks was based on the ChIP-IT qPCR analysis kit (Active motif North America,
Carlsbad, CA, USA).

Statistical analysis

Results were presented as the mean of two to four determinations with error bars
representing the standard error of the mean. The significance of differences was
determined by the unpaired Student’s t test; a p<0,05 was considered to be statistically

significant.

References

1 Swerdlow, S. H. et al. The 2016 revision of the World Health Organization
classification of lymphoid neoplasms. Blood 127, 2375-2390 (2016).

2 Coiffier, B. et al. Long-term outcome of patients in the LNH-98.5 trial, the first
randomized study comparing rituximab-CHOP to standard CHOP
chemotherapy in DLBCL patients: a study by the Groupe d'Etudes des
Lymphomes de I'Adulte. Blood 116, 2040-2045 (2010).

3 Basso, K. & Dalla-Favera, R. Germinal centres and B cell ymphomagenesis.
Nat Rev Immunol 15, 172-184 (2015).

4 Dent, A. L., Shaffer, A. L., Yu, X., Allman, D. & Staudt, L. M. Control of
inflammation, cytokine expression, and germinal center formation by BCL-6.
Science 276, 589-592 (1997).

5 Ye, B. H. et al. The BCL-6 proto-oncogene controls germinal-centre formation
and Th2-type inflammation. Nat Genet 16, 161-170 (1997).
6 Cattoretti, G. et al. Deregulated BCL6 expression recapitulates the

pathogenesis of human diffuse large B cell lymphomas in mice. Cancer Cell 7,
445-455 (2005).

7 Pasqualucci, L. et al. Mutations of the BCL6 proto-oncogene disrupt its negative
autoregulation in diffuse large B-cell ymphoma. Blood 101, 2914-2923 (2003).
8 Hatzi, K. & Melnick, A. Breaking bad in the germinal center: how deregulation of

BCL6 contributes to lymphomagenesis. Trends Mol Med 20, 343-352 (2014).

15



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

Ye, B. H.,, Rao, P. H., Chaganti, R. S. & Dalla-Favera, R. Cloning of bcl-6, the
locus involved in chromosome translocations affecting band 3927 in B-cell
lymphoma. Cancer research 53, 2732-2735 (1993).

Cardenas, M. G. et al. The Expanding Role of the BCL6 Oncoprotein as a
Cancer Therapeutic Target. Clin Cancer Res 23, 885-893 (2017).

Wagner, S. D., Ahearne, M. & Ko Ferrigno, P. The role of BCL6 in lymphomas
and routes to therapy. Br J Haematol 152, 3-12 (2011).

Leeman-Neill, R. J. & Bhagat, G. BCL6 as a therapeutic target for lymphoma.
Expert opinion on therapeutic targets 22, 143-152 (2018).

Lai, A. Y. et al. DNA methylation prevents CTCF-mediated silencing of the
oncogene BCL6 in B cell lymphomas. The Journal of experimental medicine
207, 1939-1950 (2010).

Batlle-Lopez, A. et al. Novel CTCF binding at a site in exon1A of BCL6 is
associated with active histone marks and a transcriptionally active locus.
Oncogene 34, 246-256 (2015).

Batlle-Lopez, A., Cortiguera, M. G. & Delgado, M. D. The epigenetic regulator
CTCF modulates BCL6 in lymphoma. Oncoscience 2, 783-784 (2015).

Dawson, M. A. & Kouzarides, T. Cancer epigenetics: from mechanism to
therapy. Cell 150, 12-27 (2012).

Ahuja, N., Sharma, A. R. & Baylin, S. B. Epigenetic Therapeutics: A New
Weapon in the War Against Cancer. Annual review of medicine 67, 73-89
(2016).

New, M., Olzscha, H. & La Thangue, N. B. HDAC inhibitor-based therapies: can
we interpret the code? Molecular oncology 6, 637-656 (2012).

Bereshchenko, O. R., Gu, W. & Dalla-Favera, R. Acetylation inactivates the
transcriptional repressor BCL6. Nat Genet 32, 606-613 (2002).

West, A. C. & Johnstone, R. W. New and emerging HDAC inhibitors for cancer
treatment. The Journal of clinical investigation 124, 30-39 (2014).

Bates, S. E., Robey, R. W. & Piekarz, R. L. CCR 20th Anniversary
Commentary: Expanding the Epigenetic Therapeutic Portfolio. Clin Cancer Res
21, 2195-2197 (2015).

Kalac, M. et al. HDAC inhibitors and decitabine are highly synergistic and
associated with unique gene-expression and epigenetic profiles in models of
DLBCL. Blood 118, 5506-5516 (2011).

Aukema, S. M. et al. Biological characterization of adult MYC-translocation-
positive mature B-cell lymphomas other than molecular Burkitt lymphoma.
Haematologica 99, 726-735 (2014).

Gupta, M. et al. Expression of Myc, but not pSTATS3, is an adverse prognostic
factor for diffuse large B-cell lymphoma treated with epratuzumab/R-CHOP.
Blood 120, 4400-4406 (2012).

Delmore, J. E. et al. BET bromodomain inhibition as a therapeutic strategy to
target c-Myc. Cell 146, 904-917 (2011).

Filippakopoulos, P. et al. Selective inhibition of BET bromodomains. Nature
468, 1067-1073 (2010).

Cortiguera, M. G., Batlle-Lépez, A., Albajar, M., Delgado, M. D. & Leén, J. MYC
as therapeutic target in leukemia and lymphoma. Blood and Lymphatic Cancer:
Targets and Therapy 5, 75-79 (2015).

Andrieu, G., Belkina, A. C. & Denis, G. V. Clinical trials for BET inhibitors run
ahead of the science. Drug discovery today. Technologies 19, 45-50 (2016).
Peart, M. J. et al. Novel mechanisms of apoptosis induced by histone
deacetylase inhibitors. Cancer research 63, 4460-4471 (2003).

Finke, J. et al. Expression of bcl-2 in Burkitt's lymphoma cell lines: induction by
latent Epstein-Barr virus genes. Blood 80, 459-469 (1992).

lerano, C. et al. Loss of the proteins Bak and Bax prevents apoptosis mediated
by histone deacetylase inhibitors. Cell Cycle 12, 2829-2838 (2013).

16



32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

Newbold, A. et al. Characterisation of the novel apoptotic and therapeutic
activities of the histone deacetylase inhibitor romidepsin. Mol Cancer Ther 7,
1066-1079 (2008).

Zain, J. & O'Connor, O. A. Targeting histone deacetyalses in the treatment of B-
and T-cell malignancies. Investigational new drugs 28 Suppl 1, S58-78 (2010).
Shaffer, A. L. et al. BCL-6 represses genes that function in lymphocyte
differentiation, inflammation, and cell cycle control. Immunity 13, 199-212
(2000).

Kikuchi, M. et al. Identification of negative regulatory regions within the first
exon and intron of the BCL6 gene. Oncogene 19, 4941-4945 (2000).

Wang, X., Li, Z., Naganuma, A. & Ye, B. H. Negative autoregulation of BCL-6 is
bypassed by genetic alterations in diffuse large B cell ymphomas. Proceedings
of the National Academy of Sciences of the United States of America 99,
15018-15023 (2002).

Melnick, A. M., Adelson, K. & Licht, J. D. The theoretical basis of transcriptional
therapy of cancer: can it be put into practice? J Clin Oncol 23, 3957-3970
(2005).

Bunting, K. L. et al. Multi-tiered Reorganization of the Genome during B Cell
Affinity Maturation Anchored by a Germinal Center-Specific Locus Control
Region. Immunity 45, 497-512 (2016).

Cerchietti, L. C. et al. A small-molecule inhibitor of BCL6 kills DLBCL cells in
vitro and in vivo. Cancer Cell 17, 400-411 (2010).

Cardenas, M. G. et al. Rationally designed BCL6 inhibitors target activated B
cell diffuse large B cell lymphoma. The Journal of clinical investigation 126,
3351-3362 (2016).

Bolden, J. E., Peart, M. J. & Johnstone, R. W. Anticancer activities of histone
deacetylase inhibitors. Nature reviews 5, 769-784 (2006).

Peperzak, V., Slinger, E., Ter Burg, J. & Eldering, E. Functional disparities
among BCL-2 members in tonsillar and leukemic B-cell subsets assessed by
BH3-mimetic profiling. Cell Death Differ 24, 111-119 (2017).

Minn, A. J., Rudin, C. M., Boise, L. H. & Thompson, C. B. Expression of bcl-xL
can confer a multidrug resistance phenotype. Blood 86, 1903-1910 (1995).
Zhao, Y. et al. Inhibitors of histone deacetylases target the Rb-E2F1 pathway
for apoptosis induction through activation of proapoptotic protein Bim.
Proceedings of the National Academy of Sciences of the United States of
America 102, 16090-16095 (2005).

Ding, H. et al. Histone deacetylase inhibitors interrupt HSP90*RASGRP1 and
HSP90*CRAF interactions to upregulate BIM and circumvent drug resistance in
lymphoma cells. Leukemia 31, 1593-1602 (2017).

Peperzak, V. et al. Mcl-1 is essential for the survival of plasma cells. Nat
Immunol 14, 290-297 (2013).

Amengual, J. E. et al. Sirtuin and pan-class I/ll deacetylase (DAC) inhibition is
synergistic in preclinical models and clinical studies of lymphoma. Blood 122,
2104-2113 (2013).

Revilla, I. D. R. et al. The B-cell identity factor Pax5 regulates distinct
transcriptional programmes in early and late B lymphopoiesis. EMBO J 31,
3130-3146 (2012).

Nera, K. P. et al. Loss of Pax5 promotes plasma cell differentiation. Immunity
24, 283-293 (2006).

Bhadury, J. et al. BET and HDAC inhibitors induce similar genes and biological
effects and synergize to kill in Myc-induced murine lymphoma. Proceedings of
the National Academy of Sciences of the United States of America 111, E2721-
2730 (2014).

17



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

Mazur, P. K. et al. Combined inhibition of BET family proteins and histone
deacetylases as a potential epigenetics-based therapy for pancreatic ductal
adenocarcinoma. Nature medicine 21, 1163-1171 (2015).

Mishra, V. K. et al. Histone deacetylase class-I inhibition promotes epithelial
gene expression in pancreatic cancer cells in a BRD4- and MYC-dependent
manner. Nucleic acids research 45, 6334-6349 (2017).

Enssle, J. C. et al. Co-targeting of BET proteins and HDACs as a novel
approach to trigger apoptosis in rhabdomyosarcoma cells. Cancer Lett 428,
160-172 (2018).

Jostes, S. et al. The bromodomain inhibitor JQ1 triggers growth arrest and
apoptosis in testicular germ cell tumours in vitro and in vivo. J Cell Mol Med 21,
1300-1314 (2017).

Holscher, A. S., Schulz, W. A., Pinkerneil, M., Niegisch, G. & Hoffmann, M. J.
Combined inhibition of BET proteins and class | HDACs synergistically induces
apoptosis in urothelial carcinoma cell lines. Clinical epigenetics 10, 1 (2018).
Borbely, G., Haldosen, L. A., Dahlman-Wright, K. & Zhao, C. Induction of
USP17 by combining BET and HDAC inhibitors in breast cancer cells.
Oncotarget 6, 33623-33635 (2015).

Heinemann, A. et al. Combining BET and HDAC inhibitors synergistically
induces apoptosis of melanoma and suppresses AKT and YAP signaling.
Oncotarget 6, 21507-21521 (2015).

Loosveld, M. et al. Therapeutic targeting of c-Myc in T-cell acute lymphoblastic
leukemia, T-ALL. Oncotarget 5, 3168-3172 (2014).

Delgado, M. D., Albajar, M., Gomez-Casares, M. T., Batlle, A. & Leon, J. MYC
oncogene in myeloid neoplasias. Clinical & translational oncology : official
publication of the Federation of Spanish Oncology Societies and of the National
Cancer Institute of Mexico 15, 87-94 (2013).

Chou, T. C. & Talalay, P. Quantitative analysis of dose-effect relationships: the
combined effects of multiple drugs or enzyme inhibitors. Advances in enzyme
regulation 22, 27-55 (1984).

Albajar, M. et al. MYC in chronic myeloid leukemia: induction of aberrant DNA
synthesis and association with poor response to imatinib. Molecular cancer
research : MCR 9, 564-576 (2011).

Colorado, M. et al. Simultaneous cytomorphologic and multiparametric flow
cytometric analysis on lymph node samples is faster than and as valid as
histopathologic study to diagnose most non-Hodgkin lymphomas. Am J Clin
Pathol 133, 83-91 (2010).

Torrano, V. et al. Targeting of CTCF to the nucleolus inhibits nucleolar
transcription through a poly(ADP-ribosyl)ation-dependent mechanism. Journal
of cell science 119, 1746-1759 (2006).

Caraballo, J. M. et al. High p27 protein levels in chronic lymphocytic leukemia
are associated to low Myc and Skp2 expression, confer resistance to apoptosis
and antagonize Myc effects on cell cycle. Oncotarget 5, 4694-4708 (2014).
Papadopoulou, V., Postigo, A., Sanchez-Tillo, E., Porter, A. C. & Wagner, S. D.
ZEB1 and CtBP form a repressive complex at a distal promoter element of the
BCL6 locus. The Biochemical journal 427, 541-550 (2010).

18



Acknowledgments

We acknowledge Mercedes Colorado and Andrés Insunza, from the flow cytometry
area, Hematologic neoplastic diagnostic unit, from the Hospital Universitario Marqués
de Valdecilla for assistance with the generation of Flow Cytometry data. We thank
Rosa Blanco for expert technical assistance. We are grateful to Celgene for kindly
provide romidepsin. The work was supported by grants SAF2014-53526-R and
SAF2017-88026-R from MINECO, Spanish Government, to MDD and JL (partially
funded by FEDER program from European Union). MGC was recipient of a “Marcos
Fernandez” fellowship from Leukemia and Lymphoma foundation. LGG was recipient

of a FPI fellowship from Spanish Government.

Author Contributions

MGC and LGG performed experiments, acquired and analyzed data; SDW, JL, ABL
and MDD were involved in conception, design and data interpretation; ABL and MDD
wrote the manuscript. All authors read and approved the final version of the

manuscript.

Competing interests

M. D. Delgado and A. Batlle-Lopez’s work has been funded by Celgene. The other
authors declare no potential competing interests.

19



Figure Legends

Figure 1. Romidepsin effect on B-cell lymphoma cells proliferation and
apoptosis. (a) The indicated cell lines were treated with different concentrations of
romidepsin and metabolic activity was determined using WST-1 method at the
designated times. Untreated cells represented 100 % of metabolic activity. The data
show the means + s.e.m. of four measurements in two independent experiments. (b)
Annexin-V staining to assess early apoptosis in B-cell ymphoma cells untreated
(control) or cells treated with 5 nM romidepsin for 48 h. One representative experiment
is shown for each cell line. The graphs on the right represent percentages of Annexin V
positive cells. The data show the means + s.e.m. of two or three independent
experiments; significance difference (*,p<0,05) from the control untreated cells. (c)
Western blot showing PARP1 and cleaved-PARP1 (indicated with an asterisk) in B-cell
lymphoma cells treated with romidepsin at the indicated times and concentrations.
Actin was used as loading control. The blots were cropped for improved clarity and the

full-length blots were included in the Supplementary Information file.

Figure 2. BCL2 family protein expression upon romidepsin treatment. Western
blot showing BCL2 (a), BCL-xL (b), MCL1 (c) and BIM (d) protein expression in B-cell
lymphoma cells treated with 2 or 5 nM romidepsin for the indicated times. Actin or
GAPDH were used as loading controls. Densitometry values are shown at the bottom,
normalized to the control. The blots were cropped for improved clarity and the full-

length blots were included in the Supplementary Information file.

Figure 3. Cell cycle distribution and cell cycle inhibitors expression in B-cell
lymphoma cells in the presence of romidepsin. (a) Cell cycle assays were
performed using propidium iodide staining and flow cytometry in the indicated cell lines.
Cells were treated with 5 nM of romidepsin for the indicated times. The fraction of cells
in each phase of the cell cycle was calculated as a percentage from the total viable
population. The data show the means + s.e.m. of two to four independent experiments;
significance difference (*,p<0,05) from the control untreated cells. The inset show the
fraction of cells in the sub-Gy/G4 phase, indicative of cell death. (b) Western blot
showing p21 and p27 protein expression in B-cell lymphoma cells treated with 2 or 5
nM romidepsin for the indicated times. Actin was used as loading control. Unspecific
band is indicated (*).The blots were cropped for improved clarity and the full-length

blots were included in the Supplementary Information file.

Figure 4. Romidepsin induces BCL6 downregulation and markers of the plasma

cell differentiation program. (a) Western blot showing BCL6 protein expression in B-
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cell lymphoma cells treated with 2 or 5 nM romidepsin for the indicated times. Actin
was used as loading control. (b) RT-PCR showing CCND2 mRNA expression in B-cell
lymphoma cells upon romidepsin treatment for the indicated times. mRNA levels were
normalized to the ribosomal S14 expression. The data show the means + s.e.m. of at
least two independent experiments. (¢) RT-PCR showing PRDM1 mRNA expression in
B-cell lymphoma cells as in (b). (d) Western blot showing BLIMP1 protein expression
levels in Ramos cells upon romidepsin treatment for the indicated times. (e) RT-PCR
showing PAX5 and XBP1 mRNA expression levels in Ramos cells as in (b). (f) Surface
markers CD20 and CD138 analyzed by flow cytometry in Ramos cells untreated (black)

or treated with 5 nm romidepsin (grey) for 72 h.

Figure 5. Romidepsin effects on BCL6 acetylation, BCL6 autoregulation and local
chromatin structure at the BCL6 exon1A. (a) Immunoprecipitation showing BCL6
acetylation. Immunoprecipitation of BCL6 protein in Ramos cells treated for 3 h and 6 h
with 10 nM romidepsin. Total lysates were immunoprecipitated with anti-BCL6
antibodies, and the presence of acetylated BCL6 and total amount of BCL6
immunoprecipitated was detected by western blot. Densitometry values are shown at
the bottom. Inputs are shown as controls. Immunoprecipitation of IgG was used as
negative control. (b) Romidepsin effect on the negative autoregulation of BCL6 gene.
Luciferase assay showing the effects of romidepsin on BCL6 exon1A regulatory region.
HEK-293T cells were co-transfected with either pGL3 vector or with the BCL6
(exon1A)pGL3 reporter vector together with the indicated amount of pPCDNA-BCL6
expression vector. pRL-null vector was used to normalize the transfection efficiency.
Transfected cells were exposed to the indicated doses of romidepsin for 12 h and
luciferase activity was determined 48 h after transfection. The data show the means +
s.e.m. of three measurements in three independent experiments. a.u., arbitrary units.
BCL6 gene regulatory region indicating the BCL6 binding site (BCL6BS) is shown. (c)
Romidepsin effect on CTCF in vivo binding to BCL6 exon1A. ChIP analysis with a mix
of three anti-CTCF antibodies, showing the binding of this protein to the exon1A of
BCL6. Chromatin was prepared from Ramos cells. Relative enrichment was quantified
by real-time PCR. The fold enrichment was determined as indicated in Methods
section. (d) Presence of histone marks at the BCL6 exon1A upon treatment with
romidepsin. ChIP analysis with CTCF, H3Ac and H3K9me3 antibodies, showing the
presence of these proteins at the exon1A of BCL6. Chromatin was prepared from
Ramos cells treated with romidepsin. Relative enrichment was quantified by real-time
PCR. The fold enrichment of a particular target sequence was determined as indicated

in Methods section. Bottom panel shows typical PCR products after the ChIP assays.
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The gels were cropped for improved clarity and the full-length gels were included in the

Supplementary Information file.

Figure 6. Synergistic effects of romidepsin and JQ1 in Ramos B-cell ymphoma
cells. (a) Combination index plot showing synergistic effect (arrow) of romidepsin (5
nM) plus JQ1 (1 uM) on the proliferation of Ramos cells. (b) Growth curves of Ramos
cells untreated (Control) or treated with romidepsin and/or JQ1 for up to 72h. (c)
Annexin-V staining to assess apoptosis in Ramos cells untreated (Control) or treated
with romidepsin and/or JQ1 for 48 h. Results shown are the means * s.e.m. of three
experiments; significance difference (*,p<0,03; ***,p<0,001) from the control untreated
cells. (d) Western blot showing cleaved PARP1 and BCL-xL and yH2AX protein levels
in Ramos cells treated with romidepsin and/or JQ1 for the indicated times. Actin was
used as loading control. Densitometry values are shown at the bottom, normalized to
the control. (e) Western blot showing p21, MYC, and cyclin A protein levels in Ramos
cells treated as above. (f) Western blot showing BCL6 and BLIMP1 protein levels in
Ramos cells treated as above. The blots were cropped for improved clarity and the full-

length blots were included in the Supplementary Information file.

Figure 7. Synergistic effects of romidepsin and JQ1 in Raji B-cell ymphoma
cells. (a) Combination index plot showing synergistic effect (arrow) of romidepsin (5
nM) plus JQ1 (1 uM) on the proliferation of Raiji cells. (b) Western blot showing cleaved
PARP1 and BCL-xL and yH2AX protein levels in Raji cells treated with romidepsin
and/or JQ1 for the indicated times. Actin was used as loading control. Densitometry
values are shown at the bottom, normalized to the control. (¢) Western blot showing
p27, MYC and BCLS6 protein levels in Raji cells treated as above. The blots were
cropped for improved clarity and the full-length blots were included in the

Supplementary Information file.

Figure 8. Proposed model for epigenetic drugs effect on B-cell ymphoma cells
and BCL6 regulation. Romidepsin induces cell cycle arrest accompanied with
increased levels of p27 and p21 in most lymphoma cells. The sensitive lymphoma B-
cells undergo apoptosis as shown by cleavage of PARP1 and positive Annexin V
staining. Downregulation of BCL6 and PAX5 together with increase on PRDM1
(BLIMP1) is also observed, and plasma cell differentiation program is initiated.
Synergistic effect of romidepsin and JQ1 mainly in apoptosis induction (thicker line) is
demonstrated. In B-cell ymphoma cells, CTCF is bound to BCL6 exon1A impairing
BCL6 binding to its negative autoregulation site and is associated with marks
representative of an open chromatin state (H3Ac). In the presence of romidepsin BCL6

is acetylated, CTCF is not longer bound to BCL6 exon1A and repressive histone marks
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(H3K9me3) are incorporated. The consequent downregulation of BCL6 correlates with

plasmatic differentiation as shown above.
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