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STRACT

The last few years it has become increasingly clear that higher order chromatin organization controls the
regulation of genome activity and serves as an additional epigenetic mechanism that modulates cellular
functions and gene expression programs in diverse biological processes. Spatial positioning of different
gene loci can be directly linked to gene expression while deregulation of the nuclear architecture can be
linked to severe diseases. Control of gene expression is of vital importance for all organisms. Allelic
interactions and gene repositioning with functional importance are common during the regulation of
immune responses. Nowadays more and more studies support the correlation between chromatin
organization and gene regulation. Except from the histone modifications and transcription factors non
coding RNAs can also control gene expression.

MicroRNAs constitute an abundant class of endogenous and highly conserved small non-coding RNAs
molecules (ncRNAs) that play an important role in modulating gene expression at the transcriptional and
post-transcriptional level. microRNAs have been implicated in quite diverse biological processes including
stem cell self-renewal, differentiation, proliferation, apoptosis and the regulation of immune responses
in both innate and adaptive immune system. Although there is cumulative information regarding the
steady state mature microRNA levels and their respective targets, little is known about the effect of the
three-dimensional chromatin architecture on the transcriptional regulation of microRNA gene loci.

In this study we sought to investigate the impact of nuclear architecture as an epigenetic mechanism
regulating the expression and the subnuclear localization of eight microRNA genes upon transcriptional
activation in CD4* T cells during development and differentiation, in discrete T cell lineages. More
specifically, we investigated the role of subnuclear localization of microRNA gene loci as a potential
mechanism affecting non-coding genome expression. Apart from highlighting the impact of the nuclear
periphery in microRNA gene expression, this study introduces other factors that may modulate the
subnuclear positioning or the expression.

Our results show that eight microRNA gene loci (miR-181a1b1, miR-181a2b2, miR-181c, miR-142, miR-

146a, miR-17-92, miR-155 and miR-let7e) are mainly monoallelically expressed and localized in the cell
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nuclear periphery irrespective of the gene’s transcriptional status or the cell’s differentiation state.
Moreover, our results show that the microRNA Microprocessor complex [comprised by DROSHA and
DiGeorge syndrome critical region gene 8 (DGCR8) proteins also localizes in the nuclear periphery of T
cells, indicating a functional role in the transcriptional regulation of microRNA genes.

We also found that microRNA gene loci were significantly enriched, compared to coding genes, for nuclear
pore proteins (NUP) (such as NUP153 and NUP93) implying that nuclear pore proteins may be implicated
in tethering microRNA gene loci to the nuclear periphery. The genome organizer protein SATB1 can affect
the expression and the localization of microRNA genes in thymocytes but also in CD4* cells, showing its
important role as the main chromatin organizer in T cells. Fianlly, the expression profile and perinuclear
localization of microRNA genes are developmentally conserved while their localization outside
constitutive lamin associated domains (cLAD) is cross-species conserved in H. sapiens, M. musculus, D.
melanogaster and C. elegans.

In conclusion all the above data unveil a link between the 3D architecture of chromatin in T cells and its
impact on the subnuclear localization and expression of microRNA gene loci. Our results pinpoint the
impact of nuclear periphery in microRNA gene expression, shed light on chromatin organization at the

nuclear periphery and allow for a better understanding of the T cell genome organization.
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INTRODUCTION



1.1 Immune system
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The immune system relies on two basic  Fijgyre 1. Primary and secondary organs of the human Immune
system. Bone marrow and the thymus are considered as primary
organs while the secondary lymphoid organs include the lymph
immune response. Innate immunity (also  nodes, the spleen, and the tonsils.

pillars: the innate and the adaptive

termed native or natural immunity) mediates the initial phase of protection against infections, while
adaptive immunity (also named specific or acquired immunity) develops more slowly and mediates the
late stage in the specific defense against microbes. The adaptive and innate immune systems are equipped
with sophisticated and integrated functions so that they can manage the proper function of the immune
system.

Innate immunity: Phylogenetically, it is the oldest type of immunity and can be found in all multicellular
organisms. It refers to all those protective factors that exist from the moment of birth and remain
throughout one's life. The innate defense consists of several elements: a) Physical barriers, such as skin
and mucous membranes in the body openings, which form external barriers, b) Soluble factors such as
lysozyme, complement, acute phase proteins (inflammatory, response), humoral mediators,

prostaglandins, peroxidases, nitric acid, leukotrienes, platelet activating factor, histamine and serotonin.
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c) Phagocytes (monocytes, macrophages, neutrophils), natural killer cells (natural killers, NK), platelets,

mast cells (tissue mast cells) (Figure 2).

Adaptive immunity: The adaptive immunity is an antigen-specific defense mechanism which leads to
specific immunity, characterized by specificity and memory. There are two types of adaptive immunity,
humoral and cellular, mediated by different molecules and cells which provide protection against
extracellular or intracellular microorganisms, respectively. Humoral immunity is mediated by proteins
called antibodies which are produced by B-lymphocytes. The defense against intracellular microorganisms
that live and multiply within infected cells is named cellular immunity because it is mediated by T cells.
The adaptive immune system has specific characteristics that separate it from other body systems such
as specificity, memory and the distinguish between the body’s own cells, recognized as “self,” and foreign

cells, or “non-self” (Figure 2).

1.2 Cells of the immune system

The innate immune system is composed of monocytes, eosinophils, basophils and neutrophils, while the
adaptive immune system is composed of B-cells and T cells (cytotoxic T cells and helper T cells) (Figure 2).
Macrophages and dendritic cells are the only cells of the immune system that can be part of both innate
and adaptive immunity. All cells of the immune system derive from multipotent bone marrow progenitor
cells known as hematopoietic stem cells. The pluripotent hematopoietic stem cell can generate two more
specialized types of stem cells, a common lymphoid progenitor (CLP) that produces T and B
lymphocytes responsible for adaptive immunity and a common myeloid progenitor (CMP) that produces

macrophages, dendritic cells and mast cells. The major types of immune system cells are:
a) lymphocytes (T-cells, B-cells and large granular cells)

b) phagocytes (monocytes, macrophages and polymorphonuclear granulocytes)

c) Secondary cells (mast cells, platelets and endothelial cells).

Lymphocytes are considered as the basal cells of the specific immune response and consist 20-30% of

blood cells. There are two major groups of lymphocytes:

[17]



A) B-cells, which when activated differentiate into plasma cells that secrete immunoglobulins or

antibodies

B) T cells, which when activated can differentiate into cytotoxic T cells or helper T cells. Cytotoxic T cells,

can kill other cells infected with viruses, whereas T helper cells activate other cells such as B cells and

macrophages.
Innate immunity Adaptive immunity
4 4 )
Antibodies
/ Ve
4 k -
Basophil Eosinophil Neutrophil Macrophage B cell
~ Cytokines
4—..—\\\ //,— A [ Cytotoxic mole(gules
y 0.0 :“ 609 .‘\ y
%0d €O
\ "4 |4 \
Mast cell Natural killer Dendritic cell
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\_ \ 4 J

Hours > Days >
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Figure 2. Cells of the mammalian immune system. Innate immunity is mediated through the basophils, eosinophils,
neutrophils, mast cells, natural killer cells, macrophages, and dendritic cells by providing protection against
bacteria, viruses, and cancer. The adaptive immune system is based on specificity and is mediated through B- and
T- cells. The activation of adaptive immune system is mediated through the antigen presenting cells (APC) to
antigen specific T and B cells. APCs include Macrophages and dendritic cells (DC) which are considered mediators
on bridging the innate and adaptive immune responses (Yamauchi and Moroishi 2019).
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1.3 T cell development and differentiation

Until  now, two models of

Classical model
hematopoiesis have been described —> Myeloid, erythroid
(Figure 3). The first model, which is
R
also called the classical model, is
based on the precise separation of the Lymphoid
lymphoid and myeloerythroid  Revised model
lineages. Common myeloid T Lineage
progenitors (CMP) can produce —»‘—»
myeloid or erythroid cells while \ / \ / :
Other lymphoid

common lymphoid progenitor cells Erythroid Myeloid
(CLP) can generate only lymphoid

Figure 3. Two distinct models supporting the theory of

cells. According to the classical model  hematopoiesis (Chi et al. 2009).

thymus is exclusively related to CLP cells and the generation of T, B and NK lineages. Instead, the revised
model suggests that the thymus is composed of myeloid and lymphoid cells, which have the potential to
differentiate to myeloid, T and other cell lineages (Lu et al. 2002). This revised model is based on the
evidence that lymphoid primed multipotent progenitors (LMPP) can be detected in adult mice, suggesting
a CMP/CLP-independent pathway to generate the lymphoid lineage in adult hematopoiesis (Adolfsson et
al. 2005). Moreover LMPP cells express important lymphoid-associated genes e.g. recombination
activating gene 2 (RAG2) and (DNA Nucleotidylexotrasnferase (DNTT), which are expressed prior to T and
B cell lineage differentiation, indicating the existence of alternative pathways for lymphoid lineage

commitment (Mansson et al. 2007).

Hematopoietic progenitors (myeloid or lymphoid) leave the bone marrow and migrate to the thymus as

early as embryonic day 11.5 (E11.5) in mice and the eighth week of gestation in humans (Takahama 2006).

The microenvironment of the thymus is responsible for the restriction of multipotent lineages strictly to
a T cell specific lineage. HSCs in adult bone marrow can be divided into two subtypes, long-term HSCs
(identified as lin"ckit*Scal*CD150*CD48°CD34°Flt3") and short-term HSCs (identified as
lin"ckit*Scal1*CD150*CD48 CD34*FIt3") (Koch and Radtke 2011). The lineage commitment of HSCs to a

specific T cell progenitor is a procedure which includes different stages of development and implicates
strict limitations on the potential to intermingle with differentiation to other cell lineages. Despite the

fact that all progenitors are generated in the bone marrow, the thymus is the primary organ being
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responsible for the self-MHC-restricted and self-tolerant T cell repertoire (Rodewald 2008). The entrance

of T-lymphoid progenitor cells is mediated via large vessels at the boundary between the cortex and
medulla. During their migration through the cortex, the progenitor T cells first follow the T cell lineage.
The next step includes the rearrangement and the expression of the T cell receptor (TCR) (a- and B-). After
the TCR rearrangement, T cells undergo positive selection and acquire the ability to recognize self MHC.
Right after the migration at the medullary regions, a second selection takes place where positively
selected thymocytes are being negatively selected to eliminate any self-reactive thymocytes. Cells that
survived both selections may at this point exit the thymus. The strictly organized trafficking of T cells in
the well compartmentalized thymus requires the collaboration of different thymic stromal components,
including epithelial cells (cortical and medullary epithelial cells), fibroblasts, endothelial cells, dendritic
cells and macrophages emphasizing the fact that optimal development of T cells requires all these well

synchronized cross talks between several thymic components (Manley et al. 2011).

1.3.1 Migration and selection

The migration of T cells through the thymus initially includes three basic stages: the double negative stage,
the double positive stage and the single positive stage. The earliest T cell progenitors (ETPs) in the thymus
are termed double negative (DN) due to the expression of CD25, CD44, CD117 and lack of expression for
CD4 and CD8 cell surface markers. The double negative stage consists of four subtypes DN1, DN2, DN3
and DN4 (Figure 4). DN1 thymocytes (CD247°CD27") compose only 0.01% of the total thymic cell pool
and express high levels of CD117 (Allman et al. 2003).

Initially the DN1 cells receive stimulatory signals from the cortical thymic epithelial cells (cTEC) and
fibroblasts, then migrate into the cortex and differentiate into DN2 cells (D24*CD25*CD27™M

CD44*CD117%) (Petrie_and Zuniga-Pflucker 2007). In order to express functional TCR chains, the

rearrangement of TCRy, TCRP and TCR& gene loci takes place at the DN2 stage of thymocyte development
and it gets completed at the DN3 stage. Within the subcapsular zone, only DN3 thymocytes
(CD24*CD25*'CD44'°CD117"°) that express the TCRB chain can differentiate into DN4 thymocytes
(CD1177°CD44~°CD257° CD24"CD27"). The successful expression of a functional TCR is considered as
the last step of the T cell development. TCR expression leads to differentiation of DN4 cells to double
positive cells (DP) (af TCR*CD4*CD8*). At this point the TCRa chain is replaced with a newly rearranged

TCRa chain, which can produce a complete af TCR. DP cells interact with cortical epithelial cells that
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express a broad range of MHC class | and class Il molecules, and then begin to migrate back towards the
medulla. The DP cells will generate single positive (SP) cells, either CD4* (CD4*CD8") or CD8* (CD4CD8")
cells. A second selection (known as negative selection) takes place at the medulla where thymocytes with
high affinity TCRs for self-antigens are being eliminated in order to avoid the generation of autoreactive T
cells. TCR levels change from cortical DP cells to medullary SP cells. High intensity signals lead to apoptosis

(clonal deletion) while low intensity signals enhance survival and differentiation (positive selection)
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Figure 4. Overall depiction of T-cell development in the thymus (Germain 2002).

(Hogquist and Jameson 2014). The migration of single positive cells, CD4* or CD8" begins with their export

from the medulla to the secondary peripheral lymphoid organs such as the spleen and the lymph nodes.
At this point, single positive cells express surface markers such as CD62L" and CD45RB"CD44"° and are

characterized as naive due to the lack of prior encounter with antigen.
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Single positive cells are also called as quiescent (resting) cells because they do not divide or are implicated
in any other immune response (effector cells). During T cell development and maturation there are several
checkpoints that control these processes at the transcriptional level. The Notch signaling pathway and
transcription factor GATA3 play a crucial role in generating ETP. Studies where either Notch signaling

(Sambandam et al. 2005) or GATA3 (Hosoya et al. 2009) were repressed showed damage of ETP and a

defect on developing DN1 cells. RUNT-related transcription factor (RUNX), can control the expression of
CD4 and CD8 genes. These factors can bind to the intronic transcriptional silencer of the CD4 gene

(Taniuchi et al. 2002) and to the enhancer of CD8 locus (Sato et al. 2005). Another transcription factor

that plays a central role in T cell development is the Zbtb7b gene which encodes the Th-inducing POZ
Kruppel factor (ThPOK). The RUNX complex was shown to interact with Zbtb7b at two different regions,
at the distal regulatory element (DRE) (Setoguchi et al. 2008) and at the proximal regulatory element (PRE)

(He et al. 2008). DRE and PRE are both cis-acting regulatory elements in the Zbtb7blocus. DRE is a 500
base pair region which is located upstream of exon 1a and possesses a transcriptional silencer activity.
PRE is located downstream of exon 1b shows transcriptional enhancer activity. Furthermore, it has been
reported that Myc-associated zing finger-related factor (MAZR) repress CD8 expression (Bilic et al. 2006)

while Myb promotes CD4* lineage development (Maurice et al. 2007). Two more transcription factors,

GATA3 (Wang et al. 2008) and TOX (thymocyte selection-associated high-mobility group box transcription

factor) (Aliahmad and Kaye 2008) were also implicated on the transcriptional control of T cell

development by promoting ThPOK expression.

1.3.2 CD4+* T cell lineage plasticity and differentiation

Immature CD4* T cells have the ability to differentiate into effector subtypes of T helper cells when the
TCR encounters its cognate antigen, which is bound to MHC class || molecules in antigen presenting cells.
Firstly, two effector CD4 cell sybtypes Tyl and Ty2 were identified by Mosmann and Cofmann (Mosmann

and Coffman 1989). Naive CD4* T cells can differentiate into Tyl cells in the presence of IL-12 and IFNy

cytokines with the activation of the master regulator transcription factor T-bet via STAT4 signaling. Tn2
cell differentiation includes the expression of IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-25 and IL-33, which
promote the activation of STAT6 and GATA3.

Since the 1980s the range of T cell subtypes has broadened and other subtypes are characterized including

Tul7 (Korn et al. 2009), Tu9 (Schmitt et al. 2014), Ty22 (Trifari et al. 2009), follicular helper (Tfh) (Crotty
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2011), thymically derived and peripherally induced regulatory T cells (tTreg and pTreg) (Elkord 2014) (Figure
5). Pro-inflammatory cytokines IL-6 and IL-23 in combination with the immunosuppressive cytokine TGF-
b drive the differentiation of naive CD4* T cells towards Ty17 cells by activating STAT3 and RORy (Korn et
al. 2009). TNFa in collaboration with the pro-inflammatory cytokine IL-6, promote the activation of Aryl

Hydrocarbon receptor (AHR), and lead to differentiation of Ty22 cells (Trifari et al. 2009). IRF4 and PU-1

induce the differentiation towards Ty9 cells. These genes can be activated by the combination of the

immunosuppressive cytokines TGF-b and IL-4 (Schmitt et al. 2014). Activation of Bcl-6 is mediated by the

cytokines IL-6 and IL-2, which induce the differentiation of naive CD4* T cells into TfH. Foxp3* regulatory
T (Treg) cells maintain immune homeostasis by limiting different types of inflammatory responses. The
cytokines IL-10, IL-35 and TGF-B promote the induction of Trgs cells which are controlled by the

transcription factor Foxp3. Two more subsets of Tregs €xist in immune system including Trl regulatory cells

(IL-10-producing CD4 T cells) (Zeng et al. 2015) and Tw3 (TGFB-producing CD4 T cells) (Weiner 2001).

It has been reported that apart from the differentiation of CD4 cells into helper subsets, TH cells also show

a heterogeneity and plasticity of trans-differentiation within the T helper state (Shi et al. 2008; Bending

et al. 2009; Komatsu et al. 2009; Lee et al. 2009; Wei et al. 2009; Hegazy et al. 2010; Upadhyaya et al.

2011; Gallo et al. 2012; Miyao et al. 2012). At early stages of TH differentiation, each subset can be easily

reprogrammed into different lineages on receiving the appropriate stimulus (O'Shea and Paul 2010).

However, this is not the case for Th17 where at later stages they are more plastic than Tyl and Tu2 cells,

suggesting that Ty17 cells may represent cells that are not terminally differentiated (Zhu and Paul 2010).

Understanding the mechanisms of reprogramming through one TH cell subtype to another would have
enormous implications for immune intervention. Research in the de-differentiation (reprogamming of TH
cells back to naive stage) and re-differentiation of T cells would be promising in the future to possibly treat

severe autoimmunity diseases and cancer.
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1.4 The non-coding genome

The genomes of large multicellular eukaryotes are mostly comprised of non-protein coding DNA.
According to the results of the Human Genome Project (1990-2003), the catalog of human protein-coding
genes listed a total of 24,500 putative protein-coding genes. This number is not correct and it continues
to fall. Today, at least 19,950 and 22,018 protein-coding genes have been verified in human and mouse
respectively, which consist 1-2% of the whole genome. The rest of the genome, the non-coding genome,
named in the past as “dark matter” or “junk DNA” is suggested that may regulate and fine tune the
expression of coding genes. In 2012, data from the Encyclopedia of DNA Elements (ENCODE) project
proposed that around 80% of the non-coding genome has a function. However it has been proved
experimentally that around 10-20% of the non-coding genome has a functional role on the coding genome

(Consortium 2012).

At steady state, the mammalian cell RNA is composed of ribosomal RNA (rRNA) and transfer RNA (tRNA).
Except from these basic RNA molecules, several other RNAs have been characterized such as long non
coding RNA (IncRNAs) and small non coding RNAs. Small non coding RNAs are defined by their length (20—
30 nucleotides), their association with Argonaute family proteins (AGO family proteins) and they are
classified into three classes in animals: microRNA (microRNA), siRNA and PIWI-interacting RNA. Main
classes of multiple types of non-coding RNAs that have been discovered at present are shown in Figure 6.

In brief, they include the following groups:

a) Long non-coding RNAs (IncRNA’s) >200nt are autonomously transcribed RNAs that do not encode for a

protein, are often capped and polyadenylated and can be nuclear, cytoplasmic or both (Yao et al. 2019).

b) Micro RNAs (microRNAs) ~ 20-22nt, that in complex with AGO protein use seed sequences near their

5’ end to base pair with a target mRNA to induce translational repression or mRNA decay (Bartel 2018).

c) The small nuclear RNAs (snoRNA’s) which have a size of ~70nt are essential for pre-rRNA processing or
modification by serving as a guide RNA to direct a bound enzyme to either 20-O-methylate or

pseudouridylate a complementary sequence in rRNA (Maden and Hughes 1997).

d) PIWI-associated RNA (piRNA’s), ~27nt RNA that directs the modification of chromatin to repress

transcription (Seto et al. 2007).
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e) Small interfering RNA (siRNA’s) ~22nt, product of DICER as a cleavage of dsRNA, which by interacting
with AGO protein can induce cleavage of a perfectly-complementary target RNA (Hamilton and

Baulcombe 1999; Elbashir et al. 2001).

f) Transcriptional enhancer element RNA (eRNA), ~200-500 nt, which binds Mediator in order to enhance
transcription and can act as scaffolds, by regulating the 3D architecture of chromosomes at the proximity

of their transcription starting site (TSS) (Lai et al. 2013).

g) circular RNA which due to the lack of 5’ and 3’ ends are quite stable and can regulate microRNAs in

mammalian cells (Wilusz and Sharp 2013).

All the aforementioned regulatory RNA molecules play a crucial role in essential biological processes,
including chromatin/nuclear organization (snRNA, snoRNA and IncRNA), mRNA splicing (snRNA), ribosome
biogenesis (rRNA), translation (tRNA) and regulation of mRNA levels (siRNA and niRNAs). These RNA
regulatory elements are considered to be an additional layer of the circuitry controlling gene expression
in the nucleus, by modulating transcription or via post-transcriptional mechanisms. As the vast majority
of the mammalian genomes can be transcribed and the growing evidence that the non-coding genome
have a functional role on controlling the protein-coding genes, then maybe the term “junk DNA” should

be reconsidered as functional RNA that can serve as a regulator/controller of the coding genome.

Human Mouse M Protein-coding genes
Total genes: 58,037 Total genes: 48709 & Long ncRNA genes
650 697 u microRNAs

M snRNA, snoRNA and short ncRNA|
M Pseudogenes

u miscellaneous

Figure 6. Pie charts showing the genome-wide distribution of protein- and non-coding genes in the human and mouse
genomes. Numbers shown are calculated from the GENCODE version M11 (March 2016 freeze, GRCm38 and GRCh38
- Ensembl 86; http:// www.gencodegenes.org)
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1.5 microRNAs

MicroRNAs are small (20-25 nucleotides in length) endogenously expressed RNAs that regulate gene

expression, found to be evolutionarily conserved between animals and plants (Fabian et al. 2010).

microRNA genes constitute one of the most abundant gene families, and are widely distributed in animals,

plants, protists and viruses (Griffiths-Jones et al. 2008). Lin-4 was the first small RNA that was discovered

in 1993 by genetic screens in nematode worms (Lee et al. 1993). Since then, the number of microRNA

genes that are being annotated to microRNA database (http://www.mirbase.org/) has expanded. The

latest release of the miRBase has catalogued 466 microRNA genes from D. melanogaster, 434 microRNA
genes from C. elegans, 1915 microRNA genes from M. musculus, 427 microRNA genes from A. Thaliana
and 2588 microRNA genes from H. sapiens. microRNAs have also been reported in sponge and sea

anemone (Grimson et al. 2008). The functional importance of many of these microRNA annotations still

remains to be determined (Chiang et al. 2010; Kozomara and Griffiths-Jones 2014). MicroRNAs are

implicated in the regulation of several developmental and physiological processes in plants, fungi, worms
and animals. More than 60% of human protein-coding genes contain at least one conserved microRNA-
binding site, which indicates that probably most of the protein-coding genes may be under the control of

microRNAs (Friedman et al. 2009). Thus, it is not surprising that the biogenesis and function of microRNAs

themselves are tightly regulated, and their dysregulation is often associated with human diseases,

including developmental diseases, neuronal diseases and cancer (Lang and Shi 2012; Lujambio and Lowe

2012). Intracellularly, microRNA can regulate transcription factors that are related with extracellular
signaling proteins, epigenetic factors, chromatin remodelers, methylation factors, splicing factors and
transcription factors (Bartel 2009). More specifically, they can mediate the stem cell differentiation

(Gangaraju and Lin 2009), haematopoiesis (Chen et al. 2004), cardiac and skeletal muscle development

(Cordes and Srivastava 2009), neurogenesis (Shen and Temple 2009), insulin secretion & cholesterol

metabolism (Rottiers and Naar 2012), immune response & autoimmune diseases (Ceribelli et al. 2012;

Chen et al. 2013) and cancer (Lu et al. 2005; Volinia et al. 2006; Xu and Li 2007; Lujambio and Lowe 2012).

Recently, microRNAs field has developed more applications. Differences in mRNA expression profiles
between physiological and pathological conditions, have led to the use of several microRNAs as prognostic

biomarkers of many diseases (Llaurado et al. 2014; Georgi et al. 2015; Xia et al. 2015) .
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1.5.1 Evolution of microRNAs

Although the functional roles of microRNA genes on transcriptional and post-transcriptional level are
molecularly well understood, there are still open questions regarding the molecular evolution of these
small genes. In order to study the evolution of microRNA genes, global synteny map and phylogenetic
analysis in more than 80 species have shown that microRNAs are mainly derived from transposable
elements (TEs). The number of microRNAs increases as their morphological complexity increases. Rodents
and primates seem to have the highest percentage of microRNAs. The initial reports about the origin of
microRNA was published in 2005 and it demonstrated that microRNAs have originated from TE and

formed through rounds of segmental duplication (Smalheiser and Torvik 2005). MicroRNAs are localized

at the intersection of related convergent TEs (Borchert et al. 2006). A large proportion of the mammalian

microRNA genes have paralogues (for example, the let-7e microRNA gene family has 12 loci in humans)

which may probably the result of gene duplications (Hertel et al. 2012).

So far three basic models of evolution of plant and animal microRNAs have been described (Niwa and

Slack 2007; Axtell et al. 2011; Berezikov 2011; Nozawa et al. 2012). The first model supports the idea of

intragenomic duplications-derived microRNA genes. This model is quite common in plants (Allen et al.
2004). The second model describes that the inverted repeats and hairpins might also have emerged from
initially long transcripts with unstructured sequences. This appears to be the dominant mode of microRNA

emergence in animals (Bartel and Chen 2004). The third model suggests evolution of microRNA genes

from long RNA degradation products (Axtell et al. 2011). In 2012, data from next generation sequencing

in combination with computational in silico meta-analysis showed that about 15% of the annotated
microRNA (genomes from human, mouse, chicken, fungi, worms and plants) had significant sequence

homology to defined TEs (Cai et al. 2012; Shao et al. 2012; Tempel et al. 2012; Wen et al. 2012). As

reviewed by Roberts in 2014, elements such as Long Terminal Repeat (LTR) retrotransposons, non-LTR
retrotransposons, Long Interspersed Elements (LINEs), Short Interspersed Elements (SINEs), satellite and
noncoding RNA sequences, such as snoRNAs and tRNAs, might also have contributed in the generation of

microRNA genes (Roberts et al. 2014). An additional potent mechanism that has been reported regarding

the evolution of human microRNA genes (hsa-mir-548 locus contains seven microRNA genes), includes

their origin from Madel transposable elements (Piriyapongsa and Jordan 2007). The RNA of Madel

transposable elements forms a stable hairpin loop structure that is processed into mature RNA by the

RNAi machinery, suggesting an evolutionary link between transposable elements, siRNA and microRNA
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(Piriyapongsa and Jordan 2007) (Liang et al. 2012). Other mechanisms that describe the de novo

generation of microRNA genes are the duplication of existing microRNA genes or the unstructured
transcripts that originate from introns and present microRNA-like hairpins. Non-coding RNA structures
such as tRNA and small nucleolar RNA (snoRNA), can lead to novel microRNAs through the microRNA-like
hairpin structures. Furthermore, it has been shown that antisense transcription of microRNAs can also

generate novel mature microRNAs (Berezikov 2011; Scott and Ono 2011). Finally, the ancient origin of the

microRNA genes, the high rate of conservation and their capacity of controlling transcription suggest that

microRNAs may be critical in the evolution of the organismal complexity.

1.5.2 Genomic locations and gene structure of microRNAs

According to their genomic structure and location microRNA gene loci can be characterized either
intragenic or intergenic. More than 50% of microRNA genes are located within protein coding genes

(Rodriguez et al. 2004; Ozsolak et al. 2008; Saini et al. 2008; Monteys et al. 2010; He et al. 2012). Intragenic

microRNAs are located within introns or exons of other genes (host genes) in a sense or antisense strand
orientation, in either coding or non-coding genes and are regulated by promoters of the hosting genes

(Rodriguez et al. 2004). Intergenic microRNA genes are located between other genes, they have their own

distinct promoters and they can be transcribed as single or as polycistronic units (Kim and Kim 2007).

Micro RNAs can be either intronic or exonic according to their genomic localization (Figure 7). MicroRNA
genes can be located in non-coding transcripts, such as miR-15a-16-1, which is located in the intron of a

well-defined non-coding RNA gene, DLEU2 (Tam 2001; Calin et al. 2002). Micro RNA genes can be exonic

in non-coding transcripts, such as miR-155 which is located within the BIC gene that encodes a non-coding

RNA (Calin et al. 2002). Intronic microRNAs can be located either in protein-coding genes such as miR- 25-

93-106b cluster (which is located within the intron of DNA replication licensing factor MCM7). Exonic
microRNA genes are located in protein-coding transcripts (e.g. miR-985 hairpin is found within the last

exon of calcium voltage gated channel auxiliary subunit gamma 8 (CACNG8) mRNA (Kim et al. 2009).

Although the sense orientated microRNA genes are regulated by the promoters of hosting genes, it has
been reported that in C. elegans ~50% of the same-strand intronic microRNAs contain long regions of
extensive conservation exactly upstream of the pre-microRNAs. These regions, which seem to be highly
conserved between nematodes, show promoter properties and produce specific expression patterns that

are different from the host gene expression patterns (Isik et al. 2010). Recently, another category of
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microRNA genes was discovered, the divergent pri-micro RNA. These microRNAs were found in human
and mouse and originate from divergent transcription in promoters of active genes or partially

overlapping with annotated long non-coding RNAs (Georgakilas et al. 2014).

a Non-coding TU with intronic miRNA

b Non-coding TU with exonic miRNA miR-155

|
|
BIC i
|

¢ Coding TU with intronic miRNA

miR-25-93-106b

= " e — ul

d Coding TU with exonic miRNA mR 9—8—?

I |
N
CACNGS A
|

—

e L]

Figure 7. Schematic depiction of MIR genes genomic locations depicting (a)a non-coding
transcription unit with intronic microRNA, (b) a non-coding transcription unit with exonic
microRNA, (c) a coding transcription unitwith intronic microRNA and (d) a coding
transcription unit with exonic microRNA (Kim et al. 2009).
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1.5.3 microRNA biogenesis

The canonical biogenesis of microRNAs (microRNAs) includes a three-step processing pathway to yield
approximately 20-22 nucleotide small RNAs that regulate gene expression at the post-transcriptional
level. Initially, microRNA genes are transcribed into primary microRNAs (pri-microRNAs) by RNA

polymerase Il (Pol Il) (Cai et al. 2004; Lee et al. 2004a). These primary transcripts usually are more than

1kb long and they contain a stem loop (Figure 8) where the mature microRNA is located. pri-microRNA
consists of a stem of 33—35bp, a terminal loop and single-stranded RNA segments at both the 5' and 3’
sides. Majority of microRNA genes are transcribed by RNA pol Il, although it has been reported that RNA

Pol Ill transcribes several human and viral microRNAs (Pfeffer et al. 2005; Borchert et al. 2006).

DROSHA cleavage: The maturation of microRNAs is initiated upon cleavage at the stem of the hairpin
domain by the ribonuclease Ill DROSHA (RNase Ill). DROSHA interacts with an RNA binding protein (RBP)
termed Di George syndrome critical region gene 8 (DGCR8) (named PASHA in D. melanogaster and C.

elegans) in order to form the Microprocessor complex (Yeom et al. 2006). The Microprocessor complex

through the DGCRS, recognizes the single-stranded RNA tails, the stem of ~35 bp in length and the
terminal loop of the primary microRNA (pri-microRNA). DROSHA cleaves the hairpin at approximately
11bp away from the ‘basal’ junction between single-stranded RNA and dsRNA, and approximately 22 bp

away from the ‘apical’ junction linked to the terminal loop (Zeng et al. 2005; Han et al. 2006; Quick-

Cleveland et al. 2014). The human DROSHA protein contains two DGCR8-binding sites, one on each RNase

Il domain (RIID), which mediate the assembly of the Microprocessor complex. The stem loop contains 33

bp (11bp lower bp and 22 upper bp) (Kwon et al. 2016). DGCRS interacts with the stem and the apical
elements of primary transcript to ensure fidelity of processing and interacts with DROSHA to process the
cleavage. Except from acting as a “scissor”, it has been demonstrated that DROSHA can also recognize and

measure the basal segments of the stem loop (11bp in both sides of the stem loop) (Nguyen et al. 2015).

Pri-microRNAs are processed into hairpin structures ~65-70nt long, known as precursor microRNAs (pre-

microRNAs) (Lee and Kim 2007). It has been reported that the canonical biogenesis of intronic microRNAs

can be a co-transcriptional process before splicing (Morlando et al. 2008). Initially, the spliceosome

gathers the introns in order to be spliced while DROSHA cleaves the microRNA hairpin as it is shown in
Figure 6. Finally, the pre-mRNA transcripts lead to production of mature mRNA for protein synthesis, while

the pre-microRNA undergoes the microRNA pathway.
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Nuclear export: The transport of pre-microRNAs from the nucleus to the cytoplasm is mediated by

Exportin 5 (EXP5) (Bohnsack et al. 2004; Lund et al. 2004). EXP5 is a RanGTP-dependent dsRNA-binding

protein, a member of nuclear transport receptor family and can recognize the ~2-3nt overhang before the

stem loop (Yi et al. 2003; Bohnsack et al. 2004). Initially, EXP5 was recognized as an export factor for

tRNAs. EXP5 interacts with Ran-GTP in the nucleus and releases the cargo after the hydrolysis of GTP in
the cytoplasm (Okada et al. 2009).

DICER cleavage: After being transferred to the cytoplasm the pre-microRNA is being cleaved near the

terminal loop for a second time by another RNase Il enzyme named DICER (Ketting et al. 2001; Knight and

Bass 2001). DICER binds to pre-microRNA with a preference for a two-nucleotide-long 3' overhang that

was initially generated by DROSHA (Zhang et al. 2004). DICER collaborates with two other proteins, the

TAR RNA-binding protein (TRBP) and Protein Activator of the interferon-induced protein kinase (PACT)
(Tsutsumi et al. 2011). After the DICER cleavage the 20-22bp dsRNA is released in the cytoplasm

(Hutvagner et al. 2001; Lee et al. 2004b).

miRISC complex: after the DICER cleavage, when the loop is removed, the dsRNA is then loaded to the
Argonaute (AGO) complex in order to form the microRNA-induced silencing complex (miRISC) (Hammond
etal. 2001). Accumulation of RISC complex induces two steps: the loading of the dsRNA and the unwinding

of the duplex (Kawamata and Tomari 2010). In flies, microRNA duplexes are loaded into AGO1 and AGO2,

while in humans the microRNA duplexes are loaded into AGO1, AGO2, AGO3 and AGO4 (Forstemann et

al. 2007; Su et al. 2009). The strand that remains with the AGO protein is the mature strand (usually the

strand with the unstable terminus at the 5’) and it is named the guide strand or the mature microRNA.
Thermodynamic studies have demonstrated that the strand which is chosen to load into the miRISC is the

strand with unstable base pairs at the 5’ end (Khvorova et al. 2003; Schwarz et al. 2003). Furthermore it

has been reported that one additional selection criteria of the Ago proteins is the first nucleotide, as AGO

select as guide strands with a U at nucleotide position 1 (Kawamata et al. 2009; Okamura et al. 2009). The

other strand which is called the passenger strand or the microRNA* is being degraded. Strand selection is
not completely strict, as it has been shown that both strands can be selected with different frequency.
This phenomenon it is called “arm switching” and it has been reported in several tissues (Chiang et al.

2010; Chak and Okamura 2014). One example is the miR-142, where miR-142-5p is a dominant isoform in

ovaries, testes and the brain, whereas miR-142-3p is found more frequently in embryonic and newborn

tissue samples (Wu et al. 2009; Ha and Kim 2014).
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Non canonical biogenesis of microRNA: Apart from the canonical biogenesis pathway microRNA

molecules can be generated from alternative non-canonical pathways (Cheloufi et al. 2010; Miyoshi et al.

2010; Havens et al. 2012; Xie and Steitz 2014). High-throughput sequencing experiments in thymocytes

and ES cells in DROSHA, DGCR8 and DICER deficient mice have shown that microRNA can be produced in

a Microprocessor or DICER- independent process (Chong et al. 2010) (Babiarz et al. 2008). The most well

studied pathway is the spliceosome-dependent mechanism. Small intronic RNAs, characterized as
mirtrons do not require cleavage by DROSHA. Splicing of these RNAs can generate the mature mRNA or
branched pre-mirtrons. After splicing of host mRNAs, the lariat is debranched and refolds into a short
stem—loop structure that resembles a pre-microRNA. Trimming of the debranched pre-mirtrons can avoid
the DROSHA processing by leading directly to DICER in order to be further processed (Berezikov et al.
2007; Okamura et al. 2007; Ruby et al. 2007; Flynt et al. 2010). Microprocessor-mediated processing is

also bypassed in cases where small RNAs can generate from different non-coding RNAs and their
biogenesis is DICER-dependent. It has been reported that small nucleolar RNAs (snoRNAs) (Ender et al.

2008), tRNA-like precursors (Babiarz et al. 2008) and small nuclear RNA-like viral RNAs (Cazalla et al. 2011)

can generate microRNA genes. Surprisingly, although most non-canonical biogenesis mechanisms are

DICER dependent, biogenesis of miR-451 does not require DICER processing (Cifuentes et al. 2010; Yang

et al. 2010). DROSHA processing of miR-451 produces a small hairpin with a short stem of 18bp, which is
too short to be cleaved by DICER. miR-451 is directly loaded onto AGO-2 where it is sliced in the middle
of its 3' strand, (AGO-cleaved pre-mir-451 (ac-pre-mir-451)). The 3' end of ac-pre-mir-451 is trimmed by
Poly(A)-specific ribonuclease (PARN) and produces the mature miR-451, which is ~23 nucleotides in

length (Cifuentes et al. 2010; Yoda et al. 2013; Ohno et al. 2016). Furthermore, it has been demonstrated

thatin vertebrates most of the members of the let-7 family carry a shorter (1-nucleotide long) 3' overhang.
These pre-microRNAs are extended by 1 nucleotide through monouridylation mediated by terminal

uridylyl transferases (including TUT2, TUT4 and TUT7) (Ha and Kim 2014) .

1.5.4 Non canonical functions of Microprocessor and DICER

DROSHA and DICER proteins are the most well studied members of the RNAse Il family. It has been shown
that except from their central role in the biogenesis of microRNAs these two proteins have also non-

canonical functions (Burger and Gullerova 2015; Kim et al. 2016; Cirera-Salinas et al. 2017; Kim et al. 2017;

Rolando and Taylor 2017; Pong and Gullerova 2018). Genetic evidence from recent development of
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mutant mouse models for DROSHA and DICER has increased the discovery of microRNA-independent

functions for both proteins.

As mentioned previously DROSHA recognizes the stem loop structure of the pri-microRNAs. The first
microRNA-independent role of DROSHA characterized is the recognition and the cleavage of mRNA stem
loop structure. DROSHA recognizes and cleaves the stem-loop structures within the 3’ UTR of DGCR8 and

Neurogenin2 (Ngn2) (Knuckles et al. 2012) (Han et al. 2009). In addition, genetic ablation of Drosha gene

causes a defective myelopoieisis. It has been reported that DROSHA deficiency at the DP thymocyte stage
results in T lymphopenia, T cell activation, spontaneous inflammatory disease and premature mortality of

the mice (Chong et al. 2008). Moreover, DROSHA deficiency represses the development of DCs at an early

stage, by repressing the expression of two mRNAs encoding inhibitors of myelopoiesis in early

hematopoietic progenitors (Johanson et al. 2015). Recently DROSHA has been characterized as an

interferon-independent antiviral factor, as it was shown that deficiency of DROSHA leads to increased

RNA virus replication (Shapiro et al. 2014). Furthermore, DORSHA/DGCR8 complex regulates HIV-1

transcription through an RNAi-independent process. The Microprocessor lead to repression of
transcription by recruiting factors such as helicase senataxin (Setx) and 5'-3' Exoribonuclease 2 (Xrn2)

and the exosome complex exonuclease (Rrp6), in order to repress transcription (Wagschal et al. 2012;

Harwig et al. 2016).

DICER has also been reported of having microRNA-independent functions by cleaving other dsRNA
structures. DICER process the biogenesis of endogenous small interfering RNAs by cleaving the double
stranded siRNA (Fire et al. 1998). One additional function of DICER is the processing of repeat-element-
derived transcripts, such as from short interspersed elements (SINEs). Inactivation of Dicer-1 gene causes
the accumulation of SINE, phenomenon that is not recapitulated when other proteins of the processing
machinery are inactivated indicating that the effect of DICER is independent of microRNA pathway

(Kaneko et al. 2011). In C. elegans DICER shows a DNAse activity. The caspase CED-3 cleaves the first of

the two RNase Il domains of Dicer, leaving a truncated catalytically active protein which can bind to and

nick one strand of dsDNA (Widlak et al. 2005; Nakagawa et al. 2010; Okamura and Lai 2010). Lastly, the

production of small RNAs from DNA damage, the DNA-damage RNAs (DDRNAs) which are products of a
specific enzymatic cleavage and possess biological activity, require both DROSHA and DICER (Tang and
Ren 2012; Wei et al. 2012; d'Adda di Fagagna 2014). Apart from the RNAse Il proteins DROSHA and DICER,

it has been shown that DGCR8 may also have microRNA-independent functions. DGCR8 binds mature
snoRNA molecules and control the stability of C/D and H/ACA box snoRNAs in a Drosha-independent
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manner (Macias et al. 2012; Roth et al. 2013). In addition, it was reported that DGCR8 (which forms a

complex with the exosome) can act as an adaptor to recruit the exosome to mature snoRNAs and human

telomerase RNA for degradation (Macias et al. 2015). Recently, it was also reported that in human

mesenchymal stem cells (hMSCs), DGCR8 shows microRNA-independent functions by stabilizing
heterochromatin through direct interaction with nuclear lamina components LaminB1 and HP1y (Deng et

al. 2019).

All the aforementioned microRNA-independent functions of Microprocessor and DICER highlight the
important roles of these proteins in RNA biology and chromatin organization by showing their
involvement in various RNA metabolic pathways and in the processing of biologically important non-

coding and protein-coding RNAs.
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Figure 8. Representation of canonical and non-canonical biogenesis pathways of small microRNA genes (Li and
Rana 2014).
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1.5.5 microRNA-mediated gene silencing

The single stranded RNA once is loaded onto AGO proteins and forms the miRISC complex, then it can

mediate either translation, repression or the degradation of its mRNA targets (O'Brien et al. 2018). Only

the mature microRNA that bound to AGO protein can form the core of the miRISC complex. The AGO
protein recruits other protein complexes which are capable of inhibiting translation and deadenylate the
targeted mRNA by leading to mRNA decapping and degradation. microRNAs bind their target mRNAs by
base-pairing partially with complementary sequences in the 3’-UTR. These sequences are highly

conserved, which indicates that microRNAs might have co-evolved with their targets (Penso-Dolfin et al.

2018). Nucleotides in positions 2—8 from the 5'-end of a microRNA (termed the seed sequence) play a
crucial role for target recognition. The ribonucleoprotein complex miRISC, consist of a microRNA loaded
into an AGO protein, a glycine tryptophan repeat-containing protein (182 kDa, also named GW182), a
Poly(A)-binding protein (PABP) protein and complexes of poly(A)-nuclease (PAN2-PAN3) and C-C
chemokine receptor type 4/negative regulator of transcription subunit 1 (CCR4-NOT) proteins (Pratt and
MacRae 2009). Although the exact mechanisms of how miRISC complex act has not been determined in

detail yet, it has been reported that miRISC can inhibit protein translation (Humphreys et al. 2005; Pillai

et al. 2005; Petersen et al. 2006) and facilitate mRNA decay (Wu et al. 2006) as indicated in Figure 9.

a
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Figure 9. a) miRISC mediates translation repression through initiation block of 40S and 60S subunits. b) microRNA-
mediated destabilization of target mRNAs. (Fabian and Sonenberg 2012) (Li and Rana 2014).
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1.5.6 Transcriptional regulation of microRNAs

Although thousands of microRNAs have been discovered in almost all species, there is no evidence of how
these small non-coding RNAs are being transcriptionally regulated. Despite the fact that three different
RNA polymerases have been identified in mammals (RNA polymerase | transcribes the large ribosomal
RNA, RNA polymerase Il transcribes the mRNA-coding genes while RNA polymerase Il transcribes ncRNA
genes), most of the microRNAs (intergenic and polycistronic) are being transcribed from RNA Polymerase

Il (Pol Il) (Lee et al. 2004a). Only a small part of microRNA genes are being transcribed by RNA Pol Il

(Borchert et al. 2006). More specifically, it has been shown that the largest primate-specific microRNA

cluster in the human chromosome 19 (C19MC) is being transcribed by RNA Pol Il (Pfeffer et al. 2005;

Noguer-Dance et al. 2010; Bellemer et al. 2012). MicroRNA genes transcribed by Pol Il have been found

to show similar characteristics in their promoter sequence to those of coding genes transcribed by Pol Il.
They share the same characteristics such as CpG islands, the TATA-box, the TFIIB recognition element
(BRE), the initiator element, the downstream promoter element (DPE) and the proximal sequence

element (PSE) (Ozsolak et al. 2008). Data from ChIPseq experiments have shown that almost 30% of

intronic microRNAs have their own promoters, located ~57kb from the TSS of their host genes (Ozsolak et
al. 2008). ChIP-seq experiments for nucleosome histone marks have also identified trimethylation of Lys
4 of histone 3 (H3K4me3), histone H3 trimethylation at lysine 36 (H3K36me3) and histone 3 trimethylation

at lysine 4 (H3K4) on the promoters of microRNA genes (Guenther et al. 2007). Nowadays, data from

combined fields as genomics, transcriptomics, proteomics and experiments such as RNAseq, microRNA-
seq, ChIPseq, GRO-seq (Global run-on assay) and nucleosome positioning analysis in several cell types
from different species have been used in order to predict microRNA gene promoter mapping. Databases

like FANTOM4 EEDB (Functional annotation of mouse Edge Express database) (Severin et al. 2009),

MPromDb (Mammalian Promoter Database) (Sun et al. 2006), ORegAnno (Open Regulatory Annotation
database) (Griffith et al. 2008), EDGEdb (differential gene expression database) (Barrasa et al. 2007) are

used for the proper annotation of TSS of microRNA genes. PROmicroRNA (Marsico et al. 2013), microTSS

(Georgakilas et al. 2014), miRT (Bhattacharyya et al. 2012), ACTLocater (Accessible and Conserved TFBSs

Locater) (Xiao et al. 2013) are highly accurate algorithms used for microRNA TSS predictions.
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1.5.7 Functional roles of microRNAs in the immune system

As previously mentioned microRNAs are characterized as guardians of the immune system (Mehta and
Baltimore 2016). They are post transcriptional regulators of hematopoietic cell fate decisions (Kluiver et
al. 2006). Deregulation of microRNA expression (result of either deletions of microRNA genes per se or
deletions of processing machinery enzymes) can result in abnormal immune function, including

development of severe pathologies like cancer and autoimmunity (Rupaimoole et al. 2016). MicroRNAs

can control the myeloid and lymphoid cell development and function of the innate and adaptive immune
system (Figure 10). The role of microRNAs in the innate immune system has been supported by studies
on macrophages and NK cells. Macrophages are being mainly regulated by miR-155 and miR-146a which
are strongly induced by nuclear factor-kB (NF-kB) and activator protein 1 (AP-1) in response to a broad

range of toll like receptors (TLRs) and cytokine signals (O'Connell et al. 2007; Huang et al. 2016). In NK

cells miR-181 drives early NK cell development, by enhancing Notch signaling (Cichocki et al. 2011). In T

cells microRNAs control and regulate several processes such as their development (Dooley et al. 2013),

activation (Grigoryev et al. 2011), differentiation (Jeker and Bluestone 2013), proliferation and the

cytokine production (Weitzel et al. 2009; Fan et al. 2012). Genetic ablations of microRNA in T cells and the

ablation of essential factors such as DROSHA, DICER, and DGCRS8 leads to decreased survival of T cells

upon activation (Muljo et al. 2005; Chong et al. 2008; Steiner et al. 2011). More specifically, conditional

inactivation of DICER in the thymus, leads to a reduction of TCRaB expressing thymocytes as well as a
reduction in the CD4*CD8" and CD4* or CD8" cells. Absence of DICER during in vitro differentiation towards
the Tyl and Tu2 cell lineages, a reduced proliferation, increased apoptosis rate and failure of IFNy

expression were observed (Muljo et al. 2005). Moreover depletion of DICER in FOXP3-expressing T cells,

lead to increased levels of CD127, IL4, and IFNy and loss of suppressive activity of Tregs in vitro (Zhou et al.
2008). Genetic ablation of DROSHA causes deregulation of Tregs, inability of CD4* cells to differentiate to T

helper cells as well as autoimmune manifestation (Chong et al. 2008). Concluding, the above data present

the necessity of microRNAs in maintaining the homeostasis of the adaptive immune system. The
abundance of microRNAs in hematopoietic stem cells demonstrates the essential role of microRNAs in the
immune cell lineage stabilization. Furthermore, it has been demonstrated that a high ratio of
microRNA/target can reduce the expression despite transcription, by inhibiting the transcriptional “noise”

and controlling the immune responses (Li et al. 2007; Bartel 2009; Jeker and Bluestone 2010). In T cells

microRNAs can act as upstream or downstream regulators but also as regulated targets (Li et al. 2007).
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Some of the most important microRNAs that are required for T cell development and for the normal

immune function are presented below and on the Figure 10.

miR-181a. Bone marrow, spleen and thymus show the highest expression of miR-181a (Bartel 2009). mir-
181 family consists of mir-181a, mir-181b, miR-181c and miR-181d. miR-181albl cluster contains
miR181al and miR-181b1 which are located on chromosome 1, while miR-181a2b2 cluster contains miR-
181a2 and miR-181b2 which are located on chromosome 2. miR-181alb1 is one of the most important
microRNAs in cells of the adaptive immune system. miR-181-deficient mice showed severe defects in
lymphoid development and T cell homeostasis associated with impaired PI3K signaling (Henao-Mejia et
al. 2013). miR-181a enhances TCR signaling strength by directly targeting phosphatases (Li et al. 2007)
while inhibition of miR-181a during T cell development, convert positively selected peptides into self-

antigens (Ebert et al. 2009). Furthermore, the development of NKT cells is miR-181a-dependent (Fragoso

et al. 2012). In addition, it has been shown that decline in miR-181a expression with age impairs T cell

receptor sensitivity (Li et al. 2012).

miR-146a. It is considered as one of the most essential microRNAs in the control of hematopoiesis,

immune function and cancer (Labbaye and Testa 2012). Deregulation of miR-146a expression has been

linked with papillary thyroid carcinoma, cervical, ovarian and breast cancers (Perry et al. 2009). Although

this microRNA is being induced as a general response in myeloid cells through TLR-2, -4, or -5 ligands, it is
also expressed in T cells. As an important feedback regulator of NFkB signaling pathway, in human memory
T cells miR-146a is induced by NFkB in response to TCR engagement. It targets TNF receptor associated
factor (TRAF6) and Interleukin-1 receptor-associated kinase 1 (IRAK1), by creating a feedback mechanism

which can control NFkB signaling (Yang et al. 2012). In microRNA-146a-deficient mice, deregulation of

NFkB signaling can lead to myeloproliferation and myeloid malignancies (Zhao et al. 2011). Moreover,

miR-146a is critical for the suppressor function of Tregs. Deficiency of miR-146a in Tregs cells results in a
breakdown of immunological tolerance and the activation of STAT1, leading to Tul cell-mediated

pathology (Lu et al. 2010).

miR-17-92. The polycistronic microRNA-17-92 is highly expressed in precursor T cells and B cells. miR-17-
92 is composed of six members from four different seed families. miR-17-92 consists of miR-17, miR-18a,
miR-19a, miR-20a, miR-19b and miR-92-1 which are found close together in a region of ~800bp located

on chromosome 14. Overexpression of miR-17-92 in T cells is associated with lymphoproliferative disease
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and autoimmunity and leads to death prematurely, by targeting tumor suppressor PTEN and the

proapoptotic protein Bim (Xiao et al. 2008). Recently it was reported that miR-17-92 is associated with

axial patterning in vertebrates (Han et al. 2015). Genetic ablation of miR-17-92 in mice, lead to death

within minutes after birth due to the severe underdevelopment of the lungs and/or heart (Ventura et al.
2008). Data from deletion of the miR-17-92 cluster and its paralogues (miR-106b—25) in mice cause more
severe developmental disorders compared to ablation of only the miR-17-92 locus, indicating the
synergistic collaboration between these two microRNAs in order to regulate mouse embryonic

development and survival (Ventura et al. 2008).

miR-155. miR-155 is the most well-studied microRNA and the most highly induced upon TCR stimulation

(Vigorito et al. 2013). miR-155 is processed from a primary transcript of a long non-coding RNA called BIC

and it is considered an important and pleiotropic regulator of immunity and cancer. Depletion of miR-155

results in defects in adaptive immune system (Rodriguez et al. 2007; Thai et al. 2007; Vigorito et al. 2007;

O'Connell et al. 2010). miR-155 is overexpressed in several types of hematopoietic malignancies and its

overexpression in mice can lead to B cell ymphoma (Tam and Dahlberg 2006). Overexpression of miR-155

promotes Tyl differentiation in vitro (Thai et al. 2007; Banerjee et al. 2010). Data from experimental

autoimmune encephalomyelitis (EAE) in mice have shown that miR-155-deficient mice are highly resistant

to EAE probably due to a defect in Tyl and Ty17 cells (O'Connell et al. 2010). Moreover, it has been shown

that miR-155-deficient mice are resistant to collagen-induced arthritis by displaying a defect in Tyl7
polarization, which demonstrates that miR-155 is essentially involved in the adaptive and innate immune

reactions leading to autoimmune arthritis (Bluml et al. 2011). Further evidence, from miR-155-deficient

mice and the impaired function of Tyl and Tul7 cells, demonstrated that these mice failed to control

Helicobacter pylori (Oertli et al. 2011). miR-155 is also highly expressed in Tregs Whilst miR-155-deficient

mice show a decreased number of thymic and peripheral Tregs (Lu et al. 2009).
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1.6 Nuclear architecture: Dynamic interplay of 3D chromatin
organization

KARYOGENIC HYPOTHESIS

In 1996, two different hypotheses were proposed

about the origin of the nucleus (Gupta and Golding

1996). The first hypothesis, termed karyogenic

mochanism unepecifiad Protoeukaryote hypothesis, suggested that the nucleus and its
ENDOKARYOTIC HYPOTHESIS

enclosing membranes were gradually acquired

through a segregating process (Figure 11). While the

——-

second hypothesis demonstrated that the cell nucleus,

eubacterium)
Host Guest Protoeukaryote

. o ] like the other eukaryotic organelles enclosed in double
Figure 11. Depiction of first models proposed to

explain the origin of the cell nucleus (Gupta and membranes (the chloroplast and mitochondrion) has
Golding 1996). probably been derived through capture by an
engulfing species. Since the ER and the nuclear envelope share the same structure, it seems more possible
and scientifically accepted (but not proved) that both hypotheses can be related with the evolution of the
endomembrane organelles by membrane invagination to the inner site of the cell. Histone modifications,
DNA methylation patterns, nuclear sub-compartments such as chromosome territory (CT), lamina
associated domains (LADs) and transcription factories are conserved through distantly related eukaryotes,
suggesting that these basic principles of genome organization are prevalent for all eukaryotes (Postberg

et al. 2010). For the last decade the high-resolution capacity microscopic approaches in collaboration with

several molecular approaches (Fiserova et al. 2017; Nozaki et al. 2017; Xu et al. 2018), based on the

chromosome conformation capture (3C) related technologies (Schmitt et al. 2016), combined with

methods of modeling and interpreting chromatin interactions, have revealed a better understanding of
the spatial organization of chromatin structure. The organization of the chromatin in cells is driven by the
short or long range intra- or inter- chromosomal interactions between different genomic loci. Interactions
of these genomic loci with stable nuclear compartments such as the nuclear lamina or the nucleolus can

also contribute shaping the genome (van Steensel and Dekker 2010). Nowadays in the single cell

sequencing era where scientist can profile the epigenetic and transcriptomic landscape of the cells,
studies have shown that spatial organization of cells can vary between individual nuclei by showing
different interactions within each cell and locally constrained chromatin movements. In 2014, 4D

Nucleome consortium (https://commonfund.nih.gov/4dnucleome) (a new term in the field of nuclear

[43]


https://commonfund.nih.gov/4dnucleome

organization) introduced the principles behind the three-dimensional organization of the nucleus in space
and time (the 4™ dimension), the role that nuclear organization plays in gene expression and cellular
function, and how changes in the nuclear organization affect normal development as well as various

diseases (https://commonfund.nih.gov/4Dnucleome/index). Nuclear and chromatin organization plays a

crucial role in regulating cellular functions. Many studies have shown that spatial positioning of different

genomic loci can be directly linked with gene expression (Fraser and Bickmore 2007; Lanctot et al. 2007),

DNA repair and chromosome translocations (Roix et al. 2003; Misteli and Soutoglou 2009), replication

(Gilbert et al. 2010) and X-chromosome inactivation (Nora and Heard 2010). Moreover, nuclear

organization is tightly linked with diseases. Disorder of the nuclear architecture can lead to severe
diseases. Mutations of the Lamin A/C genes are linked with premature aging disorders such as HGPS
(Hutchinson—Gilford progeria) or atypical Werner’s syndrome and several other diseases that have been

characterized as laminopathies (Worman et al. 2009) (Schreiber and Kennedy 2013).

1.6.1 Functional Compartmentalization of the cell nucleus

The chromatin of the eukaryotic cells is spatially organized while the nucleus is functionally and highly
subcomaptmentalized as shown in Figure 12. Nuclear sub-compartments play a crucial role in the
organization and function of the genome. During mitosis, nuclear compartmentalization is disrupted but
it is rapidly reestablished during post-mitotic nuclear reformation. Several sub-compartments have been
demonstrated to play a crucial role in nuclear organization. Firstly, the transcription factories are

considered as one of the most important nuclear compartments (Mitchell and Fraser 2008).The

replication and transcription factories constitute “hot spots” in the nucleus where several genes aggregate
in foci. These foci are fewer than the genes transcribed at the time, indicating that these few factories
facilitate a huge number of genes by offering a coordinated transcriptional process. KIf-1 is a paradigm
that explains how active co-regulated genes and their transcription factories collaborate. KIf-1 mediates

coupling of KlIfl-regulated genes at specific transcription factories in erythroid cells (Schoenfelder et al.

2010). Another important subcompartment of the nucleus is the Polycomb group protein (PcG) bodies

(Sexton et al. 2007). PcG bodies in Drosophila function as a repressive environment, acting through

epigenetic chromatin modifications and by regulating the nuclear organization of their target genes. Cajal
bodies can modify small nuclear (snRNAs) and nucleolar RNAs (snoRNAs) and assemble the corresponding

RNPs, while in PML more than a hundred proteins are being sumoylated (Pirrotta and Li 2012; Grossniklaus

and Paro 2014) .
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Nuclear speckles are another important sub-compartment of the nucleus which harbor components of
the splicing system snRNAs, SC35, and other spliceosome components by altering the nuclear organization

(Spector and Lamond 2011). Moreover, it has been shown microscopically that actively transcribed gene

clusters are close to foci of transcription factories or nuclear speckles (Spector and Lamond 2011).

Except from the different sub-compartments that exist in the nucleus, the genome is also
compartmentalized in two different clusters: compartment A and compartment B. Genomic loci that are
clustered in compartment A are gene rich, transcriptionally active and DNAse | hypersensitive, while loci
that are clustered in compartment B are gene poor, transcriptionally inactive and DNAse | insensitive

(Lieberman-Aiden et al. 2009). Clustering of genomic loci to the nuclear lamina (NL), LADs, topologically

associated domains (TADs), nucleolus and other subnuclear compartments such as PcG bodies in
Drosophila seem to be part of the B compartment. Data from Hi-C experiments in several human and
mouse cells have demonstrated that probably the nucleus is not clearly divided into sub-compartments A
and B but there is a continuum between them, where chromatin regions associate with other regions that

have similar transcription or activity status (Imakaev et al. 2012).

According to the hierarchical organization of the genome the first level of organization is the folding of
genomes and their distribution into chromosome territories (CTs) (Figure 13). Within each CT, chromatin
is further folded into smaller domains, termed (TADs). Each TAD can be divided into subdomains, called
sub-TADS. Sub-TAD borders are also marked by the insulator CCCTC-binding protein (CTCF) and they can

be folded in regulatory loops (Dekker and Heard 2015). Chromatin looping can contribute to cis and trans

regulatory elements to reach gene promoters in order to regulate expression. Chromatin loops and sub-
TADs are retained and delimited by chromatin insulators (CTCF), mediators and chromatin organizers such

as cohesin (Phillips-Cremins and Corces 2013).
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1.6.2 Principles of genome folding into chromosome territories

During most of the cell’s lifespan, chromosomes occupy distinct regions in the nucleus. Chromatin is not
static within these domains but is actively condensed and decondensed in a transcriptional activation

dependent manner (Cremer and Cremer 2010; Sanchez-Alvarez et al. 2011). Chromosomes are located at

specific subnuclear territories within the nucleus while the transcriptionally active genes may be found on

their external domains (Figure 14) (Cremer and Cremer 2010; Bickmore 2013). Initially, the term

chromosome territory (CT) was introduced by Rabl (1885) and Boveri in 1909.

Theoretical magnification

Chromosome

territory @ Inactive gene

Centromeric @ Active gene
heterochromatin

@ Nuclear body

Figure 14. Simultaneous staining of mammalian chromosome territories
depicting the looping out from the CT of the transcriptionally active genes

Particularly, Boveri was trying to introduce the functional and structural aspect of chromosomes as a
specific unified theory of heredity, but at that time he could not prove it due to the lack of technological
and experimental tools. CTs were visualized for the first time in 1985 by in situ hybridization method and
later on the generation of specific chromosome probes led to the visualization of CT on both metaphase

and 3D interphase nuclei (Cremer et al. 1984; Manuelidis 1985; Schardin et al. 1985; Cremer et al. 1988;

Lichter et al. 1988; Bolzer et al. 1999).

Untill now three patterns of chromosome topology have been shown in the eukaryotic cell. During
anaphase, centromeres and telomeres are positioned opposite to each other and this phenomenon is

called Rabl configuration. Rabl configuration is maintained also during interphase. The radial positioning
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of chromosomes (chromosomes located either at the center or at the periphery of the nucleus) was

established by studies of the human lymphocyte chromosome 18 and chromosome 19 (Croft et al. 1999).

Chromosome 19 (the most gene-dense human chromosome) is located towards the center of the nucleus
while chromosome 18 (the least gene-dense chromosome) is located at the nuclear periphery (Croft et al.

1999; Cremer et al. 2001; Cremer et al. 2003) (Figure 15). The concept of relative positioning was

introduced from observations where chromosomes 7, 8 and 16 were found in diametrically located

positions within the interphase nucleus of human fibroblasts (Nagele et al. 1999). Spatial organization of

chromosome territories is closely linked to important biological processes such as transcription,

replication and cellular differentiation (Postberg et al. 2010). Chromosomes that have the same size and

gene density interact in a higher rate between them, therefore, gene dense but short chromosomes
gather at the center of the nucleus while gene poor chromosomes have the tendency to locate at the

nuclear periphery (Lieberman-Aiden et al. 2009; Zhang et al. 2012b). So far there are no data that can

confirm the relocalization of the CTs within the nucleus during the differentiation of post mitotic cells.
However it has been reported that in neurons the X chromosome territory in epilepsy can be relocated in

both females and males (Borden and Manuelidis 1988). Another study that reported the relocalziation of

the CTs has been demonstrated in rod nuclei (Solovei et al. 2009). The rod photoreceptor nuclei of the

nocturnal and diurnal mammals have a completely different chromatin organization. In nocturnals, after
day 6post partum, during the terminal differentiation of rod cells the heterochromatin relocalizes at the
center of the nucleus while the euchromatin locates at the nuclear periphery, in order to facilitate the
night vision.

Genome wide Hi-C analysis demonstrated that genes located on the same chromosome can interact more
often even if the distance between them can reach the 200Mbp linear distance compared to loci that are

located to different chromosomes (Lieberman-Aiden et al. 2009; Zhang et al. 2012b). Although it has been

reported that there is no difference between the distribution of the genes with higher or lower
transcriptional activity within the CTs, there are few exceptions where the genes (eg. MHC and EDC loci

and HOX gene cluster) are looping out from the CT (Williams et al. 2002; Chambeyron et al. 2005; Kupper

et al. 2007).
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Figure 15. Subnuclear localization of all chromosomes in human dermal fibroblasts (Mehta et al. 2013)
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1.6.3 Topologically Associated Domains (TADs)

Microscopically, it has been shown that within CTs smaller chromosomal domains (CD) can be observed.
CDs may have a size of ~100 kb to several Mbp and usually are located between the borders of CTs (Cremer

and Cremer 2010). Although since the first microscopic observation of the CT, new imaging such as super

resolution microscopy provided more details regarding the organization of the CTs and CDs (Cattoni et al.
2015).

In 2002 a new methodology was introduced describing interaction between 2 loci not only with imaging
methods (DNA in situ hybridization) but with high-resolution biochemical assay showing the interaction

in 3D interphase nuclei (Dekker et al. 2002). The methodology was named Chromosome Conformation

Capture (3C) and is based on the crosslinking of the chromatin, digestion of the chromatin with either 4-
or 6-bp cutter restriction enzyme, ligation and at the end PCR detection of physical contact between the

two genomic loci (Figure 16 & 17A) (Dekker 2006; Hagege et al. 2007; Comet et al. 2011; Gavrilov et al.

2013; Rao et al. 2014; Nagano et al. 2015). In order to map genomic interactions between in more than

two loci, the 3C methodology was evolved in (4C) based on a 3C on Chip, circular 3C, open-ended and

olfactory receptor 3C (Lomvardas et al. 2006; Simonis et al. 2006; Wurtele and Chartrand 2006; Zhao et

al. 2006; Sati and Cavalli 2017). 4C requires one additional round of digestion and ligation and offering the

opportunity to map one versus all genome wide interactions by providing a better resolution than the 3C

(Kb to few 100Kb) (Figure 16 & 17B) (van de Werken et al. 2012). Both 3C and 4C are insufficient to provide

more details regarding the chromatin organization of the 3D interphase nuclei due to the genomic region
of interest- restriction. As a consequence, a new version of 3C was introduced, Chromosome
conformation capture carbon copy (5C) where many to many genomic interactions could be mapped. 5¢
is an approach to study interactions between megabase sized regions and the additional steps include the

design or reverse primers in the genomic regions of interest (Dostie et al. 2006; Fraser et al. 2009; Lajoie

et al. 2009; Ferraiuolo et al. 2012; Phillips-Cremins et al. 2013). The use of 5C by Nora et al., introduced

for the first time the fundamental and stable topologically associated domains (TAD) (Figure 16, 17C &
18) (Dixon et al. 2012; Nora et al. 2012; Sexton et al. 2012; Rousseau et al. 2014; Sexton and Cavalli 2015).

In 2009 mapping of all in cis and trans long- or short- range genomic interactions through Hi-C was
developed by Leiberman-Aiden et al., and reported the compartmentalization of the genome in active (A)

and inactive (B) domains (Lieberman-Aiden et al. 2009; Nagano et al. 2013; Rao et al. 2014; Nagano et al.

2015; Sati and Cavalli 2017). Data from high-resolution 5C and Hi-C demonstrated the existence of TADs

in human, mouse and Drosophila genomes (Dixon et al. 2012; Nora et al. 2012; Sexton et al. 2012).
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Figure 16. Schematic representation of the 3C-derived methods (Dekker and Misteli 2015).

[52]



The size of TADs may vary from tens of kb to several Mbp. In mouse the TAD size is approximately 880kb

(Dixon et al. 2012). Genome domains that are located in the same TAD show higher internal interacting

frequency compared to loci that are located between two different TADs (Dekker and Heard 2015).

Human and mouse genomes are composed of more than 2000 TADs encompassing more than 90% of the
entire genome, while in D. melanogaster more than 1100 TADs have been reported. As it was
demonstrated by Hi-C experiments, the genomes of Saccharomyces cerevisiae and Schizosaccharomyces
pombe seem to be devoid of TAD organization, while plan genomes are organized in pericentromeric

regions (Duan et al. 2010; Tanizawa et al. 2010; Feng et al. 2014). TADs are conserved between mouse

and human and show high similarity between different cell types. Long range chromatin interactions that

abstain around 20kb are found on the same TAD (Dixon et al. 2012). Borders of TADs are also conserved

as it was shown in mouse embryonic stem cells and mouse cortex as well as in Drosophila (Sexton et al.
2012). Mammalian TAD borders are rich in transcription start sites (TSS) of housekeeping genes, rich in
CTCF insulator protein binding (15% of CTCF is found on TADs’ border in mammals), Smcl and Smc2
(subunits of cohesin), H3K4me3 and H3K36me (active chromatin histone marks) and Med1 and Med12

(which are subunits of the Mediator multiprotein complex) (Dixon et al. 2012). Since, the megabase scale

TADs seem to be cross species conserved, then the organization of chromatin at the sub-megabase scale
(sub-TADs) can determine and contribute to the cellular function and fate. A recent study of a high-
resolution architecture map across seven genomic loci (Oct4, Nanog, Nestin, Sox2, KIf4, and Olig1-0Olig2)
in embryonic stem cells and neural progenitor cells identified around 60 sub-TADs domains (Phillips-

Cremins et al. 2013). In this study it was demonstrated that cohesin and CTCF mediate long-range

chromatin interactions while mediator and cohesin couple short-range chromatin interactions. In
conclusion, sub-TAD organization, consisted of chromatin loops, may be linked to some cell type specific
characteristics whereas TADs represent constant domains that are stable after cell activation,

differentiation and development.
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Figure 17. Visualization of 3C derived methods based. (A) 3C is used to study
interactions between two genomic loci (one to one). (B) 4C is used to quantify
interactions of one genomic locus vs all. (C) 5Cis used to study chromatin
interactions between several genomic loci (many to many). (D) Hi-C identifies all
chromatin interactions (all to all). (See et al. 2019)
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and Nora 2016).
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1.6.4 The role of chromatin looping in gene regulation

The regulation of gene expression includes regulatory elements that are located in large distances from

the regulated genes in a linear conformation (Andersson and Sandelin 2019). In order to solve the problem

of promoter-enhancer communication and to bring them to physical proximity, chromatin is organized
into looped structures or chromatin hubs that connect regulatory elements to activate or repress

transcription (Furlong and Levine 2018). As small proteins that recognize the DNA sequence transcription

factors (TF) play an essential role in activating or repressing transcription of genes through direct or
indirect binding or by recruiting the transcriptional factors at the transcription starting sites (TSS)

(Chernukhin et al. 2007; Allen and Taatjes 2015; Lambert et al. 2018). Whether the TF shape the 3D

structure of the nucleus or it is vice versa is not clear yet. Also remains unclear the frequency of chromatin
looping mediated through the enhancer promoter interaction within the nucleus. Until now, several types

of chromatin loops have been reported (Deng et al. 2012; Cavalli and Misteli 2013; Kim and Shendure

2019). The first model refers to intragenic loops, where the 5’- and the 3’-end of a gene join with each
other to allow gene transcription, RNA Pol Il recycling and retain transcriptional directionality through the

direct oligomerization of the TF (Figure 19A) (Pant et al. 2004; Weintraub et al. 2017; Kim and Shendure

2019). The second group of chromatin loops is called enhancer promoting looping and is mediated by
transcription factors that can collaborate either with the mediator complex or with chromatin organizers

(Figure 19B) (Deng et al. 2012; Deng et al. 2014b; Love et al. 2014; Kim and Shendure 2019; Monahan et

al. 2019). Another model of the TF action on the chromatin is described as phase separation (Figure 19C).
This model suggests that interactions between intrinsically disorder regions (IDR) of the TF lead to the
formation of the “condensates” or chromatin “hubs”. Both in vivo and in vitro studies have reported that
TF and their cofactors are highly enriched for IDR. TFs such as OCT4 and GCN4 enhance the formation of
the phase separation through the Mediator linking directly the phase separation with 3D chromatin

conformation and gene expression (de Wit et al. 2013; Denholtz et al. 2013; Boija et al. 2018; Cho et al.

2018; Chong et al. 2018; Sabari et al. 2018; Kim and Shendure 2019; Petrovic et al. 2019). Another model

suggested is the “interaction with loop extruders” (Figure 16D). In this model the chromosome complexes
(SMC) encircle the DNA and form a loop and its size can be related with the blocking of the cohesin
(binding or releasing the DNA) by the CTCF. Insulator-mediated chromatin looping can gather and isolate
individual loci, by keeping isolated the transcriptionally activated domain from other surrounding

elements (Cavalli and Misteli 2013; Haarhuis et al. 2017; Hansen et al. 2017; Rao et al. 2017; Schwarzer et

al. 2017; Ganji et al. 2018; Kim and Shendure 2019). Interactions of the TF with landmark such as nuclear
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lamina has also been described (Figure 19E). Although nuclear lamina is considered a repressive
environment, in Saccharomyces Cerevisiae it is generally accepted that NPCs can act as transcription

factors by recruiting genes at the nuclear periphery (Light et al. 2010; Brickner et al. 2012; Brickner et al.

2019). Recent studies have reconfirmed the interaction of NPC with active genes and with super

enhancers in mammals as well (Zullo et al. 2012; Baumann 2016; Ibarra et al. 2016a; Pascual-Garcia et al.

2017; D'Angelo 2018; Kim and Shendure 2019). TF can also bind to non-coding RNA through protein RNA

interaction (Figure 19F). Long non coding RNAs, such as Xist or Firre scaffold multiple chromatin proteins

and TF in order to coordinate specific functions within the nucleus (Quinodoz and Guttman 2014; Kung et

al. 2015; Yang et al. 2015). Furthermore both CTCF and YY1 which are considered as genome organizers

act also as TF, have also been reported to bind RNA (Sigova et al. 2015; Kim and Shendure 2019). Finally,

the last model of TF action suggested is the chromatin modifications (Figure 19G). TF that directly bind on
DNA, recruit other proteins or coactivators or chromatin remodelers that can modify DNA or histones tails

(methylation and acetylation) (Spitz and Furlong 2012; O'Malley et al. 2016; Yin et al. 2017; Zhu et al.

2018; Kim and Shendure 2019). Promoters can be located proximal to genes and can initiate bidirectional

transcription (Wei et al. 2011; Scruggs et al. 2015). Enhancers are located distal to protein-coding genes

and may require chromatin conformational placement near regulated loci. Enhancers can also drive

transcription from a position upstream of, downstream of, or within target genes (Pennacchio et al. 2013).

Insulators for either gene expression or chromatin state separate heterochromatin from euchromatin and
active from inactive gene expression domains while repressors can cause the expression of nearby genes

(Burgess-Beusse et al. 2002; West et al. 2002; Reynolds et al. 2013). The fact that one enhancer can have

more than one gene target and conversely, multiple enhancers can regulate a single gene, further
highlight the need for mapping chromatin contacts, to understand the functional connectivity of
regulatory elements. The most frequent interactions between promoters and sequences are found usually

120 kb upstream of TSSs (Sanyal et al. 2012). The most well studied case of long-range chromatin looping

is the mammalian B-globin gene (Zhang and Qian 2002; Drissen et al. 2004; Bartkuhn and Renkawitz 2008;

Chien et al. 2011; Deng et al. 2012; Huang et al. 2017). The 8-globin gene locus contains several genes

that are expressed sequentially and in a tissue-specific manner dependent on cell differentiation. B-globin
gene locus contains an upstream locus control region (LCR) which is enriched in enhancers that regulate

its expression during development by creating looping domains (Tolhuis et al. 2002). Other examples of

chromatin looping include the IFNy-TH2 loci in CD4 T cells (Spilianakis and Flavell 2004), MHC class I locus

(Kumar et al. 2007), IgH in B cells (Sayegh et al. 2005), HOXb1 (Wurtele and Chartrand 2006) and the

imprinted locus H19-Igf2 (DIx5-DIx6) (Horike et al. 2005). All the aforementioned examples underline
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the importance of chromatin looping as a general feature of chromatin architecture in eukaryotes that

has several functional roles including transcription activation, repression and DNA recombination.
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Figure 19. Modes of TF Action on 3D Genome Organization: (A) Direct oligomerization, (B) Cofactor oligomerization.
(C) Condensate formation. (D) Interactions with loop extruders. (E) Interactions with nuclear landmarks such as
nuclear pores. (F) Protein-RNA interactions. (G) Chromatin modifications, including histone modifications (left
panel) and DNA methylation (right panel) (Kim and Shendure 2019).

1.6.5 Genome organizers

Mammalian genomes are huge and consist of billions of bases of DNA containing sufficient regulatory
information to create complex organisms with thousands of cell types and considerable behavioral
repertoires. Each of the 24500 genes in the human genome has likely many different regulatory regions
that moderate the appropriate function of genes. Apart from nuclear sub-compartments such as the
transcription factories, chromosome territories, nuclear lamina, nucleolus, nuclear speckles or

paraspeckles, nuclear organization can be affected by genome or global chromatin organizer proteins
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(Shachar et al. 2015). Genome organizers are factors that mediate the folding and organization of the

genome inside the nucleus either by forming chromatin loops or by serving as seeding sites that anchor
specific genomic loci. So far the most well-studied mammalian genome organizers are CTCF protein,
cohesin, proteins of the nuclear envelope such as LaminA/C and the SATB1 protein. All these genome
organizers can sequestrate tissue-specific gene regulation in an evolutionary dependent context.
Therefore, the interplay of genome organizers with nuclear architecture can act as a regulatory layer of
genome functions in a discrete cell fate by regulating/mediating the transcriptional activity of specific

genes.

1.6.5.1 Nuclear periphery as a genome organizer

The nuclear envelope is consisted of two membranes, the inner and the outer membrane. The outer
membrane is continuous with the endoplasmic reticulum while the inner membrane is associated with
nuclear lamina (NL). The main structural components of nuclear lamina are the type V intermediate
filament proteins Lamin A, B and C. Lamin A and C are encoded by the LMNA gene by alternative splicing,
while Lamin B is encoded by two genes (lamin B1 by LMNBI1 and lamins B2 and B3 by LMNB2). Another
difference between Lamin A/C and Lamin B is their expression profile. Lamin B is expressed in most cell

types, while Lamin, A is expressed only after differentiation (Dittmer and Misteli 2011; Gruenbaum and

Foisner 2015).

Nuclear envelope is penetrated from high molecular weight transmembrane proteins, termed nuclear
pore complex (NPC), which can facilitate the transport between the nucleus and the cytoplasm. The
mammalian NPC consists of 30 unique proteins called nucleoporins (Nups), which are present in multiple

copies due to the eightfold stoichiometry of the complex (Otsuka and Ellenberg 2018). The nuclear lamina

contains also a large variety of proteins that span the INM, called nuclear envelope transmembrane
proteins (NETs), which are associated directly or indirectly with lamins (e.g., LBR, emerin, LAP2[3, LEM-

2)(Schirmer and Foisner 2007) (Figure 20). NETs mediate cell signaling, mechano-transduction, nuclear

architecture, chromatin tethering and gene regulation. Composition of nuclear lamina shows cell type

specificity and it depends on the differentiation stage (Worman 2012) (Korfali et al. 2012). Importantly,

many studies have demonstrated that nuclear lamina can operate as an organizing “platform”, by shaping

and maintaining the 3D structure of the nucleus (Zuleger et al. 2011; Zheng et al. 2018; Shevelyov and

Ulianov 2019). Except for the mechanical support that double lipid bilayer membrane can offer to the
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nucleus, it plays a crucial role in the transport through the nuclear pore complexes (NPC) and also, serves
as an anchoring point for heterochromatin. NPCs can also influence genome function and organization in
a transcription-independent matter. It is believed that NPCs and lamins have divergent roles in

transcriptional activation and repression, respectively.
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Figure 20. Structural components of the nuclear periphery (Vidal et al. 2012).

The question if lamins can be characterized as activators of repression or repressors of activation remains
still unanswered. During activation and differentiation, cells can go through a chromatin shuffling in the
nucleus. Genes upon their transcriptional activation are usually moving towards the center of the nucleus
and genes that are going to be silenced move towards the nuclear periphery. In contrary, there are
exceptions whereby genes that are being activated move from the cell interior to the periphery in order
to be expressed. In yeast, inositol-3-phosphate synthase (INO1), (hexokinase 1) HXK1 and (thiol-specific
antioxidant 2) TSA2 genes are relocalized to the nuclear periphery in order to be expressed (Taddei et al.
2006). In almost all eukaryotic cells heterochromatin is concentrated at the nuclear periphery while
euchromatin tends to occupy more internal regions in the nucleus. As an exception, rod photoreceptors
are the only cells that present an inverted chromatin organization. In rod cells, euchromatin is tethered
at the nuclear periphery while heterochromatin is localized at the center of the nucleus (Solovei et al.

2009). This phenomenon is thought to be important for the light transmission properties of rod cells. The
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inversion is caused by developmentally controlled silencing of expression of lamins A/C and LBR. In
contrast to the genomic distribution observed in most cell types, in rod cells both active and inactive genes
are found mainly at the nuclear periphery. In these cells, nuclear periphery contains high levels of

transcription factors and nascent transcripts (Solovei et al. 2009). Analysis of 16 species (nine nocturnal

and seven diurnal) revealed a strong correlation between the presence of such an inverted nuclear
arrangement and a nocturnal lifestyle. The main functional effect of the inverse organization seems to be
changes in the optical properties of the cell, which have been hypothesized to contribute to the much
higher sensitivity of the rod cells of nocturnal mammals to low light levels.

So far two lamin-dependent mechanisms have been reported, regarding the tethering of heterochromatin
to the nuclear periphery. The study of nuclear organization, by analyzing rod photoreceptor cells from 39
mammalian species, showed that LBR and/or lamin A/C are essential for tethering heterochromatin to the
nuclear periphery. The LBR-dependent mechanism explains how LBR selectively interacts with
heterochromatin, by recognizing specific modifications of histone 4 in heterochromatin formation (Hirano
et al. 2012). Lamin A/C can also bind chromatin, although typically it functions as a scaffold for other
chromatin-interacting proteins, in particular LEM-domain proteins. Chromatin/DNA binding by lamins is
not sufficient for heterochromatin tethering, but might synergistically enhance binding. The LEM domain
containing protein Lap2b is implicated in gene silencing at the nuclear periphery in mammals. It interacts
with HDAC3 which promotes heterochromatin formation and the LEM domain containing protein tethers

the whole complex to NE (Zullo et al. 2012). In C. elegans, as in mammals LEM proteins are anchored the

INM, interact with lamins and bind to chromatin (lkegami et al. 2010; Mattout et al. 2011).

Unlike NL that associates with repressed and heterochromatin regions, NPCs were shown to interact with
euchromatin and active genes (Figure 21). NUPs are linked with chromatin organization and they can
promote transcription. It has been demonstrated that NUPs can sequestrate transcriptional regulators
and mobilize the repressive or active chromatin environment. Overexpression of Nup98 increases the

expression of interacting genes in human neural precursor cells (Liang et al. 2013). In yeast, gene

recruitment sequences (GRS) on the promoters of INO1 and TSA2 are responsible for the re-localization
of these genes to NPCs. Inhibiting the interaction of these genes with NPCs, can lead to reduced expression

levels (Taddei et al. 2006). In D. melanogaster, Nup153 binds to 25% of the genome in continuous domains

extending between 10-500 kb and these large Nucleoporin-Associated Regions (NARs) are enriched for
markers of active transcription, including high RNA polymerase Il occupancy and histone H4K16

acetylation. Moreover, NUPs mediate the male-specific dosage compensation complex in D.
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melanogaster (Vaquerizas et al. 2010).
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2016b).

Nup153 and Nup93 results in dramatic

1.6.5.2 Lamin Associated Domains (LADs)

Genomes of organisms that are evolutionarily distant, such as the fruit fly, mouse, and humans have large
nuclear lamina—associated domains (LADs). These lamin-associated domains can vary between 0,1-10Mbp
and consist around 40% of the genome. LADs were identified in 2000 by the DNA adenine

methyltransferase identification (DamID) methodology (van Steensel and Henikoff 2000). DamID has the

ability to map the binding sites of DNA- and chromatin-binding proteins in eukaryotes and it is based on
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the fused LaminB1 protein to the bacterial Dam-methytransferase by leading to methylation of the
associated genomic loci. The incorporated methylation marks are then identified by DNA sequencing and

mapped onto the genome (Guelen et al. 2008). These condensed chromatin genomic loci, are AT-rich

regions containing centromeric and telomeric sequences and other developmentally repressed loci, but
can also include H3K4me3-marked chromatin that is found presumably unrepressed.

Major parts of LADs are conserved, although some small relocalization occurs during differentiation. Data
from DamID experiments on different cell types showed three different groups of LADs: constitutive LADs
(cLADs) as regions that are lamin-associated in all four cell types mentioned, constitutive inter-LADs
(ciLADs) that are chromatin regions between LADs in all four cell types and facultative LADs (fLADs) that

are regions for which LAD-status is cell type dependent (Figure 22) (Meuleman et al. 2013). Within cLADs,

gene density reduces as the distance from the borders increases. As in TAD organization, LAD borders are
also marked by binding of the CTCF insulator protein (5—-10 kb outside LADs). Moreover, a discrete

enrichment of promoters and CpG islands is observed outside LAD regions (Guelen et al. 2008; Meuleman

IM

et al. 2013). It is still unclear if the “intelligent” nucleus is placing the “non useful” heterochromatin and
LADs to the periphery or if LADs are a result of active binding process. LADs are not static domains and
during differentiation they can relocate from the periphery to the interior of the nucleus (Peric-Hupkes et
al. 2010). The small movements of chromatin from the nuclear periphery can be explained by the
activation of genes during differentiation and their localization to the interior of the nucleus in order to
be transcribed. Except from the AT-rich elements and inactive genes, cLADs consist of gene desert and
LINE elements while SINE elements are depleted in cLADS and overrepresented in ciLADs (Guelen et al.
2008). Comparing cLADs in mouse embryonic stem cells, human embryonic stem cells, fibroblasts and the
human HT1080 fibrosarcoma cell line, a conservation of more than 71% of these regions is observed.
cLADs between mouse, human and other metazoans such as C. elegans (embryos) and D. melanogaster

(cultured embryo cells) show small differences and LADs are enriched for AT-rich elements compared to

CiLADs (lkegami et al. 2010; van Bemmel et al. 2010). Moreover, the ubiquitous DNA binding factor

POU2F1 (also known as Oct1), which encompases an AT-rich DNA binding motif is localized at the nuclear

periphery and binds LaminB1 (Malhas et al. 2009). Although, LaminA/C and LaminB have a different

expression pattern upon differentiation, data from Dam/D experiments for LaminA/C binding in neuronal
progenitor cells and astrocytes showed that ~94% of both proteins interact with the same genomic

regions (Meuleman et al. 2013).
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Figure 22. Depiction of genome—nuclear lamina interactions. (A) Regions classified as laminB1-interacting in
mouse ESCs (orange), NPC (blue), astrocytes (pink), and MEF (dark green). (B) and (C) Regions common to all cell
types are termed cLADs (mustard) and ciLADs (cyan), with dynamic regions termed fLADs (gray) (Meuleman et
al. 2013).

1.6.5.3 CTCF as a genome organizer

CTCF (CCCTC-binding factor) is a highly-conserved zinc-finger multifunctional protein, which is implicated
in different genomic functions and is characterized as a genome organizer. CTCF plays a crucial role in
gene regulation (acting either as insulator or enhancing promoter transcription) and chromatin

organization through mediating long-range chromatin interactions (Figure 23) (Hark et al. 2000) (Chen et

al. 2008). CTCF is considered as the master weaver of genome organization (Phillips and Corces 2009).

Initially, CTCF was discovered as a transcription regulator of the c-Myc proto-oncogene (Filippova et al.
1996). It is defined as an insulator due to its unique ability to block enhancer activity when it is located

between enhancer and promoter sequences in reporter plasmids (Giles et al. 2010). The most well-studied

of the CTCF insulator activity is the case of IGF2/H19 imprinted gene locus where CTCF mediates the

functional regulation of promoters-enhancer communication (Beygo et al. 2013).
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Apart from TAD demarcation, CTCF can also separate LAD borders (Guelen et al. 2008). CTCF sites that

oversee chromatin looping are also bound by cohesin. Depletion experiments have revealed that CTCF is

potentially in charge of the spatial segregation of TADs, while cohesin acts as an organizer within TADs.

{ Y
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Cell-type-specific factor @ CTCF €D cohesin

Figure 23. 3D chromatin organization mediated through genome organizers CTCF and cohesion
(Baranello et al. 2014).

This can be explained by the fact that depletion of cohesin can affect the short-range chromatin
interactions but not TADs formation, while depletion of CTCF affects the TADs borders and causes

increased interactions between TADs which can lead to gene expression changes (Zuin et al. 2014).

Recently, it was shown that chromatin looping is determined by the CTCF-binding polarity. Experimental
data demonstrated that CTCF inverted binding sites (CRISPR-mediated inversion) and disengaged sites do
not necessarily form new chromatin loops and cohesin recruitment to CTCF sites is independent of loop

formation (de Wit et al. 2015). Moreover, ChlA-PET derived data for CTCF and RNA Pol Il demonstrated

that CTCF/cohesin-mediated interaction anchors, serve as structural foci for spatial organization of
constitutive genes concordant with CTCF-motif orientation, whereas RNA Pol Il interacts within these
structures by selectively drawing cell-type-specific genes toward CTCF foci for coordinated transcription

(Tang et al. 2015). Furthermore, another study reported that CTCF/PAPR1 (Poly ADP-ribose polymerase
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1) complex can control circadian transcriptional activity by enhancing the interactions between circadian

rhythm controlled genes and the nuclear periphery (LADs) (Zhao et al. 2015).

1.6.5.4 Cohesin as a genome organizer

Cohesin is a multiprotein complex that provides cohesion between sister chromatids during replication of

DNA in S phase during cell division(Peters et al. 2008). Cohesin mediates the chromosome segregation

through mitosis and meiosis and controls the integrity of genomic information passed on to the next

generation (Brooker and Berkowitz 2014). In mammalian genomes, cohesin colocalizes with CTCF (Parelho

et al. 2008). Apart from its function in the cell cycle, cohesin is also involved in nuclear organization and

regulation of gene expression in interphase nuclei (Guillou et al. 2010; Ohlsson et al. 2010). Cohesin can

control transcriptional activity by either bringing gene loci into proximity or by stabilizing the chromatin

loops formed by CTCF (Figure 24) (Merkenschlager and Odom 2013). Moreover, cohesin has a crucial role

in the post-mitotic DNA repair, is highly enriched at DNA damage sites and is extremely conserved through

evolution (Strom et al. 2004; Nasmyth and Haering 2009).

Figure 24. The long range interactions between gene promoters and enhancers are mediated through cohesion
and the mediator complex. The complex of CTCF, cohesion and mediator organize the 3D structure of the
mammalian genome by mediating the long range chromatin interactions (Dekker and Misteli 2015)

Genetic ablation of cohesin in D. melanoagster neurons cause defective axon pruning, while depletion of

Rad21 (cohesin) in murine thymocytes can cease transcription and the rearrangement of the TCRa locus,
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leading to defective thymocyte development (Pauli et al. 2010; Seitan et al. 2011). Furthermore, it has

been reported that in human cells cohesin affects directly higher order chromatin conformation mediated
through CTCF at the imprinted IGF2-H19 locus. Depletion of cohesion led to a deregulation of the

chromatin loop and affected the expression of IGF2 locus (Nativio et al. 2009). Recent data from ChIA-PET

experiments in human naive and embryonic stem cells showed that cohesin-associated chromatin loops
organize TADs in embryonic stem cells and during cell fate transitions functional changes occur within
TADs (Ji et al. 2016) while another study reported that the conserved anchors of CTCF-CTCF loops are

frequently mutated in cancer (Katainen et al. 2015).

1.6.5.5 SATB1 as a genome organizer

SATB1 (specific AT-rich binding protein 1) is a transcription factor that regulates T cell development and
differentiation. SATB1 acts as a genome organizer and mediates the maintenance of higher-order
chromatin structure. Structurally, SATB1 protein (763aa) contains a PDZ-like domain, a CUT repeat
containing domain and a homeodomain as shown in Figure 25A. The PDZ-like domain in the N terminal
region of SATB1 is necessary for its dimerization and it was shown to interact with B-catenin (Notani et al.

2010), promyelocytic leukemia (PML)(Kumar et al. 2007), HIV Tat, HDAC1 (Kumar et al. 2005) and CtBp

proteins (Purbey et al. 2009). CUT domain is crucial for DNA binding and increases binding affinity.

Moreover, the N-terminal region of SATB1 encompasses a ubiquitin-like domain that is implicated in its

oligomerization (Wang et al. 2012). SATB1 shows a unique nuclear distribution in thymocytes that forms

a "cage-like" or “aromatic” structure, circumscribing heterochromatin. This unique pattern is maintained
in early stages of Tu2 cell differentiation but is abolished upon terminal Ty2 differentiation where SATB1
protein represents a diffused localization pattern inside the cell nucleus. Moreover, SATB1 can participate
in a protein scaffold network (Figure 25B) by directly binding to specific DNA sequences, termed Matrix
Attachment Regions (MARs) which are important for higher order chromatin loop formation. Upon its
binding on DNA, SATB1 organizes chromatin architecture by tethering distant genomic loci into its
network, facilitating their coordinated transcriptional regulation.

The fact that SATB1 is surrounding heterochromatin regions, suggests that the interchromatin space is
occupied by chromatin loops containing gene dense regions with transcriptionally inactive genes (Cai et

al. 2003). SATB1 binds to several gene loci to form a cluster at the stem of the chromatin loop and near
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the regulatory domains of the genes. It is the constructor of the chromatin loop structure, or “loopscape”,
for global gene regulation that is leading to the expression of genes in a cell type specific manner.
SATB1-deficient mice have small thymi, spleen and lymph nodes and show a deregulated T cell

development (Alvarez et al. 2000). The development of T cells is blocked at the DP stage and the CD4* or

CD8" single positive thymocytes fail to further develop, resulting in the death of SATB1 knockout mice at
the age of three weeks. Furthermore, in T cells the major histocompatibility (MHC) class | locus shows a
specific loop structure, which is missing in other cell types. In T cells, SATB1 interacts with PML protein to
organize the MHC class | locus into distinct higher-order chromatin-loop domain structures. IFNy
treatment and silencing of either SATB1 or PML induce dynamic reorganization of chromatin loops (Kumar
et al. 2007). Another role of this genome organizer has been demonstrated in T2 cells. Upon
differentiation of Ty2 cells, SATB1 is induced to form a transcriptionally-active chromatin structure that
includes the TH2 cytokine gene locus which encompases the TH2-specific //4, II5 and //13 genes (Cai et al.
2006). In DP cells the expression of Rag1 and Rag2, is under the control of the anti-silencer element, which
counteracts the activity of an intergenic silencer. It was demonstrated that SATB1 binds to the anti-
silencer element (ASE) and Rag promoters, allowing the participation of Rag2 in the chromatin hub and

the interaction of RNA polymerase Il to both the Ragl and Rag2 promoters (Hao et al. 2015). As

mentioned before, SATB1 regulates gene expression by recruiting histone modifiers. In silico analysis of
the H3K9ac and H3K14ac modifications, demonstrated same binding sites with SATB1, supporting its
ability to control the activation of gene expression and creating transcriptionally accessible chromatin

regions in the genome (Galande et al. 2007). Interaction of SATB1 with chromatin remodelers such as

ACF1, ISWI and histone deacetylase complexes can lead to inhibition of gene expression, through histone

deacetylation and nucleosome remodeling (Yasui et al. 2002). Furthermore, it was shown that SATB1 is

critical for CD4* T helper cell differentiation. In humans, more than 300 genes that are linked with the TH
differentiation have been demonstrated to be regulate by SATB1, suggesting a crucial role in the

appropriate generation and function of TH subsets (Ahlfors et al. 2010).

1.7 Chromatin organization in T cells

For the past decades the 3D organization of chromatin linked to gene expression has been an emerging
field of investigation providing more details into gene regulation and expression during differentiation

and development (Williams et al. 2006; Hiratani et al. 2008; Van Bortle and Corces 2012; Dixon et al. 2015;
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Ricci et al. 2015; Stavreva and Hager 2015). Large number of epigenetic marks have been reported in T

cells upon activation and differentiation, including histone modifications, chromatin modifiers and DNA
methylation, in charge of regulating gene expression and altering chromatin organization (Zhang et al.
2012a). Interchromosomal interactions between distal regulatory DNA sequences (such as promoters,
enhancers, insulators, locus control regions (LCR), non-coding sequences (CNSs)) play a crucial role in T
cell differentiation and are directly correlated with gene expression levels. So far studies have tried to
elucidate the role of the chromatin organization as a determinant of the T cell lineage commitment and

identity (Zhang et al. 2012a; Hu et al. 2018; Issuree et al. 2018).

One of the most interesting key features during the journey of T cell development is the “resting” or
quiescent phase. Upon thymocyte maturation the immature DN cells initially demonstrate a large
morphology, although they became smaller with a condensed chromatin before they enter the DP phase.
During this time CD4"* cells show reduced levels of global transcription, low metabolic activities, reduced
production of cytokines and significantly different nuclear organization and epigenetic hallmarks
compared with terminally differentiated TH cells. The cells remain in quiescence phase until they
encounter the TCR specific antigen, which leads to the clonal expansion of the peripheral CD4* cells. TCR
activation promotes the production of IL2, with the last one activating the Stat5 through the Jak/Stat

cascade (Rawlings et al. 2004). During T cell activation and differentiation, cells can go through chromatin

shuffling in the nucleus. Resting lymphocytes demonstrate small nuclei, condensed chromatin with a
significantly higher fraction of facultative heterochromatin compared to activated lymphocytes which

have bigger nuclei containing more relaxed chromatin (Frangini et al. 2013). The quiescent phase of T

cells is directly linked with epigenetic histone modifications. Cytokine promoters demonstrate hypo-

acetylated histone modifications before activation (Roh et al. 2006). This chromatin condensation

protects the cells from inaccurate signal activation by blocking the Stat5 to reach its targets unless there
is a TCR signal that can lead to a proper activation. The condensation is required for the proper

development of T cells and is mediated through condensin Il complex (Rawlings et al. 2011). Chromosome

relocalization is another phenomenon that has also been observed in T cells. In thymocytes during
differentiation chromosome 6 shifts towards the center of CD4* cells and towards the periphery in CD8*

cells (Kim et al. 2004). Chromosome 6 contains also the major histocompatibility (MHC) region at 6p21

which loops out from CT6 via large loops, in response to activation of MHC genes. A significantly increased
proportion of nuclei displaying these loops were observed in B-lymphoblastoid cells and in Interferon-y
(INF-y)-treated fibroblasts, which express the MHC genes, compared with untreated fibroblasts (Volpi et

al. 2000). Multiple scientific reports have highlighted the significance of the chromatin changes during the
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TCR engagement, while others studies have deciphered the chromatin accessibility changes during T cell

activation (Burren et al. 2017). Despite the fact that single cell studies host technical challenges, nowadays

chromatin accessibility studies are based not only DNase-seq MNase-seq NOMe-seq but also in scATAC

seq, providing further details about chromatin organization (Buenrostro et al. 2015; Cusanovich et al.

2015; Jin et al. 2015; Pott 2017; Clark et al. 2018; Cusanovich et al. 2018; Lai et al. 2018). Recently, a

systematic study connecting data from ssDnase-Seq, Hi-C and RNA-Seq peported that during the
developmental transition from HSPC to DP cells, dynamic transformation of the chromatin takes place,
where chromatin accessibility, TAD and intra TAD-organization but also the AB compartments are
modified throughout the transition from DN2 to DN3 stage. The transition from DN2 to DN3 is one of the
most pivotal T lineage commitment checkpoint. During the transition genes that promote multi-potency
(such as Hmga, Meis1, Lmo2) are transfer from A compartment to B compartment, while genes that are
related with maturation and selection of the T cells (such as Bcl/11b, Ets1, Tcf7, Cd3d, and Lefl) relocate

from B compartment to A compartment (Hu et al. 2018).

1.8 Long and short range chromatin associations in T cells

Chromosomal interactions (inter- or intra-) are prominent factors of the chromatin organization and
biological processes, that orchestrate the gene expression. Direct physical interactions are revealed by
the new techniques that enabled either the visualization (Fluorescence In Situ Hybridization-FISH) or
sequencing of the chromatin conformation capture methods (3C, 4C, 5C, Hi-C, ChlA-PET) of the interacting

chromatin domains (Spilianakis et al. 2005; Nora and Heard 2010; Dixon et al. 2012; Sexton et al. 2012;

Cavalli and Misteli 2013; Chaumeil et al. 2013). As mention above, the immune system remains one of the

best developmental model system to study these interactions since in most of the cases each interaction
is directly linked to a physiological response. Whilst in D. melanogaster the interchromosomal associations

have been widely studied (Chen et al. 2002; McKee 2004; Bateman et al. 2012) reporting transvection

(pairing of homologs chromosome) to be spread widely in the genome(Mellert and Truman 2012), only

few studied have reported the interchromosomal interactions in mammalian cells (Spilianakis et al. 2005;

Monahan et al. 2019). One of the most studied case is the X inactivation where the LINC Xist (X-inactive

specific transcript) covers the X chromosome in cis and leads to silencing (Bacher et al. 2006; Xu et al.

2006). Another example of molecularly well understood interchromosomal interaction is the expression
of the olfactory receptor genes, where a single enhancer (H-enhancer) can cause the monoallelic

expression of only one of the 1300 odorant receptors genes (Lomvardas et al. 2006; Clowney et al. 2012).

In other studies, chromosomal interactions have been reported to be directly linked with diseases
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(Thatcher et al. 2005; Koeman et al. 2008; Liu et al. 2008). Nevertheless, interchromosomal interactions

have been reported in lymphocytes as well. During T cell differentiation, long range intrachromosomal
interactions control the regulation of cytokine genes. For instance, the ectopic expression of the B-globin
locus control region (LCR) was reported to interact with the active globin genes within the active
chromatin Hub, demonstrating a mammalian trans activation (although in low frequencies) (Carter et al.

2002; Tolhuis et al. 2002; Vieira et al. 2004; Noordermeer et al. 2011).

In T cells one of the most well studied functional interchromosomal association between genes located in
different chromosomes was reported for the Th2 locus (consisted of Interleukin 4 (//4), interleukin 5 (//5)
and interleukin 13 (//13) and their LCR located on chromosome 11) and IFNy (chromosome 10) in naive
CD4" cells. Upon T cell activation the interaction is dissociated and the cells are differentiated into TH1 or
TH2 lineage, suggesting that when these two loci interact the genes are repressed. The later was also
confirmed by genetic ablations of the Th2 locus, that directly affected the expression of INF-y (Spilianakis

et al. 2005; Williams et al. 2010). Subsequent studies validating the significance of the long range

chromatin interactions in T cells, based on ChIA-PET strategy in human primary resting CD4* cells have
also documented the long range chromatin interactions, where among the 6520 long-distance chromatin
interactions, 2067 enhancers were identified to interact with 1619 promoters and enhance their
expression. In the same report RUNX1 gene (located on chromosome 21) was found to interact with six
enhancers, while another important locus for the T cell development, VAV1 locus (located on
chromosome 19-known to contain a rich network of multiple enhancer and promoters) was found to

interact with four potential enhancers (Chepelev et al. 2012). Additionally, long range chromatin

intrachromosomal interaction have been reported for IFNg-IFNgR1 gene loci in CD4+ and TH1 cells. IFNg
is the master regulator of the TH1 differentiation. IFNg gene and IFNgR1 gene are both positioned in
chromosome 10 separated by a region of 98.5Mb. DNA FISH combined with 3C experiments demonstrated
that the IfnyR1 gene promoter comes in close proximity with the Ifny gene in order to be monoallelically
expressed in both CD4* and TH1 cells. The interaction is CTCF mediated and independent of active

transcription in each cell type (Deligianni and Spilianakis 2012). Similarly, it was also demonstrated that

upon differentiation of naive CD4* into TH1 cells, the cis interaction of the /FNy locus is mediated by

cohesion (Hadjur et al. 2009). Another example of long range chromatin interactions in T cells was

reported on the expression of IL-21 in CD4" cells. IL21 is an essential pleiotropic cytokine that is produced
in actvated CD4 cells and can promote differentiation through TH17 and TfH. IL21 expression s
upregulated in a STAT3- and NFAT dependent manner, by an enhancer element that is located in a

conserved noncoding sequence 49kB upstream of the IL-21 gene (Park et al. 2016). Furthermore, it has
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also been shown that in double positive (DP) thymocytes and single positive naive T cells, where the CD8
locus was activated upon intrachromosomal interactions between the CD8a promoter and the CDf gene.
Such an interaction was only observed in low levels in B cells (where the CD8 locus is not

activated)(Ktistaki et al. 2010). All the above data accentuate the importance and the necessity of the

dynamic long range chromatin interaction during T cell development and underline how these events can

affect 3D chromatin conformation in subsequent T cell lineages upon activation and differentiation.
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Ethics

All experimental design and procedures presented in this study, were conducted according to Greek
national legislations and institutional policies upon ethical committee approval. Mice were cared for and
managed within the Institute of Molecular Biology (IMBB) Core Facility

(https://www.imbb.forth.gr/imbb-people/en/animal-house) following Institute guidelines based on the

Greek ethical committee of animal experimentation, approved by the General Directorate of Veterinary

Services, Region Crete (license number: EL91BIO-02).
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2.1 Isolation and in vitro differentiation of murine CD4+* T cells

Thymocytes were isolated from four week old C57BL/6 mice. Peripheral lymphocytes were obtained from
axillary and popliteal lymph nodes and spleens of 5-6-week-old C57BL/6 and conditional knockout mice
(SATB1). CD4* T cells were isolated from the mixed population by positive selection conducted with CD4
magnetic MicroBeads and MACS separation columns (Figure 26). Mouse embryonic stem cells JM8A3 N.1
(derived from C57BL/6N mice, feeder independent) were cultured in Dulbecco's Modified Eagle's Medium
supplemented with 15% fetal bovine serum, 1% L-Glutamine, 1% penicillin and streptomycin, 3mM

CHIR99021, 1um PD0325901, 500 U/ml leukemia inhibitory factor and 100 uM B-mercaptoethanol.

Mouse lymph nodes * *

CD4 T cell

9

Figure 26. Schematic representation of Isolation and in vitro differentiation of mouse CD4 T cells.
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2. 2 Isolation of peritoneal macrophages

For peritoneal macrophage isolation 10- week old C57BL/6 mice were intraperitoneally injected with 2 ml
of 4% w/v thioglycollate medium diluted in 1X Phosphate-Buffered Saline (PBS). Four days after the
injection the mice were sacrificed and washed intraperitoneally with 15 ml filtered saline. Following the
peritoneal lavage the cells were centrifuged at 1500 rpm for 5 minutes and resuspended in fresh
Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum, 2mM L-
Glutamine, 1X penicillin and streptomycin under sterile conditions. The cells were seeded on culture
dishes and incubated under 5% CO, at 37°C for at least 24 hours before any experimental treatment.
Macrophages isolated with this protocol were characterized by advanced cellular adhesion under culture
conditions and expression of the integrin alpha (CD11b or Mac-1) surface marker as tested with

Immunofluorescence experiments described below.

2.3 Cell culture

For cell culture, all the cell-sorting procedures were carried out under sterile conditions. Differentiation
of naive CD4* T cells was carried out by stimulation with plate-bound aCD3 and aCD28 antibodies. Cells
were cultured under 5% CO, at 37°C in CLICK’s medium supplemented with 100ug/mi
Penicillin/Streptomycin, 0.05mM B-mercaptoethanol, 2mM L-Glutamine and 25mM HEPES for five days.
Cells were cultured at 1,5-2x10° cells/well in 12-well plates. For Tu1 cell differentiation, the medium was
supplemented with 20 units/ml IL-2, 3.5 pg/ml IL-12 and 10 mg/ml IL-4. For Ty2 cell differentiation we
used 20-50 units/ml of IL-2, 10 pg/ml IL-4 and 10 mg/mlIFNy). Restimulation of terminally differentiated
Twl and Tw2 cells was carried out with aCD3 antibody for one hour. Cell identity upon opposing conditions

of differentiation was further assessed by qRT-PCR experiment for the expression of /14 and Ifny genes.
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2.4 Total RNA Isolation

In order to check the pri-microRNA expression in T cells, RNA was isolated using the TRI-REAGENT
following the manufacturer’s instructions. Firstly cells were isolated, stimulated (when necessary),
counted and added to 1ml| TRI-REAGENT. For 1ml of Trizol reagent a total number of 1x10° cells was used.
Cells were lysed with Trizol reagent for 5 minutes at room temperature. 0.2ml chloroform was added to
the lysate and then vortexed and centrifuged at 14000 rpm for 20 minutes at 4°C. The RNA containing
aqueous phase was collected and precipitated. RNA was precipitated using 1/10 of the reaction volume
CH3COONa 3M pH 5.2, two volumes of 100% ethanol and 0,25 pg/ul of linear acrylamide. Samples were
centrifuged for 20 minutes at 4°C and the RNA pellets were washed with 75% ethanol and reconstituted

in 30 pl DEPC-treated H,0

2.5 Reverse Transcription and cDNA synthesis

In total 1 ug of DNase | treated RNA was used for reverse transcription reactions using an Oligo d(T) primer
and M-MulV Reverse Transcriptase, following the manufacturer’s instructions. 10% of the cDNA produced
was used for quantitative PCR (qPCR) using the SYBR Green PCR Master mix according to the
manufacturer’s instructions. The thermal cycler used for the aforementioned reactions was an Opticon2
DNA Engine (MJ Research) creating standard curves. Reactions were performed in triplicate for statistical
evaluation. The results were normalized over Hprt1 mRNA levels. The primer sets used for pri-microRNA

guantitation are provided in Table 1.
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Reverse primer 5'—>3’

MIR gene Forward primer 5'—3’
miR-181albl GCTGAAGACAGAACCGCAAA AGTTAAACCGAGAAACGGCG
miR-181a2b2 GACCGTTGACTGTACCTTGG AGGCCACAGGACTGTATCTTG
miR-150
GCAACAACTCCAGCTTCTCC TGATCTGCTTGAACCCCTGT
miR-181c
GGCAAGTTCTTGGATAACTGGAG TTGCAGGGGCTGCGTTTT
miR-142
GAAGAATCCCCGTGGACAGA CCCAAGTATCAGGGGTCAGG
miR-146a GCCAGCCCTGTAAAAACACA TCTTCGCTGGGATTATGGGG
miR-17/92 TCCATAGTTGTGTTTGCAGCC AAGTAAATAGCAGGCCACCATC
miR-155
ACCCTGCTGGATGAACGTAG CATGTGGGCTTGAAGTTGAG
miR-let7e TTCTGGTCTCCCATCAATCC CAGAGAAGACACCCCAGCTC
Hprt1
GTCCCAGCGTCGTGATTAGC TTCCAAATCCTCGGCATAATG

Table 1. Primer sets utilized for pri-microRNA quantitation.
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2.6 Western blot

Protein extract

Thymocytes were isolated, washed with 1xPBS and centrifuged at 1400rpm for 5 minutes. The pellet was
retained and the washing step was repeated. A total of 400x10° cells were incubated in lysis buffer (50
mM Tris-HCI, pH 8, 170 mM NaCl, 0.5% Nonidet P-40, 50mM NaF (Serine/Threonine phosphatases), 1ImM
PMSF and 1x Complete Protease Inhibitors for 40 minutes on ice under agitation and followed by
centrifugation at 14000rpm for 15 minutes at 4°C. Protein concentration of the cell lysate was determined

by the Bradford Assay.

Bradford assay

The Bradford Assay is a dye-binding assay in which a differential color change of a dye occurs in response
to various concentrations of protein. The absorbance maximum for an acidic solution of Coomassie ®
Brilliant Blue G-250 dye shifts from 465nm to 595nm when binding to protein occurs and it binds to
primarily basic and aromatic amino acid residues, especially arginine. The 5x Protein Assay Dye Reagent
Concentrate was diluted with deionized water and filtered through Whatman paper to remove
particulates. Three different dilutions of the protein extract were used (1:1, 1:10 and 1:100) and protein
extract samples were assayed in triplicate. Five dilutions (1mg/ul, 800ng/uL, 400ng/uL, 200ng/uL,
100ng/uL and 50ng/uL) of Bovine serum albumin (BSA) were used in order to calculate the concentration
of the protein extracts. All samples (standard protein and protein extract) were incubated at room
temperature for at least 5 minutes to increase the absorbance. The absorbance was measured at 595 nm
and the final concentration of the protein was conducted from the standard curve, which has been
constructed based on the measurements of the BSA protein. In total, 30ug of protein extract were used

for the western blot assay.

For the denaturation of the proteins, 5x Laemmli buffer (10% SDS, 50% Glycerol, 100mM Tris pH 6.8,
80mM B-mercaptoethanol or DTT, 0.05% w/v Bromophenol blue) was used and samples were boiled at
95°C for 5 minutes. Protein extracts were subjected to SDS-PAGE. The Stacking gel: 4.5% of
Acrylamide/Bis, 0,1% SDS, 0.125 M TRIS-HCI, 2 mM EDTA pH 8.8, 0.08% APS and 0.04% TEMED) gather the
proteins of each sample in a very thin layer before they are separated and the Separating gel: (8-12% of
Acrylamide/Bis, 0,1% SDS, 0.375 M TRIS-HCI, 2 mM EDTA pH 8.8, 0.04% APS and 0.04% TEMED) in which

the proteins ultimately separate based on their apparent molecular weight. Initially, the voltage used was
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35V until the dye reached the separation gel and then a voltage of 150V was used to separate the proteins.
Next proteins were transfered under wet conditions for 16 hours. The gel, the filter paper and fiber pads
were incubated in transfer buffer (Tris 48mM, glycine 39mM, SDS 1.3mM, methanol 20%) for 15 minutes.
The transfer was conducted under continuous stirring of the buffer solution at 4°C. Confirmation of the

successful transfer was performed by staining the membrane with Ponceau-S (0,2%).
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Figure 27. Illustration of prepared stack for protein transfer during Western blot assay.

The immunoassay is a technique that allows the detection of proteins that have been transferred to a
nitrocellulose membrane with the aid of a specific antibody against the protein of interest. The technique
is based on the detection of the protein being transferred by adding a secondary antibody conjugated
with horseradish peroxidase (HRP). The HRP reacts with exogenously added substrate and emits
luminescence or gives typical reaction color. The nitrocellulose membrane was incubated for 20 minutes
in blocking buffer (5% milk dissolved in 1xPBS-0.1% Tween-20) in order to block the binding sites of
membrane proteins and to avoid nonspecific binding of the antibody. The nitrocellulose membrane was
then rinsed with 1xPBS-0.1% Tween-20 for 10 minutes to remove the residual blocking buffer. The
membrane was incubated overnight at 4°C with the primary antibody (dilution: anti-DROSHA 1/1000, anti-
SATB1 1/5000). After the incubation with the primary antibody, the membrane was rinsed three times
with 1xPBS-0.1% Tween-20 at room temperature, under continuous agitation for 10 minutes. Then the
secondary antibody was added for one hour at room temperature (dilution: 1/20.000 rabbit HRP). The
ECL substrate is a highly sensitive non-radioactive, enhanced luminol-based chemiluminescent substrate
for the detection of horseradish peroxidase (HRP). The ECL Western Blotting Substrate detects picogram
amounts of antigen and with the use of photographic or other imaging methods visualizes the presence

of HRP. Firstly, the substrate was prepared by mixing equal parts of the Peroxide Solution and the Luminol
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Enhancer Solution provided by the manufacturer. The membrane was incubated for one minute at room
temperature. The solution was removed and the membrane was placed in a film cassette. An X-ray film

was placed on top of the membrane and exposed for 1 minute by using the AGFA Curix 60 Film Processor.

2.7 Bacterial Artificial Chromosome (BAC) clone culture

Nine murine BAC clones (8 clones for microRNA genes and TNFa) (see Table 2) were used in order
to prepare probes for DNA-FISH. All BAC clones were purchased from BACPAC Resources Centre - CHORI
in the form of bacterial glycerol stocks. Firstly, each BAC clone was streaked onto Petri dish plates with
custom-made LB media containing 12.5ug/ml chloramphenicol and incubated for approximately 24 hours,
upside down in a 37°C incubator. A single colony was selected and inoculated into 1 ml liquid LB media
(supplemented with 12.5 pg/ml chloramphenicol). After overnight incubation at 37°C, 1ml of each liquid
culture was used for BAC DNA isolation and PCR reconfirmation of the proper sequence integration in
each corresponding BAC clone. For BAC DNA isolation the cells were spun for 1 min at 6000 rpm at room
temperature. The pellet was resuspended by vortexing in 100 pul ice cold P1 solution (50mM Tris, pHS,
10mM EDTA pH 8 and 400 ng/ul RNase A). An equal volume of P2 solution (0.2 NaOH, 1% SDS) was added
to the pellet in order to lyse the cells, incubated at room temperature for 5 minutes and neutralized with
P3 solution (3M KoAc pH 5,5) for 5 minutes on ice. Upon centrifugation at 14.000 rpm for 10 minutes at
RT the supernatant was collected and the BAC DNA was precipitated with 2,5 volumes of 100% ethanol.
The DNA preparations were further centrifuged at 14.000 rpm for 10 minutes at 4°C. The DNA pellet was
washed with 75% ethanol and reconstituted in 30 pl ddH.0. The concentration and the purity of the
isolated BAC DNA were determined with both spectrophotometric assay (Nanodrop) and agarose gel
electrophoresis. For BAC DNA reconfirmation, PCR reactions were performed. Each reaction was prepared
in a final volume of 50 pl containing 5ul DNA, 2 mM MgCl, 0.4 mM dNTPs, 10 pmol of each forward and
reverse primer and 2.5 U Taq polymerase. The PCR cycles were as following: the initial incubation at 94°C
for 5 min, 40 cycles of denaturing (94°C for 40 sec), annealing (60°C for 40 sec) and extension (72°C for 36
sec) and the final extension at 72°C for 10 min. The PCR products were then analyzed by electrophoresis

of the products on 1.5% TBE agarose gel. The primer sets used in this assay are listed on Table 3.
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Genomic locus Location BAC clone
miR-181alb1 chr.1 RP24-71D3
miR-181a2b2 chr.2 RP24-128E22
miR-150 chr.7 RP24-246G23
miR-181c chr.8 RP24-368F14
miR-142 chr.11 RP24-376D9
miR-146a chr.11 RP23390G172
miR-17/92 chr.14 RP23-7L16
miR-155 chr.16 RP24-278G19
miR-let7e chr.17 RP24-308G19
LT/TNF locus chr.17 RP23-446(C22

Table 2: The murine BAC clones used for the preparation of DNA-FISH probes
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microRNA

Forward primer 5'—>3’

Reverse primer 5’—3’

gene

miR-181alb1 CTGAAGACAGAACCGCAAAGC | AAACGGCGTTAATACCCC
miR-181a2b2 CAACAGCAGTGGTCCTTAGAA CCTTTGCTTCAGGAAACTTGT
miR-150 CAGGTTTGGCCTACATACA TATCATGATCTGCTTGAACCC
miR-181c TCACAACCCACCGACAACAAT CTCTCCCAACTCCAGTTATCC
miR-142 CGCTCTCTCGAATGCACGTC AATTAGAGCCAAAGGTAGAGG
miR-146a AGGAGGAATAGGCGTTGAGG CTGGGACACAAGATAGGCAAGT
miR-17/92 AGGCTTACATGTGTCCAATTT ATGCCAGAAGGAGCACTTAG
miR-155 TTGGCCTCTGACTGACTCC CATGTGGGCTTGAAGTTGAGA
miR-let7e AAAGAAACAAGAAGACGGAC ATCCCTTAGAGAAGACAATCTG

Table 3: Primers used for the reconfirmation of BAC clones
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2.8 3-D DNA Fluorescence in situ hybridization (3D DNA-FISH)

Cell preparation

Cells were seeded on sterile glass coverslips and restimulated (Ty1 and Ty2 with aCD3 for one hour). Cells
were then fixed with 4% PFA in 1X Phosphate-Buffered Saline (PBS) for 12 minutes, permeabilized with
0.5% Triton X-100 for 5 minutes, rinsed with 1xPBS and incubated in 20% glycerol in 1xPBS for 30 minutes.
After three freeze-thaw cycles in liquid nitrogen, the cells were incubated in 0,1N HCIl for four minutes.
Finally, the cells were rinsed with 2xSSC (for 20xSSC: 3M NaCl, 0.3M Sodium citrate) and stored in 70%

ethanol at 4°C.

Probe preparation for hybridization

100ng from each DNA probe and 1ug mouse COT-1 DNA were lyophilized using the Concentrator plus for
15 minutes at 45°C. The pellet was resuspended in 5ul de-ionized formamide and incubated at 37°C for
one hour. Probe DNA was further denatured at 95°C for 5 minutes and then mixed thoroughly with 5ul of

2x hybridization buffer (4xSSC, 20% Dextran sulfate, 50 mM Sodium Phosphate).

Cell preparation for hybridization

Cells were dehydrated with four washes of increasing ethanol concentrations (70%, 80%, 95% and 100%).
The glass coverslips were briefly air-dried and then incubated with denaturation buffer (70% deionized
formamide, 2xSSC, pH7, pre-warmed at 73°C) for 5 minutes at 73°C. The cells were again dehydrated in
increasing concentrations of ice-cold ethanol. Hybridization: each probe was placed separately on a glass
microscope slide and the cell-spotted side of the coverslip was flipped on top of the hybridization buffer,
sealed with rubber cement and incubated at 74°C for 4 minutes for Ty1 and T2 cells, at 72°C for 5 minutes
for CD4 cells and at 73°C for 5 minutes for thymocytes. The hybridization step continued for 12-16 hours
in a humidified hybridization chamber at 37°C. After the completion of hybridization, washing steps were
performed to eliminate the background noise in the imminent imaging procedure. The coverslips were
washed three times with 2xSSC, once with 1xPBS and then left to dry off water residuals. The coverslips

were then mounted on ProLong Gold anti-fade reagent supplemented with DAPI for nuclear DNA staining.
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Plasmid constructions for RNA FISH probes

RNA FISH probes were specifically constructed to detect the primary microRNA (pri-miR) transcript. The
first step included the creation of eight different 1kb DNA fragments cloned into TOPO® TA vectors. The
purified BAC DNA was used as a template for the 1kb sequence amplification. The primer pairs
used for PCR amplification are listed on Table 4. The isolated fragments were cloned into a TOPO®
TA vector and transformed DH5a strain of E.coli cells by heat shock at 42°C for 90 seconds.
Transformed bacteria were plated on solid LB medium containing 100 pg/ml ampicillin and 50
pug/ml of X-Gal, B-galactosidase substrate and incubated at 37°C overnight. After blue-white
selection, white colonies further inoculated liquid LB cultures for small-scale plasmid DNA
isolation and cloning efficiency verification through restriction enzyme digestion. The restriction
sites of the TOPO® TA vector in use are cited in Figure 28. After screening all the aforementioned
clones, larger LB cultures followed in order to isolate the recombinant plasmids, have them
sequenced and use them for RNA FISH probe preparation. Plasmid DNA isolated was phenol-
chloroform purified and biotinylated using either the Biotin Nick Translation kit or the Biotin NT

labeling following the manufacturer’s instructions.
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microRNA

Forward primer 5'—>3’

Reverse primer 5’'—3’

gene

miR-181a1b1 CATGCGTCCTTGCAGTTCTTT GGATAACGGGGCAGGAAGTA
miR-181a2b2 GTGAGAGACCCAACAGCAG CCTGGAGCAGTACTTCCGTA
miR-150 CTAGGCTCTCAGGCAGTGTT GTCCTGGGACAGAGCAAAGA
miR-181c GGTCGATGGTTTGTCTGAGC GCAGGAGTTTCACACAAGCA
miR-142 GCCATTTCTGCCAACACACT CCCCAGGCTGTGTCTTAGTC
miR-146a AGCACTGTCAACCTGACACA GGACCAGCAGTCCTCTTGAT
miR-17/92 ACTTCTGGCTATTGGCTCCT AACTTCACCTAAGCCCCCAC
miR-155 CGGTTTGTGAGTCCCCAAAG ATGTCAGTCGAGAATGGCCG
miR-let7e CACCCTCCCTACTTCTGGTC AAAGGAACCAGGAGATGCCT

Table 4. Primer sets used for PCR amplification
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lacZa. ATG

M13 Reverse Primer | ___Sp6 Promoter * .
CAG GAA ACA GCT ATG ch ATG ATT ACG CCA AGC TAT TTA GGT GAC ACT ATA GAA
GTC CTT TGT CGA TAC TQG TAC TAA TGC GGT TCG Afl‘A AAT CCA CTG TGA TAT CTT

Nsil Hind Il Kpnl Sac| B:‘im'i I Spel

\ ' \
TAC TCA AGC TAT GCA TCA AGC TTG GTA CCG AGC TCG GAT CCA CTA GTA ACG GCC
ATG AGT TCG ATA CGT AGT TCG AAC CAT GGC TCG AGC CTA GGT GAT CAT TGC CGG

BstX| EcoR | EcoR | EcoR V

GCC AGT GTG CTG GAA TTC GCC CTT jf.Tol-§-FR¥ [T :AG GGC GAA TTC TGC AGA TAT

CGG TCA CAC GAC CTT AAG CGG GAL TTC CCG CTT AAG ACG TCT ATA
BstX | Not| Xho| Nsil Xbal Apal

| \ :
CCA TCA CAC TGG CGG CCG CTC GAG CAT GCA TCT AGA GGG CCC AAT TCG |CCC TAT

GGT AGT GTIG ACC GCC GGC GAG CTC GTA CGT AGA TCT CCC GGG TTA AGC |GGG ATA

T7 Promoter M13 (-20) Forward Primer

AGT GAG TCG TAT TAC AAT TCA CTG GCC GTC GTT TTA CAA CGT CGT GAC TGG GAA AAC
\ TCA CTC AGC ATA ATG TTA AGT GAC CGG CAG CAA AAT GTT GCA GCA CTG ACC CTT TTG

$ pPCR-TOPO"
2 3.9kb

Figure 28. Schematic representation of the 3973 nt pCR®ll- TOPO® cloning vector containing: LacZa gene: bases 1-
589, M13 Reverse priming site: bases 205-221, Sp6 promoter: bases 239-256, Multiple Cloning Site: bases 269-383,
T7 promoter: bases 406-425 M13 (-20), Forward priming site: bases 433-448, f1 origin: bases 590-1027, Kanamycin
resistance ORF: bases 1361-2155, Ampicillin resistance ORF: bases 2173-3033, pUC origin: bases 3178-3851.
(https://tools.thermofisher.com/content/sfs/vectors/pcriitopo_map.pdf)
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2.9 RNA-DNA Fluorescence in situ hybridization

(RNA-DNA FISH)

Cell preparation

All the buffers and solution used for the RNA-DNA FISH experiments were RNAse free. Initially cells were
seeded on sterile glass coverslips as previously described. Cells were then transferred on ice and washed
with ice cold 1X Phosphate-Buffered Saline (PBS) twice. For the cytoplasm removal, cells were treated for
either 2.5 minutes (thymocytes and CD4) and 3 minutes (Ty1 and T42 cells) with cytoskeletal buffer (CSK)
containing 100 mM NacCl, 300 mM sucrose, 3 mM MgCl2, 10 mM PIPES, 0.5% Triton X-100, 1ImM EGTA,
and 2 mM vanadyl-ribonucleoside complex. Cells were then fixed with 4% PFA in 1xPBS for 10 minutes,

washed three times with 70% ethanol and stored in 70% ethanol at -20°C until use.

Probe preparation for hybridization

100ng from each probe, 1ug mouse COT-1 DNA and 20 ug yeast transfer RNA were lyophilized using a
SpeedVAc (vacuum concentrator) for 15 minutes at 45°C. The pellet was resuspended in 5pl de-ionized
formamide and incubated at 37°C for one hour. Probe DNA was further denatured at 95°C for 10 minutes
and then thoroughly mixed with 5ul of 2x hybridization buffer (4xSSC, 20% Dextran sulfate, 2mg/ml
acetylated BSA, 50 mM Sodium Phosphate).

Cell preparation for hybridization

Cells were sequentially dehydrated with four washes of increasing ethanol concentrations (70%, 80%, 95%
and 100%) and briefly air-dried. Hybridization: each probe was placed separately on a glass microscope
slide and the cell-spotted side of the coverslip was flipped on top of the hybridization buffer, sealed with
rubber cement and incubated for 4 minutes at 73°C. The hybridization step continued for 12-16 hours in
a humidified hybridization chamber at 37°C. The steps following hybridization, important for the signal
amplification of pri-microRNA transcripts, were conducted using the TSA Biotin System kit according
to the manufacturer’s instructions. Specificity of RNA FISH probes was verified with hybridization upon
RNase treatment of cells. For RNase A treatment, the cells were incubated with 100pug/ml RNaseA for at

least 30 minutes prior to hybridization.
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2.10 Immunofluorescence

Cells were isolated, stimulated as previously described and seeded on sterile glass coverslips. Cells were
fixed in freshly prepared 2% PFA for 10 minutes at RT, permeabilized with 0.5% v/v Triton X-100/1xPBS
for 5 minutes and rinsed with 1xPBS. Cells were blocked in 1% w/v BSA/1xPBS for 30 minutes at RT,
incubated with the primary antibody for one hour at RT in a dark and humidified chamber, rinsed three
times in 1xPBS, incubated with the secondary antibody for 45 minutes at RT in a dark and humidified
chamber, rinsed three times with 1xPBS and left to air-dry off water residuals. Finally, the coverslips were

mounted with ProLong Gold antifade reagent supplemented with DAPI for nuclear DNA staining.

Antibodies

DROSHA Rabbit anti-mouse: Abcam, ab12286

e LAMINA/C Rabbit anti-mouse: Abcam, ab108922
e LAMINB1 Goat anti-mouse: Santa Cruz, sc-6217
e DGCRS8 Rabbit anti-mouse: Abcam, ab36865

e p-Polll Rabbit anti-mouse: Santa Cruz, sc-13583

e SATB1 Goat anti-mouse: Santa Cruz, sc-5990

2.11 Immunofluorescence combined with DNA FISH

Cell preparation for IF/DNA FISH

Cells were seeded on sterile glass coverslips, and stimulated as previously described. Cells were fixed in
freshly prepared 2% PFA for 10 minutes at RT, permeabilized with 0.5% v/v Triton X-100/1xPBS for 7
minutes and rinsed with 1xPBS. Cells were then blocked in 1% w/v BSA/1xPBS for 30 minutes at RT,
incubated with the primary antibody for one hour at RT in a dark and humidified chamber, rinsed three
times in 1xPBS, incubated with the secondary antibody for 45 minutes at RT in a dark and humidified

chamber and rinsed three times with 1xPBS.
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Probe preparation for hybridization

100ng from each DNA probe and 1ug mouse COT-1 DNA were lyophilized using the Concentrator plus for
15 minutes at 45°C. The pellet was resuspended in 5ul de-ionized formamide and incubated at 37°C for
one hour. Probe DNA was further denatured at 95°C for 10 minutes and then thoroughly mixed with 5pl
of 2X hybridization buffer (4xSSC, 20% Dextran sulfate, 2mg/ml acetylated BSA, 50 mM Sodium
Phosphate).

Cell preparation for hybridization

Cells were dehydrated with four washes of increasing ethanol concentrations (70%, 80%, 95% and 100%).
The coverslips were briefly air-dried and then incubated with denaturation buffer (70% de-ionized
formamide, 2xSSC, pH7, pre-warmed at 73°C) for 5 minutes at 73°C. The cells were again dehydrated in
increasing concentrations of ice-cold ethanol. Hybridization: each probe was placed separately on a glass
microscope slide and the cell-spotted side of the coverslip was flipped on top of the hybridization buffer,
sealed with rubber cement and incubated at 72°C (CD4 cells), at 73°C (thymocytes) and at 74°C (Ty1 and
Tu2 cells) for 4 minutes. The hybridization step continued for 12-16 hours in a humidified hybridization
chamber at 37°C. After the completion of hybridization, washing steps were performed to eliminate the
background noise in the imminent imaging procedure. The coverslips were washed three times with
2xSSC, once with 1xPBS and then left to dry off water residuals. The coverslips were then mounted on

ProLong Gold antifade reagent supplemented with DAPI for nuclear DNA staining.

2.12 Immunofluorescence combined with RNA-DNA FISH

Cell preparation for IF/RNA-DNA FISH

All the buffers and solution used for the IF combined with RNA-DNA FISH experiments were RNAse free.
Cells were seeded on sterile glass coverslips, and stimulated as previously described. Cells were fixed in
freshly prepared 4% PFA for 10 minutes at RT, permeabilized with 0.5% v/v Triton X-100/1xPBS for 7
minutes (thymocytes, CD4, Tyl, T2 and BMDMs) and rinsed with 1xPBS. Cells were then blocked in 1%
w/v BSA/1xPBS for 30 minutes at RT, incubated with the primary antibody for one hour at RT in a dark
and humidified chamber, rinsed three times in 1xPBS, incubated with the secondary antibody for 45

minutes at RT in a dark and humidified chamber and rinsed three times with 1xPBS.
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Probe preparation for hybridization

100ng from each probe, 1ug mouse COT-1 DNA and 20 ug yeast transfer RNA were lyophilized using the
Concentrator plus for 15 minutes at 45°C. The pellet was resuspended in 5ul de-ionized formamide and
incubated at 37°C for one hour. Probe DNA was further denatured at 95°C for 10 minutes and then mixed
thoroughly with 5pl of 2x hybridization buffer (4xSSC, 20% Dextran sulfate, 2mg/ml acetylated BSA, 50
mM Sodium Phosphate.

Cell preparation for hybridization

Cells were sequentially dehydrated with four washes of increasing ethanol concentrations (70%, 80%, 95%
and 100%) and briefly air-dried. Hybridization: each probe was placed separately on a glass microscope
slide and the cell-spotted side of the coverslip was flipped on top of the hybridization buffer, sealed with
rubber cement and incubated for four minutes at 73°C. The hybridization step continued for 12-16 hours
in a humidified hybridization chamber at 37°C. After the completion of hybridization, washing steps were
performed to eliminate the background noise in the imminent imaging procedure. The coverslips were
washed three times with 2xSSC, once with 1xPBS and then left to dry off water residuals. The coverslips
were then mounted with ProlLong Gold antifade reagent supplemented with DAPI for nuclear DNA

staining.

2.13 Chromosome Painting combined with DNA FISH

Cell fixation and DNA BAC probe preparation was performed as for the DNA-FISH experiments. FITC-
labeled Paint of mouse chromosome 11 and 17 was warmed at 37°C, added to the probe mix with 10l of
chromosome paint hybridization buffer and incubated at 37°C for 10 minutes. Probes were denatured for
10 minutes at 70°C, followed by a 30 minutes incubation at 37°C. Cells were dehydrated using an ethanol
series (twice with 70% EtOH for 2 minutes, twice with 90% EtOH for 2 minutes and once with 100% EtOH
for 5 minutes at RT) and briefly dried at 37°C. The coverslips were then incubated with denaturation buffer
(70% de-ionized formamide, 2xSSC, pH7, pre-warmed at 73°C) for 5 minutes at 73°C. Cells were again
dehydrated in increasing concentrations of ice-cold ethanol (twice with 70% EtOH for 2 minutes, twice
with 90% EtOH for 2 minutes and once with 100% EtOH for 5 minutes at RT) and briefly air-dried.

Hybridization: each probe was placed separately on a glass microscope slide and the cell-spotted side of
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the coverslip was flipped on top of the hybridization mix, sealed with rubber cement and incubated at
72°C (CD4), at 73°C (thymocytes) and at 74 (Tul and Tu2 cells) for 4 minutes. The hybridization step
continued for 12-16 hours in a humidified hybridization chamber at 37°C. After the completion of
hybridization, washing steps were performed to eliminate the background noise in the imminent imaging
procedure. The coverslips were washed three times with 2xSSC, once with 1xPBS and then left to dry off
water residuals. The coverslips were then mounted with ProLong Gold antifade reagent supplemented

with DAPI for nuclear DNA staining.

2.14 a-Amanitin treatment

In order to block transcription, a-Amanitin, an RNA Polymerase Il inhibitor was used. Thymocytes, CD4
and Tx2 cells were treated with Click’s medium supplemented with 50ug/ml a-amanitin and 20-50 U/ml
IL-2 for 6 hours at 37°C. A second group with the same cell subtypes (thymocytes, CD4 and Ty2) was used
as a control. Cells were rinsed with 1xPBS, seeded on sterile glass coverslips, stimulated and prepared for

RNA/DNA FISH experiments and gPCR assays as previously described.

2.15 Microscopy and quantitative 3D image analysis

FISH and IF signals were examined on a Leica TCS SP8 confocal microscope unit. Using a 63x objective,
images of ~35 optical sections were captured with a step of 250nm and acquired at different As. A 405nm
laser was used to excite and detect DAPI staining, a 561-nm laser was used to excite and detect Alexa
Fluor 568, a 488-nm laser was used to excite and detect Alexa Fluor 488 and a 633nm laser was used to
excite and detect Alexa Fluor 647 in separate sequence to avoid bleed through in different channels.
Images were analyzed with the use of Volocity software (Perkin Elmer). The Volocity 3D Visualization
module has the ability to visualize, identify, quantify and separate objects between them (ex. nuclei and
DNA-FISH or IF signals) as shown in Figure 29. Ecxept from the ability to position the viewing point either
outside or inside the 3D object, Volocity can determine the distances between nuclear sub-compartments
from 3D reconstructed images. Volocity can determine the volume of the cells and distinguish the
distances between the center of the fluorescent signal (alleles) and the edge of the nucleus as defined by
DAPI staining. All distances between microRNA gene alleles were determined from the center of the two

alleles until the edge of the cell borders, for all DNA, RNA FISH and IF experiments.
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Figure 29. A) Equation used for the calculation of cell volume. B) 3D distance measurements conducted with
Volocity 3D Image Analysis Software were normalized, in 10 homocentric shells for each allele from miR genes
and TNFa. ND=1 defines the maximum distance, whereas ND=0 defines the minimum distance of an allele from
the nuclear periphery. C) Confocal microscopy image representing hybridization of a mirR gene (red) in
thymocytes (DAPI staining blue). D, E and F present confocal microscopy images deconvoluted with the Volocity
software from 3D DNA FISH experiments.

The absolute distances were normalized by the cell radius, which was determined by the equation shown
in Figure 29B. In order to analyze and visualize the normalized distances, we clustered them in 10

isocentric circles of equal area (0-0.1, 0.1-0.2, 0.2-0.3, 0.3-0.4, 0.4-0.5, 0.5-0.6, 0.6-0.7, 0.7- 0.8, 0.8-0.9,
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0.9-1) as presented in Figure 29B, where 0 and 1 are determined as nuclear periphery and nuclear center
respectively. The aforementioned measurements have only been performed for images depicting nuclei
with two signals (alleles) and having an intact 3D architecture. Moreover, only nuclei showing similar
volumes between different biological replicates were used in order to avoid experiments with swollen
nuclei. For all cell types under investigation, at least 200 nuclei were analyzed per each DNA and RNA FISH
experiment. Furthermore, positions of microRNA genes relative to LMNB1 were also determined through
the analysis of 3D datasets using Volocity. microRNA gene and LMNB1 colocalization was determined
either by juxtaposition and a partial overlap of red and green pixels or a complete overlap between red
and green pixels (red: DNA FISH probes and green: LMNB1). The distances of DNA-FISH signals from the

nuclear periphery were analyzed by two independent investigators.

2.16 Statistical analysis

The statistical significance of distances (between alleles and the cell periphery) but also of gene
relocalization during differentiation was assessed using the non-parametric two tailed Kolmogorov-
Smirnov (KS) test. The analysis was performed by the SPSS Statistics software. When a D value [maximum
distance of the cumulative distribution functions (CDF) of the two samples] was attributed above zero
(0<D<1) and a p value was equal to or lower than the significance level of 0,05 then the distributions were
considered as significantly different. In that case it was considered that the null hypothesis of the two
distributions in comparison being similar, was rejected. All graphs presented in this thesis have been
designed by using the SigmaPlot and GraphPad Prism 6 software. The reported p and D values were
calculated with the XL-STAT and GraphPad Prism 7 software package. Welch’s T-test was used to test
significant differences between microRNA within and outside of cLADs. Pearson r was used to study the
linear correlation between microRNA within or outside cLADs and gene density. Pearson’s r was used to
measure the linear correlation between two variables. The coefficient varies from -1 _r 1. wherear=
1 was a perfect positive correlation, r = -1 was perfect negative correlation and r _ +0.7 was strong, r =
0.5 - 0.7 was moderately strong and r = £0.3 - 0.5 was weak and r = 0 — 0.3 was no linear relation.
Quantitative differences for all gPCR assays were presented as a mean of the triplicates with standard
deviation (£SD). For data presentation, graphs were designed using GraphPad Prism 7 and Sigma Plot

Software.
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2.17 Bioinformatic analysis of microRNA cLAD/ciLAD co-
localization characterization and distance distribution
assessment

Datasets used for the analysis of microRNA cLAD/ciLAD co-localization: mouse pre-microRNA gene
coordinates were downloaded from miRBase (Release 21) for four different species (mouse: Mus
musculus, human: Homo sapiens, fly: Drosophila melanogaster, worm: Caenorhabditis elegans). LAD
coordinates for the same species were obtained from published DamID experiments in human (Guelen et

al. 2008), mouse(Peric-Hupkes et al. 2010), fruit fly (Pickersgill et al. 2006) and worm (lkegami et al. 2010)

respectively. For the mouse genome we obtained constitutive LAD domains through comparison of four

different tissues (Peric-Hupkes et al. 2010). For the same genome and from the same experiments we

obtained the constitutive inter-LAD (ciLAD) domains, termed as the regions that constitute domains
intervening defined LADs in the aforementioned tissues studied. Coordinates for both microRNA and
cLAD/ciLAD were converted to hg19 (human), mm9 (mouse), dm3 (fly) and ce10 (worm). Protein coding
gene coordinates were obtained from the UCSC Genome Browser under the RefSeq catalogues of Genes
and Gene Prediction Tracks. For human and mouse genomes we made use of EBI’s Expression Atlas to
define constitutive protein coding genes. Human constitutive genes were called the ones which were
designated as highly expressed in at least 80% of the 32 studied tissues, while tissue-specific ones were
called on the basis of the corresponding percentage being less than 10%. For the mouse genome as only
6 tissues were available we only called constitutive genes the ones belonging to the top 10% of expressing
genes in all 6 tissues. Analysis of microRNA overlap with cLAD and ciLAD: overlap enrichment analysis was
conducted as follows. The total overlap percentage between microRNA gene loci and cLAD/ ciLAD was

calculated through the intersection of the two coordinate files, using BEDTools (Quinlan and Hall 2010)

intersect function. The enrichment of the observed overlap was calculated as the ratio over an expected
value obtained through a simple calculation of intersection, based on the genome coverage percentage
of each of the two coordinates. Following this analysis, enrichment values greater than 1 correspond to a
greater overlap than the one expected by chance, indicative of co-localization preference. Values below
1 are indicative of an avoidance of colocalization preference. The significance of the enrichment values

was calculated in all cases on the basis of a permutation test as previously described (Andreadis et al.

2014). The microRNA gene coordinates were shuffled in the genome in random positions, keeping the
distribution of sizes and number of elements unchanged and the observed overlap was calculated. This

process was repeated for 1000 such permutations and p-values were set as the ratio of times an overlap
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as big (or as small) as the initial one was found in the total number of trials (N = 1000). In cases where not
even a single random permutation yielded such a high (or low) overlap value, p-value was set to be
boundary (for instance, if a cLAD was 100 kb and a microRNA gene locus was lying >100 kb upstream or
downstream of its closest boundary, the microRNA gene was discarded from the analysis). We then scaled
the obtained distances by dividing over the cLAD/ciLAD size in order to accommodate the variability in
domain sizes. In this way, a microRNA gene locus could either: a) lie within the domain and thus be no
farther than half the domain size from its closest boundary, or b) lie outside of the domain and thus, by
definition, not farther than one full domain length. As there is no reason to assume a directional effect
that distinguishes between the domain boundaries or upstream/downstream localization, we took all
distances within the domains as positive and all distances from outside the domain as negative. In this
way the scaled microRNA-cLAD/ciLAD distances were defined in a range of [-1, 0.5], with -1 being the
farthest possible element outside the domain, 0 being the boundary and 0.5 being the farthest possible
towards the center of the domain.The software named LADIMIR was used for the spatial analysis of
microRNA genes and lamina associated domains (LADs) and to explore the microRNA/LADs colocalization
and genomic context. Perl programming language was used for all analytical purposes and algorithms,
where data visualization and user interface where created using the web programming tools: HTML, CSS
and JavaScript. The platform used to run the software was an Intel(R) Core(TM) i7-4500 CPU @ 1.80GHz
2.40 GHz, 8.00 GB of RAM, with a 64-bit Windows 10 home operating system. Strawberry Perl for MS
windows v.5.20.3.2 (64bit) was used as a Perl environment. All datasets where obtained from
independent sources. LAD data have occurred from DamID experiments in four different species Mus
musculus, Homo sapiens, Caenorhabditis elegans and Drosophila melanogaster. LAD data were acquired

from their original publication, LMNB1 in Mus musculus (assembly mm9) from (Peric-Hupkes et al. 2010),

for C.elegans (cel0) (lkegami et al. 2010), for D.melanogaster (dm3) from (van Bemmel et al. 2010) and

for LMNB1 from Homo sapiens (hgl9) was taken from (Guelen et al. 2008). A USSC genome browser tool

called LiftOver, was used in order to convert mouse mm9 assembly to mm10 and human hg19 to hg38,
by using default parameters. All micro-RNA data were acquired from miRbase.org and gene sets where
obtained from the Ensemble database. Two main algorithms where created to first identify
microRNA/cLAD colocalization and second to generate microRNA gene genomic context. microRNA genes
where conceived to be in one of three states: 1) fully within LAD, 2) partially (both shared the same

classification), and 3) outside LAD.
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2.18 Analysis of microRNA and mRNA loci overlaps with
nucleoporins

An overlap analysis was performed in a way similar to the one described for the cLAD/ciLAD regions. This
time the compared coordinates were the ones of protein-coding and microRNA gene loci against the

nucleoporin peaks as provided by publicly available datasets.

2.19 Enrichment of DGCRS8 signal in microRNA against mRNA
gene loci

Data were compared as distributions of mean signals for the two types of genes. An aggregate
score analysis was conducted through the calculation of average signal values over the genomic regions
defined by the gene loci in the following way. DGCRS signal provided as bigWig scores were extracted for
regions corresponding to the coordinates of a microRNA or mRNA gene locus and then an arithmetic mean
was calculated for each locus. A mean aggregate DGCR8 score was thus corresponding to the gene body
of each locus. BigWig score aggregation was performed with the use of a suitably adjusted script which

implements the bigWigSummary UCSC utility.

2.20 RNA/GRO-seq analysis

Depending on the dataset used in each analysis, either normalized gene counts (RPKM) or continuous
signal values (in the case of GRO-seq) were implemented. In the case of RNA-seq RPKM values were
assigned to each gene that was included in the public dataset. For GRO-seq, provided as continuous scores
in the form of bigWig files, we calculated a mean aggregate score along the region that corresponded to

each locus’ coordinates as described above.
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2.21 GEO accession numbers of datasets used for comparative-
analyses:

Method used | GEO
LaminB1 DamlID-seq GSE8854
LaminB1 DamlID-seq GSE17051
LaminB1 DamlID-seq GSES5089
LEM-2 ChiIP-seq GSE25933
RNA-seq GSM2095053
RNA-seq GSM2095060
RNA-seq GSM1120730
RNA-seq GSM1120731
RNA-seq GSM1120732
RNA-seq GSM940701
GRO-seq GSE27037
NUP 153 DamlID-seq GSE64008
NUP-98 ChIP-seq GSE48996
NUP-93 DamID-seq GSE87831
DGCRS8 ChiP-seq GSM2389981

Table 5. GEO numbers used for comparative analysis

[98]



2.22 Chromatin Immunoprecipitation (ChIP)

ChIP was performed on sonicated chromatin prepared from thymocytes and TEPMs using standard
procedures. Chromatin was prepared from 4x10° cells. Cells were fixed in fixation buffer (50 mM HEPES-
KOH pH 7,5, 100 mM NaCl, 1 mM EDTA pH 8, 0,5 mM EGTA, pH 8, 1% formaldehyde) for 10 minutes. The
fixation reaction was quenched by the addition of 125 mM glycine for 5 minutes on ice under agitation.
Fixation was followed by cell lysis (10mM TrisHCI pH 7.5, 10mM NaCl, 3mM MgCl;, 0.5% NP40, 1mM
PMSF) for at least 15 minutes. Then the cells were centrifuged at 2000g for 5 minutes at 4°C twice. Lysates
were resuspended in sonication buffer (50mM Hepes pH 8.0, 150mM NaCl, 5mM EDTA pH 8.0, 0.5mM
EGTA pH 8.0, 0.3% SDS, 0.1% Na-deoxycholate, 1ImM PMSF).

Chromatin shearing: 1ml of chromatin was sonicated on ice to produce 300-800 bp chromatin fragments
as shown in Figure 29 by using the Covaris S220 Focused-ultra sonicator instrument. Chromatin was
sonicated for 15 minutes with the length of the intervals being 60 seconds on/10 seconds off. The
instrument’s parameter settings used by default were Peak value at 140, Duty factor value at 5.0 and
cycles/burst value at 200. 10ul of the sheared soluble chromatin solution was used in order to check the

shearing efficiency and the rest was kept at 4°C.

Shearing efficiency: 10ul of chromatin were added to lysis buffer (50mM Tris pH8, 10mM EDTA pHS,
0.2M NaCl, 1% SDS) and incubated at 65°C for 4 hours. 100mg/ml RNase A was added to the sample and
incubated at 37°C for one hour and then the sample was proteolysed with 20mg/ml proteinase K at 55°C

for two hours. DNA was recovered upon Phenol-Chloroform extraction and ethanol precipitation.

Immunoprecipitation (IP): before each IP the sheared soluble chromatin solution was firstly centrifuged
at 14.000 rpm for 5 minutes at 4°C 1/100 of the sheared chromatin was isolated and stored at -20°C in
order to be used as an input control. For each IP 2 ug chromatin was diluted in ChIP dilution buffer (10mM
Tris pH 8.0, 1ImM EDTA pH 8.0, 100mM NaCl, 1% Triton-X, 1mM PMSF) to a final volume of 3mL so that
the concentration of SDS was reduced (0,1% final). Chromatin was incubated with 10 pg of antibody and
IgG (normal mouse 1gG). Prewashing of protein G-Dynabeads was repeated three times in ice cold 0,01%
Tween-20/ 1xPBS and finally pre-blocked for 30 minutes at 4°C with 1% BSA/1xPBS. The sample was then
centrifuged at 14.000 rpm for 5 minutes at 4°C in order to avoid aggregates. Per each IP sample 100pl
beads were added, incubated for four hours under rotation at 4°C in order to bind the specific chromatin-

antibody complexes. Upon IP, the beads were washed twice with high salt buffer (20mM Tris pH=8,
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500mM NaCl, 2mM EDTA, 0.1% SDS, 1% Triton X-100, 1mM PMSF), low salt buffer (20mM Tris pH=8,
150mM NaCl, 2mM EDTA 0.1% SDS 1% Triton X-100, 1mM PMSF) and lithium chloride buffer (10mM Tris
pH=8, 250mM LiCl, 2mM EDTA,1% NP-40, 1ImM PMSF). The beads were washed at 4°C under rotation in
1ml of each washing buffer for three minutes. At the end, the beads were resuspended in 250 pl Elution
buffer (50 mM Tris-HCl pH 8, 10 mM EDTA, pH 8, 1% SDS) and crosslinks were reversed overnight at 65°C.
After de-crosslinking, beads were removed and the eluents were isolated and diluted with TE buffer
(10mM Tris-HCI pH 8, 1ImM EDTA pH 8). Input and bound fractions were treated with 100mg/ml RNase A
at 37°C for one hour and then with 20mg/ml proteinase K at 55°C for three hours. The precipitated DNA
was purified using the Qiagen PCR clean-up kit (Qiagen, UK). The Purified DNA was resuspended in 20ul
ddH20 and its concentration was determined with a Qubit fluorometer by using the Qubit® dsDNA HS

assay kit.

800bp

Figure 29. Depiction of thymocytes
derived sheared chromatin (200-800bp)
upon sonication for 15 minutes with a
Covaris instrument.

gPCR evaluation of ChIP experiment: The primer sets used for ChIP DNA evaluation were based on
previous publications from ChIP-on-chip experiments for DROSHA. T cells specifically expressed pre-miR
sequences were used as positive control regions, whilst as negative control regions pre-miR sequences of

non-expressed microRNAs or non-expressed coding gene sequences in T cells (Morlando et al. 2008;
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Gromak et al. 2013). The primer sets used in ChlP assays are presented in Table 6. The gPCR reaction was

carried out with 4 pul DNA, 0.4 uM each forward and reverse primer and 1xSYBR Jump-Start reaction mix
in a total volume of 20 pl. PCR cycles were set on and run through Opticon 1/2 program (MJ Research)
connected to a PCR cycler. Each PCR cycle consisted of the initial activation of Taq polymerase at 94°C for
2 minutes, 40 cycles of denaturing (94°C for 30 seconds), annealing (60°C for 30 seconds) and extension
(72°C for 30 seconds). The fluorescence intensity was indicated at 75, 78, 80 and 82°C after each cycle.
The analysis of resulting C(t) values was performed using the Opticon1/2 software. The amplification
threshold was set to 0.1, at which PCR amplification curves were still in a linear range on a logarithmic
scale. C(t) values for samples and those for serial dilutions of input DNA were read at this point. Standard
calibration curves were generated by plotting C(t) values against log (arbitrary DNA concentration). This
represented a linear correlation between C(t) and log(DNA concentration) with R? value >0.95. The
arbitrary DNA concentration of each sample was calculated using equations generated from the

calibration curves. The resulting DNA concentration of samples was normalized against input.

micro RNA Forward primer 5'—>3’ Reverse primer 5'—3’
gene

Positive miR-155 TGAAGGCTGTATGCTGTTAATGC ATGCTAACAGGTAGGAGTCAGTC
control

regions

miR-146a GCTATCCCAGCTGAAGAACTGA | TCTGAGAACTGAATTCCATGGGTTA
Negative | miR-17/92 TCCATAGTTGTGTTTGCAGCC AAGTAAATAGCAGGCCACCATC
control
regions

Olfr 303 GGGCCACAGAAGTTTAGCTG CGCCCTCTGCATTACTCAC

Table 6. qPCR primer sets used on precipitated DNA from DROSHA ChIP experiment in thymocytes.
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2.22.1 Chromatin Immunoprecipitation sequencing (ChIP-seq)
library preparation and bioinformatics analysis

The library preparation for ChlPseq experiments was carried out in the Greek Genome Center (GGC) of
Biomedical Research Foundation of Academy of Athens (BRFAA) according to the manufacturer protocol

as described (Ford et al. 2014). Briefly, 10-20ng of Immunoprecipitated Chromatin DNA was incubated

with T4 DNA polymerase Klenow Fragment and T4 DNA Polynucleotide Kinase in order to generate blunt
ends. Treatment of blunt-ended DNA fragments with Klenow (3' to 5') exonuclease in the presence of ATP
resulted in the addition of a single 'A' nucleotide to the 3' ends of the DNA fragments. lllumina adapters
bearing a single-base 'T' overhang ligated with the A-tailed DNA in the presence of DNA ligase. In order to
convert the Y-shaped adapters to linear dsDNA the ligated fragments were 5 cycles PCR-amplified. The
PCR products were purified and size-selected (200-500bps) by agarose gel electrophoresis. The accurate
number of PCR cycles that was required for equal enrichment of each sample was defined by gPCR. The
template size distribution of each final PCR-amplified DNA library was estimated using an Agilent
Bioanalyzer DNA 1000 chip while its DNA concentration was quantitated using the Qubit® dsDNA HS Assay
Kit. A 1.8 pM pool of equal represented DNA libraries was loaded and sequenced to Nextseq 500 platform
using Illlumina NextSeq® 75 c kit. Single-end 85 bp reads for Drosha IP and Input from thymocytes and
peritoneal macrophages were generated with NextSeq500 in the GGC. All ChIPseq data were aligned to
the mouse genome version NCBI-37/mm9 with the use of bowtie2 (version 2.1.0) and «--very-sensitive»

parameter. Samtools (version 0.1.19) (Langmead and Salzberg 2012) were used for data filtering and file

format conversion. The MACS (version 1.4.2) algorithm (Zhang et al. 2008) was used for peak calling with

input as control. Gene annotation and genomic distribution of the peaks identified by MACS was

performed with bedtools (Quinlan and Hall 2010) and graph representation (heat maps) of the tag read

density around TSS was performed with the seqMiner (version 1.3.3) software (Ye et al. 2011). ChlPseq

data have been deposited in the Short Read Archive (SRA) under the accession codes SRPXXXX1.
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Reagents

Product name Company Catalog number
a-Amanitin Sigma A2263
Acetylated BSA Ambion AM 2614-G1
Biotin Nick Translation kit ROCHE 11 745 824 910
Biotin NT labelling kit Jena Biosciences PP-310-BIO16
CD4 MicroBeads Miltenyi Biotech L3T4 130-49-201
CHIR99021 SELLECKCHEM SI1263
CLICK’s medium SIGMA C5572
COT-1 DNA Invitrogen 18440-016
DAPI Invitrogen, Molecular Probes P-36931
DEPC-treated water Ambion AM9922
Dextran sulfate Millipore S4030
DGCR8 Rabbit anti-mouse Abcam ab36865
DNase | New England Biolabs MO0303L
DROSHA Rabbit anti-mouse Abcam ab12286
Dulbecco's Modified Eagle's GIBCO 41966
Medium

Fetal bovine serum GIBCO 10270
Formamide Ambion AM9342
HEPES BIOSERA LM-52030/100
IL-12 (p70) BD Pharmingen 554592
IL-2 BD Pharmingen 550069
IL-4 R&D MAB 404
LAMINA/C Rabbit anti-mouse Abcam ab108922
LAMINB1 Goat anti-mouse Santa Cruz sc-6217
leukemia inhibitory factor CHEMICON ESG 1107 ESGRO LIF
L-Glutamine GIBCO 15030
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Product name Company Catalog number

Luminol Enhancer Solution Thermo Fischer 32106
MACS separation columns Miltenyi Biotech LS 130-042-401
M-MuLV Reverse Transcriptase NEB M0253S
Mouse COT-1 DNA Invitrogen 18440-016
PFA 16% aqueous solution Electron Microscopy 30525-89-4

Sciences

PD0325901 SELLECKCHEM S1036
Penicillin and streptomycin GIBCO 15140122
p-Polll Rabbit anti-mouse Santa Cruz sc-13583
Protein Assay Dye Reagent Concentrate BIO-RAD 500-0006
Purelink PCR purification kit Invitrogen K31001
RNaseA Qiagen 151045750
Anti-SATB1 Santa Cruz SC-5990

Spectrum Orange/Green dUTP

Abbott Molecular

02N33-050/02N32-050

SYBR Green PCR Master mix Applied Biosystems 4309155
TOPO® TA vector Invitrogen 10351-021
TOPO® TA vectors Invitrogen 45-0640
TRI-REAGENT SIGMA T9424
TSA Biotin System Perkin Elmer NEL700A001K
Vanadyl-ribonucleoside complex NEB $1402S
Vysis Nick Translation kit ABBOT 07J00-001
XMG1.2 R&D MAB 4851
Yeast transfer RNA Ambion AM 7119
aCD-28 R&DMAB 4831
aCD3 R&D MAB 484
B-mercaptoethanol SIGMA 63689
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To unravel the mechanistic aspects of microRNA gene transcriptional regulation we studied the expression
profile and subnuclear organization of microRNA gene loci in murine T lymphocytes. All experiments
presented in this thesis were conducted in four distinct T cell subtypes: thymocytes, CD4, Tyl and Tu2
cells. Upon differentiation of CD4 cells under the proper conditions, cells were re-stimulated for one hour

as previously described.

In consideration of the complete and appropriate differentiation into Tyl and Tu2 cells, upon every single
differentiation experiment the terminally differentiated cells were analysed for the expression of specific
cytokine genes by qPCR. For Tyl cells, we analyzed the expression levels of the Ifny cytokine gene, while
for T2 cells the expression of the /4 gene (Figure 30). According to the published literature, Tyl cells
posses high steady state mRNA levels of IFNy, Tu2 cells express high levels of IL-4 while naive CD4 cells do

not express any of these cytokine genes.

14 Ifny

0.0007 - 0.035

0.0006 - 0.03
% 0.0005 - 0.025
£ 0004 - = 0.02

0.0003 - £ 0.015

0.0002 - T 0.01

0.0001 - '|' 0.005

0 0 i
cp4 TH1 TH2 cp4 TH1 TH2

Figure 30. Quantitative analysis of Ifny and /-4 cytokine gene expression in distinct T cell lineages before
and after differentiation as deduced by qRT-PCR.

3.1 Detection of primary-microRNA transcripts in T cells

Quantitative PCR was used to detect the pri-microRNA levels in thymocytes, CD4, Tyl and Tw2
cells. Total RNA was extracted for all cell types (for Tyl and Tu2 cells upon restimulation of
terminally differentiated cells with anti-CD3 antibodies for one hour). Reverse transcription of
every cell type provided the cDNA needed for gPCR. Pri-microRNA transcripts were normalized

to the housekeeping gene Hprt1 mRNA levels.
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We detected higher expression levels, across all tested microRNAs, in differentiated cells (Tul
and Tu2) in comparison to the other cell types (thymocytes and CD4 cells) (Figure 31). miR-17-92
was the only microRNA gene for which we detected a lower expression in differentiated cells,
which can be explained by the fact that miR-17-92 is highly expressed during thymocytes
development. Relatively uniform pattern of low expression in thymocytes exhibited miR-
181a1b1, miR-181c, miR-146a and miR-155. On the contrary, miR-181a2b2, miR-17-92 and miR-
142 showed high expression in thymocytes. Tyl cells showed a microRNA profile quite similar
with those of T2 cells. miR-181-al1b1, miR-181c, miR-181a2b2 and miR-142 were highly
expressed in both Tyl and Tu2 cells. Expression of miR-155 in CD4 and Tl cells was highly

expressed compared to thymocytes and Tn2 cells with more than an 8.5-fold difference.
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Figure 31. Quantification of pri-microRNA expression levels in distinct T cell
lineages before and after differentiation.
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3.2 Single cell analysis of primary-microRNA gene
expression

To study the primary-microRNA gene expression profile at the single cell level, we performed RNA/DNA-
FISH experiments in three-dimensionally preserved cell nuclei. Eight microRNA gene loci (miR-181a1b1,
miR-181a2b2, miR-181c, miR-142, miR-146a, miR-17-92, miR-155 and miR-let7e) were selected which are
expressed during the murine lymphoid cell development. Experiments were performed in thymocytes,
CD4, Tul and Tx2 cells. Fluorescently labeled probes were used to hybridize with the nascent endogenous
microRNA loci with simultaneous hybridization of BAC DNA probes to the corresponding gene locus. The
3D RNA/DNA-FISH method that we used allowed us to study the subnuclear localization of genes in
relation to the nuclear space, and it permitted the maintenance of the three-dimensional structure of the
cell. By using this method, we could simultaneously detect the newly synthesized mRNA transcript as well

as the DNA of the two alleles.

1kb biotinylated DNA FISH probes (as previously described) were used for the detection of the nascent
microRNA transcript. To confirm whether the fluorescent signals that we visualized were not an artifact,
such as hybridization with the genomic DNA, but was due to the hybridization of the DNA FISH probe with
the nascent RNA, we treated the cells with RNase-A treatment before the hybridization. In the presence
of RNase-A, the nascent RNA was eliminated and only DNA FISH signals could be detected as presented
in Figure 32. The absence of the RNA signals in the RNase-A treated cells confirmed that the signals from

the non-treated cells were undoubtedly due to nascent microRNA expression.

Moreover, to confirm that the microRNA signals were not due to the cloning vector sequence
hybridization we also performed RNA-DNA FISH experiments by hybridizing with the labeled cloning

vector without any inserts as shown in Figure 32.
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DAPI DNA RNA merge
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Figure 32. Representative confocal microscopy images of RNA-DNA FISH experiments for microRNA gene loci (DNA
- red) with the respective nascent pri-microRNA transcript (green) in thymocytes (DNA counterstained with DAPI-
blue). The upper two panels depict mono- and biallelically expressing cells. The third panel presents RNA-DNA
hybridization with the TOPO-TA cloning vector while the last row depicts RNA-DNA FISH hybridization after RNAse-
A treatment of the cells.
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3.3 microRNA genes are monoallelically expressed in T
cells

To assess, at the single cell level, the allelic expression profile of microRNA genes in T cells, we performed
RNA-DNA FISH experiments in mouse thymocytes, CD4*, Tyl and Tx2 cells. Biotinylated DNA FISH probes

were utilized to detect the newly synthesized pri-microRNA transcript.

Cells were isolated as described in the Materials and Methods section. Experiments were repeated twice
for each cell type and more than 150 cells were analyzed for each independent experiment. RNA-DNA
FISH experiments were conducted in CSK (CytoSKeletal buffer)-treated cells in order to remove the
cytoplasm and enhance probe penetration to the complementary nascent microRNA in the nucleus. Only
microRNA signals colocalized with the respective microRNA gene locus (DNA) were evaluated and
processed for downstream analysis considering that only these signals were the newly synthesized
primary transcripts of the microRNA genes as shown in Figure 34. Moreover, all the images shown in
Figure 34, are presented from a single focal plane, although extensive z-stack images were recorded to

analyze a 3D single cell.

As summarized in Figure 35 the RNA-DNA FISH experiments in mouse T cells indicate a profound tendency
for monoallelic microRNA gene expression. microRNAs are mostly monoallelically expressed in
thymocytes, CD4*, Tyl and Tu2 cells. In thymocytes we found that 40% of the cells express miR-181albl
and mir-146a in a monoallelic manner, while more than 20% of thymocytes monoallelically expressed
miR-181a2b2, miR-181c, miR-142 and miR-17-92. Biallelic expression in thymocytes was extremely low
with less than 3-5% of the cells expressing miR-181a1b1, miR-181, miR-146a and miR-17-92 in a biallelic
manner. Biallelic expression of miR-181a2b2, miR-142, miR-155 and miR-let 7e in thymocytes was almost

not detected by the RNA-DNA FISH methodology.

CD4 cells exhibited a totally different expression profile of microRNA genes compared to thymocytes.
More than 25% of CD4 cells monoallelically expressed miR-181a2b2, miR-142, miR-146a and miR-17-92,
while less than 10% of the cells showed monoallelic expression for miR-181c, miR-155 and miR-let-7e. Less

than 5% of CD4 cells showed a biallelic expression of miR-142.

On the contrary, the biallelic expression of microRNA genes after differentiation was different compared
with thymocytes and CD4 cells. More than 20% of the Tyl cells expressed miR-181alb1, miR-181a2b2,

miR-142, miR-17-92 and miR-155 monoallelically. Our experiments showed that miR-146a is highly
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monoallelically transcribed in Tyl cells, whilst the biallelic expression was less than 5% in Tyl cells.
Furthermore, the biallelic expression of the other microRNA genes under investigation was almost not

detected in Tyl cells.

Thymocytes CD4 Tyl T,2
Expressing Non - Expressing  Non - Expressing  Non - Expressing  Non - .
Expressing Expressing Expressing Expressing

Figure 34. Representative confocal microscopy images of RNA-DNA FISH experiments for microRNA
genes in thymocytes, CD4, Tul and Th2 cells. DAPI (blue) staining of the nucleus indicate the presence
of DNA, microRNA genes probes labeled with Spectrum orange (red) were hybridized to the two
alleles of every microRNA gene and the DNA biotinylated probe (green) was used to detect the
nascent microRNA transcript. The first column for every cell type depicts the expressing cells while
the second column depicts non-expressing cells from the same experiment.

181c

17-92
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Tu2 cells demonstrated high expression of all microRNA genes under investigation. miR-181a2b2, miR-
142, miR-17-92, miR-181c and miR-155 were expressed in higher levels (40% of the cells) inTy2 cells when
compared with the other subtypes of T cells. Less than 10% of the cells exhibited biallelic expression for
miR-181a1b1, miR-181a2b2, miR-142, miR-17-92, miR-181c and miR-155 while miR-146a didn’t show any
biallelic expression. miR-let7e was not expressed in Tuy2 cells. In general, differentiated T cells
demonstrated higher expression and higher frequency of biallelic expression when compared to

undifferentiated cells (thymocytes and naive cells).

The higher frequency of monoallelically expressed microRNA gene alleles is due to the low expression
levels of primary microRNA transcripts and not due to imprinting. These results are in line with
bioinformatic predictions regarding the allelic expression profile of both microRNA genes and coding
genes and does not seem to be affected by neighboring gene transcription status (Figure 36, 37 & Table

7).

Therefore, we conclude that the eight microRNA genes we have studied are mainly monoallelically
expressed in the early stages of T cell development (thymocytes) and peripheral CD4 cells. Upon
terminal differentiation of peripheral CD4 cells into the Tyl and Tu2 cell lineages the expression of

microRNA genes remains monoallelic although a low fraction of cells also exhibits biallelic expression.

The 3D RNA-DNA FISH experiments demonstrated that most of the microRNA genes showed a tendency
to avoid localization towards the center of the cell nucleus. Therefore, our next aim was to study the

subnuclear localization of microRNA genes by means of DNA FISH analysis.
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Figure 35. microRNA allelic expression profile in thymocytes, CD4, Tul and Tu2 cells.
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Figure 36. Bar graphs depicting the relative mRNA levels of both coding and non-coding genes flanking each
of the eight microRNA genes under study in each BAC clone. RPKM (Reads Per Kilobase per Million) values
calculated from publicly available RNA-seq datasets for the six cell types indicated.
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miR ch BAC clone BAC clone miR coordinates Other genes
r
Coordinates
miR-181a1/b1 RP24-71D3 137,857,577 - al:137,966,455-
1 138,069,947 137,966,541
b1:137,966,639-
137,966,718
miR-181a1/b1 RP24-128E22 38,773,611 - a2:38,852,735- Nr6al, Olfml2a,
5 38,951,434 38,852,810 b2:
38,853,830-
38,853,918
miR-181c RP24-368F14 84,109,833 - 84,178,873- Podnl1, Cc2d1a,
84,296,280 84,178,961 4930432K21Rik,
Nanos3, mirl81-d,
8 Zswim4, Ccdc130,
Mril, Mir24-2,
Mir27a, Mir3074-2,
Mir23a
miR-142 RP24-376D9 87,718,667 - 87,756,864- mirl42, Suptda,
1 87,882,764 87,756,927 Bzrapl, Mirl42b,
Mpo, Lpo, Mks1,
Epx,
miR-146a 11 RP23-347F19 43,271,828 - 43,374,397 - Pttgl, Slu7,
43,471,844 43,374,461
miR-17-92 RP23-7L16 114,948,625 - 115,043,671- Mirl7hg, Mir20a,
14 115,140,014 115,043,754 Mir18, Mir19b-1,
Mirl9a, Mir92-1,
Gpc5
miR-155 16 RP24-278G19 84,640,010 - 84,714,140- 4930529L06Rik,
83,813,137 84,714,204 Mir155hg, Jam2,
miR-let7e RP24-308G19 17,766,734 - 17,830,352 - Spacab, Mir99b,
17 17,911,549 17,830,444 Mirl25a, Gm36907,

Hasl, Fprl, Fpr2,

Table 7. Monoallelic expression (blue), biallelic expression (red), undetermined (black), according to "dbMAE: the
database of autosomal monoallelic expression". ASSEMBLY USED FOR COORDINATES: GRCm38.p3 (C57BL/6J)

(Savova et al. 2016).
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3.4 Peripheral localization of microRNA gene loci in T
cells

Transcriptional regulation of microRNA genes is critical to the development, selection and differentiation
of T cells, therefore we examined their subnuclear localization during this process.

In order to study the subnuclear localization of microRNA gene loci in relation to the cell nuclear space,
we performed 3D-DNA Fluorescence in situ hybridization (3D DNA FISH) experiments. Hybridizations were
performed using thymocytes, CD4, Tyl and T2 cells according to the protocol described in Materials and
Methods section, by maintaining the 3D structure of the cells. The distance between the center of the
allele (DNA FISH signal) from the edge of the cell nucleus (considering DNA counterstaining with DAPI)
was calculated with the use of the Volocity software. All the distances were normalized to the volume of
the cell nucleus (ND: normalized distance). To avoid any statistical errors or artifacts each experiment was
conducted at least twice and more than 200 nuclei were analyzed per individual experiment. The positions
of microRNA genes were classified in 10 isocentric shells where a normalized distance with a value of
ND=0 denotes the localization of a gene allele to the nuclear periphery and a normalized distance with a

value of ND=1 denotes the localization of a gene allele to the nuclear center (Figure 38).
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Our 3D-DNA FISH experiments demonstrated that in all T cell types the eight microRNA gene loci under
study exhibited a peripheral localization in the cell nucleus. microRNA gene loci demonstrated a
completely different allelic distribution when compared with the Tnfa locus, which exhibited an internal
distribution.

Thymocytes demonstrated a peripheral distribution of the eight microRNA genes, with most alleles
located at the external shell clusters. The peripheral clusters ND=0-0.1 included more than 40% of all
microRNA gene alleles. A low percentage of Tnfa alleles (15%) located at the 0-0.1 ND cluster, whereas
the higher percentage (50%) of alleles gathered at the 0.1-0.2 ND cluster (Figure 39A).

CD4" cells exhibited a conserved pattern of peripheral localization for microRNA genes as in thymocytes.
Similarities were observed with the external clusters 0-0.1 and 0.1-0.2 containing more than 60% of total
alleles of all microRNA genes under investigation. Interestingly, the distributional pattern of Tnfa alleles
showed some differences comparing with thymocytes. In CD4 cells the higher percentage of alleles in the
external clusters 0-0.1 was only 20% while most of the Tnfa alleles located at the more internal clusters
0.6-0.7 (Figure 40A).

Terminally differentiated Tyl and Tu2 cell populations exhibited an even higher peripheral microRNA gene
alleles localization when compared with undifferentiated cells such as thymocytes and CD4" cells. In Tyl
cells the external cluster 0-0.1 included more than 45% of the total microRNA gene alleles. Although Tnfa
displayed different kinetics in Tyl cells by being relocated to the interior of the nucleus, the highest
percentage (40%) of Tnfa alleles in Tyl cells located in the internal clusters 0.3-0.4 (Figure 41A).

Tu2 cells demonstrated a similar pattern of localization for the microRNA gene alleles. All microRNA genes
under investigation were located at the peripheral cluster, with the external cluster 0-0.1 including 40%
of the total alleles. On the contrary, Tnfa alleles presented a more internal nuclear distribution with the
external cluster 0-0.1 containing only 25% of the alleles (Figure 42A).

In conclusion, most of the microRNA genes under study are located at the nuclear periphery. The
distribution of microRNA gene alleles in T cells encompassed the ND clusters of 0.1-0.5. Comparing the
microRNA gene alleles subnuclear localization with that of the Tnfa gene we observed that in all cell types
Tnfa gene alleles exhibited an internal localization pattern with a quite lower percentage of alleles located
at the nuclear periphery.

No relocalization for microRNA gene loci was observed when we compared thymocytes to peripheral CD4
cells. In undifferentiated cells (thymocytes and CD4*), the Tnfa gene locus exhibited an expanded
distribution of alleles up to the internal 0.7 ND cluster. When T cells underwent differentiation, a higher

peripherization of gene loci was observed. As mentioned in the introduction, T cells have a very particular
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nuclear organization. At the naive stage the chromatin of T cells is very compact and these immature cells
are being in a quiescent state. The activation of T cells can lead to chromatin decompaction and
relocalization of genes. Upon differentiation, most microRNA gene loci were re-localized towards the
nuclear periphery. Before differentiation, an average of ~50% of microRNA gene alleles were localized in
the nuclear periphery, whereas after differentiation this percentage increased to ~60%.

Although the kinetics of microRNA genes showed a peripheral relocalization during differentiation, the
control locus Tnfa also exhibited interesting kinetics. In Tyl cells, Tnfa was relocalized towards the center
of the nucleus with the ND cluster of 0.3-0.4 including the highest fraction of alleles. In Ty2 cells, the Tnfa
allele distribution was similar to CD4" cells.

To test the randomness of microRNA genes subnuclear distributions we used the non-parametric
Kolmogorov Smirnov (KS) normality test. The statistical analysis was performed with the use of the IBM
SPSS19 statistical analysis software. The distributions were considered significantly different when
attributed a D (maximum distance of the cumulative distribution functions (CDF) of the two samples) value
above zero (0<D<1) and a p value equal to or lower than the significance level of 0,05. In that case, it was
considered that the null hypothesis of the two distributions in comparison being similar was rejected. The
KS test demonstrated that the normalized distances of microRNA gene loci under investigation have a
similar distribution pattern between them while the control locus Tnfa has a different pattern for all cell
types analyzed (thymocytes, CD4, TH1 and TH2 cells) (Figures 39-42). In addition, cumulative frequency
curves displayed that the distribution of microRNA gene alleles ND values is clearly different from the

distribution of Thfa gene alleles ND values in thymocytes, CD4*, TH1 and TH2 cells (Figures 39-42).
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Figure 39. A) Distribution of microRNA gene alleles ND values in thymocytes and confocal microscopy images
with representative DNA FISH experiments for eight microRNA genes and the Tnfa control locus (scale bar: 2um).
B) 2D-Polar plots subdivided in 5 concentric circles showing the peripheral distribution of microRNA gene alleles
in thymocytes. C) Cumulative frequency curves of microRNA and Tnfa gene alleles ND values in thymocytes. D)
Kolmogorov-Smirnov test of distributions between microRNA genes and Tnfa in thymocytes. The p values for the
KS test statistics are indicated (**p < 0.05).
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Figure 40. A) Distribution of microRNA gene alleles ND values in CD4 cells and representative confocal
microscopy images of DNA FISH experiments for 8 microRNA genes and the control locus Tnfa (scale bar:
2um). B) 2D-Polar plots subdivided in 5 concentric circles showing the peripheral distribution of microRNA
genes in CD4 cells. C) Cumulative frequency curves for microRNA and Tnfa gene alleles ND values in CD4 cells.
D) Kolmogorov-Smirnov test for the distribution of ND values between microRNA and Tnfa gene alleles in
CD4 cells. The p values for the KS test statistics are indicated (**p < 0.05).
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Figure 41. A) Distribution of microRNA gene alleles ND values in Tul cells and representative confocal
microscopy images of DNA FISH experiments for 8 microRNA genes and the control locus Tnfa (scale bar:
2um). B) 2D-Polar plots subdivided in 5 concentric circles showing the peripheral distribution of microRNA
genes in Tul cells. C) Cumulative frequency curves for microRNA and Tnfa gene alleles ND values in Tu1l cells.
D) Kolmogorov-Smirnov test for the distribution of ND values between microRNA and Tnfa gene alleles in
Tul cells. The p values for the KS test statistics are reported (**p < 0.05).
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Figure 42. A) Distribution of microRNA gene alleles ND values in Tu2 cells and representative confocal
microscopy images of DNA FISH experiments for 8 microRNA genes and the control locus Tnfa (scale bar: 2um).
B) 2D-Polar plots subdivided in 5 concentric circles showing the peripheral distribution of microRNA genes in
Tu2 cells. C) Cumulative frequency curves for microRNA and Tnfa gene alleles ND values in Tu2 cells. D)
Kolmogorov-Smirnov test for the distribution of ND values between microRNA and Tnfa gene alleles in Th2 cells.
The p values for the KS test statistics are reported (**p < 0.05).
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3.5 microRNA gene loci colocalize with proteins of
the nuclear periphery

In order to experimentally test whether the peripheral distribution of the investigated microRNA gene loci
was attributed to a dynamic interplay with the nuclear lamina, as already described for coding genes (Zhao
et al. 2015), we performed 3D-DNA FISH in concert with immunofluorescence experiments. As already
described in the introduction, the filamentous structure of nuclear lamina apart of its role in maintaining
the nuclear structural integrity, it is also implicated in the nuclear positioning of chromatin and
transcription regulation. The major structural components of the nuclear lamina in mammals are the
intermediate filament proteins Lamin A/C (LMNA/C), LMNB1, and LMNB2. Nuclear lamina also provides a
scaffold for organizing nuclear pore complexes (NPCs), which has been reported to have many gene
regulatory functions. Therefore, we isolated and differentiated CD4* T cells in order to examine the
colocalization of microRNA gene loci with nuclear periphery proteins.

Firstly, we showed that LMNB1 and LMNA/C are colocalized in T cells, by means of co-
immunofluorescence experiments. As previously mentioned lamins are not expressed in all cell types. At
the embryonic state, Lamin A/C is merely expressed, while Lamin B is highly expressed. In thymocytes
both lamins are expressed and greatly colocalize as shown in Figure 43A. For this reason, we decided to
perform the subsequent 3D immune-DNA FISH experiments presented below by immunofluorescence

staining for LMNB1.

Transcriptionally active genes at the nuclear periphery are often associated with the nuclear pore complex
(NPC). Except from LMNB1 and LMNA/C, we also investigated the colocalization of microRNA genes with
Nuclear Pore Complexes (NPC). Our experiments were repeated twice and more than 150 cells were
analyzed for every single hybridization. Immuno-DNA FISH experiments were performed for all T cell
subtypes according to the protocol described in the Materials and Methods section. Proteins of the
nuclear periphery such as LMNB1 and NPCs were used to study the potential colocalization of microRNA
genes with the nuclear periphery. According to all the 3D immuno-DNA FISH experiments we conclude
that microRNA genes are not colocalized and do not show any tendency of proximity with NPCs in
thymocytes. This can be explained by the fact with a mix of all eight labeled BAC probes detecting the
discrete microRNA gene loci failed to reveal a colocalization of microRNA gene loci with NPCs at the
nuclear periphery (Figure 43E). that in contrast with lamins there is not a continuum between the NPCs

as shown in Figure 43C. DNA FISH analysis
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Figure 43. A) Confocal microscopy images showing the colocalization of LMNA/C (red) and
LMNB1 (green) proteins in thymocytes (DNA counterstained with DAPI - blue). B) NPCs (red)
localization in thymocytes (DNA counterstained with ToPro3 - blue). C) Confocal microscopy
images that show the colocalization of NPCs (red) and LMNB1 protein (green) in thymocytes
(DNA counterstained with DAPI - blue). D) Immuno-DNA FISH with hybridization to a single
microRNA gene (red) and simultaneous LMNB1 staining (green) in thymocytes (DNA
counterstained with DAPI - blue). E) Immuno-DNA FISH experiment with hybridization to all
eight microRNA gene loci and simultaneous LMNB1 staining in thymocytes (DNA
counterstained with DAPI - blue). The first image of each horizontal panel shows merged z-
stacks while the second and the third image of each panel depicts a single z-stack section.
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Figure 44. A) Confocal microscopy images from 3D Immuno-DNA FISH experiments for microRNA genes and
LMNB1 in thymocytes. The first column depicts cells with at least one microRNA gene allele being colocalized
with LMNB1, whilst the second column depicts microRNA gene alleles not colocalized with LMNB1. All the
images presented are from single z-stack sections. B) Diagram showing the percentage of thymocytes having
at least one microRNA gene allele colocalized with LMNB1. C) Diagram presenting the percentage of alleles

colocalized with LMNB1.
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Figure 45. A) Confocal microscopy images from 3D Immuno-DNA FISH experiments for microRNA genes and
LMNB1 in CD4 cells. The first column depicts cells with at least one microRNA gene allele being colocalized with
LMNB1, whilst the second column depicts microRNA gene alleles not colocalized with LMNB1. All images
presented are from single z-stack sections. B) Diagram showing the percentage of CD4 cells having at least one
allele colocalized with LMNB1. C) Diagram presenting the percentage of alleles colocalized with LMNB1.
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Figure 46. A) Confocal microscopy images from 3D Immuno-DNA FISH experiments for microRNA genes and
LMNB1 in TH1 cells. The first column depicts cells with at least one microRNA gene allele being colocalized with
LMNB1, whilst the second column depicts microRNA gene alleles not colocalized with LMNB1. All images
presented are from single z-stack sections. B) Diagram showing the percentage of T H1 cells having at least one
allele colocalized with LMNB1. C) Diagram presenting the percentage of alleles colocalized with LMNB1.
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Figure 47. A) Confocal microscopy images from 3D Immuno-DNA FISH experiments for microRNA genes and
LMNB1 in Th2 cells. The first column depicts cells with at least one microRNA gene allele being colocalized with
LMNB1, whilst the second column depicts microRNA alleles not colocalized with LMNB1. All images presented
are from single z-stack sections. B) Diagram showing the percentage of Th2 cells having at least one allele

colocalized with LMNB1. C. Diagram presenting the percentage of alleles colocalized with LMNB1.
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On the contrary, 3D immuno-DNA FISH experiments in T cells demonstrated that microRNA gene loci were
colocalized with LMNB1 in T cells (Figure 43D). 3D immuno-DNA FISH experiments demonstrated that in
thymocytes (Figure 44A) more than 50% of the cells display at least one microRNA gene allele colocalized
with LMNB1 (Figure 45B). CD4" cells exhibited higher levels of colocalization of microRNA genes with
LMNB1 (Figure 46B). Except from miR-181c (which was colocalized with LMNB1 in only 40% of the cells)
for the rest of the microRNA genes more than 60% of the CD4 cells displayed at least one allele colocalized
with LMNB1. During activation and differentiation of T cells towards the Tyl and Tu2 cell lineages, the
fraction of alleles colocalized with LMNB1 increased. In both cell types, in over 50% of the cells at least
one microRNA gene allele colocalized with LMNB1 (Figures 47B & 48B). These findings are in agreement
with our previous DNA FISH results, where we found a higher tendency for perinuclear localization of
microRNA genes upon differentiation, which can explain the higher fraction of these genes colocalized
with nuclear lamina proteins.

Based on the previous results, we concluded that the microRNA gene loci under study localize in the
nuclear periphery in close proximity to the nuclear lamina, irrespectively of their transcription status.
Therefore, we questioned whether microRNA genes colocalize with NPCs. Such an interaction of NPCs
with euchromatin could promote transcription and control chromatin organization as previously reported

(Breuer and Ohkura 2015; Starling 2017; D'Angelo 2018). Although we couldn’t show any correlation

between NPCs and microRNA genes by means of IF-DNA-FISH, we next analyzed publicly available ChIP-
seq data for NUP153, NUP93 and NUP98 (GEO numbers are provided in the corresponding Materials and
Methods information section). We found that microRNA gene loci were significantly enriched, compared
to coding genes, for NUP153 and NUP93 proteins (Figure 48). While NUP153 and NUP93 displayed similar
results, this was not the case for NUP98 where we did not observe any significant enrichment between
microRNA gene loci and mRNAs. Based on these results we conclude that nuclear pore proteins may be

implicated in tethering microRNA gene loci to the nuclear periphery.
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Figure 48. Assessment of overlap tendencies between a) microRNA and b) protein coding mRNA gene loci with
peaks corresponding to human and mouse nucleoporins. Enrichment of colocalization was calculated as
observed over expected ratios of overlaps between the compared genomic regions. Pvalues were calculated
on the basis of 1000 random permutations of the peaks’ regions. Values <0.001 indicate not one out of 1000
permutations had a value as high as the observed.
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3.6 Peripheral localization of microRNA gene loci
in murine ESCs

Based on the consistency of our findings regarding the perinuclear positioning of microRNA genes tested,
we next investigated whether this preferential localization constitutes an immune cell specific
phenomenon or has been established in earlier developmental stages in a manner that excludes the
tested microRNA genes from internal nuclear positions. To answer that, we examined the allelic
distribution of microRNA gene loci in mouse embryonic germline competent cells (ESCs) JIM8.4. As
mentioned in the introduction, lymphoid hematopoietic progenitor cells leave the bone marrow and they
migrate to the thymus to develop in discrete T cell lineages. After that, a series of rearrangements occur
to the TCR genes and thymocytes go through positive and negative selection. During the aforementioned
migration from the bone marrow to the thymus and later to the secondary lymphoid organs such the
spleen and the lymph nodes, T cells encompass specific gene expression programmes accompanied by
major chromatin reorganization and gene positioning alteration. The eight microRNA and the TNFa gene
loci were used for 3D-DNA FISH experiments performed in ESCs. A total number of 150 cells were analyzed
for each gene. In ESCs the microRNA gene alleles were mostly located to the nuclear periphery as deduced
by the distribution of alleles ND values between the clusters ND=0.0-0.1. More than 80% of the alleles
were positioned at the nuclear periphery occupying the external cluster of ND=0.0-0.1 (Figure 49).
Interestingly, the Tnfa locus also demonstrated a perinuclear localization in ESCs with 80% of the gene
alleles ND values included in the ND cluster of 0.0-0.1. Our results indicated that similarly to T cells, ESCs
demonstrate a perinuclear localization of microRNA gene loci, with no relocalization observed between
ESCs and T cells before or after differentiation. In contrary the Tnfa locus demonstrated different kinetics
in ESCs and T cell subtypes, localized towards the nuclear center in T cells and in the nuclear periphery in
ESCs.

Since the perinuclear localization of specific microRNA genes is conserved between ESCs and upon
development in T cells, we conclude that the localization of microRNA genes at the nuclear periphery
may not be a random phenomenon but it is reveals a link between 3D chromatin organization and

microRNA gene expression.
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Figure 49. A) Representative confocal microscopy images from 3D DNA FISH experiments for the eight
microRNA and Tnfa gene loci (red) in ESCs (DNA counterstained with DAPI - blue). B) Box plot diagram
depicting the distribution of microRNA and Tnfa gene alleles ND values in ESCs. Black line within the box
defines the median of the ND values calculated. C) Polar plot for the gene alleles ND values distribution in
FSCs. D) KS test for the distribution of gene alleles ND values for microRNA and Tnfa eene loci in FSCs.
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3.7 Association of eight microRNA genes with LAD domains

Collectively our previous experiments demonstrated a perinuclear localization of microRNA gene loci and
a colocalization with nuclear lamina proteins. Therefore, we further questioned if there is any connection

between microRNA gene loci with the Lamin Associated Domains (LADs).

LADs are long chromosomal regions associated with lamin proteins as deduced by chromatin precipitation
and subsequent next generation sequencing experiment. Such domains can vary in length between 0.1-
10Mbp and consist around 40% of the eukaryotic genome. LADs are highly conserved between species

and genes localized within these regions are generally transcriptionally inactive (Guelen et al. 2008).

Although it was reported that LADs are gene poor domains, it was also reported that genes before
transcriptional activation lose their respective nuclear lamina association, or they gain nuclear lamina
association when they are no longer expressed. This illustrates the necessity for increasing our

understanding regarding the functional roles of these large domains in genome organization.

DamID experiments provided us with data about LADs in four different murine cell types: mouse
embryonic stem cells (ECs), mouse embryonic fibroblasts (MEFs), neuronal progenitor cells (NP) and
astrocytes. In order to check if microRNA gene loci colocalize with LADs, we analyzed the extended
genomic region of 2 Mb encompassing the primary transcript of each of eight microRNA gene locus under
study in four cell types. Constitutive LADs (cLADs) are lamin-associated regions in all four cell types (ECs,
NPs, astrocytes and MEFs) while constitutive inter-LADs (ciLADs) are chromatin regions between LADs in
all four cell types mentioned. This analysis revealed that microRNA and Tnfa gene loci are located between
cLADs and within ciLADs. (Figure 50). These data are in agreement with our previous results from RNA-
DNA FISH experiments. The microRNA genes under investigation are transcribed at the nuclear periphery

and they avoid the “inactive” cLAD area.

These results lead to the conclusion that the nuclear periphery can affect genome organization by
tethering active chromatin domains and functioning as a transcriptionally active environment for

microRNA gene expression.
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Figure 50. In silico analysis of eight microRNA genes and LADs in four distinct cell types: mouse embryonic stem
cells (yellow), mouse neuronal progenitor cells (blue), mouse astrocytes (pink) and mouse embryonic fibroblasts
(green). An area of 2Mbp was chosen to show the distribution of LADs upstream and downstream of a microRNA

gene. The last row depicts the analysis for the Tnfa locus.
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3.8 Conserved localization of microRNA genes within
ciLADs

Based on the previous results, that eight microRNA genes are located within cilADs and considering the

fact that LADs are cross species conserved (Meuleman et al. 2013), we next wondered if this tendency of

microRNA genes to avoid cLADs is immune specific microRNA-related or it’s a random phenomenon. In
order to answer this question, we checked for association of all murine microRNA genes with LAD
domains. Our analysis revealed that not only the microRNA genes under investigation but almost all
murine microRNA genes and coding genes were located within ciLADs domains (Figure 51). Subsequently,
we questioned whether the observed perinuclear localization of microRNA gene loci reflected their
localization in proximity to the borders of ciLADs. Our analysis revealed that miR-181a2b2, miR-17-92,
miR-155 and miRlet7e were localized closer to the ciLAD boundary, whereas miR-181c, miR-142 and Tnfa
gene loci were localized towards the center of their corresponding domains. When the comparative
analysis was scaled up to all the murine microRNA genes annotated in the miRbase, we found that
microRNA gene loci did not exhibit a distinct tendency of localization towards either the border or the
center of ciLAD/cLAD compartments. microRNA genes located proximal to cLADs were positioned far from
the corresponding boundaries, whereas ciLAD-associated microRNA genes were preferentially positioned
within the domain, exhibiting a slight preference towards the center of the domain.

Based on these observations we next checked for association of all microRNA with LADs in four different
organisms Homo sapiens, Mus musculus, Drosophila melanogaster and Caenorabditis elegans. LADs
coordinates were taken from the work of the van Steensel laboratory and the coordinates of microRNA
genes were taken from the microRNA database, miRBase. A software developed in our laboratory, named
LADIMIR (described in the Materials and Methods section) was used to investigate the location of all
microRNA genes annotated in the miRBase (until March 2016) in relation to LAD localization, in four
different species (Homo sapiens, Mus musculus, Drosophila melanogaster and Caenorabditis elegans).
(Figure 52A)

We found significant depletion of microRNAs in LAD for all studied species with the exception of C. elegans
were a depletion (Enrichment Value=0.91) was not deemed significant (p-value=0.11). The same trend
was found to exist for protein-coding genes, albeit to a lesser extent in all studied species, with enrichment
values being <1 but always higher than the corresponding ones for microRNAs. This may indicate an

increased tendency for microRNAs to avoid LAD although one cannot discard biases in the definition and
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mapping of microRNAs. Interestingly, we observed an even more striking differential enrichment between
constitutive and tissue-specific genes for both human and mouse, with constitutive genes strongly
avoiding LADs to an extent that surpasses the one of microRNAs.

More specifically, in H. sapiens we found that from 1881 pre-miR genes annotated in miRBase only 340
are located within cLAD while the rest are located between cLADs (or within ciLADs) (Figure 53A).
microRNA genes display a tendency to avoid the constitutive LAD domains in H. sapiens. Chromosome X
displayed the highest number of microRNA genes localized within a cLAD region, (54 out of 118
microRNAs) while chromosome 19, which demonstrates the highest gene density, contains the highest
number of microRNA genes outside cLADs. In H. sapiens, gene density ranges from around 4-9 genes/Mbp
to 24.6 genes/Mbp such as on chromosome 19 (Figure 53B). The number of microRNA genes within cLADs
generally decreases with increasing gene density and as a result only 19% of microRNA genes lie within
cLAD regions in humans. To test whether the two groups, microRNAs within and outside of cLADs, are
significantly different, we used Welch’s T-test where the t =-7.0884 and p = 8.7e"®. Furthermore, Pearson’s
correlation between microRNA genes within cLADs and gene density and also correlation between
microRNA genes outside cLADs and gene density showed that these two groups are significantly different.
In H. sapiens we noticed a weak negative correlation between gene density and microRNAs lying inside
cLADS with an r = -0.2003 and a strong correlation r = 0.711 for microRNAs to be outside (Figure 53C &
53D). The number of microRNA genes within cLADs decreased slightly with increased gene density and
microRNA genes outside cLADs increased with gene density. Genes within cLAD regions are generally
transcriptionally inactive and cLAD—-genome interactions are highly conserved, therefore a trend for

microRNA genes within cLADs to have a weak linear correlation would not be counterintuitive.
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Figure 51. Beanplots portraying the scaled distance distribution of microRNA genomic
sequences to their most proximal ciLAD/cLAD regions. Red lines represent the microRNA genes
under study, whereas the green line corresponds to TNFa locus. Small but interesting tendencies
for the localization of microRNA sequences either towards the centers of ciLADs, or at the
cLAD/ciLAD boundaries are observed and recapitulated by the Wilcoxon rank-sum test (pvalue
<= 10e-90).
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Figure 52. A). Enrichment values of microRNA and protein-coding genes within and outside LAD regions.
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of 1000 permutations. B). Enrichment values and significance for miR/protein-coding genes against LAD/iLADs for
four different species
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For M. musculus LADIMIR analysis showed that similarly to H. sapiens, microRNA genes are located
between cLADs. From a total number of 1187 microRNA genes, 1028 resided outside cLADs while 150
microRNA genes were located within cLADs (Figure 54A). Therefore, only 14% of the microRNA genes are
classified as within cLAD regions and the rest of them are positioned within ciLADs. Interestingly,
chromosome 2 displayed an unusually high number of microRNAs inside cLADs. Chromosome 2 contains
78 microRNA genes within cLADs from a total of 147 microRNA genes. Chromosome 2 contains a cluster
of microRNAs that spans an area of around 50.000bp. A Welch'’s T-test was also performed on the data
and gave a t score of t=-7.8772 and a p = 1.67e™°. Pearson’s correlation for microRNAs within cLADs
displayed an r = 0.0677, a very weak positive correlation, and for microRNA genes outside of cLADs its r =
0.3193 indicating a weak positive correlation (Figure 54C & 54D). Finally, the mouse gene density also
presented many similarities with human gene density, although it was slightly higher, averaging 8.4
genes/Mpb as compared to 7.4 genes/Mbp in H. sapiens (Figure 54B). In conclusion, for the mouse
genome, since ciLADs do contain genes that are being expressed at the periphery, this is in agreement
with our previous results from DNA FISH experiments showing microRNA genes expressed when located
at the nuclear periphery. Since the majority of microRNA genes in M. musculus was found within ciLADs
we questioned if there were any differences between intergenic and intragenic microRNA gene
localization. In silico analysis of all intragenic and intergenic microRNA genes revealed that there is a small
enrichment of intragenic over intergenic microRNA genes within ciLADs (data not shown). This can be
explained by the fact that the same analysis for protein coding genes showed that they are also
overrepresented in ciLADs. Although comparing the protein coding genes with microRNA genes there was
a small enrichment of microRNA genes within ciLADs, in both cases there was a tendency to avoid cLAD
domains (data not shown).

D. melanogaster demonstrated a similar pattern as observed in humans and mice, with only 25% of
microRNAs located within cLAD regions (Figure 55A). Gene density compared with H. sapiens and M.
musculus was higher with an average of 100 genes/Mpb (Figure 55B). In order to check for differences
between microRNA genes within and outside cLADs, Welch’s T-test was performed and a t-score of -2.756
and a p-value of 0.03323 were obtained. The null hypothesis was rejected suggesting that there is a
significant difference between the two groups. Pearson’s correlation for microRNA genes within cLADs
displayed a very strong positive correlation with an r = 0.6534. Surprisingly microRNA genes outside of
cLADs displayed also strong positive correlation with an r r = 0.8269 (Figure 55C & 55D). Comparing the
Pearson’s correlation tests (microRNA genes located within or outside cLADs) between H. sapiens, M.

musculus and D. melanogaster, we notice that only D. melanogaster showed a strong correlation. This can
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be explained by the size of the genome of D. melanogaster, having only six chromosomes with higher
gene density when comparing with H. sapiens and M. musculus.

C. elegans was the only organism that presented a different distribution pattern of cLAD and ciLAD
containing microRNA genes, when compared with H. sapiens, M. musculus and D. melanogaster. In C.
elegans, 47% of the microRNA genes were located within cLADs (Figure 56A). C. elegans demonstrated
the highest gene density with 200 genes/Mpb, which can be attributed to the genome size of this
organism, which has only six chromosomes (Figure 56B). Welch’s T-test gave a t-score of -0.467 and a p-
score of 0.6536, suggesting that there was not a significant difference between microRNA genes within
and outside cLADs. A Pearson’s correlation test for both groups was strongly negative. microRNA genes
within cLADs displayed an r = -0.6094 and microRNA genes outside cLADs displayed an r = -0.4298,
suggesting that the number of microRNA genes within and outside cLADs decrease with increased gene
density (Figure 56C & 56D).

Collectively, from the data obtained for all four organisms, we conclude that H. sapiens and M. musculus
show similar tendency of weak correlation for microRNA genes located within ciLADs and strong for
microRNA genes located outside cLADS. On the other hand, D. melanogaster and C. elegans
demonstrate a higher gene density and share the tendency of having strong correlation for microRNA

genes within and outside of cLADs, respectively.
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Figure 53. A) Diagram representing the number of microRNA genes located within and outside cLADs in H.
sapiens. B) Diagram showing the gene density for each chromosome in H. sapiens. C) Pearson’s correlation
between microRNA genes within cLADs and gene density. D) Pearson’s correlation between microRNA
genes outside cLADs and gene density.
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3.9 Preferential localization of microRNA genes in respect to
their chromosome territories (CTs) in T cells

Chromosome territories (CT) are considered as important nuclear sub-compartments where they can
define the position of many genes. Since the microRNA genes under investigation displayed a peripheral
localization, we next wondered what could be the relationship of microRNA gene localization to their
respective chromosome territories. Therefore we performed 3D DNA FISH experiments for microRNA
gene loci in combination with chromosome painting. As previously mentioned, the Tnfa and miR-let7e
gene loci are located on mouse chromosome 17 (CT17). Chromosome painting with DNA FISH experiments
on thymocytes and CD4 cells showed that CT17 in thymocytes displays a perinuclear localization. Both
CT17 and miR-let-7e were located at the periphery of the nucleus (Figure 57A). Interestingly, Tnfa was
looping out of its corresponding chromosome territory and localized to the nuclear interior. These findings
are in agreement with our data regarding the localization of the Thfa gene locus to the nuclear interior
that we previously demonstrated by 3D-DNA FISH experiments (Figure 57A). We next decided to study
miR-146a which is highly expressed in T cells. miR-146a and TH2 locus (which was used as a control) are
both located on chromosome 11. 3D-DNA FISH experiments in thymocytes, for the TH2 locus
demonstrated a more internal nuclear localization pattern when compared with the distribution of miR-
146a (Figure 57B & 57C). When we compared the distribution of alleles from the TH2 locus with the
distribution of miR-146a we noticed that the TH2 alleles displayed a localization preferentially to the
nuclear center. The percentage of TH2 alleles located at the nuclear periphery (ND cluster 0.0-0.1) was
only 30%, while for miR-146a it was 50% of the alleles. The results from 3D DNA FISH experiments
combined with chromosome painting (CT11) and double DNA FISH (TH2 and miR-146a gene loci) showed
that CT11 displayed a perinuclear localization. Similarly, to CT17, CT11 demonstrated a polarization,
where miR-146a was located on the external border of CT11 and the TH2 gene locus alleles were looping

out from the chromosome territory to the center of the nucleus (Figure 57D).

In conclusion, 3D DNA FISH experiments combined with chromosome painting reconfirmed the
perinuclear localization of microRNA genes and further indicated that the whole CT is localized to the
nuclear periphery. A polarization of control loci and microRNA genes was observed within the
peripheral CT, with the control locus trying to “escape” from the CT (looping out) and placed in more

internal clusters and the microRNA gene remaining at the periphery.
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Figure 57. A) Confocal microscopy images of single z-stack sections from 3D DNA FISH experiments
combined with chromosome painting in thymocytes. Chromosome painting for CT17 (green), miR let-7e
(red), Tnfa (blue) and DAPI staining (light blue). B) and C) miR-146a and TH2 gene alleles ND values
distribution in thymocytes. D) Deconvoluted single z-stack sections of confocal microscopy images from
chromosome paints and double DNA FISH (TH2 locus and miR-146a) experiments in thymocytes.
Chromosome painting of CT 11 (green), miR-146a (red), TH2 locus (blue) and DAPI staining (light blue).
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3.10 Peripheral localization of microRNA genes is
independent of transcriptional activity

Since our previous results demonstrated that microRNA genes can be transcribed irrespective of their
perinuclear localization, we next wondered if the peripheral localization is related to transcription per se
and how transcription could affect localization. As mentioned before, T cells have a particular chromatin
organization and during development and differentiation a whole shuffling of the chromatin is observed

(Kim et al. 2004; Spilianakis et al. 2005; Ktistaki et al. 2010; Rawlings et al. 2011). Although, it is well

established in the literature that upon transcriptional activation genes may re/localize at the interior of

the nucleus (Chuang et al. 2006; Schneider and Grosschedl 2007; Dillon 2008), this is not a general

observation in the case of T cells. During CD4 and CD8 cell development, the whole CT6 is being relocated
either to the periphery or the center of the nucleus respectively and transcribed. So the periphery of the
nucleus is not necessarily a repressive environment for transcription in CD4 cells. Therefore, we next
guestioned what would be the effect in microRNA subnuclear localization in T cells if we blocked

transcription.

Transcription factories are considered as crucial compartments of the nucleus since they can control
nuclear organization by “supervising” the chromatin location for active genes. It is known that inhibition
of the initiation of transcription may lead to release of RNA Pol Il foci and decrease chromatin associations

between active genes (Mitchell and Fraser 2008; Chakalova and Fraser 2010). Controversially, inhibition

of elongation of transcription did not affect the proximity between active genes within the transcription
factories of RNA Pol Il, indicating that absence of transcription does not affect transcription factories

(Razin et al. 2007). In order to check whether the eight microRNA genes under study are affected from

transcription inhibition, we conducted 3D-DNA FISH experiments in thymocytes, CD4 and T2 cells, upon
treatment with a-amanitin for 6h. a-amanitin can bind the RNA Pol Il enzyme and inhibit transcription. It
binds with high specificity and high affinity (Ki= 3—4 nM) near the catalytic active site of RNA Pol Il. It
establishes a conformation of the enzyme that prevents nucleotide incorporation and translocation of the
transcript. The effect of a-amanitin is irreversible because it triggers degradation of Rpb1, the largest RNA

Pol Il subunit.

Transcription in thymocytes, CD4 cells and Tu2 cells was inhibited after 6 hours of a-amanitin treatment.

The efficiency of transcription inhibition was confirmed by both qRT-PCR and RNA FISH for all the cell
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types under investigation (Figure 58B-58C). Treated and untreated cells were prepared for DNA FISH

experiments as described in the Materials and Methods section. microRNA genes that were highly

expressed as deduced from our prior RNA-DNA FISH experiments were selected for study from each cell

type. 120 cells were analyzed for each cell type. The analysis indicated that in T cells the inhibition of

transcription does not affect the microRNA gene allelic distribution (Figure 58A).
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Figure 58. a-amanitin mediated transcription inhibition in T cells. A) confocal microscopy images from
single z-stack sections in thymocytes, CD4 and Tu2 cells (hybridized with miR146a, miR-142 and miR-155
respectively). B) Gene alleles ND values distribution of treated and untreated cells. The red line depicts
the median of the distribution for the alleles analyzed. The y-axis depicts the Normalized Distance values
of microRNA gene alleles. X-axis: Untreated (-) and a-amanitin treated (+6h) cells for 6 hours.

In thymocytes, inhibition of transcription did not alter the gene allelic distribution of miR-146a and 47%

of the gene alleles located at the nuclear periphery in untreated cells compared to 51% of the gene alleles
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in a-amanitin treated cells. 46% of the alleles for miR-142 in untreated CD4 cells were located at the
nuclear periphery (ND= 0.0-0.1) compared to 53% of the gene alleles being perinuclear in a-amanitin
treated cells. In Ty2 cells 48% of miR-155 gene alleles were perinuclear in untreated cells compared to
51% in treated cells (Figure 58A). Furthermore, Kolmogorov Smirnov (KS) analysis of the normalized
distances for each population displayed a non-significant difference before and after a-amanitin
treatment of cells (KS test: p-value=0.052, 0.122 and 0.390 for thymocytes, CD4 and T2 cells for untreated
and treated cells respectively) (Figure 58D). We also performed the same experiments for a cLAD-located
gene [Developmentally-regulated GTP-binding protein 1 (Drg1)] in both ES cells and thymocytes. Our
results indicated that trancription inhibition did not cause any statistically significant relocalization of
DRG1 alleles towards the nuclear interior in either of the two cell types (Figure 59A & 59B)

In conclusion, the a-amanitin-dependent inhibition of active transcription did not affect the perinuclear
localization of either the ciLAD-located microRNA genes, nor the cLAD-located control coding gene

(Drg1).
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Figure 59. Scatter plot indicating the ND distribution of the cLAD localized Drgl gene before and after
a-amanitin treatment of CGR8 mouse embryonic stem cells and thymocytes. Number of nuclei assessed:
CGR8/(-)a-amanitin n=170, CGR8/(+)a-amanitin n=144, thymocytes/(-)a- amanitin n=158,
thymocytes/(+)a-amanitin n=164.
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3.11 Nuclear lamina is not a repressive environment for the
transcription of microRNA genes in T cells

Proteins of the nuclear lamina participate in the regulation of transcription including the direct binding to

transcription factors and induction of epigenetic histone modifications (Shaklai et al. 2007; Dechat et al.

2010). In mammals nuclear lamina can act as a repressive environment for the transcription for many
genes while in yeast, the nuclear periphery is comprised of at least two sub-compartments, a permissive
compartment involving nuclear pore complexes (NPCs) that facilitate gene expression and a repressive

compartment consisting of foci of silencing factors and (Reddy et al. 2008).

Our immuno-DNA FISH experiments demonstrated a high frequency of microRNA gene alleles colocalized
with LMNBL1 in T cells and according to our RNA FISH data we showed that these microRNA genes are
transcribed at the nuclear periphery. We next questioned if nuclear lamina could affect the expression of
microRNA genes that are colocalized with LMNB1. In order to investigate the repercussions of microRNA
gene colocalization with the nuclear lamina and its effect on the allelic microRNA gene expression profile,
we performed IF-RNA/ DNA FISH (for the pri-microRNA and the gene locus) and assessed the frequency
of micro- RNA gene alleles that were actively expressed and were either colocalized or not with the
nuclear lamina, We performed Immuno/RNA-DNA FISH experiments in thymocytes hybridizing with
different expressing microRNA genes and staining for LMNB1. More specifically microRNA genes that are
expressed in thymocytes were selected: miR-181al1b1, miR-181c, miR-17-92 and miR-155.

Our results indicated that microRNA gene alleles that are colocalized with LMNB1 are also transcribed as
shown in Figure 60B. miR-181a1b1, miR-181c, and miR-17-92 which are highly expressed in thymocytes
and miR-155 which demonstrated a lower expression (as indicated previously by gPCR and RNA FISH
experiments) didn’t show any significant differences of the expressing alleles colocalized with LMNB1
(Figure 60A). In four microRNA genes studied there was no tendency of expressing alleles to avoid or
prefer the nuclear lamina (LMNB1). Moreover, we repeated the same experiment with 2 other microRNA
genes (data not shown) and the results were similar. AlImost, 50% of the expressing alleles tend to be
colocalized with LMNB1. The latter was also confirmed by the fact that we did not detect any differences
between expressing and not expressing alleles by analyzing the distance from the nuclear periphery in all
cell types (Figure 61). Our analysis showed that there is not a tendency of the expressing alleles to relocate
to more internal or the non-expressing alleles relocating to more external nuclear areas or vice versa. The

same results were obtained for undifferentiated and differentiated cells (Figure 61). Furthermore, in Tyl
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and Tu2 cells, where microRNA genes are highly transcribed, there were no differences between the
distribution of expressing or not expressing alleles in relation to the nuclear periphery. Small differences

were observed but not statistically significant.

In conclusion, despite the fact that most mammalian genes found at the periphery are not

transcriptionally active, nuclear lamina is not a repressive environment for eight microRNA genesin T

cells.
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Figure 60. A) Diagram depicting the percentage of expressed microRNA gene alleles colocalized with LMNB1 in
thymocytes. Number of nuclei assessed: thymocytes n = 705, Scale bar 2um.B) Confocal Single z-stack microscopy
images from Immuno/RNA-DNA FISH experiments displaying the colocalization of expressed (green) microRNA gene
alleles (red) with Lamin-B1 in thymocytes. microRNA genes (red), pri-miR RNA (green), LMNB1 (blue) and DAPI
staining (grey).

[152]



Normalized Distance Normalized Distance Normalized Distance

Normalized Distance

08 7 Thymocytes [] Non-Expressing alleles
. 2 Expressing alleles

04 .

0.4 +

0.2 A

0.0 |

Figure 61. Distribution of non-expressing and expressing gene allele ND values. The normalized distances
(y-axis) indicated in each box plot for each microRNA gene are characterized by their median. 95% of the
ND values are included within the whiskers of each box plot, whereas single allele outliers (remaining 5% of
total NDs) are indicated in the vicinity outside the whiskersFor each microRNA gene, the filled box
represents the ND values distribution of expressed microRNA gene alleles while the empty box refers to the
non-expressing alleles. For all distributions miR let-7e was used as a control since it is not expressed in T
cells. Total number of alleles analyzed for each dataset were n=623, n=807, n=497, n=472 for thymocytes,
CD4+, TH1 and TH2 cells, respectively
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3.12 Peripheral localization of the Microprocessor complex

DROSHA, apart from being part of the microRNA biogenesis pathway, can also have noncanonical

functions, such as acting as a transcription factor for protein-coding genes (Burger and Gullerova 2015;

Kim et al. 2017; Pong and Gullerova 2018). Previous reports have corroborated DROSHA binding to both

coding gene promoters and pre-microRNA flanking sequences during transcriptional activation of human

genes via direct interaction with the phosphorylated form of RNA Polymerase Il (Morlando et al. 2008).

Chip-on-chip experiments have reported that DROSHA binds promoters of coding genes via direct

interaction with the phosphorylated form of RNA Polymerase Il (p=Pol Il) (Gromak et al. 2013). DROSHA

binds on the transcription start site (TSS) of several human genes (160 coding genes) by interacting with
RNA Pol I CTD in a transcription dependent manner. Based on these findings, we next questioned whether
the peripheral localization of microRNA genes was Microprocessor-dependent. Firstly, we studied the
expression of DROSHA protein complexes by means of Western blot and IF assays in several cell types
(ESCs, thymocytes, CD4*, TH1 and TH2). Interestingly, we noticed that in thymocytes, DROSHA presented
a peripheral localization with a specific speckled structure. Next, we calculated the frequency of cells
depicting a perinuclear distribution of DROSHA in murine ESCs, thymocytes, CD4*, Ty1 and Tu2 cells (Figure
62A - 62E). Cells were analyzed with the use of Volocity software and the nuclear periphery was defined
as the edge of DNA staining with DAPI. The distribution of DROSHA protein complexes was perinuclear in
all cell types examined. More specifically, ESCs, thymocytes and CD4* cells demonstrated more than 55%
of DROSHA foci located at the nuclear periphery (ND clusters 0.0-0.1). While in differentiated Ty1 and T2
cells the percentage of DROSHA signals located at the nuclear periphery increased to ~70% (Figure 62lI).
This peripherization of DROSHA upon differentiation was similar to the kinetics that microRNA gene loci
displayed in T cells. The same pattern and perinuclear localization was observed for the Microprocessor
protein DGCR8, while co-immunofluorescence (co-IF) experiments for DROSHA and LMNB1 reconfirmed
the perinuclear localization with the two proteins colocalized (Figure 62G & 62H) We next investigated
whether peripheral DROSHA was colocalized with active chromatin at the nuclear lamina, serving as a
possible mechanism controlling gene expression at the nuclear periphery. Our immunofluorescence
experiments in thymocytes supported the colocalization between the perinuclear DROSHA protein

complexes and active RNA Polymerase Il foci (Figure 62J).
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Figure 62. Perinuclear localization of DROSHA and colocalization of the microprocessor complex with
active chromatin. Single z-stack sections of confocal microscopy images from IF experiments of DROSHA
staining in A) ESCs, B) thymocytes, C) CD4, D) TH1 and E) TH2 cells. DROSHA (red), DAPI (blue). F) DROSHA
protein expression in thymocytes. I) ND of DROSHA foci from the nuclear periphery normalized with the
nuclear radius. Scatter plot for the ND distribution of DROSHA foci from the nuclear periphery in ESC,
thymocytes, CD4*, TH1 and TH2 cells. The red line depicts the median of the alleles analyzed. For every
cell type 120 cells were analyzed with the Volocity software. J) Immunofluorescence assay displaying
the colocalization of DROSHA foci with phosphorylated RNA Pol Il in thymocytes. DROSHA (red), p-Pol Il
(green), DAPI (blue).
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Since eight microRNA gene loci and DROSHA foci displayed a perinuclear localization in T cells and the

DROSHA/DGCRS8 protein complex binds on TSSs of human intragenic miR-330 (Gromak et al. 2013), we

next questioned whether DROSHA binds on the TSSs of the microRNA genes under investigation. To
answer this, we performed DROSHA ChIP-seq experiments in thymocytes and murine thioglycolate
elicited peritoneal macrophages (TEPMs). Two separate ChlP-seq experiments were performed and the
analysis indicated low binding of DROSHA on chromatin. Both cell types displayed only a few DNA binding
sites (75 peaks for thymocytes and 84 peaks for TEPMS) (Figure 63).
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Figure 63. Results from DROSHA ChIP-seq experiments in thymocytes. Depiction of DROSHA bindings on microRNA
cluster that are located on murine chromosome 12. The first row shows the binding of DROSHA in the chromatin
while the third and the fourth lines represent the IgG control and the input respectively.
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Since our previous results could not attribute the peripheral positioning of microRNA gene loci to DROSHA
protein, we investigated the implication of DGCR8 protein in the perinuclear localization of microRNA
gene loci. As previously reported both DROSHA and DGCR8 form the microprocessor complex which acts

co-transcriptionally to cleave pri-microRNAs during transcription (Morlando et al. 2008; Gromak et al.

2013; Nojima et al. 2015). Published DGCR8 ChIP-sequencing experiments demonstrated enrichment of

DGCR8 binding in microRNA gene-associated super-enhancers (Suzuki et al. 2017). To this end, we

performed an aggregate score analysis of the aforementioned publicly available datasets (GEO number
and details are provided in the corresponding Supplemental information section) and uncovered a subtle
yet significant enrichment of DGCR8 binding on microRNA gene loci compared to coding genes (Figure
64). These results suggest that peripheral positioning of microRNA gene loci might be linked to the

Microprocessor complex in a DGCR8-dependent manner.
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Figure 64. Confocal microscopy images from IF experiments for DROSHA (red) and DGCR8 (green) proteins in
thymocytes (DNA counterstained blue). Single z-stack sections of confocal microscopy images from IF
experiments of DROSHA staining in A) ESCs, B) thymocytes, C) CD4, D) TH1 and E) TH2 cells. DROSHA (red), DAPI
(blue). F) DROSHA protein expression in thymocytes. 1) Distribution of ND values for DROSHA foci in ESCs,
thymocytes, CD4, Tul and Tu2 cells from IF experiments. The red line depicts the median of the alleles analyzed.
For every cell type 120 cells were analyzed with the Volocity software. J) Single z-stack sections of confocal
microscopy images from co-IF experiments of DROSHA and p-Pol Il in thymocytes. DROSHA (red), p-Pol Il (green),
DAPI (blue).
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3.13 Ablation of the BACH1 transcriptional regulator does not
affect the expression or peripheral localization of microRNA
genes

Cell type specific transcription factors may be implicated in gene positioning and spatial chromatin

organization (Levantini et al. 2011; Hao et al. 2015; Shachar et al. 2015). BACH1 is a transcription factor

highly expressed in the bone marrow and was characterized as an architectural transcription factor

mediating chromatin interactions among Maf recognition elements-MAREs (lgarashi et al. 1998).

Additionally, Bach1 deletion has a significant impact on lymphoid- and myeloid-mediated inflammatory

responses (So et al. 2012) and its binding is enriched on microRNA gene promoters (Jeong et al. 2016). To

investigate whether the ablation of BACH1 could affect either the subnuclear localization, or the allelic
expression profile of microRNA genes, we performed DNA FISH experiments in both wild type (wt) and
Bachl-/- thymocytes and analyzed the subnuclear distribution of miR-155 gene alleles, which we
previously found to localize in the nuclear periphery. Our analysis in Bach1-/- reconfirmed the peripheral
localization of miR-155 and miR-146a gene alleles in thymocytes that was not statistically different

between wild type (wt) and Bach1-/- cells (Figure 65A-D).
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Figure 65. A) miR-155 gene alleles distribution in wild type (wt) and Bachl-/- thymocytes. (B) Cumulative
frequency graphs and KS-test for the comparison of miR-155 gene alleles distribution in wt versus Bach1-/-
thymocytes (C) miR-146a gene alleles distribution in wt and Bachl-/- thymocytes. (D) Cumulative frequency
graphs of miR-146a gene alleles NDs in wt and Bachl-/- thymocytes. KS-test analysis results are portrayed on
the table.
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3.14 The genome organizer SATB1 affects the localization of
microRNA genes

SATB1 is a cell-type specific ‘genome organizer’ responsible for chromatin organization and gene
positioning in T cells. The SATB1 subnuclear localization displays a particular pattern in thymocytes,
forming an aromatic ring or “cage-like” structure surrounding heterochromatin (Figure 66A). As an
important regulator of nuclear architecture, that anchors specialized DNA sequences onto its cage-like
network, SATB1 recruits chromatin remodeling/modifying protein complexes to control gene
transcription. Since chromatin architecture is believed to be an important regulator of gene activation or
silencing, we next questioned if the perinuclear localization of the eight microRNA gene loci under study
is SATB1-dependent in T cells.

To examine if SATB1 affected the perinuclear positioning of microRNA genes we generated a knockout
mouse model in which the second exon of the SATB1 gene was conditionally deleted in CD4* cells. More
specifically, the SATB1 conditional knockout (cKO) mouse was created by crossing the Satb1 floxed allele
(Satb1™ mice) with transgenic mice expressing the Cre recombinase under the control of the CD4 gene
promoter. As in the case of Satbl null mice, Satbl cKO mice demonstrated severe impairment of
thymocytes development. Interestingly, the number of thymocytes and the peripheral CD4 cells in the
Satb1 cKO mouse was reduced when compared to wild type littermates. Moreover, the differentiation of
CD4" cells to Tyl and Tu2 cells was impaired and the expression of signature cytokine genes was
deregulated. Satb1 cKO-derived CD4 cells displayed a 4-fold increase of Ifny mRNA expression and 8.5-
fold increase of /14 expression when compared to WT CD4 cells (Figure 66B & 66C). Expression of both
Ifny and /4 genes was impaired in differentiated cells (2-fold decrease of Ifny mRNA expression in Tyl cells
and 7-fold decrease of //4 gene expression in Ty2 cells).

Since the differentiation of CD4 cells onto the Tyl and T42 cell lineages was defective, we performed DNA
FISH experiments only in thymocytes and CD4" cells of WT and Satb1 cKO. DNA FISH experiments in Satb1
cKO thymocytes demonstrated a differential subnuclear positioning of most microRNA gene loci that are
under investigation. miR-181a2b2 gene alleles were relocated toward the interior of the nucleus, while
miR-181c, miR-142, miR-146a, miR-155 and miR-let-7e gene alleles were relocated towards the nuclear
periphery. The alleles of miR-181a1b1 did not display any relocalization in the absence of SATB1 protein.
The control Tnfa gene locus displayed a minor relocalization towards the nuclear interior (Figure 67A).

The differences detected in gene locus positioning observed for the microRNA and the control Tnfa gene
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loci in Satb1 cKO compared to wt cells is statistically significant (p<0.05) (Figure 67B). On the contrary, in
CDA4* cells, four microRNA genes, miR-181alb1, miR-181a2b2, miR-17-92 and miR-155 did not display any
relocalization in the absence of SATB1 protein. miR-181c and miR-142 were relocated towards the nuclear
interior while miR-146a and miR-let-7e were relocated towards the nuclear periphery. Interestingly, the
control Tnfa locus was relocalized towards the nuclear periphery (Figure 67C). Furthermore, the
aforementioned repositioning of all gene loci observed in Satb1 cKO mice compared to wt was statistically
significant (Figure 67D).

Data obtained from transmission electron microscopy (TEM) experiments for WT and Satbl cKO
thymocytes demonstrated that in the absence of SATB1 the compartmentalization of heterochromatin
and euchromatin is disturbed. Moreover, in the absence of SATB1, we observed relocalization of
euchromatin towards the nuclear periphery, loss of the perinuclear heterochromatin and a dispersed
pattern of heterochromatin within the nucleus (Figure 67E & 67F).

In conclusion, genetic ablation of SATB1 causes deregulation of the chromatinin T cells, and also affects
the cytokine expression and the in vitro differentiation of CD4" cells. Moreover, the absence of SATB1

led to repositioning of all microRNA gene loci under investigation and the control locus Tnfa.
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Figure 66. A) Confocal microscopy images from IF experiments in wt and Satb1 cKO thymocytes. SATB1 (red), DAPI
staining (blue.) B) and C) Quantitation of Ifny and //4 cytokine gene expression levels in distinct T cell lineages
before and after differentiation analyzed by gRT-PCR in WT and Satb1 cKO. D) Images from Olympus IX 50 inverted
microscope and a Plan 20x lense depicting cells in culture under Tul and Th2 differentiation conditions.
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Figure 67. A) Scatter plot graph displaying the gene alleles ND values distribution for microRNA genes and
Tnfa in thymocytes of WT and Satb1 cKO. The red line depicts the median of each distribution. B) Kolmogorov-
Smirnov test for the randomness of distributions between microRNA and Tnfa gene loci in WT and Satb1 cKO
thymocytes. C) Scatter plot showing the gene alleles ND values distribution of microRNA and Tnfa genes in
WT and Satb1 cKO CD4 cells. The red line depicts the median of each distribution. D) Kolmogorov-Smirnov
test for the randomness of distributions between microRNA and Tnfa genes in WT and Satb1 cKO CD4 cells.
E) and F) Transmission electron microscopy images of thymic sections in WT and Satb1 cKO mice.
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Our data reveal a peripheral subnuclear localization of eight immune cell specific microRNA genes and
Microprocessor during development and differentiation in discrete cell lineages, suggesting a link
between the 3D chromatin architecture and the localization of microRNA gene loci. Although there is a
plenty of evidence about the role of the non-coding genome on the nuclear organization, most of the
studies show the direct or non-direct effect of the long non-coding RNA in shaping the chromatin
structure. This is the first study which tries to link the small non-coding RNA with nuclear organization and
more specifically with the nuclear periphery. Our data demonstrate that the distribution of eight
microRNA genes has implications for nuclear structure and we discuss our findings in relation to the model

of nucleus that is functionally compartmentalized.

Nowadays thousands of microRNAs have been discovered and more are expected to be discovered. These
small non-coding RNAs serve as “hubs” of gene regulatory networks. A single microRNA can target many
genes while multiple microRNAs can regulate a single gene (Wu et al. 2010). Although the role of small
non coding RNA in transcription and translation has been reported, there are also data showing the role
of microRNA genes in heterochromatin formation (Kim et al. 2008). In this study, we demonstrated that
eight immune specific microRNA genes (miR-181a1b1, miR-181a2b2, miR-181c, miR-142, miR146a, miR-
17-92 and miR-let-7e) are highly transcribed upon activation of T cells. MicroRNA have been characterized
as guardian of the immune system and are arguably important during T cell activation and differentiation

(Dooley et al. 2013). Our experiments showed that the expression levels of miR-181-a1b1, miR-181-a2b2,

miR-181c, miR-142, miR -146a, miR-17-92 and miR-155 increase after the activation of the CD4 cells. This
is in agreement with published data demonstrating the importance of expression of microRNA genes

during T cell activation and differentiation (Sonkoly et al. 2008). Moreover, a series of studies have

assessed the impact of the microRNA network in T cell developments through knocking out different
microRNA genes and key biosynthesis enzymes: DICER, DROSHA, and DGCR8 in T cells and T-cell subsets.
These studies have painted a consistent picture of the relative importance of the microRNA network

throughout key developmental and functional checkpoints in T cell development (Weiner 2001; Thai et al.

2007; Chong et al. 2008; Banerijee et al. 2010).

Here we report microRNA expression profile for diverse T cell subsets before and after stimulation. In
order to find the allelic expression profile of microRNA genes that were under investigation, an optimized
single-molecule RNA FISH method for the quantitation of primary transcripts was utilized (Zeng et al.
2015). Our data showed that microRNA genes are expressed mainly monoallelically in thymocytes, CD4

cells, Tyl and Tx2 cells. Upon activation microRNA genes show low levels of biallelic expression in Tyl and
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Th2 cells. According to the Geneimprint database (http://www.geneimprint.com/site/home) till now only

twenty-eight microRNA genes in M. musculus have been annotated and only two of them show biallelic
expression. Data from uniparental disomy revealed that most of the microRNA genes are transcribed
monoallelically. This can be explained by the fact that almost all microRNA genes annotated at the gene

imprint database, are located at the imprinted locus on chromosome 12 (Zhu and Paul 2010). Therefore,

this is the first study which shows the expression profile of eight immune specific microRNA in murine T
cells. The above study provides substantial information on the allelic expression profile of eight microRNA
genes implicated in the regulation of the adaptive immune responses. We have attributed the monoallelic

expression pattern to the moderate expression levels of these genes (Deng et al. 2014a; Reinius and

Sandberg 2015) and excluded the potential of imprinting for the aforementioned loci, since low frequency
biallelic expression was detected in cell populations with maximal pri-microRNA expression, following T
cell receptor (TCR) activation of CD4* T cells. Although monoallelic expression has been reported for a

wide range of coding genes (Reik and Walter 2001; Reinius and Sandberg 2015) it has also been

documented for the non-coding genome (Lee 2000; Tian et al. 2010) such as for imprinted microRNA gene

clusters found both on mouse and human chromosomes (Seitz et al. 2004; Noguer-Dance et al. 2010). In

parallel, the preference for the monoallelic expression of microRNA genes could be attributed to

differential methylation of regulatory elements controlling gene expression.

Our data also demonstrated that microRNA genes have a peripheral localization independent of their
transcriptional activation in T cells. Quiescent naive CD4 cells have significantly different nuclear
organization and epigenetic hall marks compared with terminally differentiated TH cells. Naive, quiescent
T cells have small nuclei with a significantly higher fraction of facultative heterochromatin compared with

differentiated TH cells which show bigger nuclei containing more relaxed chromatin (Rawlings et al. 2011).

Quiescent resting lymphocytes also show greatly reduced levels of transcription compared with activated

lymphocytes (Frangini et al. 2013). Terminally differentiated, post-mitotic cells differ from quiescent cells

in that their exit from the cell cycle is irreversible. The differentiated post-mitotic cells that have been
studied so far, have a variety of chromosomal arrangements that may relate to the different functions of
the cells. Centromeres are repositioned from a preferentially external distribution in undifferentiated cells
to a more preferential peripheral position in differentiated Tyl and Tu2 cells. Our results demonstrate that
despite the significant spatial genome reorganization that occurs during differentiation of T cells, eight
microRNA gene loci remain peripheral and show non-significant peripherization or relocalization of

microRNA genes upon differentiation of T cells.
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Relationship between dynamic genome organization and single gene regulation is highly complexed (Kim
et al. 2004). Although there are numerous publications indicating that active gene transcription is found

in interior of the nucleus (Chuang et al. 2006; Schneider and Grosschedl 2007) (Dillon 2008), at the same

time several studies have shown that periphery can also be an “active environment”. The “gene gating”
hypothesis, introduced by Blobel in 1985, supported the idea that compact chromatin associates with the
nuclear lamina, while expanded transcribable genes associate with the nuclear pore complex, facilitating
the nuclear export of RNA (Blobel 1985). In contrast to findings of localization of inactive chromatin at the
nuclear periphery, nowadays it has been found that several dynamically regulated genes are recruited to

the nuclear periphery when activated (Finlan et al. 2008; Kumaran and Spector 2008; Zuleger et al. 2013;

Harr et al. 2015). Nuclear periphery is not a repressive environment in T cells not only for microRNA genes
but also for coding genes. During differentiation of thymocytes, CD8 gene relocate to the periphery in CD8
cells (Kim et al. 2004). These findings are in agreement with our results. Contrary to the prevailing notion
that the nuclear periphery is a repressive compartment, in Saccharomyces cerevisiae, it has been reported
that nuclear pore components Nic96, Nup116, Nup2, Nup60 and the karyopherin Xpo1, Csel, and Kap95

are associated with highly transcribed genes at the periphery. (Casolari et al. 2004). Moreover, in the same

organism, it has been reported that activation of INO1 (a target gene of the unfolded protein response
(UPR), which encodes inositol 1-phosphate synthase) takes place at the nuclear membrane (Brickner and
Walter 2004). Transcriptional activity at the periphery is not mainly a yeast phenomenon. In vertebrates

the DNAse | sensitive chromatin preferably localizes at the nuclear periphery (Hutchison and Weintraub

1985). The nuclear lamina promotes telomere aggregation and centromere peripheral localization during
senescence of human mesenchymal stem cells (Raz et al. 2008). Moreover, in mammalian cells beta-globin
expression begins at the nuclear periphery prior following the relocalization to the interior of the cell

(Ragoczy et al. 2006). All these data reported, are in agreement with our findings, that the nuclear lamina

is not a repressive environment for the expression of microRNA genes. All the above studies are in
agreement with our results regarding the transcriptional activity of the nuclear periphery. Our analysis
indicated that in both naive, non-stimulated cells, but also in TCR-activated CD4+ T cells, microRNA genes
localize in the nuclear periphery, irrespectively of their transcriptional activity or differentiation status.
The role of the nuclear periphery in gene expression control still remains unclear. Nowadays, the capacity

of high-resolution capacity imaging approaches (Fiserova et al. 2017; Nozaki et al. 2017; Xu et al. 2018) in

concert with chromosome conformation capture (3C)-based technologies (Schmitt et al. 2016), combined

with modeling for interpreting chromatin interactions, or tethering loci to specific nuclear compartments

(Wang et al. 2018) provides strong support in deciphering the exact role of the nuclear periphery during
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development. Although accumulating evidence supports the notion that gene transcription might be

linked with repositioning into the nuclear interior (Chuang et al. 2006; Schneider and Grossched| 2007;

Dillon 2008), several studies have shown that nuclear periphery can also be a transcriptionally “active

environment” (Kim et al. 2004; Ragoczy et al. 2006; Zhao et al. 2015). Despite the fact that transcription-

induced relocalization of protein-coding genes or lamina associated enhancers (Zink et al. 2004; Wiblin et

al. 2005; Ragoczy et al. 2006; Ktistaki et al. 2010; Robson et al. 2017) were shown to precede the actual

transcription-mediated responses in the murine immune system (Spilianakis et al. 2005; Ktistaki et al.

2010; Rawlings et al. 2011; Deligianni and Spilianakis 2012) we have not observed such relocalization of

microRNA gene loci before and after activation/differentiation of T cells. It still remains unresolved
whether transcription actually controls directly chromatin organization and gene repositioning or vice

versa. It has been reported that chromatin loops (Mitchell and Fraser 2008) and contacts between

regulatory DNA elements and genes in the B-globin locus were unaffected upon transcription inhibition.
These reports are in line with our findings in which transcription inhibition did not affect the localization

of microRNA genes nor caused a repositioning in T cells.

Perinuclear positioning of microRNA genes was not affected by changes in chromatin conformation during
murine development. Our results in ESCs support that subnuclear localization of these microRNA gene
loci is conserved between embryonic stem cells and terminally differentiated immune cells.In contrary,
the protein-coding Tnfa gene locus altered its subnuclear localization during development, relocalizing at
the nuclear periphery in ESCs. However, the unique and intriguing chromatin landscape of ESCs has been

well documented (Chen et al. 2004; Meshorer and Misteli 2006; Meshorer 2007; Gangaraju and Lin 2009),

with their nuclear periphery being at the same time a transcriptionally permissive and repressive
compartment (Luo et al. 2009). Core pluripotency genes expressed in ESCs, such as Sox2, Nanog and Oct4

avoid peripheral localization (Jost et al. 2011), whereas up-regulated genes such as Ptn, Sox6, and Nrp1

relocate from the nuclear periphery to the nuclear center during ESC differentiation (Peric-Hupkes et al.

2010; Therizols et al. 2014). Many repressive H3K27-me3 and active epigenetic marks (H3K4-me3 and

H3K36-me3) localize to the periphery of ESC (Luo et al. 2009). In ESCs, chromatin is globally decondensed,
enriched in active histone and contains a fraction of loosely bound architectural chromatin proteins

(Meshorer and Misteli 2006). When cells differentiate, regions of condensed heterochromatin form,

silencing histone marks accumulate, and structural chromatin proteins become more stably associated

with chromatin (Gangaraju and Lin 2009). Nuclear architecture at the ESCs shows fewer and larger foci of

heterochromatin, small nuclear speckles, larger nucleoli, an ill-defined nuclear lamina (LMNa is not

expressed) while PML bodies remain similar after differentiation (Chen et al. 2004). All the above reports
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are in line with our findings, where miR-17-92 cluster, which is perinuclearly localized from embryonic

stem cells to differentiated myeloid cells, was highly expressed in mESCs (Hadjimichael et al. 2016).

Our comparative analysis of DamlID-derived sequencing data revealed that microRNA genes are
preferentially positioned outside constitutively-repressed LAD regions in M. musculus and this localization
pattern is conserved among four different species (H.sapiens, M. musculus, C.elegans and

D.melanogaster). LADs contain AT rich gene poor domains (Guelen et al. 2008) and are also enriched for

marks such as histone 3 Lys9 dimethylation (H3K9me2), which is a mark of heterochromatin and silent
genes. During differentiation, constitutive LADs (cLADs) remain associated with the lamina, whereas
facultative LADs (fLADs) become detached as the genes that they contain become active (Guelen et al.
2008). Regions of open chromatin, in which genes are actively transcribed, loop out into the interior of
the nucleus. After mitosis, some LADs relocate to the periphery of the nucleolus in the following G1 phase

of the cell cycle, although the mechanism underlying this remains unclear (Spector and Lamond 2011).

We also documented that both microRNA genes and protein-coding genes display the same preference
to avoid cLAD localization. This can be explained by the fact that in human and mouse 50% of the
microRNA genes are intragenic, which means that their transcription is mediated through the hosting
genes, while the rest of the microRNA are intergenic. These results are also compatible with our immuno-
RNA-DNA FISH analysis, showing that microRNA genes are actively transcribed even when colocalized with
Lamin-B1. This is in line with previous reports documenting transcriptionally active gene loci in concert

with ciLAD-localization (Peric-Hupkes et al. 2010; Akhtar et al. 2013). Conclusively, our results are in

accordance with reports showing that the frequency of gene colocalization with the nuclear lamina can

be locus-specific (Kind et al. 2015) and that in general microRNA gene colocalization with the nuclear

lamina is not associated with attenuated pri-microRNA transcription.

The chromosome painting experiments combined with DNA FISH reported a polarization of microRNA
genes and the control genes located on the same chromosome. We reported that miR-let-7e and miR-
146a are placed on the external edge of the CTs while the control loci TH2 and Tnfa are found on the
internal edge and loop out from the CTs to the interior of the nucleus. These findings are in line with data
showing the sub-nuclear localization of CTs. Chromosomes 17 and 11 are peripheral in mouse and human

fibroblasts (Croft et al. 1999). There is also evidence that in human dermal fibroblasts only chromosomes

14, 19, 20, 21 and 22 show an internal localization while the rest of the chromosomes are located at the

periphery of the cells (Mehta et al. 2013). Moreover, it has been demonstrated that in thymocytes during
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differentiation chromosome 6 shifts towards the center in CD4*cells and towards the periphery in

CD8*cells (Kim et al. 2004). Chromosome 6 contains also the major histocompatibility (MHC) region at

6p21 which loops out from the CT6 on large loops, in response to activation of MHC genes. A significantly
increased proportion of nuclei displaying these loops were observed in B-lymphoblastoid cells and in
Interferon-y (INF-y)-treated fibroblasts, which express the MHC genes, compared with untreated

fibroblasts (Volpi et al. 2000). Moreover it has been demonstrated that during differentiation and

development, the HOX gene cluster loops out from the CT in order to be transcribed (Williams et al. 2002;

Chambeyron et al. 2005; Kupper et al. 2007). Consequently, CTs may be considered as genome organizers,

where different CTs may have a specific probability to be influenced by the nuclear periphery, both at the
individual and population level. Given this dynamic (affecting CTs and gene loci) the nuclear periphery
may be considered as an organizer of the entire genome, and not specifically of the chromatin at the
nuclear periphery.

Transcription inhibition (a-amanitin 50ug/ml) did not affect the localization of microRNA genes in
thymocytes, CD4* and Tu2 cells while the expression levels of microRNAs genes were severely reduced.
Although there are many genes relocated at the center of the nucleus after being activated, our loci
demonstrated small re-localization after a-amanitin treatment that were not statistically significant. As
assessed by 4C technology, it has been demonstrated that inhibition of transcription does not affect
chromatin loops. Treatment with 5,6-Dichlorobenzimidazole 1-B-D-ribofuranoside (DRB) (inhibition of
transcription elongation) of fetal liver cells, didn’t affect the associations between distal expressed genes
Hbb-b1 and Eraf (25 Mb apart) as well as Eraf and Uros (5 Mb apart) which are located on chromosome

7 (Mitchell and Fraser 2008). Furthermore, inhibition of transcription in primary erythroid cells,

demonstrated that contacts between regulatory DNA elements and genes in the B-globin locus are
unaffected and the locus still interacts with the same genomic regions elsewhere on the chromosome

(Palstra et al. 2008). If the correlation between transcription and chromatin organization is a cause or

consequence still remains unclear. The B-globin when activated and is repositioned from the nuclear

periphery to the nuclear interior (Ragoczy et al. 2006), while CFTR after being activated is relocate to the

interior locations in the nucleus (Cordes and Srivastava 2009). In other cases, the re-localization takes

place first and then the transcription starts. Initial observations that highly transcribed genes tend to
colocalize seemed to suggest that gene activation required DNA repositioning to transcriptionally active

regions, termed transcription factories (Rottiers and Naar 2012; Chen et al. 2013). Later studies showed

that genes regulated by similar transcription factors can colocalize in 3D space when they are transcribed
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(Ceribelli et al. 2012). However, other studies did not observe transcription downregulation by

repositioning different DNA regions to the lamina (Smalheiser and Torvik 2005).

Studies in S. cerevisiae and D. melanogaster indicated that active transcription occurs in the NPC vicinity,

causing chromatin recruitment to the nuclear periphery (Casolari et al. 2004; Vaquerizas et al. 2010;

Buchwalter et al. 2019). In addition to nuclear transport, NUP153 and NUP93 are considered as gene

expression regulators since they control cell type specific gene expression transcriptional programs (lbarra

et al. 2016a; Toda et al. 2017). Depletion of NUP153 does not affect nuclear transport, though it induces

changes in gene transcription (Jacinto et al. 2015). DamID experiments reported that these nucleoporins

interact with ciLAD domains and bind to SE in U20S and IMR-90 cells (Ibarra et al. 2016a). These findings

are in accordance with our observations regarding the transcriptionally active microRNA genes at the

nuclear periphery. In addition, NUP98 also regulates gene expression (Liang et al. 2013). It has been

reported that in D. melanogaster NUP98 interacts with transcriptionally active developmental and cell

cycle associated genes in the nucleoplasm (Kalverda et al. 2010). This nucleoporin is characterized as a

more dynamic molecule that can detach from the nuclear periphery and bind to promoters at a distance

from the NPC (Franks et al. 2017). This is in accordance with our findings suggesting no significant

differences in NUP98 binding between the peripheral microRNA loci and all the protein-coding genes.
Therefore, a potential explanation for the perinuclear localization of microRNA gene loci might be their
interaction with NPCs.

Mammalian microRNA gene transcription is initiated in the cell nucleus by either RNA Polymerase Il (Pol
II) or RNA Polymerase Il (Pol Ill) and it may yield a several kb (pri-microRNA) transcript that is co-
transcriptionally processed to an ~70 bp premature RNA (pre-microRNA) by the Microprocessor complex
[comprised by DROSHA and DiGeorge syndrome critical region gene 8 (DGCR8) proteins] (Cai et al. 2004;
Lee et al. 2004a; Kim and Kim 2007; Morlando et al. 2008; Winter et al. 2009). Since we next demonstrated

that microRNA genes and Microprocessor are located at the nuclear periphery, we hypothesized that
Microprocessor could also be a mechanism explaining the peripheral location by direct or indirect binding
on TSSs of microRNA genes. According to our data both DROSHA and DGCR8 show a peripheral
distribution in murine ESCs, thymocytes, CD4 cells, Tyl and T2 cells. It has also been shown that DROSHA
cleavage occurs during transcription acting on both independently transcribed and intron-encoded

microRNAs (Lee and Dutta 2009). Except from acting as a scissor at the microRNA biogenesis pathway,

DROSHA can act also as a transcription factor by binding to p-pol Il at transcription starting sites of coding

genes (Fitzgerald and Caffrey 2014). Moreover, it has been reported that the recognition of intron-

containing C19MC pri-microRNAs by Microprocessor occurs in proximity to their transcription sites.
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Peripheral chromosome 19 microRNA cluster (C19MC) harbors 46 highly related pre-microRNAs
processed from the repeated introns of the RNA Pol-lI-transcribed non-protein coding C19MC-HG (host-
gene) pri-microRNA transcripts. Live imaging experiments demonstrated that newly synthesized C19MC

pri-microRNAs attract a large fraction of the Drosha— DGCR8 complex (Bellemer et al. 2012). The result

from our DOSHA Chip-seq experiments didn’t reveal a correlation between peripheral position of
microRNA genes and Microprocessor. However another study reported that both DROSHA and DGCR8

bind to a microRNA super-enhancer (SE) to boost microRNA processing (Suzuki et al. 2017). These data

agree with our findings, in which we observe enrichment of DGCR8 binding in the microRNA genes
compared to protein coding genes, further supporting the potential role of DGCR8 as a microRNA gene
positioning factor.

SATB1 can act as a repressor or activator for different genes. It organizes cell type—specific nuclear
architecture by anchoring specialized DNA sequences and recruiting chromatin remodeling factors to
control gene transcription. There is evidence that SATB1 packages densely looped transcriptionally active

chromatin for coordinated expression of TH2 locus (Allen et al. 2004). Moreover it has been reported that

in the absence of SATB1 thymocytes development is affected, peripheral CD4 cells are activated and there

is an autoimmune manifestation (Kondo et al. 2016). In this study, we reported that SATB1 can affect the

localization but also the expression of microRNA genes in T cells. Ablation of SATB1 leaded to a
deregulation in expression of microRNA genes and other genes as proved by RNA-seq (data not shown)
but also it caused a shuffling on the compartmentalization of the chromatin. Moreover, the deregulation
in expression was also verified by gPCR experiments which reported that in thymocytes and CD4 cells
gene expression is also being deregulated (data not shown). The depletion of such an abundant looping
factor leaded to deregulation of chromatin organization and gene expression in T cells. Other control
experiment should also follow, so the observed repositioning events can be classified as specific and not
due to indirect, global effects on nuclear organization. This can be explained by the fact that in the cKO
SATB1 mice there is a high deregulation of the chromatin and gene expression and the differences in
relocalizations are an outcome of the pleiotropic genome organization. This interpretation is in line with
data from IP-MS experiments in our lab (data not shown) which revealed interactions of SATB1 with
several gene positioning factors such as HNRNPK, EP400, KIF4A, CHAF1B, AKAP8L, EHHADH, TRIM28 and
SATB2. These factors were recently classified as positioning determinants based on the fact that their
absence leaded to relocalization of both several endogenous peripheral and internal genomic loci

(Shachar et al. 2015).
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Ultimately, the peripheral positioning of microRNA gene loci might also represent an evolutionary aspect
of chromatin organization. cLAD domains are enriched for LINE (Long Interspersed Elements) sequences

(Meuleman et al. 2013) and the evolution of microRNA genes is speculated to descent from transposable

elements integrated into the genome (Borchert et al. 2011; Roberts 2014). Next-generation sequencing

and computational comparative analyses of small RNAs have demonstrated that sequence homology is
more frequent for MITEs (Miniature Inverted-repeat Transposable Elements) and DNA transposons and
less prevalent for LTR (Long Terminal Repeat) or non-LTR retrotransposons (SINEs, LINEs) or satellite
repeats, supporting the notion of microRNA gene derivation from transposable elements (Borchert et al.

2011; Tempel et al. 2012). Additionally, it was documented that in human CD4* cells, HIV-1 integrates

preferentially in regions of the eukaryotic genome found at the nuclear periphery, in proximity to nuclear
pores, avoiding the heterochromatic LAD regions in order to facilitate the transcriptional regulation of the

viral genome (Marini et al. 2015). These findings provide additional evidence for the evolutionary

denouements of peripheral localization and reconfirm the subnuclear positioning of the microRNA genes
observed in our study.

In conclusion, our report elucidates the interplay between subnuclear localization of micro- RNA gene
loci and their transcriptional regulation in the murine innate and adaptive immune system, providing

valuable additional knowledge of chromatin organization and gene regulation at the nuclear periphery.

While a few years ago, the question of how eukaryotic genomes are organized within the cell nucleus was
a new field of study, nowadays it is believed that nuclear organization might explain different aspect of
genome function. Genome-wide molecular studies and single cell studies have revealed that chromatin
organization and gene expression are tightly linked by offering functional insight for many phenomena
observed within the nucleus. The aim of nuclear organization field is to understand the 3D organization—
function relationships within the cell nucleus on all levels, from molecules to entire genomic and
epigenomic landscapes. The 4" dimension of the genome is the time and this includes all the
reorganization of the 3D structure upon environmental changes, cell-cell interactions and tissue
organization during cell differentiation, reprogramming, and aging. Mapping the genome structure in
undifferentiated and differentiated cells (i.e. from embryonic stem cells and terminally differentiated
cells) can provide a better understanding of the correlation between the disruption of nuclear architecture
and how this can lead to disease. The non-coding genome and its role in chromatin organization and gene
expression is also offering information on how to decipher the nuclear architecture. These considerations

clearly show that much work remains to be done in order to understand how the spatial organization of
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genomes relates to their function. The study of subnuclear localization of chromosomes and gene loci
upon differentiation as reported here should provide a useful tool to address this fundamental aspect of
genome function. Moreover, other cell single-cell analysis to track the location of individual genes in the
periphery and the interior of the cell should follow to reveal the positioning of genome regions in
individual living cells. Studies that can dictate the promoters of the microRNA genes and possible
interaction of those promoters with peripheral proteins would be a supportive mechanism for all the
above observations. Moreover, the decoding of the nuclear periphery and the study of expressing genes
that lay at the nuclear periphery will provide as a better understanding of how nuclear periphery

contributes to the genome architecture and to the integrity of gene expression.
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Abstract

microRNAs are of vital importance for the regulation of the adaptive and innate immune
responses, modulating gene expression at the post transcriptional level. Although there is
cumulative information regarding the steady state mature microRNA levels and their respec-
tive targets, little is known about the effect of the three-dimensional chromatin architecture
on the transcriptional regulation of microRNA gene loci. Here, we sought to investigate the
effect of subnuclear localization on the transcriptional activation of eight murine microRNA
loci in the immune system. Our results show that microRNA genes display a preferential
monoallelic gene expression profile accompanied with perinuclear localization irrespectively
of their transcription status or differentiation state. The expression profile and perinuclear
localization are developmentally conserved while microRNA gene loci localization outside
constitutive lamin associated domains is cross-species conserved. Our findings provide
support for an active nuclear periphery and its role in chromatin organization of the non-cod-
ing genome.

Introduction

The last few years it has become increasingly clear that higher order chromatin organization
controls the regulation of genome activity and serves as an additional epigenetic mechanism
that modulates cellular functions and gene expression programs in diverse biological pro-
cesses. Spatial positioning of different gene loci can be directly linked to gene expression [1-3]
while other findings confirm that deregulation of the nuclear architecture can be linked to
severe diseases [4-6]. Apart from the organization of chromatin per se, the metazoan inter-
phase nuclei are also functionally compartmentalized, with different repressive and active
nuclear sub-compartments governing gene expression. Compartments such as the nuclear
lamina and the nucleolus gather repressed genes, while RNA Pol II factories attract expressing
genes [7, 8]. Allelic interactions and gene repositioning with functional importance are com-
mon during the regulation of immune responses [9-11]. Chromatin loops, constituting
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Lamina Associated Domains (LADs), modify their proximity to the nuclear lamina offering a
plausible explanation to past reports documenting the relocalization of gene loci, upon their
transcriptional activation, away from the nuclear periphery, further supporting the implication
of nuclear lamina in gene silencing [12].

In contrast to the nuclear lamina, association of chromatin with the Nuclear Pore Complex
(NPC) has been reported to favor gene expression. Nuclear pore is a multiprotein complex of
nucleoporins, that mediates molecule transport between the cytoplasm and the nucleus. Addi-
tional to molecule transportation, the NPC exerts multiple roles that are associated with regu-
lation of gene expression, chromatin organization and virus infection [13-17].

Prior studies have introduced the role of non-coding RNAs as prominent factors that con-
trol gene expression and chromatin organization [18]. Non-coding RNAs can be subdivided
into two discrete classes based on their physical properties (long and small non-coding RNAs).
They are implicated in the regulation of several developmental and physiological processes in
plants, fungi, worms and animals where they regulate gene expression, either through tran-
scriptional modulation or via post-transcriptional regulatory mechanisms [19]. Although a
plethora of reports have highlighted the significance of the long non-coding genome in nuclear
organization [20], there are also few well characterized groups of small non coding RNAs with
functional roles that can control genome stability and chromatin organization [21].

microRNAs constitute another abundant class of endogenous and highly conserved small
non coding RNA molecules that show tremendous flexibility in controlling gene expression at
the transcriptional and post-transcriptional level [22]. Several reports have described the func-
tional role of microRNAs in controlling the myeloid and lymphoid cell development and func-
tion of the innate and adaptive immune system [23].

Mammalian microRNA gene transcription is initiated in the cell nucleus by either RNA
Polymerase II (Pol IT) or RNA Polymerase III (Pol III) and it may yield a several kb (pri-
miRNA) transcript that is co-transcriptionally processed to an ~70 bp premature RNA (pre-
miRNA) by the Microprocessor complex [comprised by DROSHA and DiGeorge syndrome
critical region gene 8 (DGCRS) proteins] [24-28]. DICER further processes the pre-micro-
RNA and releases a 20-24 nt RNA duplex ready to obtain its functional targeting role in the
cytoplasm [29-31]. Despite the fact that microRNA biogenesis and the microRNA-mediated
gene regulation mechanisms are well documented, little is known about the transcription reg-
ulation of the microRNA genes themselves. So far, only a few studies have referred to the sub-
nuclear positioning of microRNA genes as an epigenetic mechanism regulating immune
responses [32, 33].

Therefore, in this study we sought to investigate the impact of nuclear architecture as an
epigenetic mechanism regulating the expression of eight microRNA genes in the murine
innate and adaptive immune system. We investigated the role of subnuclear localization of
microRNA gene loci as a potential mechanism affecting non-coding genome expression.
Apart from highlighting the impact of the nuclear periphery in microRNA gene expression,
we also introduce other factors that may modulate the subnuclear positioning or the expres-
sion of the microRNA genes studied. Our results pinpoint the impact of nuclear periphery in
microRNA gene expression, shed light on chromatin organization at the nuclear periphery
and allow for a better understanding of the mammalian genome organization.

Results
microRNA genes are preferentially expressed in a monoallelic manner

To study the impact of nuclear architecture in the transcriptional regulation of microRNA
gene loci, eight microRNA genes (miR-181a1bl, miR-181a2b2, miR-181c, miR-142, miR-146a,
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miR-17-92, miR-155 and miR-let7e) were selected which are expressed during the murine mye-
loid and lymphoid cell development. Initially, our study focused on unraveling the allelic
expression profile of these microRNA genes. RNA-DNA fluorescence in situ hybridization
(FISH) experiments were performed in T cells [murine thymocytes, CD4", T helper type 1
(THI) and type 2 (TH2) cells] and in macrophages (thioglycollate elicited peritoneal macro-
phages—-TEPMs, and bone marrow derived macrophages-BMDM:s) before and after lipopoly-
saccharide (LPS) stimulation.

Our results revealed a profound tendency for monoallelic microRNA gene expression both
in T cells (Fig 1A and 1B) and macrophages (Fig 1C and 1D). RNA-DNA FISH experiments
allowed the simultaneous detection of both the newly synthesized pri-miRNA and the gene
locus from which it is transcribed (Fig 1E). Upon terminal differentiation of CD4" T cells into
the TH1 and TH2 cell lineages and after LPS stimulation of TEPMs or BMDMs, the expression
of microRNA genes remained monoallelic although a low fraction of cells exhibited biallelic
expression. The higher frequency of monoallelically expressed microRNA gene alleles is due to
the low expression levels of primary microRNA transcripts and not due to imprinting. These
results are in line with bioinformatic predictions regarding the allelic expression profile of
both microRNA genes and coding genes and does not seem to be affected by neighboring gene
transcription status (S1 Fig and S1 Table).

microRNA gene loci are perinuclearly positioned and colocalize with the
nuclear lamina

Collectively, the RNA/DNA FISH analysis on three-dimensionally (3D) preserved cell nuclei,
provided us with interesting preliminary data indicating that microRNA gene loci localize in
the nuclear periphery. Considering that the subnuclear localization of gene loci can directly
impact their gene expression [11, 34] we performed 3D-DNA FISH experiments in murine T
and macrophage cell lineages (Fig 2A). The Tnfa gene locus was used as a control, given that
its expression displays well characterized spatiotemporal kinetics [11]. Intranuclear distances
(between each gene allele and the nuclear periphery) were measured and normalized to the
nuclear radius of each cell in order to correct for differences in the size of the cell nuclei. To
quantitate the relative localization of microRNA gene loci in cell nuclei, the normalized dis-
tances (NDs) of gene alleles were grouped in ten concentric shells, in which normalized dis-
tances ranging from 0 to 1 are denoting the border and the center of the cell nucleus
respectively (S2A Fig). Thymocytes and CD4" T cells demonstrated a peripheral distribution
for all eight microRNA gene loci, with the most peripheral cluster ND = 0-0.1 including more
than 40% of all the microRNA gene alleles (Figs 2B and S2B and S1 Video). Upon differentia-
tion of CD4 cells into TH1 and TH2 cells the external cluster ND = 0-0.1 included as much as
65% and 60% of the total microRNA gene alleles, respectively. Although microRNA gene loci
displayed a perinuclear relocalization during differentiation, Tnfo alleles exhibited an
expanded distribution up to a more internal cluster ND = 0.6-0.7 with a low percentage of the
alleles (15%) located at the nuclear periphery (ND = 0-0.1) in thymocytes. During T cell differ-
entiation, Tnfo was relocalized towards the center of the nucleus in TH1 cells (ND = 0.3-0.4
including the highest fraction of alleles) while in TH2 cells the allelic distribution of Tnfa was
similar to CD4" cells.

A perinuclear localization of microRNA gene alleles was also observed in TEPMs (Figs 2B
and S2B) and BMDMs (S2C Fig). More specifically, in TEPMs irrespectively of LPS stimula-
tion, more than 50% of the microRNA gene alleles localized in the nuclear periphery (0-0.1).
As for the Tnfo alleles localization, the corresponding Tnfo allelic ND values clustering in the
ND = 0-0.1 zone were 5.8% and 1.5% before and after LPS stimulation respectively, following
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Fig 1. Allelic expression profile analysis of microRNA gene loci reveals their preferential monoallelic expression in the murine
immune system. A) Representative images of RNA-DNA FISH experiments for microRNA genes in thymocytes, CD4", TH1, TH2
cells. microRNA gene locus DNA (red) and biotinylated cDNA probes (green) were used to detect the nascent microRNA transcript.
The number of nuclei measured in the RNA-DNA FISH experiments were: n = 1950 thymocytes, n = 2348 CD4", n = 3417 TH1,

n = 3057 TH2. Scale bar 2um. B) The mono- and bi-allelic expression profile of the portrayed microRNAs in the graph corresponds to
the percentage of cells expressing either one or both alleles, before and after differentiation of the cells into the TH1 and TH2 cell
lineages. The number of nuclei measured are the same as in Fig 1A. C) Representative confocal microscopy images of RNA-DNA
FISH experiments showing the allelic expression profile of microRNA genes in thioglycollate elicited peritoneal macrophages
(TEPMs). Bar graphs indicate the percentage of cells with either mono- or bi-allelic expression of the nascent pri-miRNA transcript
before and after LPS stimulation of macrophages. A total number of 3558 and 2606 nuclei were measured in naive (-LPS) and LPS
activated (+LPS) TEPMs respectively. Scale bar 2um. D) Confocal microscopy single z-stack images indicating the colocalization of
nascent pri-miR-155 transcript (green) along with its corresponding gene locus (red), in 2h LPS-stimulated BMDM:s (blue-DAPI, for
DNA counterstain). Bar graph portraying the mono- and bi-allelic expression pattern of miR-146a, miR-155 and miR-let7e in naive
and LPS-stimulated BMDMs. The total number of nuclei measured for each microRNA locus were n = 691 for miR-146a, n = 931 for
miR-155 and n = 168 for miR-let7e. Scale bar 2 pm. E) Representative confocal microscopy images of RNA-DNA FISH experiments
for microRNA gene loci (DNA- miR-155 red) with the respective nascent pri-microRNA transcript (green) in thymocytes (DNA
counterstained with DAPI—blue). The upper panel depicts DNA, but not RNA signals in RNase A treated cells. The second and third
panel depict mono- and biallelically expressing cells. The fourth panel presents RNA-DNA hybridization with the TOPO-TA cloning
vector used for RNA FISH probe synthesis. Scale bar 2 um.

https://doi.org/10.1371/journal.pone.0223759.9001

areverse distribution pattern compared to the microRNA genes. The same perinuclear posi-
tioning of the microRNA genes was observed in BMDMs (S2C Fig). These results indicate that
in cell types of the murine innate (macrophages) and adaptive (CD4" T cells) immune system,
the eight microRNA gene loci under study preferentially localize in the nuclear periphery irre-
spectively of the differentiation or activation state of the cell.

In order to experimentally test whether the peripheral distribution of the investigated
microRNA gene loci was attributed to a dynamic interplay with the nuclear lamina, as already
described for coding genes [35], we performed 3D-DNA FISH in concert with immunofluo-
rescence experiments and assessed the fraction of cells with at least one gene allele colocalized
with the nuclear lamina (Fig 2C). We found that more than 50% of the thymocytes displayed
at least one microRNA gene allele colocalized with Lamin-B1 (Fig 2D and S2 Video). Upon
activation and differentiation of CD4" T cells towards the TH1 and TH2 cell lineages, the frac-
tion of alleles that colocalized with Lamin-B1 was increased with over 50% of the cells display-
ing at least one microRNA gene allele colocalized with Lamin-B1 (Fig 2D). Our experiments
in TEPMs indicated that for miR-181a1bl, miR-181c (unstimulated cells), miR-17-92 and miR-
let7e, more than 50% of the total cell population bore at least one allele colocalized with the
nuclear lamina. miR-181a2b2, miR-146a and miR-155 colocalized with the nuclear lamina in
cell fractions higher than 40% while miR-142 exhibited a lower tendency to colocalize with
Lamin-A/C (20%). In BMDMs we tested the microRNA genes for which the expression was
upregulated upon LPS stimulation and found that at least one allele colocalized with Lamin-B1
in more than 50% of the total cell population assessed (52D Fig). In conclusion, the observed
colocalization of microRNA gene loci with the nuclear lamina did not significantly change
before and after T cell differentiation or macrophage LPS stimulation with the striking excep-
tion of the LPS-induced miR-181c gene locus in TEPMs (Fig 2D), which demonstrated the
lowest percentage of colocalization with the nuclear lamina in CD4" cells and LPS stimulated
TEPMs.

microRNA genes are actively transcribed in the nuclear lamina

In order to investigate the repercussions of microRNA gene colocalization with the nuclear
lamina and its effect on the allelic microRNA gene expression profile, we performed IF-RNA/
DNA FISH (for the pri-microRNA and the gene locus) and assessed the frequency of micro-
RNA gene alleles that were actively expressed and were either colocalized or not with the
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Fig 2. microRNA gene loci are localized in the cell nuclear periphery. (A) DNA FISH single z-stack images displaying the perinuclear
localization of microRNA and Tnfa gene loci in thymocytes, CD4", TH1, TH2 and TEPMs. Scale bar 2um. (B) Bar graphs represent the
intranuclear normalized distances (NDs) measured between the microRNA gene signals and the edges of the nuclei as defined by DAPI
staining. Allele distances from the nucleus edge were measured in 3D-preserved cell nuclei using the Volocity 3D Image Analysis
Software and normalized to the nuclear radius. ND = 1 defines the center of the nucleus, whereas ND = 0 defines the nuclear periphery.
The total number of nuclei measured in each dataset were: Thymocytes n = 4021, CD4" n = 4030, TH1 n = 1337, TH2 n = 1331, TEPMs/-
LPS n = 4762, TEPMs/+LPS n = 4882. Scale bar 2um. (C) Single z-stack images of DNA FISH combined with immunofluorescence
analysis indicating the colocalization of microRNA gene alleles (red) with the nuclear lamina (LMNBI1 green) in thymocytes, CD4", TH1,
TH2 cells and TEPMs. Scale bar 2um. (D) Bar graphs represent the percentages of cells bearing at least one allele associated with the
nuclear lamina. Number of nuclei assessed: thymocytes n = 2008, CD4" n = 1984, TH1 n = 1232, TH2 n = 1320, TEPMs/-LPS n = 958,
TEPMs/+LPS n = 1151.

https://doi.org/10.1371/journal.pone.0223759.9002

nuclear lamina (either LMNB1 or LMNA/C). Our results indicated expression and collateral
colocalization with Lamin-B1 for all microRNA genes tested. More specifically, in thymocytes,
almost 45% of the expressing alleles of mir-181c, miR-17-92 and miR-155 colocalized with
Lamin-B1 while in macrophages before and after LPS stimulation more than 40% of all the
miR-146a and miR-155 expressing alleles were colocalized with Lamin-B1 (Fig 3A). The latter
was also confirmed by the distributions of normalized distances between the expressed and the
non-expressed microRNA gene alleles in thymocytes, CD4", TH1, TH2 (S3A Fig), TEPMs and
BMDMs before and after LPS stimulation (S3B Fig). We did not detect any tendency for locali-
zation of the expressing microRNA gene alleles to more internal nuclear compartments or vice
versa.

To obtain a global view on the microRNA perinuclear positioning we tested whether the
peripheral localization could be attributed to the localization in lamin associated domains
(LADs). LADs are AT-rich, genomic regions known to constitute anchorage domains of gene
loci to the nuclear lamina compartment and constitute almost 40% of the mouse genome [12,
36, 37]. Data obtained from DamID experiments on different cell types showed three different
groups of LADs: constitutive LADs (cLADs) as regions that are lamin-associated regions, con-
stitutive inter-LADs (ciLADs) that are chromatin regions between LADs and facultative LADs
(fLADs) that are cell-type dependent lamin-associated regions [36]. Using published cLAD
coordinates in the mouse genome [12], we tracked the position of the eight microRNA gene
loci under study along with the TNFe locus in four different murine cell types: mouse embry-
onic stem cells (ESCs), mouse embryonic fibroblasts (MEFs), neuronal progenitor cells
(NPCs) and astrocytes (ACs). We observed that all gene loci tested, resided outside cLAD
regions in the mouse genome (Fig 3B). Subsequently, we questioned whether the observed
perinuclear localization of microRNA gene loci reflected their localization in proximity to the
borders of ciLADs. Our analysis revealed that miR-181a2b2, miR-17-92, miR-155 and miR-
let7e were localized closer to the ciLAD boundary, whereas miR-181c, miR-142 and Tnfo gene
loci were localized towards the center of their corresponding domains (Fig 3C). When the
comparative analysis was scaled up to all the murine microRNA genes annotated in the miR-
base, we found that microRNA gene loci did not exhibit a distinct tendency of localization
towards either the border or the center of ciLAD/cLAD compartments (Fig 3C). microRNA
genes located proximal to cLADs were positioned far from the corresponding boundaries,
whereas ciLAD-associated microRNA genes were preferentially positioned within the domain,
exhibiting a slight preference towards the center of the domain.

It is well established [38-40] that upon transcriptional activation genes may re/localize
within the cell nucleus. Furthermore, during development and differentiation of T cells, a
dynamic change in chromatin is observed [41-44]. Based on these findings, we next tested
whether transcription inhibition could have an impact on the perinuclear localization of a
microRNA gene locus or whether it would induce its relocalization. Therefore, we performed
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Fig 3. The perinuclear localization of microRNA gene loci is independent of their transcriptional activity. (A) Single z-stack images displaying the
colocalization of expressed (green) microRNA gene alleles (red) with Lamin-B1 in thymocytes and BMDMs (before and upon LPS stimulation for the
indicated time points). Bar graphs represent the percentage of expressed alleles colocalized with the nuclear lamina. Number of nuclei assessed:
thymocytes n = 705, BMDMs/-LPS n = 492, BMDMs/+2h LPS n = 1128, BMDMSs/+6h LPS n = 1028. Scale bar 2um. B) 2Mbp region of mouse
chromosome 2 with miR-181a2b2 gene. ciLAD/cLAD analysis in four distinct cell types, embryonic stem cells (ESCs), neural progenitors (NPCs),
astrocytes (ACs) and mouse embryonic fibroblasts (MEFs). (C) Beanplots portraying the scaled distance distribution of microRNA genomic sequences
to their most proximal ciLAD/cLAD regions. Red lines represent the microRNA genes under study, whereas the green line corresponds to TNFa locus.
Small but interesting tendencies for the localization of microRNA sequences either towards the centers of ciLADs, or at the cLAD/ciLAD boundaries
are observed and recapitulated by the Wilcoxon rank-sum test (p-value < = 10e-90). (D) Single z-stack images of 3D DNA-FISH nuclei and scatter
plot indicating the ND distribution of microRNA gene alleles before and upon transcriptional inhibition with a-amanitin treatment in thymocytes,
CD4" and TH2 cells. Number of nuclei assessed: thymocytes n = 400, CD4" n = 400, TH2 n = 398. Scale bar 2um. (E) Scatter plot indicating the ND
distribution of the cLAD localized Drgl gene before and after o-amanitin treatment of CGR8 mouse embryonic stem cells and thymocytes. Number of
nuclei assessed: CGR8/(-)a-amanitin n = 170, CGR8/(+)a-amanitin n = 144, thymocytes/(-)a-amanitin n = 158, thymocytes/(+)a-amanitin n = 164.
(F) Assessment of overlap tendencies between a) microRNA and b) protein coding mRNA gene loci with peaks corresponding to human and mouse
nucleoporins. Enrichment of colocalization was calculated as observed over expected ratios of overlaps between the compared genomic regions. P-
values were calculated on the basis of 1000 random permutations of the peaks’ regions. Values <0.001 indicate not one out of 1000 permutations had a
value as high as the observed.

https://doi.org/10.1371/journal.pone.0223759.g003

DNA FISH experiments in T cells, before and upon treatment with a-amanitin for 6h (Fig
3D). The efficiency of transcription inhibition was confirmed by both qRT-PCR and RNA
FISH for all the cell types under investigation (S3C and S3D Fig). Our results demonstrated
that in thymocytes, inhibition of transcription did not alter the gene allelic distribution of
miR-146a locus. 48% of the gene alleles located at the nuclear periphery (ND = 0-0.1) in
untreated cells compared to 50% of the gene alleles in & -amanitin treated cells. For miR-142,
46% of the alleles in untreated CD4 cells were located at the nuclear periphery (ND = 0-0.1)
compared to 51% of the gene alleles being perinuclear in @-amanitin treated cells. In TH2 cells
48% of miR-155 gene alleles were perinuclear (ND = 0-0.1) in untreated compared to 50% in
treated cells (Fig 3D). Furthermore, Kolmogorov Smirnov (KS) analysis of the normalized dis-
tances for each population displayed a non-significant difference before and after @-amanitin
treatment of cells (S3E Fig). We also performed the same experiments for a cLAD-located
gene [Developmentally-regulated GTP-binding protein 1 (Drgl)] in both ES cells and thymo-
cytes. Our results indicated that trancription inhibition did not cause any statistically signifi-
cant relocalization of DRGI alleles towards the nuclear interior in either of the two cell types
(Figs 3E and S3F). In conclusion, the a-amanitin-dependent inhibition of active transcription
did not affect the perinuclear localization of either the ciLAD-located microRNA genes, nor
the cLAD-located control coding gene (Drgl).

Based on the previous results, we concluded that the microRNA gene loci under study localize
in the nuclear periphery in close proximity to the nuclear lamina, irrespectively of their transcrip-
tion status. Therefore, we questioned whether microRNA genes colocalize with NPCs. Such an
interaction of NPCs with euchromatin could promote transcription and control chromatin organi-
zation as previously reported [45-47]. We analyzed publicly available ChIP-seq data for NUP153,
NUP93 and NUP98 (GEO numbers are provided in the corresponding Supporting information
section). We found that microRNA gene loci were significantly enriched, compared to coding
genes, for NUP153 and NUP93 proteins (Fig 3F). While NUP153 and NUP93 displayed similar
results, this was not the case for NUP98 where we did not observe any significant enrichment
between microRNA gene loci and mRNAs (S3G Fig). Based on these results we conclude that
nuclear pore proteins may be implicated in tethering microRNA gene loci to the nuclear periphery.

Ablation of the BACHI1 transcriptional regulator does not affect the
expression or peripheral localization of microRNA genes

Cell type specific transcription factors may be implicated in gene positioning and spatial chro-
matin organization [34, 48-50]. BACH1 is a transcription factor highly expressed in the bone
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marrow and was characterized as an architectural transcription factor mediating chromatin
interactions among Maf recognition elements-MAREs [51]. Additionally, BachI deletion has a
significant impact on lymphoid- and myeloid-mediated inflammatory responses [52] and its
binding is enriched on microRNA gene promoters [53]. To investigate whether the ablation of
BACHLI could affect either the subnuclear localization, or the allelic expression profile of
microRNA genes, we performed DNA FISH experiments in both wild type (wt) and Bach1™"
thymocytes and BMDM:s and analyzed the subnuclear distribution of miR-155 gene alleles,
which we previously found to localize in the nuclear periphery. Our analysis in Bachl”” recon-
firmed the peripheral localization of miR-155 and miR-146a gene alleles in thymocytes and
BMDMs that was not statistically different between wild type (wt) and Bachl 7 cells (Fig 4A-
4D).

To test whether Bachl ablation impacted microRNA transcriptional activation after LPS
stimulation, we analyzed the allelic expression profile of miR-155 and miR-146a in wild type
and Bachl”~ BMDMs with in situ pri-microRNA hybridization (Fig 4E). Our analysis revealed
that Bachl ablation in BMDMs did not affect the allelic expression profile or subnuclear locali-
zation of miR-155 and miR-146a genes.

Developmentally conserved perinuclear localization of microRNA gene loci

Based on the consistency of our findings regarding the perinuclear positioning of microRNA
genes tested, we next investigated whether this preferential localization constitutes an immune
cell specific phenomenon or has been established in earlier developmental stages in a manner
that excludes the tested microRNA genes from internal nuclear positions. We examined the
allelic distribution of the aforementioned microRNA gene loci in whole bone marrow derived
cells (composed of myeloid precursors, eosinophils, basophils and monocytes, erythroid pro-
genitors and lymphocytes) and in mouse embryonic germline competent cells (JM8.N4 and
CGRS cell lines). The allelic distribution of microRNA gene loci compared to the Tnfa gene
locus in bone marrow cells displayed a similar pattern with T cells and macrophages. Gene
allele frequencies in the 0-0.1 ND cluster ranged between 28% (miR-146a) to 57% (miR-155),
while Tnfa alleles were mainly distributed (56%) in the 0.2-0.4 ND cluster. In ESCs microRNA
gene alleles were mostly located to the nuclear periphery, with more than 80% of the alleles
occupying the most perinuclear cluster (ND = 0-0.1) (Figs 5A and S4A-54C). Interestingly,
the Tnfor locus also demonstrated a perinuclear localization in ESCs with 80% of its gene alleles
ND frequencies included in the most perinuclear cluster (ND = 0-0.1). In conclusion,
although the Tnfa gene locus gradually relocalized from the nuclear periphery (ESCs) to the
nuclear interior during myeloid and lymphoid differentiation (T cells, TEPMs, BMDMs),
microRNA gene loci constantly displayed a perinuclear localization in cell lineages ranging
from embryonic stem cells to more differentiated cell types of the innate and adaptive immune
system.

It was previously suggested that cLAD domains are highly conserved across species, while
ciLAD domains show a strong conservation between mouse and human [36]. Based on these
reports we next investigated the correlation between microRNA gene localization and cLADs
in four different species (M.musculus, H.sapiens, D.melanogaster and C.elegans), details on the
LAD coordinates are provided in the corresponding Supporting information section) [12, 54—
56]. Our results indicated that in M.musculus 14% of the microRNA genes were localized
within cLAD regions while the rest were positioned within ciLADs. Interestingly, chromosome
2 which contains a cluster of microRNAs that spans an area of around 50000bp, displayed an
unusual high number of microRNAs inside cLADs, with 78 microRNA genes positioned
within cLADs from a total of 147 microRNA genes (Fig 5B). In silico analysis revealed that,
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Fig 4. Perinuclear localization of microRNA gene loci in Bach1”~ thymocytes and BMDMs. (A) miR-155 gene alleles distribution in wild type (wt) and
Bach1™" thymocytes and BMDMs. (B) Cumulative frequency graphs and KS-test for the comparison of miR-155 gene alleles distribution in wt versus
Bach1”" thymocytes and BMDMs before and after LPS stimulation for the indicated time points. (C) miR-146a gene alleles distribution in wt and Bachl”"
thymocytes and BMDMs. (D) Cumulative frequency graphs of miR-146a gene alleles NDs in wt and Bach1”” thymocytes and BMDMs before and after LPS
stimulation for the indicated time points. KS-test analysis results are portrayed on the table. (E) Allelic expression profile of pri-miRNA-155 and pri-
miRNA-146¢ in naive (Oh) and LPS stimulated (2h, 6h) BMDMs, following RNA-DNA FISH.

https://doi.org/10.1371/journal.pone.0223759.9004

similarly to M.musculus, H.sapiens microRNA genes displayed a tendency to avoid the consti-
tutive LAD domains. We found that 18% of microRNA genes were located within cLADs
while the rest were located within ciLADs. Chromosome X displayed the highest number of
microRNA genes localized within a cLAD region (54 out of 118 microRNAs). Chromosome
19, displaying the highest gene density, demonstrated the highest number of microRNA genes
outside cLADs (Figs 5B and S4D). D.melanogaster demonstrated a similar pattern as observed
in humans and mice, with only 25% of microRNAs located within cLAD regions. C. elegans
was the only species with a different distribution of cLAD/ciLAD-containing microRNA
genes, where 47% of the microRNA genes were located within cLADs (Fig 5B).

We expanded our comparative analysis and investigated the relative enrichment of all
microRNA and protein coding genes in LADs. We next tested whether the observed enrich-
ment of microRNA genes outside cLADs exhibited significant cross-species conservation. Our
results in the mouse indicated that both microRNA and protein coding gene loci were signifi-
cantly enriched in ciLAD regions (Fig 5C). We found significant depletion of microRNA gene
loci in LADs except for the C.elegans dataset where the observed depletion of microRNA gene
loci in LADs was not significant. The same trend was identified for protein-coding genes,
albeit to a lesser extent among the four compared species, with enrichment values being below
the baseline (value 1), but always higher than the corresponding ones for microRNA genes.
This result is indicative of a cross-species conserved increased tendency of microRNA gene
loci to avoid LAD regions.

Discussion

Our study provides substantial information on the allelic expression profile of eight microRNA
genes implicated in the regulation of the murine innate and adaptive immune responses. We
have attributed the monoallelic expression pattern to the moderate expression levels of these
genes [57, 58] and excluded the potential of imprinting for the aforementioned loci, since low
frequency biallelic expression was detected in cell populations with maximal pri-microRNA
expression, following T cell receptor (TCR) activation of CD4" T cells and LPS stimulation of
macrophages [59]. Although monoallelic expression has been reported for a wide range of cod-
ing genes [58, 60] it has also been documented for the non-coding genome [61, 62] such as for
imprinted microRNA gene clusters found both on mouse and human chromosomes [59, 63].
In parallel, the preference for the monoallelic expression of microRNA genes could be attrib-
uted to differential methylation of regulatory elements controlling gene expression.

Regarding the subnuclear spatiotemporal localization of the microRNA gene loci we stud-
ied, our analysis indicated that in both naive, non-stimulated cells, but also in TCR-activated
CDA4" T cells or LPS-induced macrophages, microRNA genes localize in the nuclear periphery,
irrespectively of their transcriptional activity or differentiation status. The role of the nuclear
periphery in gene expression control still remains unclear. Nowadays, the capacity of high-res-
olution capacity imaging approaches [64-66] in concert with chromosome conformation cap-
ture (3C)-based technologies [67], combined with modeling for interpreting chromatin
interactions, or tethering loci to specific nuclear compartments [68] provides strong support
in deciphering the exact role of the nuclear periphery during development.
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Fig 5. The perinuclear localization of microRNA gene loci is developmentally conserved. (A) Representative 3D DNA FISH confocal images in
bone marrow and JM8.N4 ESCs. Number of nuclei assessed: bone marrow n = 200 alleles, ESCs n = 260 alleles. Scale bar 2um. (B) Number of
microRNA genes located within and outside cLADs per chromosome (Bar graphs) and total percentage of cLAD/ciLAD microRNA gene
colocalization (Pie charts) in M.musculus, H. sapiens, D.melanogaster and C.elegans. (C) Enrichment values of microRNA and protein-coding
genes within and outside LAD regions. Permutation p-values are depicted as ***:<0.001, **:<0.01 and *:<0.05 respectively, and calculated on the
basis of 1000 permutations.

https://doi.org/10.1371/journal.pone.0223759.9005

Although accumulating evidence supports the notion that gene transcription might be
linked with repositioning into the nuclear interior [38-40], several studies have shown that
nuclear periphery can also be a transcriptionally “active environment” [35, 42, 69]. Despite the
fact that transcription-induced relocalization of protein-coding genes or lamina associated
enhancers [41, 69-72] were shown to precede the actual transcription-mediated responses in
the murine immune system [41, 43, 44, 73] we have not observed such relocalization of micro-
RNA gene loci before and after activation/differentiation of T cells and macrophages. It still
remains unresolved whether transcription actually controls chromatin organization and gene
repositioning or vice versa. It has been reported that chromatin loops [8] and contacts between
regulatory DNA elements and genes in the B-globin locus were unaffected upon transcription
inhibition. These reports are in line with our findings in which transcription inhibition did
not affect the localization of microRNA genes nor caused a repositioning in T cells.

Perinuclear positioning of microRNA genes was not affected by changes in chromatin con-
formation during murine development. Our results in bone marrow cells and ESCs support
that subnuclear localization of these microRNA gene loci is conserved between embryonic
stem cells and terminally differentiated immune cells. In contrary, the protein-coding Tnfo
gene locus altered its subnuclear localization during development. However, the unique and
intriguing chromatin landscape of ESCs has been well documented [74-76], with their nuclear
periphery being at the same time a transcriptionally permissive and repressive compartment
[77]. Core pluripotency genes expressed in ESCs, such as Sox2, Nanog and Oct4 avoid periph-
eral localization [78], whereas up-regulated genes such as Ptn, Sox6, and NrpI relocate from
the nuclear periphery to the nuclear center during ESC differentiation [12, 79]. These reports
are in line with our findings, where miR-17-92 cluster, which is perinuclearly localized from
embryonic stem cells to differentiated myeloid cells, was highly expressed in mESCs [80].

Studies in S.cerevisiae and D.melanogaster indicated that active transcription occurs in the
NPC vicinity, causing chromatin recruitment to the nuclear periphery [14, 16, 81]. In addition
to nuclear transport, NUP153 and NUP93 are considered as gene expression regulators since
they control cell type specific gene expression transcriptional programs [82, 83]. Depletion of
NUP153 does not affect nuclear transport, though it induces changes in gene transcription
[15]. DamID experiments reported that these nucleoporins interact with ciLAD domains and
bind to SE in U20S and IMR-90 cells [83]. These findings are in accordance with our observa-
tions regarding the transcriptionally active microRNA genes at the nuclear periphery. In addi-
tion, NUP98 also regulates gene expression [84]. It has been reported that in D.melanogaster
NUP98 interacts with transcriptionally active developmental and cell cycle associated genes in
the nucleoplasm [13]. This nucleoporin is characterized as a more dynamic molecule that can
detach from the nuclear periphery and bind to promoters at a distance from the NPC [85].
This is in accordance with our findings suggesting no significant differences in NUP98 binding
between the peripheral microRNA loci and all the protein-coding genes. Therefore, a potential
explanation for the perinuclear localization of microRNA gene loci might be their interaction
with NPCs.

Our comparative analysis of DamID-derived sequencing data revealed that microRNA
genes are preferentially positioned outside constitutively-repressed LAD regions in M.
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musculus and this localization pattern is conserved among four different species (H.sapiens, M.
musculus, C.elegans and D.melanogaster). We also documented that both microRNA genes
and protein-coding genes display the same preference to avoid cLAD localization. This result
is compatible with our immuno-RNA-DNA FISH analysis, showing that microRNA genes are
actively transcribed even when colocalized with Lamin-B1. This is in line with previous reports
documenting transcriptionally active gene loci in concert with ciLAD-localization [12, 86].
Conclusively, our results are in accordance with reports showing that the frequency of gene
colocalization with the nuclear lamina can be locus-specific [87] and that in general microRNA
gene colocalization with the nuclear lamina is not associated with attenuated pri-microRNA
transcription.

Ultimately, the peripheral positioning of microRNA gene loci might also represent an evo-
lutionary aspect of chromatin organization. cLAD domains are enriched for LINE (Long Inter-
spersed Elements) sequences [36] and the evolution of microRNA genes is speculated to
descent from transposable elements integration into the genome [88, 89]. Next-generation
sequencing and computational comparative analyses of small RNAs have demonstrated that
sequence homology is more frequent for MITEs (Miniature Inverted-repeat Transposable Ele-
ments) and DNA transposons and less prevalent for LTR (Long Terminal Repeat) or non-LTR
retrotransposons (SINEs, LINEs) or satellite repeats, supporting the notion of microRNA gene
derivation from transposable elements [88, 90]. Additionally, it was documented that in
human CD4" cells, HIV-1 integrates preferentially in regions of the eukaryotic genome found
at the nuclear periphery, in proximity to nuclear pores, avoiding the heterochromatic LAD
regions in order to facilitate the transcriptional regulation of the viral genome [91]. These find-
ings provide additional evidence for the evolutionary denouements of peripheral localization
and reconfirm the subnuclear positioning of the microRNA genes observed in our study.

In conclusion, our report elucidates the interplay between subnuclear localization of micro-
RNA gene loci and their transcriptional regulation in the murine innate and adaptive immune
system, providing valuable additional knowledge of chromatin organization and gene regula-
tion at the nuclear periphery.

Materials and methods
Ethics

All procedures were conducted according to Greek national legislations and institutional poli-
cies upon ethical committee approval. Mice were maintained at the Institute of Molecular Biol-
ogy and Biotechnology (IMBB) animal facility following the institutional guidelines based on
the Greek ethical committee of animal experimentation, approved by the General Directorate
of Veterinary Services, Region of Crete (license number: EL91BIO-02). Bachl”~ mice were
kindly provided by Dr. Kazuhiko Igarashi (Tohoku University). Mice were bedded in sawdust
cages with up to three cage mates and exposed to a 12-hour light-dark cycle (dark from 19:00
to 07:00 h). The room temperature where the animals were housed was stable at 23°C and
room humidity was 50%.

Cell culture

Thymocytes were isolated from 4-week old mice, and peripheral CD4" cells were obtained
from axillary, popliteal lymph nodes and spleens of 5-6-week-old mice by positive selection
with CD4 MicroBeads and MACS separation columns. Differentiation of naive CD4" T cells
was carried out by stimulation with plate-bound aCD3 and aCD28 antibodies. Cells were cul-
tured in CLICK’s medium supplemented with 10% FBS, 100 pg/ml Penicillin/Streptomycin,
0.05 mM B-mercaptoethanol, 2 mM L-Glutamine and 25 mM HEPES for five to six days. For
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TH1 cell differentiation, culture media were supplemented with 20 units/ml IL-2, 3.5 pg/ml
IL-12 and 10 mg/ml IL-4. For TH2 cell differentiation 20-50 units/ml of IL-2, 10 pg/ml IL-4
and 10 mg/ml IFNYy were used. Re-stimulation of terminally differentiated TH1 and TH2 cells
was carried out with aCD3 plate-bound antibodies for one hour. Cell identity upon opposing
conditions of differentiation was further assessed by qRT-PCR analysis for the expression of
114 and Ifny genes. Peritoneal macrophages were elicited from 10-week old mice, 4 days after
intraperitoneal treatment with thioglycollate medium, and in vitro stimulated at various time-
points with 50 ng/mL LPS (Invivogen). Bone marrow cells were isolated from 10-week old
mice femurs and tibia and cultured with 30% custom-made L929 conditioned media for 7
days to achieve a complete differentiation towards the macrophage lineage. Macrophages were
cultured in Dulbecco’s Modified Eagle’s Medium supplemented with 10% FBS, 1% L-Gluta-
mine, 1% penicillin and streptomycin and stimulated at various timepoints with 50 ng/mL
LPS (Invivogen). Macrophage cell identity was further assessed with both immunofluores-
cence and flow cytometry analyses for the expression of CD11b and F4/80 macrophage-spe-
cific surface markers. The feeder-independent mouse embryonic stem cell lines JM8.N4 and
CGR8 were cultured on 0.1% gelatinized tissue culture plates using the Dulbecco’s Modified
Eagle’s Medium supplemented with 15% fetal bovine serum, 1% L-Glutamine, 1% penicillin
and streptomycin, 500 U/ml leukemia inhibitory factor and 100 pM B-mercaptoethanol.

c¢DNA synthesis and RT-PCR

For quantitative pri-miRNA expression analysis following a-amanitin treatment, whole cell
RNA was prepared using the TRI-REAGENT (SIGMA, T9424) following the manufacturer’s
instructions. In order to eliminate DNA contamination, RNA samples were treated with
DNase I (New England Biolabs, M0303L) for 3 hours at 37°C. cDNA synthesis was performed
using 500 ng precipitated RNA and 5pmol of oligo-d(T) primer. For each reverse transcription
reaction 200 units M-MuLV Reverse Transcriptase (NEB, M0253S) were used. In parallel with
reverse transcriptase reactions, control reactions devoid of the enzyme were prepared in order
to verify the absence of DNA contamination in the subsequent quantitative PCR (qPCR) reac-
tions. 10% of the cDNA produced was used for qPCR using the SYBR Green PCR Master

mix (Applied Biosystems, Cat.N0.4309155) according to the manufacturer’s instructions.
Normalization was performed utilizing Hprt1 mRNA levels. The primer sets used for pri-
miRNA quantitation were the following: miR-142.F 5’ -GAAGAATCCCCGTGGACAGA-
3’7, miR-142.R 5’ -CCCAAGTATCAGGGGTCAGG-3’, miR-146a.F 5’ -GCCAG
CCCTGTAAAAACACA-3’, miR-146a.R 5’ -TCTTCGCTGGGATTATGGGG-3’, miR-
155.F 5" -ACCCTGCTGGATGAACGTAG-3’, miR-155.R 5’ -CATGTGGGCTTGAA
GTTGAG-3’, Hprtl.F 5’ -GTCCCAGCGTCGTGATTAGC-3’, Hprtl.R 5'-TTCCA
AATCCTCGGCATAATG-3'

3D fluorescence in situ hybridization (RNA-DNA FISH)

To remove the cytoplam, cells were treated for either 2.5 minutes (thymocytes and CD4) or 3
minutes (TH1, TH2 and BMDMs) or 4 minutes (TEPMs) with cytoskeletal buffer (CSK) con-
taining 100mM NaCl, 300mM sucrose, 3mM MgCl2, 10mM PIPES, 0.5% Triton X-100, ImM
EGTA, and 2mM vanadyl-ribonucleoside complex. Cells were then fixed with 4% PFA/1X
PBS for 10 minutes, washed three times with 70% ethanol. For each hybridization 100ng from
each probe (DNA and RNA probes), 1ug mouse COT-1 DNA and 20pug yeast transfer RNA
were lyophilized for 15 minutes at 45°C, resuspended in 5ul de-ionized formamide and incu-
bated at 37°C for one hour. Probes were further denatured at 95°C for 10 minutes and then
thoroughly mixed with 5ul of 2X hybridization buffer (4X SSC, 20% Dextran sulfate, 2mg/ml
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acetylated BSA, 50mM Sodium Phosphate). Cells were then dehydrated through an ethanol
series and hybridization was done overnight at 37°C after either 2.5 minutes (thymocytes,
CD4) or 4 minutes (TH1, TH2, TEMPs and BMDMs) denauration at 73°C. After the post
hybridization washes, a tyramide signal ampilificaion (TSA) of primary microRNA transcripts
was performed. Tyramide signal amplification reaction was performed using TSA biotin sys-
tem kit (Perkin Elmer). More specifically, cells were blocked for 30 minutes with TNB blocking
buffer (100mM Tris-HCl pH 7.5, 150mM NaCl, 0.5% blocking reagent provided with the kit)
and then incubated with streptavidin (SA), conjugated with horseradish peroxidase (HRP) in a
dilution of 1/200 in TNB for additional 30 minutes at RT. The hybridized cells were washed
twice with TNT buffer (100mM Tris-HCI pH 7.5, 150mM NaCl, 0.05% Tween 20) for 3 min-
utes at RT. The cells were then incubated for 10 minutes at RT with biotinylated tyramide in a
dilution of 1/50 in amplification diluent and rinsed twice with TNT buffer for 3 minutes. For
the visualization of the amplified RNA signal, cells were incubated with fluorophore-conju-
gated SA-488 for 30 minutes at RT, washed twice with TNT buffer and once with 1X PBS for 3
minutes each and mounted with ProLong Gold antifade reagent containing 4',6-diamidino-
2-phenylindole (DAPI).

3D fluorescence in situ hybridization (DNA FISH)

Cells were fixed with 4% PFA/1X PBS for 10 minutes, permeabilized with 0.5% Triton X-100
for 5 minutes, rinsed with 1X PBS and incubated in 20% glycerol/1X PBS for 30 minutes. After
three freeze-thaw cycles in liquid nitrogen, cells were incubated in 0.1N HCI for 5 minutes,
rinsed with 2X SSC and dehydrated through an ethanol series. DNA probe (0.1 pg) was dena-
tured for 5 min at 95°C and applied to coverslips. Hybridization of fixed cells was performed
overnight at 37°C after 5 minutes denaturation at 73°C. Cells were rinsed three times with 2X
SSC, once with 1X PBS and mounted in ProLong Gold containing DAPI (Invitrogen).

RNA FISH probes

cDNA probes were constructed to detect the pri-microRNA transcript. The procedure entailed
the creation of 1kb probes cloned into a TOPO®) TA vector. BAC DNA containing each
microRNA gene was used as template for the amplification of 1kb PCR fragments encompass-
ing the manure microRNA genomic region. The primer sets used for PCR amplification are
listed below. The ~1kb PCR products were subsequently purified and cloned into a TOPO®)
TA vector. The isolated cloned plasmids were used for the preparation of the cDNA FISH
probes. To confirm the cDNA probe specificity, we conducted RNA FISH on RNAse A treat-
ment cells for 45 minutes. Furthermore, the empty TOPO®) TA vector was also used for the
preparation of biotinylated probes and used as a negative control. Primers used for the amplifi-
cation of the 1Kb pri-microRNA fragments: miR-181albl.F: 5’ -CATGCGTCCTTGCA
GTTCTTT-3’, miR-181albl.R: 5’ -GGATAACGGGGCAGGAAGTA-3’, miR-181a
2b2.F: 5' -GTGAGAGACCCAACAGCAG-3', miR-18laZb2.R: 5’ -CCTGGAGCAG
TACTTCCGTA-3’, miR-18Ic.F: 5'-GGTCGATGGTTTGTCTGAGC-3’, miRI18Ic.
R: 5’ -GCAGGAGTTTCACACAAGCA-3’, miR-142.F: 5’ -GCCATTTCTGCCAACAC
ACT-3’, miR-142.R: 5’ -CCCCAGGCTGTGTCTTAGTC-3’, miR-146a.F: 5'-A
GCACTGTCAACCTGACACA-3’, miR-146a.R: 5" -GGACCAGCAGTCCTCTTGAT-3',
miR-17/92.F: 5’ -ACTTCTGGCTATTGGCTCC-3’, miR-17/92.R: 5’ -AACTTC
ACCTAAGCCCCCAC-3', miR-155.F: 5’ -CGGTTTGTGAGTCCCCAAAG-3’, miR-
155.R: 5" -ATGTCAGTCGAGAATGGCCG-3’, miR-let7e.F: 5’ -CACCCTCCCTA
CTTCTGGTC-3’, miR-let7e.R: 5’ -AAAGGAACCAGGAGATGCCT-3’.
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o-Amanitin treatment

Thymocytes, CD4" and TH2 cells were treated with Click’s culture media supplemented with
10% FBS, 100pg/ml Penicillin/Streptomycin, 0.05mM B-mercaptoethanol, 2mM L-Glutamine,
25mM HEPES, 20-50 U/ml IL-2 and 50pg/ml a-amanitin for 6 hours at 37°C. Cells treated
under the same conditions without a-amanitin were used as a control. CGR8 embryonic stem
cells were cultured as previously described and treated with a-amanitin for 6h.

Immuno-DNA-FISH

Combined detection of LMNBI and microRNA genes was carried out and the procedure fol-
lowed was a combination of the DNA FISH and Immunofluorescence (IF) analysis. After
DNA FISH hybridization, the cells were blocked with IF blocking buffer (1% BSA/1X PBS) for
30 minutes, incubated with the primary antibody (LaminB1 or Lamin A/C 1:200) for 1 hour,
with the secondary antibody (Invitrogen 1:500) for 45 minutes, rinsed three times with 1X PBS
and mounted as above.

Immuno-RNA-FISH

For the IF/RNA-DNA FISH experiments the steps followed included RNA/DNA FISH (as pre-
viously described) prior to IF labeling as described in the IF/DNA FISH section.

Confocal microscopy and quantitative 3D image analysis

Images were acquired using inverted laser scanning confocal microscope with spectral detec-
tion (Leica TCS SP8 microscope unit). Maximum projections and deconvolution of the images
were performed with Volocity software (Perkin Elmer) by two different investigators. Images
of ~25-40 optical sections were captured with a 63x objective (step of 250nm) and acquired at
different As. A 405nm laser was used to excite and detect DAPI staining, whilst 488-nm,
561-nm and 633-nm lasers were used to excite and detect Alexa Fluor 488, Alexa Fluor 561
and Alexa Fluor 647 respectively in separate sequence to avoid bleed-through in different
channels. Maximum projections and deconvolution of the images were performed with the
Volocity software (Perkin Elmer) by two independent investigators. Intranuclear distances
between microRNA gene alleles and the edges of the cell nucleus, were determined from the
center of the gene allele to the edge of the cell border, for all DNA- RNA-FISH and IF experi-
ments. The absolute distances were normalized by the nuclear radius for each scored cell. In
order to analyze and visualize the normalized distances, we clustered them in 10 concentric
circles of equal area (0-0.1, 0.1-0.2, 0.2-0.3, 0.3-0.4, 0.4-0.5, 0.5-0.6, 0.6-0.7, 0.7-0.8, 0.8-0.9,
0.9-1) as presented in S2A Fig where 0 and 1 were determined as the nuclear periphery and
the nuclear center respectively. The aforementioned measurements have only been performed
for images depicting nuclei with two signals (alleles) and having an intact 3D architecture. For
all cell types under investigation, at least 120 nuclei were analyzed per biological replicate. Fur-
thermore, the positions of microRNA gene alleles relative to LMNB1 were also determined
through the analysis of 3D-preserved nuclei using the Volocity software. microRNA gene allele
(red) and LMNBI protein (green) colocalization was determined either by juxtaposition and
partial overlap of red and green pixels or complete overlap between red and green pixels.

Statistical analysis

Statistical analysis for the randomness of allelic distance distribution was performed using the
non-parametric two-tailed Kolmogorov-Smirnov test. The reported p and D values were calcu-
lated with the XL-STAT and GraphPad Prism 7 software package. The p-value for statistically
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significant differences in allele distribution comparisons was set to p< 0.0001. Welch’s T-test
was used to test significant differences between microRNA within and outside of cLADs. Pear-
son r was used to study the linear correlation between microRNA within or outside cLADs
and gene density. For data presentation, graphs were designed using GraphPad Prism 7 and
Sigma Plot Software.

Bioinformatic analysis of microRNA cLAD/ciLAD co-localization
characterization and distance distribution assessment

Datasets used for the analysis of microRNA cLAD/ciLAD co-localization: mouse pre-miRNA
gene coordinates were downloaded from miRBase (Release 21) for four different species
(mouse: Mus musculus, human: Homo sapiens, fly: Drosophila melanogaster, worm: Caenor-
habditis elegans). LAD coordinates for the same species were obtained from published DamID
experiments in human [54], mouse [12], fruit fly [55] and worm [56] respectively. For the
mouse genome we obtained constitutive LAD domains through comparison of four different
tissues [12]. For the same genome and from the same experiments we obtained the constitutive
inter-LAD (ciLAD) domains, termed as the regions that constitute domains intervening
defined LADs in the aforementioned tissues studied. Coordinates for both microRNA and
cLAD/ciLAD were converted to hgl9 (human), mm9 (mouse), dm3 (fly) and ce10 (worm).
Protein coding gene coordinates were obtained from the UCSC Genome Browser under the
RefSeq catalogues of Genes and Gene Prediction Tracks. For human and mouse genomes we
made use of EBI’s Expression Atlas to define constitutive protein coding genes. Human consti-
tutive genes were called the ones which were designated as highly expressed in at least 80% of
the 32 studied tissues, while tissue-specific ones were called on the basis of the corresponding
percentage being less than 10%. For the mouse genome as only 6 tissues were available we only
called constitutive genes the ones belonging to the top 10% of expressing genes in all 6 tissues.
Analysis of microRNA overlap with cLAD and ciLAD: overlap enrichment analysis was con-
ducted as follows. The total overlap percentage between microRNA gene loci and cLAD/
ciLAD was calculated through the intersection of the two coordinate files, using BEDTools
[92] intersect function. The enrichment of the observed overlap was calculated as the ratio
over an expected value obtained through a simple calculation of intersection, based on the
genome coverage percentage of each of the two coordinates. Following this analysis, enrich-
ment values greater than 1 correspond to a greater overlap than the one expected by chance,
indicative of co-localization preference. Values below 1 are indicative of an avoidance of co-
localization preference. The significance of the enrichment values was calculated in all cases on
the basis of a permutation test as previously described [93]. The microRNA gene coordinates
were shuffled in the genome in random positions, keeping the distribution of sizes and num-
ber of elements unchanged and the observed overlap was calculated. This process was repeated
for 1000 such permutations and p-values were set as the ratio of times an overlap as big (or as
small) as the initial one was found in the total number of trials (N = 1000). In cases where not
even a single random permutation yielded such a high (or low) overlap value, p-value was set
to be <1/N, in our case <0.001. Analysis of mouse microRNA distance distribution from
cLAD/ciLAD: having observed a clear opposite tendency for co-localization of mouse micro-
RNA genes in cLADs and ciLADs we went on to check whether this tendency was also quanti-
tative in the sense of distance from cLAD/ciLAD boundaries, that is whether microRNAs
exhibited preferences towards or away from the regions of transition between the two domain
categories. To answer this question for each mouse microRNA gene locus, we calculated the
distance to the closest cLAD/ciLAD domain. For microRNA gene loci falling outside the cor-
responding domains we retained only those that lied within one domain size from the closest
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boundary (for instance, if a cLAD was 100 kb and a microRNA gene locus was lying >100 kb
upstream or downstream of its closest boundary, the microRNA gene was discarded from the
analysis). We then scaled the obtained distances by dividing over the cLAD/ciLAD size in
order to accommodate the variability in domain sizes. In this way, a microRNA gene locus
could either: a) lie within the domain and thus be no farther than half the domain size from its
closest boundary, or b) lie outside of the domain and thus, by definition, not farther than one
full domain length. As there is no reason to assume a directional effect that distinguishes
between the domain boundaries or upstream/downstream localization, we took all distances
within the domains as positive and all distances from outside the domain as negative. In this
way the scaled microRNA-cLAD/ciLAD distances were defined in a range of [-1, 0.5], with -1
being the farthest possible element outside the domain, 0 being the boundary and 0.5 being the
farthest possible towards the center of the domain.

Analysis of microRNA and mRNA loci overlaps with nucleoporins

An overlap analysis was performed in a way similar to the one described for the cLAD/ciLAD
regions. This time the compared coordinates were the ones of protein-coding and microRNA
gene loci against the nucleoporin peaks as provided by publicly available datasets.

RNA/GRO-seq analysis

Depending on the dataset used in each analysis, either normalized gene counts (RPKM) or
continuous signal values (in the case of GRO-seq) were implemented. In the case of RNA-seq
RPKM values were assigned to each gene that was included in the public dataset. For GRO-
seq, provided as continuous scores in the form of bigWig files, we calculated a mean aggregate
score along the region that corresponded to each locus’ coordinates as described above.

GEO accession numbers of datasets used for comparative-analyses

LaminB1 DamID-seq Human: GSE8854, LaminB1 DamID-seq mouse: GSE17051, LaminB1
DamID-seq fruit fly: GSE5089, LEM-2 ChIP-seq worm: GSE25933, RNA-seq mouse ESCs:
GSM2095053, RNA-seq mouse Thymocytes: GSM2095060, RNA-seq mouse CD4 cells:
GSM1120730, RNA-seq mouse TH1 cells: GSM 1120731, https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgitacc=GSM1120731RNA-seq mouse TH2 cells: GSM1120732, RNA-seq mouse
BMDMs: GSM940701, GRO-seq mouse ESCs & MEFs: GSE27037, NUP 153 DamID-seq:
GSE64008, UP-98 ChIP-seq: GSE48996, NUP-93 DamID-seq: GSE87831.

Supporting information

S1 Fig. Relative expression levels of genes within the BAC clones used for DNA/
RNA-DNA FISH experiments of microRNA genes. (A) Bar graphs depicting the relative
mRNA levels of both coding and non-coding genes flanking each of the eight microRNA
genes under study in each BAC clone. RPKM (Reads Per Kilobase per Million) values calcu-
lated from publicly available RNA-seq datasets for the six cell types indicated. (B) Nascent
transcription of the genes as in (A) as deduced from aggregate score analysis of publicly avail-
able GRO-seq data in CD4" T-cells and mouse embryonic fibroblasts (MEFs).

(TIF)

S2 Fig. Statistical analysis for the perinuclear distribution of microRNA gene loci. (A)
Compartmentalization of measured nuclei based on normalized distances (NDs). Distance
between microRNA gene alleles and the edge of the cell nucleus as deduced by DAPI staining
were normalized to the nuclear radius yielding 10 concentric shells. ND = 1 defines the center
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of the nucleus, whereas ND = 0 is indicative of the nuclear periphery. (B) Cumulative fre-
quency graph of calculated allele ND values, following a reversed distribution pattern com-
pared to the Tnfa control in thymocytes, CD4", TH1, TH2 cells and TEPMs (naive and LPS-
stimulated). Kolmogorov Smirnov (KS) non-parametric analysis, showing that the allelic dis-
tributions of microRNA gene allele ND values differ from Tnfa allele NDs (p>0.05). p- and D-
values characterizing each distribution are depicted in the table. The relative cumulative fre-
quency values of distributions are depicted on the y-axis, whereas their corresponding ND val-
ues on the x-axis. KS-test p-values are separately depicted for each distribution comparison.
(C) Single z-stack confocal images of DNA FISH analysis indicating the perinuclear localiza-
tion of the microRNA genes tested compared to the internal spatial distribution of the Tnfo
control locus. Scale bar 2um. Box plots displaying the quantitative analysis of the intranuclear
3D distance between each allele and the nuclear periphery in naive and LPS-stimulated
BMDMs. The reported p-values were calculated using the XL-STAT software package. Allele
distribution differences were calculated with the Kolmogorov-Smirnov test analysis
(p<0.0001). (D) Bar graphs representing the frequency of cells bearing at least one allele asso-
ciated with nuclear lamina in naive (Oh) and LPS (2h, 6h) stimulated BMDMs. The total num-
ber of nuclei deployed in these measurements were: miR-146a: n = 101 (0h), n = 263 (2h),

n = 344 (6h), miR-155: n = 112 (Oh), n = 215 (2h), n = 122 (6h) and miR-let7e: n = 33 (Oh),

n = 86 (2h), n = 48 (6h).

(TIF)

$3 Fig. Perinuclear microRNA gene loci localization irrespective of their transcription
activity. Distribution of non-expressing and expressing gene allele ND values. The normalized
distances (y-axis) indicated in each box plot for each microRNA gene are characterized by
their median. 95% of the ND values are included within the whiskers of each box plot, whereas
single allele outliers (remaining 5% of total NDs) are indicated in the vicinity outside the whis-
kers. (A) T cells: Thymocytes, CD4", TH1 and TH2 cells. Total number of alleles analyzed for
each dataset were n = 623, n = 807, n = 497, n = 472 for thymocytes, CD4", TH1 and TH2
cells, respectively. (B) TEPMs and BMDMs before and after LPS stimulation. The total allele
number contained in each dataset were n = 1154 for TEPMS and n = 2652 for BMDMs. (C)
Relative mRNA expression corrected to Hprt1 mRNA levels of pri-miRNA-146¢, -142, -155
with/or without @-amanitin treatment in thymocytes, CD4" and TH2 cells. (D) Allelic expres-
sion profile of the indicated microRNA genes as deduced by RNA-DNA FISH analysis before
and after transcriptional inhibition of cells with a-amanitin. (E) KS-test results related to gene
alleles ND distribution presented in Fig 3D. (F) KS-test results related to gene alleles ND distri-
bution presented in Fig 3E. (G) Comparison of microRNA and protein coding mRNA gene
loci coordinates against peaks from human NUP98. Enrichment was calculated as observed
over expected ratios of overlaps between the compared genomic regions. P-value was calcu-
lated on the basis of 1000 random permutations of the peaks’ regions. A value of <0.001 indi-
cates that not one out of 1000 permutations had a value as high as the one observed.

(TIF)

$4 Fig. Perinuclear distribution of microRNA gene loci in non-differentiated cells. (A)
Perinuclear distribution of microRNA genes and Tnfa, as a control locus, in CGR8 embryonic
stem cells. Single z-stack DNA FISH images portraying the peripheral localization of micro-
RNA gene loci (red). KS non-parametric analysis, showing that the allelic distributions of
microRNA gene allele ND values compared to Tnfa are alike (p>0.05). P- and D-values char-
acterizing the compared distributions are depicted. The relative cumulative frequency values
of compared distributions are depicted on the y-axis, whereas their corresponding ND values
on the x-axis. KS-test p-values are separately depicted for each distribution comparison. The
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analysis was performed in n = 208 total alleles for miR-181a1bl, n = 206 for miR-181a2b2,

n = 240 for miR-181¢, n = 214 for miR-142, n = 188 for miR-146a, n = 130 for miR-17-92,

n = 158 for miR-155, n = 214 for miR-let7e and n = 160 alleles for Tnfo respectively. (B) KS-
test indicating the statistically significant (p<0.001) differences of microRNA gene allele distri-
butions compared to Tnfo in bone marrow cells. A total of 2044 alleles were counted. (C) KS-
test results related to gene allele ND distribution presented in Fig 5A for JM8.N4 ESCs. A total
of 1968 alleles were measured. (D) Bar graph representing the gene density for each chromo-
some of M.musculus, H.sapiens, D. melanogaster and C.elegans.

(TIF)

S1 Table. Allelic expression profile of genes localized on BAC clones utilized for DNA
FISH of microRNA gene loci. Monoallelic expression (blue), biallelic expression (red), unde-
termined (black), according to "dbMAE: the database of autosomal monoallelic expression".
Assembly used for coordinates: GRCm38.p3 (C57BL/6]) [94].

(PDF)

S1 Video. 3D-DNA FISH experiment in CD4" cells. Visualization of a representative
3D-DNA FISH experiment in CD4" cells demonstrating miR-155 gene locus that is preferen-
tially located at the nuclear periphery. miR-155 gene locus (red) was labeled with Alexa-594
and CD4" cell DNA counterstained with DAPI (blue). The video was created based on raw
confocal microscopy data with the Volocity software (Perkin Elmer).

(MOV)

S$2 Video. 3D-IF/DNA FISH in CD4" cells. Visualization of a representative 3D-IF/DNA
FISH in CD4" cells demonstrating the colocalization of miR-155 gene locus with the nuclear
lamina. As shown here, for most CD4" cells, miR-155 alleles are completely embedded in
Lamin-B1-stained regions. miR-155 gene locus (red) was labelled with Alexa-594, Lamin-B1
was labeled with Alexa-488 and CD4" cell DNA counterstained with DAPI (blue). The video
was created based on raw confocal microscopy data with the Volocity software (Perkin Elmer).
(MOV)
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