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Synthése de la thése en Francais

L'exposition a l'irradiation, comme lors des radiothérapies, affecte 1'intégrité et la fonction
des cellules souches hématopoiétiques (CSH). L’IR est donc associé au développement de
maladies myéloides liées a la thérapie, telles que les syndromes myélodysplasiques (SMD) et
les leucémies myéloides aigués secondaires. Par conséquent, l'étude des mécanismes
moléculaires qui contribuent a la perte de fonction des CSH induite par le stress, pourrait
aider a identifier les patients a risque et a trouver éventuellement de nouvelles stratégies

pour prévenir ces maladies.

Notre équipe a récemment découvert un nouveau mécanisme responsable de la perte de
fonction des CSH murines suite a 'IR qui implique les LIMd, les sous-familles jeunes et
actives des éléments LINE-1. Nous avons montré que l'expression des LIMd est augmentée
suite a I'IR et que cela entraine une accumulation de dommages a 'ADN et de défauts des
CSH. Nous avons également montré que la thrombopoiétine (TPO), une cytokine de niche
des CSH, prévient la perte de fonction des CSH induite par 1IR, l'accumulation de

dommages a ' ADN et la dérépression des L1Md.

L'analyse de microarray a montré que la TPO induit un enrichissement des génes de
signalisation de I'I[FN-I dans les CSH, dont beaucoup sont des facteurs de restriction virale.
Au début de ma these, j'ai participé a une étude qui a montré que la TPO controlait

I'expression des L1Md par cette voie de signalisation.

Les L1Md sont reconnues comme des contributeurs majeurs des réseaux de régulation des
genes. Leur expression est étroitement régulée par des mécanismes épigénétiques, tels que la

marque répressive de I'histone H3K9me3.
Les principaux objectifs de mon projet de theése sont donc de :

1. Comprendre les mécanismes par lesquels I'IR affecte I'épigénétique des CSH, et en

particulier I'hétérochromatine.

2. Déterminer si, et comment, I'expression des L1IMd peut affecter 1'expression génique des
CSH.

2. Déterminer si la TPO, via sa signalisation de type IFN, peut réguler la répression des

L1Md par des mécanismes épigénétiques.

Nous avons réalisé des expériences ChIP-qPCR sur des CSH un mois apres IR, et nous avons
découvert que la dérépression de la LIMd est liée a une perte d’enrichissement de H3K9me3
au niveau de leurs promoteurs. Ces résultats ont été confirmés par des expériences ChIPseq
qui ont montré qu'une grande majorité des loci L1IMd présentaient une perte de H3K9me3
suite a I'IR par rapport a la condition non irradiée. Ce n'était pas le cas pour les sous-familles

de rétroéléments plus anciennes, telles que les Lx5, ou pour les rétrovirus endogenes (ERV).



Les données RNAseq ont montré que I'IR dérégule fortement le transcriptome des CSH.
Nous montrons également que les génes réprimés lors de I'IR sont significativement plus
susceptibles de contenir un L1Md dans leurs introns que par hasard (p<0,05). Ceci est
spécifique aux L1Md et aux génes qui sont réprimés par 'IR. Certains de ces genes sont
impliqués dans I'oncogenese ou la fonction des CSH. L'IR induit une perte de la signature du
HSC ainsi que de la signature NFkB. Il est intéressant de noter que 55% des geénes
appartenant a la signature HSC et qui sont réprimés lors de I'IR contiennent un L1IMd dans
leurs introns. L'orthologue humain de 75% des genes réprimés lors de I'IR et hébergeant une
LIMd, contient également un L1 jeune chez ’homme, suggérant une fonctionne conservée

dans la régulation de I'expression des genes hématopoiétiques.

Nous avons analysé plus en détail plusieurs genes cibles, et validé une diminution de
l'expression en IR accompagnée d'une perte de H3K9me3 au niveau de leur L1Md
introniques respectif. L'analyse d'enrichissement des motifs, nous a permis d’observer que la
perte de H3K9me3 au niveau des L1Md introniques des genes réprimés par 1'IR peut étre liée
a la perte de la signalisation NF-kB. De plus, nous avons montré que cette fonction de la voie
NF-kB est conservée chez 'homme, et que I'IR peut affecter la fixation de NFKB1 au niveau

des L1Mds introniques dans les genes des CSH, entrainant leur perte de fonction.

Ces résultats montrent pour la premiére fois un lien entre I'IR et 1'épigénétique des CSH, et
suggerent un role pour les LIMd dans la régulation de I'expression des genes

hématopoiétiques.

Nous montrons également que la TPO peut prévenir la perte globale de H3K9me3 aux
L1Mds induite par I'IR, ainsi que 74% de la dérégulation transcriptomique induite par I'IR.
Cependant, l'injection de TPO n'est pas suffissant pour empécher la perte des signatures
HSC ou NF-kB observées, ni pour empécher la perte de I'enrichissement en H3K9me3 aux
L1IMD introniques que nous avons analysés par ChIP-qPCR. Ces résultats suggerent que la
TPO pourrait seulement induire qu'une restauration modérée de H3K9me3, mais pourrait
fonctionner par d'autres mécanismes épigénétiques pour controler I'expression de L1Md et

prévenir la perte de la fonction de CSH.

Les prochaines étapes de ce projet visent a étudier les mécanismes par lesquels I'expression
des L1Md introniques pourrait spécifiquement conduire a la perte d’expression des genes
hotes, ainsi qu'a comprendre les mécanismes par lesquels la TPO fonctionne pour mieux

caractériser son role de modulateur épigénétique.
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Hematopoietic Stem Cells
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Hematopoietic Stem Cells

1. The Stem in the Hematopoietic Tree

In the late 1860s, Ernst Heckel, a Darwinist scientist, coined the term “stem cell” to
refer to a primordial unicellular organism from which all multicellular life “stemmed”
from (Laurenti and Gottgens 2018). Later on, histopathologists applied this stem cell
concept into normal and leukemic hematopoiesis, and the idea of a common
progenitor for red and white blood cells, and for myeloid and lymphoid leukemic cells,
emerged (Laurenti and Gottgens 2018). For the last 150 years, this stem cell concept
has framed cellular development into a tree-like model, in which multipotent stem
cells give rise to their progeny through an ordered series of branching steps. In line
with this tradition, and like their name suggests, hematopoietic stem cells (HSCs), are
effectively the stem cells of the hematopoietic system.

Throughout the 1950s, the first in vivo assay to characterize HSC function based on the
rescue of lethal irradiation by bone marrow transplantation (BMT) was performed
(Eldredge 1951). In 1961, the first estimations of HSC numbers were obtained by
counting hematopoietic colonies in the spleens of transplanted mice (Till and
McCulloch 1961). By the end of the 1980s, the emergence of fluorescence-activated cell
sorting (FACS) had allowed for the purification of transplantable HSCs and
introduced the concept of positive and negative selection (Spangrude et al. 1988;
Laurenti and Gottgens 2018). Throughout history, HSC have been defined by two
main characteristics: self-renewal and pluripotency, both of which can be verified
using transplantation experiments. On the contrary, progenitors are characterized by
the lack of prolonged self-renewal and a restricted lineage differentiation capacity, and
are thus usually depleted 2/3 weeks post transplantation (Doulatov et al. 2010). Given
the short lifespan of mature blood cells, HSCs are necessary to continuously give rise
to progenitors and precursors. For this reason, the study of the hematopoietic system
has been governed by the dogma that HSCs reside at the top of the hematopoietic cell
hierarchy; and has been used as an archetype for the understanding of tissue stem
cells origin and biology, and their involvement in aging, disease and oncogenesis
(Orkin and Zon 2008).

Hematopoiesis is the process by which the cellular constituents of blood are
continuously replenished throughout the lifetime of an organism. This process starts
in the bone marrow, where it is estimated that an adult human produces over 1x10"
blood cells a day (Kaushansky 2006). Since the first enrichment attemps in HSCs,
several surface markers have been discovered which have contributed to the
characterization of hematopoiesis. Around the year 2000, characterization of
progenitor populations downstream of HSCs provided bases for the first model of
hematopoietic differentiation, which differentiated the lymphoid lineage from the
myeloid, erythroid and megakaryocytic lineages at its first branching. As more surface
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Figure 1: Evolution of hierarchical models of hematopoiesis. A) HSCs were originally represented as a
homogeneous population, downstream of which the first lineage bifurcation separates the myeloid and
lymphoid branches . B) the HSC pool is accepted to be more heterogeneous both in terms of self-renewal
(vertical axis) and differentiation properties (horizontal axis), the myeloid and lymphoid branches remain
associated further down in the hierarchy via the lymphoid-primed multipotential progenitor (LMPP). C)
From 2016 onwards, single-cell transcriptomic snapshots indicate a continuum of differentiation. Each
red dot represents a single cell and its localization along a differentiation trajectory. (Laurenti and
Gottgens 2018)

markers were introduced, the tree evolved and introduced the subdivision of the
multipotent progenitor compartments that included lymphoid and myeloid fates
together, and early branching of megakaryocytes (Doulatov et al. 2010; Sanjuan-Pla et
al. 2013; Pietras et al. 2015). In recent years the rise of single-cell transcriptomics has
revealed major functional and molecular heterogeneity at the heart of the stem cell
pool (Laurenti and Gottgens 2018). These new discoveries render the classic
hematopoietic tree “démodé” and tend towards a continuum of differentiation of
heterogenous populations organized hierarchically, and which remain flexible to meet
the ever-changing needs of blood demand (Laurenti and Gottgens 2018) (Figure 1).
This new concept accommodates the fact that in an adult human the steady-state
number of different HSCs is approximately 11000, which may divide only once every
3 months or once every 3 years, according to their phenotype (Catlin et al. 2011).
Additionally, there are many more terminally differentiated erythroid cells than
myeloid cells, and even less lymphoid cells, all of which have different turnover rates
so the flux into each compartment must be highly regulated (Laurenti and Gottgens
2018).

2. Characterization of HSCs

a. Self-renewal vs Differentiation

Mature blood cells are abundantly produced in adults, however the HSCs from which
they are derived are a very rare cellular population. These two characteristics present
an interesting conundrum: how to maintain an adequate stem cell pool whilst meeting
the organisms demand for blood products? (Seita and Weissman 2010)
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At the steady-state, HSCs are mostly quiescent, meaning that they cycle very
infrequently and are primarily in the Go phase of the cell cycle (Rossi, Seita, et al. 2007).
They also maintain an autophagy-dependent, glycolytic state characterized by low
mitochondrial activity and tightly regulated levels of protein synthesis, which are
lower than those found in other types of hematopoietic cells (Simsek 2010; Takubo
2013; Warr 2013; Vannini 2016; Cabezas-Wallscheid 2017; Ho 2017). This is necessary
to protect them against genotoxic insult, and is complemented by specific stress
response mechanisms that preserve HSC integrity in case of DNA or protein damage,
and/or metabolic stress (Laurenti and Gottgens 2018). However, it is important to bear
in mind that these “HSC characteristics” are not absolute. HSCs can occasionally
divide and get activated due to stress and enter, albeit transiently, the proliferative
state (Laurenti and Gottgens 2018). In contrast, HSC progenitors are highly
proliferative and metabolically active cells that depend on oxidative metabolism and
mitochondrial function (Laurenti and Gottgens 2018). For these reasons, the bulk of
hematopoiesis is actually ensured by downstream progenitors.

A carefully calibrated balance between self-renewal and differentiation must therefore
be attained to ensure hematopoietic homeostasis and prevent aberrant HSC
development an eventual disease initiation. For instance, excessive differentiation or
insufficient self-renewal will result in the depletion of the HSC pool. On the other
hand, insufficient differentiation, unrestrained self-renewal, or the existence of
committed progenitors that retain self-renewal capacities can lead to
myeloproliferative diseases or leukemia (Seita and Weissman 2010; Pinho et al. 2018).

At the cellular level, switching off self-renewal coincides with the “turning on” of
lineage programs. Molecularly, however, recent studies have shown that the HSC
transcriptome is shaped by a collection of metabolic and cellular properties that are
not inherently linked to their pluripotency (Laurenti and Gottgens 2018). In fact,
approximately 70% of the transcriptional differences between HSCs and early
progenitors do not depend on lineage choice (Laurenti 2013). The same is true
concerning chromatin accessibility and methylation (Ji 2010; Corces 2016; Farlik 2016).

The level of self-renewal capacity of an HSC is based on the number of symmetric
divisions that an HSC can perform throughout its life. HSC engraftment outcomes and
self-renewal are closely related (Benveniste et al. 2010). HSCs can be classified
according to the sustainability and robustness of the graft response they produce in
transplantation assays (Laurenti and Gottgens 2018). HSCs that can drive
repopulation in primary and secondary transplantation assays from 16 to up to 44
weeks post-transplant and produce circulating monocytes, granulocytes, and
lymphocytes are known as long-term HSCs (LT-HSC) (Benveniste et al. 2010). Like LT-
HSCs, short-term HSCs (ST-HSC) can give rise to all hematopoietic cells, however their
grafts peak after 2-3 weeks post transplantation, with circulating myeloid cells that
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persist for 4-6 weeks and lymphoid cells that decay slightly slower (Benveniste et al.
2010). In recent years, a third kind of HSC, the intermediate-term HSC (IT-HSC), has
been shown to produce clones that persist between 6-8 months and that are
phenotypically different from LT-HSCs and ST-HSCs (Benveniste et al. 2010).

Heterogeneity in self-renewal capacity has been associated to how much time HSCs
spend in quiescence (Laurenti and Gottgens 2018). Several studies have shown that
the most dormant HSCs are capable of producing the most robust and prolonged
repopulation responses post-transplant (Wilson 2008; Foudi 2009; Bernitz et al. 2016).
Upon reception of mitogenic signals, HSCs must exit quiescence, enter the cell cycle
and undergo division, which requires activating several pieces of metabolic and
cellular machinery (Laurenti et al. 2015). Frequency of division and the time it takes
for a single HSC to exit quiescence in vitro, are therefore two cell-cycle parameters that
are inversely correlated to repopulation capacity (Laurenti and Gottgens 2018). In fact,
the duration of a division starting from Go after stimulation, is shorter in ST- and IT-
HSCs than in LT-HSCs (Benveniste et al. 2010). Dormant HSCs that are forced into
activation by stress signals can return to dormancy, however it has been shown that
HSCs that undergo four divisions in adulthood suffer an irreversible loss of self-
renewal (Bernitz et al. 2016).

These findings suggest that the first step in HSC differentiation is not the loss of the
ability to self-renew, but rather the loss of mechanisms that stabilize self-renewing
behavior throughout stem cell divisions (Benveniste et al. 2010).

b. Phenotype of murine HSCs

The first official mouse HSC phenotype was proposed by Spangrude et al in 1988. By
selecting the fraction of bone marrow cells which did not express the cell surface
markers for B cells (B220), T cells (CD4 and CD8), granulocytes (Gr-1), and
myelomonocytic cells (Mac-1), (lineage marker negative cells,Lin’), they were able to
isolate mouse HSCs. These cells are Lin- but express the cell surface markers Thy-
1vSca-1* and represented approximately 0.05% of total mouse bone marrow. These
HSCs were capable of repopulating the bone marrow of lethally irradiated mice for a
prolonged period (over 3 months) and produce myelomonocytic cells, B cells, and T
cells (Spangrude et al. 1988).

Since then, an increasing number of cell-surface markers has been incorporated in
order to further purify mouse HSCs (Figure 2). In the early 90s, the population isolated
by Spangrude was further characterized and shown to include at least three different
types of cells: LT-HSCs, ST-HSCs, and multi-potent progenitors (MPPs) which cannot
self-renew (Morrison and Weissman 1994). In 1996 Ogawa et al showed that Linc-
Kit*'Sca* (LSK) cells contained primitive HSCs. LSK cells that are also CD34"" were
found to contain LT-HSCs. In fact, single-cell transplantation into lethally irradiated
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Species Name Cell-surface phenotype Self-renewal Cell cycle properties Differentiation

Mouse LT-HSC Lin-Scal*cKit*CD34-CD1507CD135 CD48~ + EPCR* + Rho' High
IT-HSC Lin~Scal*cKit*CD34°CD135 Rho'°CD49bM Intermediate  Short Gg exit
ST-HSC/MPP1 Lin~Scal*cKit"CD135-CD150 CD48 Low
a NA High NA Ly-deficient
6} NA High NA Balanced
~ NA Intermediate  NA My-deficient
) NA Low NA My-deficient
MPP2 Lin~Scal*cKit"CD135-CD150*CD48* Low Similar Ly-deficient
MPP3 Lin~Scal*cKit"CD135 CD150 CD48" Low Balanced
MPP4 Lin~Scal*cKit"CD135"CD150 CD48" Low Ly-biased

Figure 2: Phenotype of murine HSCs. Phenotypic or functionally defined murine HSC subsets based on
combinations of cell-surface markers and/or function (Adapted from Laurenti and Gottgens 2018)

recipients showed that one in three LSK-CD34"" cells were capable of long-term
reconstitution (Ogawa 1993). By the early 2000s, Christensen and Weissman showed
that expression of the Fl1k2/Flt-3 receptor tyrosine kinase was inversely proportional to
the duration of the reconstitution capacity, and thus LT-HSCs had an Flk2- phenotype
compared to ST-HSCs and MPPs (Christensen and Weissman 2001). Today LSK,
CD34, and FIk2 are still commonly used markers to isolate HSCs.

The incorporation of novel cell surface markers has contributed largely to the
reshaping of hematopoietic hierarchy. In particular expression of CD34 has helped
discern HSC subpopulations relative to their degree of self-renewal, where LT-HSCs
are LSK-Flk2-CD34°" and ST-HSCs are LSK-F1k2-CD34* (Yang et al. 2005).

In 2005, the SLAM family of receptors, and in particular CD150, CD244 and CD48,
were shown to be differentially expressed among hematopoietic progenitors in a way
that correlates with stemness (Kiel et al. 2005). Kiel et al proposed an alternative
enhancement of HSC purification by using the phenotype LSK CD150°*CD48-. 47% of
single cells with this phenotype yielded long-term multilineage reconstitution
following transplantation into lethally irradiated recipients (Kiel et al. 2005). One
important advantage of using CD150 is that it is less affected by mouse age and genetic
background than other HSC markers (Schroeder 2010).

Since the introduction of IT-HSCs, the CD49b marker has been used to distinguish
them from LT-HSCs, where LT-HSCs are CD49b- and IT-HSCs are CD49b* (Benveniste
et al. 2010; Schroeder 2010).

HSCs are the most comprehensively analyzed adult mammalian stem cell type.
Nevertheless, even after decades of research additional levels of complexity continue
to surface and even the most purified HSC subsets still contain a large proportion of
cells that do not possess HSC potential (Schroeder 2010).
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c. Differences between human and murine HSCs

Hematological research is no exception to the phenomenon of murine model
dominance. Since the emergence of HSCs in scientific literature in the 60s, the
overwhelming majority of research on HSC and hematopoiesis has been carried out in
mice (Parekh and Crooks 2013). To study human hematopoiesis, long-term
reconstitution experiments are carried out using xenotransplantation models in mice.
The dominance of murine studies has often led to the assumption that findings in mice
can be universally applied to all hematopoiesis. Constant development of humanized
xeno-transplantation models and in vitro culture systems have shown that, overall, the
hematopoietic differentiation program is largely conserved between humans and mice
(Parekh and Crooks 2013). However, there are some critical differences in phenotype,
function, and regulatory mechanisms of stem cell maintenance between human and
murine HSCs (Parekh and Crooks 2013).

Like their murine counterparts, human HSCs were initially isolated on the basis of cell
surface markers that represented different stages of differentiation coupled with
functional assays to determine phenotype (Seita and Weissman 2010). Throughout the
late 80s and 90s, the first cell surface marker used to purify human HSCs was CD34,
which is expressed in blood cells in the human fetal liver, cord blood, and adult bone
marrow (Seita and Weissman 2010). In vitro culture assays revealed that almost all
CD34" cells were pluripotent, although the population remained very heterogeneous
(Seita and Weissman 2010).

Further purification of this CD34* HSC population was achieved due to the differential
expression of the cell surface marker CD38. Over 90% of CD34* cells are also CD38*,
however cells that are capable of producing multilineage colonies are actually found
in the CD34'CD38 fraction (Huang and Terstappen 1994; Miller et al. 1999).
Additionally, CD34*CD38 cells are highly enriched for long-term culture-initiating
cells compared to CD34*CD38" cells (Hao et al. 1996; Petzer et al. 1996). Human HSCs
also express F1t3, CD90, and CD49f (Baum et al. 1992; Sitnicka et al. 2003; Notta et al.
2011), and are negative for CD45RA (Majeti et al. 2007) (Figure 3).

Besides the expression of the CD34 that is specific for human HSCs, several other
phenotypical differences between human and murine HSCs exist. Murine HSCs do not
express either CD34 or FlIt3 but do express CD38, whereas human HSCs do not express
Sca-1 or CD150 (Schroeder 2010). Cellular differences also exist, for instance murine
HSCs divide on average once every 40 days, whereas human HSCs divide on average
once every 260 days (Doulatov et al. 2010). Many of the genes that are specifically
expressed in murine HSCs are also expressed in human HSCs. However, there are
some differences in gene expression and function pertaining to the evolutionary
differences in hematopoietic gene regulation between human and mouse (Parekh and
Crooks 2013). The transcription factor HoxB4 is an example of this, where its
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Figure 3: Model of the hematopoietic hierarchy compairing hematopoietic cell phenotype between
mouse (left) and human (right) (Seita and Weissman 2018)

overexpression induces a 1000-fold expansion of murine HSCs, but only a 2-4-fold
expansion in human HSCs (Doulatov et al. 2012). Additionally, HoxB4 can direct
mESC towards a hematopoietic fate, whereas its human counterpart HOXB4 does not
confer repopulating potential to hESC-derived hematopoietic cells (Doulatov et al.
2012).

Another important difference between human and murine HSCs concerns their ability
to repair DNA damage. Mohrin et al. showed that murine HSCs have an enhanced
DNA repair response compared to hematopoietic progenitors. Upon IR, HSCs exhibit
an increased expression of prosurvival genes and a strong p53-mediated DNA damage
response (DDR) (Mohrin 2010). On the contrary, upon IR human HSCs exhibit a
delayed DDR and an enhanced proapoptotic response compared to progenitor
populations (Milyavsky 2010). This data suggests that differences in self-renewal
regulation, stem cell maintenance, differentiation, or microenvironmental interaction
pathways exist between human and murine hematopoiesis (Schroeder 2010).
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d. Cellular and molecular factors regulating HSC function
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Figure 4: Cellular and molecular constituents of the HSC niche. Various cell types have been implicated in
regulating HSC activity. The target plot illustrates how bone marrow niche cells contribute to HSC regulation
indirectly or directly by synthesizing niche factors in the form of cell-bound or secreted molecules. The
colour of the radial spokes indicates the HSC activity that is affected. (Pinho 2019)

HSC activity is regulated by a complicated network of cell intrinsic and cell extrinsic
factors, and local cues from the bone marrow microenvironment (Figure 4).

The hematopoietic stem cell niche ensures hematopoietic homeostasis by controlling
proliferation, self-renewal, differentiation and migration of HSCs and progenitor cells
at steady-state and in response to insult or injury (Pinho and Frenette 2019). The niche
consists of several non-hematopoietic and hematopoietic cells such as perivascular
mesenchymal stem cells (MSCs), endothelial cells, osteoblasts, adipocytes,
sympathetic nervous system (SNS) nerves, nonmyelinating Schwann cells,
macrophages, megakaryocytes and regulatory T (Treg) cells (Pinho and Frenette 2019).

Several cytokines and their receptors have been shown to play essential roles in HSC
function. Many hematopoietic cytokines were initially identified based on their
abilities to support in-vitro formation of hematopoietic colonies from progenitors
(Zhang and Lodish 2008). Some of these were also shown to bind directly to receptors
on HSCs and regulate quiescence, self-renewal, differentiation, apoptosis, and
mobility (Zhang and Lodish 2008). Under stress conditions, such as inflammation or
infection, cytokines help increase the output of mature blood cells by affecting
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survival, expansion and differentiation of lineage-committed progenitors (Metcalf et
al. 2008; Rieger et al. 2009). Although lineage-specification is mostly mediated by
intracellular regulators such as transcription factors, it has been shown that the
cytokine macrophage colony stimulating factor (M-CSF) can directly induce the
master regulator PU.1 and instruct myeloid cell-fate in murine HSCs, suggesting that
cyotkines can also play instructive roles in cell-fate determination (Mossadegh-Keller
et al. 2013).

Two cytokines of remarkable importance in HSC function are stem cell factor (SCF)
which binds to c-Kit, and thrombopoieitin (TPO) which binds to Mpl. HSCs express
high levels of both of these receptors (Ikuta and Weissman 1992; Solar et al. 1998). Both
SCF and TPO can promote survival and proliferation of purified murine HSCS in
serum-free culture medium at the single-cell level (Rossi, Seita, et al. 2007). In addition
to SCF and TPO, many cytokines including IL-3, IL-6, IL-11, and FIt3 ligand have been
reported to impact survival, proliferation and differentiation of HSCs (Seita and
Weissman 2010).

Apart from classical hematopoietic cytokines, numerous signal transduction pathways
have been shown to be relevant in adult HSCs. Notch ligands play an important role
in lymphopoiesis and megakaryopoiesis and in the generation, maintenance, and
expansion of HSCs (Chiba 2006). Non-canonical Wnt signaling is involved in
generation and expansion of HSCs, although its role remains controversial as
canonical Wnt-signaling is active in several types of leukemia (Nemeth and Bodine
2007). TGF-B/Smad and Ang-1/Tie-2 signaling are two pathways responsible for the
maintenance of quiescence of HSCs (Zhang and Lodish 2008).

It is evident that a great majority of these cytokines and signaling pathways share
redundant functions. Nevertheless, their actions reflect the balance of two essential

HSC abilities: maintenance of self-renewal and differentiation.

3. Thrombopoietin: an important cytokine in HSCs

a. Thrombopoietin (TPO) & its receptor MPL

In 1958, Kelemen and Tanos came up with the term “thrombopoietin” to describe the
“humoral substance responsible for platelet production” (Kelemen et al. 1958). Since
then and all the way through the 80s, attempts at purifying TPO were largely
unsuccessful (Hitchcock and Kaushansky 2014). Although seemingly unrelated at
first, the discovery of the murine myeloproliferative leukemia virus (MPLV) and its
oncogene Mpl in the early 90s, was actually the first step leading towards the
purification of TPO (Hitchcock and Kaushansky 2014). In 1992, Vigon et al. cloned of
Mpl for the first time and revealed that it encoded a member of the hematopoietic
cytokine receptor family, however its ligand was unknown at the time (Vigon et al.
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1992). In 1994, several groups identified quasi simultaneously that TPO was Mpl's
ligand and that it was an important mediator of megakaryocyte differentiation (Bartley
1994; Lok et al. 1994; de Sauvage et al. 1994; Wendling et al. 1994).

TPO is a hormone that circulates in the blood and expressed in different tissues in the
human body. The highest levels of TPO mRNA are found in the liver, where it is
produced by hepatocytes (Lok et al. 1994). The kidneys, smooth muscles, and a
number of other organs also express the gene (Bartley 1994; Lok et al. 1994; de Sauvage
et al. 1994). Plasma concentrations of TPO vary with platelet count. Platelets express
MPL, so the higher the platelet count, the more circulating TPO is eliminated,
diminishing its plasma concentration and stimulating synthesis of more TPO. In
patients with thrombocytosis, the steady-state level of TPO production is exceeded by
platelet-mediated TPO metabolism, so TPO levels are low. On the contrary, in
thrombocytopenic patients, most of the TPO that is produced is not eliminated by
platelets due to their scarcity, and TPO plasma levels are high (Kuter and Rosenberg
1995; Hitchcock and Kaushansky 2014).

The TPO receptor, MPL, is 635 amino acids in length and contains three functional
domains: an extracellular domain that contains its cytokine binding site, a
transmembrane domain, and a cytoplasmic domain (Varghese et al. 2017). Mpl is a
member of the type I cytokine receptor family along with interleukins (IL-2 to IL-7, IL-
9, IL-13, IL-15 an IL-21), colony-stimulating factors (G-, and GM-CSF), erythropoietin
(EPO), and the growth hormone receptor (GHR) (Fujii 2007; Hitchcock and
Kaushansky 2014). To ensure signal transduction, MPL requires ligand-mediated
tyrosine phosphorylation of the receptor and associated proteins in response to
hematopoietic cytokine stimulation. TPO acts by binding to the extracellular domain
of MPL, which leads to the dimerization of the receptor, thereby starting a cascade of
signaling events within the target cell (Varghese et al. 2017) (Figure 5). MPL lacks
intrinsic kinase activity, so it uses the Janus kinase (JAK) family of proteins to
transduce signals from its extracellular domain to the cell. JAK2 and TYK2, both
members of the JAK family, constitutively associate with the cytoplasmic domain in
MPL and phosphorylate upon TPO binding. Despite the fact that both proteins
phosphorylate MPL, only phosphorylation of JAK2 is essential for TPO signaling
(Drachman et al. 1999). Activation of JAK2 leads to the phosphorylation of the distal
portion of MPL and leads to the recruitment the signal transducer and activator of
transcription (STAT) proteins, in particular STAT3 and STATS, through their SH2
domains (Tortolani et al. 1995; Sattler et al. 1997). Mpl activation can also lead to the
activation of the mitogen-activated protein kinase (MAPK) and phosphatidylinositol-
3 (PI3K) pathways. Early work by our lab has shown that TPO drives megakaryocytic
differentiation via a strong and prolonged activation of MAPK, that is specifically
involved in the transition from proliferation to maturation of megakaryocytes (Rouyez
et al. 1997; Fichelson et al. 1999). Our lab has also shown that TPO activates MAPKs
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Figure 5: TPO signaling pathway. (A) Mpl (in yellow) exists as a monomer, and signaling molecules like
JAK2 and STAT are inactive. (B) Upon TPO binding, Mpl dimerizes and this conformational change results
in JAK2 phosphorylation which leads to Mpl phosphorylation. This leads to phosphorylation of STAT5 and
STAT3, resulting in their dimerization and entry into the nucleus, where they activate downstream
signaling pathways like the MAPK and PI3K pathways. STATs also induce transcription of the SOCS
proteins which are generally not expressed and which act as negative feedback regulators off JAK2 and
MPL activation (de Graaf and Metcalf 2011).

through the small GTPases Ras and Rap1, which act in concert to regulate the duration
of MAPK signaling (Garcia et al. 2001).

MPL is expressed predominantly in megakaryocytes, platelets, hemangioblasts and
HSCs. This expression patterns indicates two main functions for TPO: the regulation
of platelet production and the maintenance of HSCs (Varghese et al. 2017). In TPO and
MPL knock-out (KO) mice showed an 85% decrease in platelet and megakaryocyte
count whereas other mature lineages were less affected (Gurney et al. 1994; Sauvage
et al. 1996). TPO promotes the proliferation of megakaryocytic progenitors early in
lineage commitment and increases ploidy of megakaryocytes, although it does not
affect platelet shedding (de Graaf and Metcalf 2011).

b. TPO and the hematopoietic stem cell

In vitro studies showed that TPO could increase survival and proliferation of CD34"
hematopoietic progenitors (Ku et al. 1996; Sitnicka et al. 1996). TPO has been also
shown to increase HSC interaction with the osteoblastic niche and to support HSC
quiescence and expansion posttransplantation (Fox et al. 2002; Yoshihara et al. 2007).
The emergence of KO mouse models that do not express TPO or MPL provided
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evidence that TPO has an essential role in HSCs. These mice have only 10-20% of LT-
HSCs of the normal number of LT-HSC in the basal state, and display increased HSC
cycling and age-progressive loss of HSCs (Solar et al. 1998; Qian et al. 2007; Yoshihara
et al. 2007). Transplantation of HSCs into TPO KO mice exhibited a 15/20-fold decrease
in HSC expansion compared to wild-type (WT) controls (Fox et al. 2002).
Transplantation MPL KO HSCs led to a decrease in hematopoietic progenitors of all
lineages, as well as a decrease of 80-90% of total HSCs (Alexander et al. 1996; Solar et
al. 1998). These studies highlight two contrasting functions for TPO. Whilst TPO
maintains HSCs in quiescence to preserve them with age, it also serves to promote
HSC expansion in times of crisis, such as post-transplantation (de Graaf and Metcalf
2011). Nevertheless, both functions show that TPO is a regulator of cell-cycle
transition in HSCs.

TPO also plays a role in HSC maintenance in humans: congenital amegakaryocytic
thrombocytopenia (CAMT), caused by MPL inactivating mutations, leads to a severe
hypomegakaryocytic thrombocytopenia during the first years of life that develops into
a pancytopenia in later childhood with increased risk of developing leukemia,
suggesting a general defect in hematopoiesis (Ballmaier et al. 2001). Bone marrow
transplantation is the only curative therapy for CAMT so far.

Myeloproliferative neoplasms (MPNs) are clonal disorders that affect hematopoietic
stem cells (HSCs) and leading to the pathologic expansion of the myeloid lineage,
mainly platelets in essential thrombocythemia (ET), red blood cells in polycythemia
vera (PV), or platelets with collagen fiber formation in primary myelofibrosis (PMF)
(Vardiman et al. 2009). The hallmark of these disorders is the constitutive activation of
the JAK-STAT pathway (Vainchenker and Constantinescu 2013). The substitution of a
stretch of 5 amino acids (W515L tryptophan-to-leucine substitution and W515K
tryptophan-to-lysine) that normally prevent spontaneous MPL activation are found in
ET and PMF patients (Pietra et al. 2011). Mutations in the calreticulin (CALR) also lead
to constitutive activation of MPL (Chachoua et al. 2016). This highlights the important
role of TPO signaling in HSCs and the major consequences that ensue upon its
deregulation.

In recent years, our team has uncovered an important role for TPO in the regulation of
the DNA damage response (DDR) in HSCs following genotoxic stress, such as ionizing
radiation (IR). They showed that MPL KO mice displayed increased radiosensitivity
due to impaired DNA repair and that TPO stimulates DNA repair in vitro and in vivo
by increasing DNA-PK-dependent non-homologous end-joining (NHE]) efficiency
(de Laval et al. 2013). The team has also shown that TPO, which is a non-inflammatory
cytokine, triggers Erk and the nuclear factor kB (NFxB) in HSCs and progenitor cells,
and that these two pathways cooperate to induce and activate the early-response gene
Iex-1 upon DNA damage. Iex-1 forms a complex with pERK and the catalytic subunit
of DNA-PK, which is necessary and sufficient to promote TPO-increased DNA-PK
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activation and NHE] DSB repair in both mouse and human HSPCs (de Laval et al.
2014).

These results highlight that HSC environmental factors can control the DSB repair
machinery to ensure chromosomal integrity and limit their long-term residual injury
in response to IR. A single injection of TPO one hour prior to 2Gy total body irradiation
(TBI) was enough to prevent the accumulation of DNA damage and restore
reconstitution capacity post-transplantation in murine HSCs (de Laval et al. 2013).
This study opened up new perspectives for the clinical use of TPO agonists prior to
therapies involving DNA damaging agents to minimize the risks of HSC loss of
function and the development of secondary leukemias. Interestingly, Wang et al. have
shown that TPO administration post irradiation improved survival rates in lethally
irradiated mice and increased bone marrow cell density and LSK cell numbers in the
mice after sub-lethal irradiation primarily by promoting residual HSC proliferation
(Wang et al. 2015). In humans, a recent study showed that the used of the synthetic
small molecule mimetic of TPO, eltrombopag, specifically activates the C-NHE] DNA
repair mechanism, resulting in enhanced genome stability, survival and function of
primary human HSPCs (Guenther et al. 2019).

c¢. JAK-STAT Signaling

The JAK-STAT signaling pathway was initially discovered in the investigation of
interferon (IFN) gene induction. It is now considered one of the major evolutionary
conserved signaling pathways employed by a diverse panel of cytokines, IFNs, and
growth factors (O’Shea et al. 2015).

JAK kinases belong to a family of intracelullar, non-receptor tyrosine kinases. JAK-
mediated phosphorylation of STAT proteins activates them, allowing their
dimerization and their entry into the cell nucleus where they can directly bind to DNA
and affect gene expression (Figure 6) (O’Shea et al. 2013). There are four JAKs (JAK1-
4), and Tyk2, which can selectively bind different receptor chains, explaining their
different in vivo roles. For instance, JAK1 and JAK2 are activated by type II IFN
signaling, JAK1 and Tyk2 are activated by type I IFN signaling, JAK2 and Tyk2 by
TPO signaling, and JAK2 by EPO signaling.

Seven different STAT family members have also been identified that are activated as a
result of diverse extracellular stimuli. For instance, type II IFN primarily activates
STAT1, creating a STAT1-STAT1 homodimer that localizes to the nucleus to exert
downstream effects. Type I IFNs phosphorylate STAT1 and STAT2, leading to their
dimerization and subsequent entry into the nucleus where they bind IRF9 to form the
ISFG3 complex. TPO activates primarily STAT5 and STAT3 (O’Shea et al. 2015).
Although each cytokine tend to activate a specific STAT over another, activation of a
STAT proteins can also occur by different promiscuous cytokines (O’Shea et al. 2015).
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Figure 6: Signal transduction via JAK. (1) When a cytokine engages its receptor, JAKs become activated
and phosphorylate each other, as well as the intracellular tail of their receptors. (2) This creates a
docking site for STATs, which are now able to bind to the cytoplasmic domain of the receptor. (3) The
STATSs, in turn, are phosphorylated and activated, which allows them to dimerize. (4) The STAT-STAT
dimer translocates to the nucleus, where it can directly bind DNA and regulate gene expression. (O’shea
2015).

STAT proteins, like other transcription factors, can bind tens of thousands of genomic
loci and regulate transcription of thousands of protein-coding genes, miRNAs and
long non-coding RNAs (O’Shea et al. 2015).

Although standard functioning of the JAK-STAT pathway requires the
phosphorylation of STAT, a number of non-canonical functions have been ascribed to
non-phosphorylated STATs. For instance, exposure to a high dose of Type I IFN
induces activation of IFN-stimulated genes (ISGs) mediated by the phosphorylation of
STAT1/2 in a rapid manner, however, Cheon et al. showed that a second prolonged
wave of ISG induction is mediated by non-phosphorylated STAT1 and STAT2 (Figure
7) (Cheon et al. 2013). This phosphorylation independent second response is activated
even by low levels of IFN and provides the host cell with prolonged anti-viral
functions even after IFN synthesis subsides and phosphorylation is reversed (Cheon
et al. 2013).

Recent studies have also shown that STAT proteins have important roles in the
regulation of chromatin structure and enhancer activity of differentiating cells.
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Figure 7: Biological significance of non-phosphorylated U-ISGF3-induced gene expression (A) U-ISGF3
prolongs anti-viral effects. IFNb induces the expression of a large number of ISGs quickly through the
action of ISGF3 which binds to standard ISREs in ISG promoters. ISGs induced by an initial treatment
with IFNb include STAT1, STAT2, and IRF9, and the encoded proteins accumulate in their
unphosphorylated forms for days after IFN stimulation. The accumulated STAT1, STAT2, and IRF9
proteins form U-ISGF3, which selectively binds to the distinct ISREs in promoters of a subset of ISGs,
most of which are anti-viral genes. The expression of these genes is prolonged, whereas the expression
of the genes induced by ISGF3, but not by U-ISGF3, is terminated rapidly. (B) U-ISGF3 induces resistance
to DNA damage. Chronic exposure to low doses of IFNb increases the levels of U-ISGF3 and the U-ISGF3-
induced proteins, with no increase in STAT phosphorylation. The proteins induced by U-ISGF3 increase
resistance to DNA damage. (Cheon 2013).

Constitutive activation of JAK2 can lead to development of hematopoietic
malignancies in humans, and of hematopoietic tumor-like masses in Drosophila (Silver-
Morse and Li 2013). The discovery of roles for JAK and STAT in heterochromatin
regulation, began with a genetic screen in Drosophila to identify genes which affect the
formation of these tumor-like masses that identified chromatin modifiers such as
heterochromatin protein 1 (HP1) and the histone methyltransferase SUV39H]1 (Silver-
Morse and Li 2013). These are essential heterochromatin components involved in
H3K9me3-mediated silencing. In 2006, Shi et al showed that JAK overactivation
disrupts heterochromatic gene silencing in this species, and allows the derepression
of genes that are not direct targets of STAT (Shi et al. 2006). More recently, Sousa-Victor
et al. observed that intestinal stem cells (ISCs) induce the Argonaute family protein
Piwi, which plays a critical role in heterochromatin maintenance, in response to JAK-
STAT signaling induced by proliferation, genotoxic and viral stress (Sousa-Victor et
al. 2017). Hu et al. have shown that non-phosphorylated STAT5A acts as a tumor
suppressor in human colon cancer cell lines by binding to HP1 and stabilizing
heterochromatin (Hu et al. 2013). These studies suggest that these non-canonical
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functions of the JAK-STAT pathway to regulate heterochromatin may be conserved
amongst species and thus be of more importance than originally thought.

4. Epigenetics of HSCs

Hematopoiesis is a process that involves the tight regulation of gene expression that
guard the balance between self-renewal of HSCs and their differentiation into mature
blood cell lineages. Genes involved in differentiation pathways must be repressed in
HSCs, while self-renewal genes are repressed upon differentiation. Epigenetic
mechanisms are responsible for regulating changes in global chromatin conformation
that mediate this process.

Epigenetics refers to changes in gene expression that do not involve changes to the
underlying DNA sequence, resulting in a change in phenotype without affecting the
genotype (Kramer and Challen 2017). In this way, they act as a blueprint and maintain
cell identity by modifying the chromatin landscape and directing which genes are
expressed in which cell, when, and to what level. Epigenetic modifications are
reversible and can also be altered in response to environmental signals (Kramer and
Challen 2017). Reflecting the dynamic character of chromatin, recent studies suggested
that both the amount of euchromatin, as well as the spatial distribution of
heterochromatin regulate the transition between stem and progenitor cells (Ugarte et
al. 2015; Koide et al. 2016). Ugarte et al. showed that differences in chromatin
distribution affect the transcriptional capacity of a cell and are the most permissive in
ESC, then move onto an intermediate state in HSCs, and culminate in a highly
restrictive chromatin environment with the silencing of developmental programs in
mature cells L. In particular they showed that the amount of euchromatin decreases
while the layer of heterochromatin at the nuclear envelope increases during the
differentiation of HSCs (Koide et al. 2016).

Epigenetic modifications involve active or repressive histone modifications, DNA
methylation, and small RN As (Figure 8). Histone tails can undergo major covalent and
reversible modifications. Two of the most common modifications are the acetylation
/deacetylation by histone acetyltransferases, and methylation/demethylation by
histone methyltransferases (Sharma and Gurudutta 2016). Histone modifications
impact gene expression by altering chromatin structure to make it more or less
accessible to transcription factors and machinery (Kramer and Challen 2017). DNA
methylation requires binding of a methyl group at carbon-5 position (5-mC) of a
cytosine base by a DNA methyltransferase (DNMTs). This occurs primarily at CpG
dinucleotides and CpG islands in gene promoters and mostly leads to long-term
repression (Sharma and Gurudutta 2016). Recently, however, DNMT3b-mediated
DNA methylation in gene bodies has been shown to act a positive regulator of gene
expression in ESCs and colorectal carcinoma cell lines (Yang 2014; Baubec et al. 2015).
Small RNAs can modify chromatin structure and silence transcription by guiding
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Figure 8: Epigenetic modifications and their effect on DNA accessibility. (Left) Condensed chromatin is
transcriptionally silent and characterized by DNA methylation and repressive histone modifications. (Right)
Open chromatin is associated to active transcription and characterized by DNA demethylation and
activating histone modifications (Buisman 2019).

Argonaute- containing complexes to complementary nascent RNA scaffolds and then
mediating the recruitment of histone and DNA methyltransferases (Holoch and
Moazed 2015).

Cross-talk between DNA methylation and histone modifications exists, for instance
the H3K9me3 methyltransferase SUV39H1 has been shown to interact with the DNA
methyltransferases DNMT3A and DNMT1(Fuks 2003). Loss of H3K9 methylation in
Suv39h-knockout ESC decreases Dnmt3b-dependent DNA methylation at major
centromeric satellites (Lehnertz et al. 2003). Moreover, it has also been shown that
methyl-CpG-binding-domain proteins, such as MeCP2 and MBD1, might favor H3K9
methylation in the vicinity of the methylated genes regulated by these proteins (Fuks
2003). The distribution patterns of DNA methylation and histone methylation have a
great influence on the binding of regulatory proteins to target sequences in the
genome, affecting subsequent expression levels of downstream genes (Kramer and
Challen 2017). This can help orchestrate physiological processes such as stem cell
differentiation, and pathologically contribute to oncogenesis.

a. DNA methylation in HSCs

DNA demethylation occurs during early embryonic development and later during
hematopoietic differentiation(Sharma and Gurudutta 2016). Presence of repressive
epigenetic modifications, such as H3K9me3 or DNA methylation at promoter regions
has been observed in partially reprogrammed iPS cells and correlates with failure to
produce the robust reactivation of pluripotency genes (Calvanese et al. 2012).
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DNMT3a and DNMT3Db are two of the most important enzymes responsible for de novo
DNA methylation. They act in synergy and are responsible for the establishment of
new DNA methylation patterns during HSC development and throughout
differentiation, and are associated to the silencing of self-renewal genes (Kramer and
Challen 2017). Consistent with the latter, loss of DNMT3a results in expansion of the
HSC population due to the upregulation of self-renewal genes such as Runxl and
Gata3, to the detriment of differentiation genes. Deletion of DNTM3a and DNMT3b
turther enhances HSC self-renewal by activating f-catenin signaling (Challen et al.
2014). Moreover, DNMT3a is one of the most frequently mutated genes in myeloid
malignancies such as AML and myelodysplastic syndromes (MDS) (Kramer and
Challen 2017). In contrast, DNMT3b is rarely mutated in these pathologies, but has
been linked to tumor suppressor function (Schulze et al. 2016).

DNMT1 is a methyltransferase responsible for maintaining DNA methylation patterns
in daughter cells upon cell division. Trowbridge et al. showed that DNMT1-deficient
HSCs exhibited impaired self-renewal, as well as inefficiency to produce multilineage
progenitors. In particular, they showed that deletion of DNMT1 induced enhanced cell
cycling and inappropriate expression of mature lineage genes in myeloid progenitors
(Trowbridge et al. 2009). These results suggest that DNA methylation plays an
essential role in the progression of HSCs into MPPs and into lineage-restricted myeloid
progenitors. DNMT1 has been shown to be upregulated in certain AML patients
(Trowbridge et al. 2009). This results are supported by the fact that inhibition of
DNMT1 impairs leukemogenesis and inhibits stem cell function if a mouse model of
MLL-AF9-driven AML (Trowbridge et al. 2009).

Cytosine hydroxymethylation (5-hmC) is another important epigenetic modification
that arises due to the oxidation of 5-mC by the ten-eleven translocation (TET) family
of enzymes. 5hmC is considered to be an initial step in active demethylation mediated
by TET enzymes (Tahiliani et al. 2009). Active demethylation involves cytosine
replacement via the base excision repair (BER) pathway, which removes the
methylated cytosine and creates a basic site that is then further processed by other
enzymes (Li 2013). In contrast, passive demethylation can also occur during successive
rounds of replication in the absence of functional DNA methylation maintenance
machinery (Figure 9).

Mutant mouse model and patient genome sequencing studies have revealed important
roles for the TET enzymes in hematopoiesis (Kramer and Challen 2017). Together with
DNMT3a, TET2 is one of the most frequently mutated genes in myeloid malignancies
(Cancer Genome Atlas Research Network et al. 2013). Interestingly, in all studies of
clonal hematopoiesis of indeterminate potential (CHIP) across aging humans, the two
most commonly variant genes are also DNMT3A and TET2 (Jaiswal et al. 2014; Zink
et al. 2017). CHIP is associated with aging and an increased risk of developing
hematologic malignancies and other aging-associated pathologies such as
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Figure 9: DNA methylation and demethylation. De novo DNA methylation patters are established by
DNMT3a and DNMT3b. This process is enhanced by catalytically active DNMT3L. During replication the
original DNA methylation pattern is maintained by DNMT1. DNA methylation can be eras by active or
passive demethylation. Active demethylation occurs by enzymatic replacement of a methylated cytosine
by an unmethylated residue without cell division, and is mediated by TET proteins and AID. Passive
demethylation occurs during successive replications when maintenance of DNA methylation is abrogated.
Black circles represent methylated CpG sites and open circles represent unmethylated CpG sites (De
Carvalho 2010).

atherosclerosis and cardiovascular disease (Jaiswal et al. 2017; Rauch et al. 2018). Tet2
KO and DNMT3a KO mice have increased self-renewal and competitive repopulation
capacity, and increased myeloid cell output compared to their wildtype counterparts
(Challen et al. 2011; Moran-Crusio et al. 2011). This could suggest that clonal
hematopoiesis is a necessary evil to compensate for the diminished potential of aging
HSCs (Kramer and Challen 2017).

b. Histone acetylation in HSCs

Acetylation of histones is associated with relaxed chromatin and promotes gene
expression activation. Acetylation regulates self-renewal, proliferation and
differentiation into hematopoietic progenitors. Acetylation functions through the
transferring an acetyl group from acetyl-CoA to specific lysing residues and in doing
so changes the charge of the lysine residue and affects DNA-histone association
(Sharma and Gurudutta 2016). As a result, the chromatin structure is dispersed, and
becomes accessible to transcription factors. Histone deacetylases (HDACs) are
extensively involved in multilineage development, including the hematopoietic stem
cell HSC-progenitor lineage, granulocyte-monocyte lineage, erythropoietic lineage
and lymphoid lineage (Wang et al. 2020). During hematopoiesis, HDACs participate
in the formation of a variety of transcriptional complexes where the reciprocal
regulation be-tween HDACs and TFs or other cofactors regulate histone acetylation
levels, TF activity and functions of transcriptional complexes, which in turn modulate
expression of various hematopoietic-related genes (Wang et al. 2020). For instance,
simultaneous deletion of HDAC1 and HDACQC2 results in the loss of HSCs and,
consequently, early hematopoietic progenitors, which are associated with the
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deregulated expression of genes linked to stem cell survival and maintenance, such as
Dmkn, Nurcks1 and Tptl (Yamamura et al. 2006).

Consistent with a loss of “closed” chromatin that is observed during aging, HDACs
such as the Sirt family proteins have been shown to protect HSCs from aging (Rimmelé
et al. 2014). Poplineau et al. have also observed a clear increase in H3K27ac, marked at
enhancer regions in aged myeloid progenitors, and that restriction of H3K27ac by the
promyelocytic leukemia zinc finger (PLZF) can act as a gatekeeper to hematopoietic
aging (Poplineau et al. 2019).

In line with this concept, histone deacetylase inhibitors are used to treat leukemia to
induce chromatin remodeling and permit the re-expression of silenced tumor
suppressor genes in leukemic stem and progenitor cells. This leads to the
differentiation of leukemic stem cells and hinders their proliferation and self-renewal
properties (Munoz et al.). Valproic acid, another histone deacetylase inhibitor, is used
in the treatment of acute promyelocytic leukemia and inhibits proliferation of
leukemic cells by increasing the expression of death receptors and their ligands
(Walasek et al. 2012).

c. Histone methylation in HSCs

Unlike acetylation, histone lysine methylation does not affect the charge of the lysine
residues and thus has minimal impact on DNA-histone association. Rather, the
different methylation status of specific histone lysines can serve as a unique platform
for recruiting methylation “reader” proteins that activate or repress genes’
transcriptional activity. In general, histone H3 lysine 4 (H3K4), H3K36, and H3K79
methylation are gene activation marks, whereas H3K9, H3K27, and H4K20
methylation are generally gene-repressive modifications (Gu and Lee 2013) (Figure
10).

Trimethylation on lysine 4 of histone 3 (H3K4me3) is a chromatin mark associated with
protein coding genes and sites of active transcription. H3K4me3 protects promoters
from DNA methylation and maintains chromatin in an open state to promote
transcription (Kramer and Challen 2017). Through ChIP-seq analysis, Sun et al.
showed that aged HSCs exhibited broader H3K4me3 peaks across HSC identity and
self-renewal genes, and also exhibited increased DNA methylation at transcription
factor binding sites associated with differentiation-promoting genes (D. Sun et al.
2014). There is a strong correlation between altered H3K4me3 levels and
transcriptional activity, where genes whose expression increases with age acquire
H3K4me3 (D. Sun et al. 2014).

H3K27me3 is a silencing mark that is mediated by polycomb group (PcG) proteins and

chromatin modifiers such as the enhancer of zeste (Ezh2). KO mice for RinglB, a
member of the polycomb repressive complex 1 (PRC1), exhibit hematopoietic
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Figure 10: Histone modifications. A) Active genes: Open chromatin structure of transcriptionally active
gene with loosely spaced nucleosomes. Acety-lation of lysine neutralizes the positive charge, reducing
affinity between histone and DNA, which functions as platforms for the recruit- ment of transcription
factors or chro- matin remodelers, thus histone modifications directly effects nucleosomal architecture.
H3K4me3 is en-riched around transcription start sites. H3K4mel is enriched around enhancers and
downstream. H3K27ac is enriched around active enhancers and transcription start sites. B) Bivalent
genes: In undifferentiated stem cells, both H3K4me3 and H3K27me3 (active and inactive marks,
respectively) are enriched around transcription start sites on many genes. The multiple coexisting histone
modifications are associated with activation and repression. C) Inactive genes: H3K9me3 is broadly
distributed on inactive regions. H3K27me3 and H3K9me3 are usually not colocalized in the same region
of genes. Proteins associated for transcription silencing are SUV39H1, SETDB1, KAP1, HP-1-
Heterochromatin protein and CAF-1-Chromatin assembly factorl. (Modified from Sharma and Gurudutta
2016).

abnormalities (Eskeland et al. 2010). Bmil, another member of the PcG family, has been
shown to play important roles in self-renewal and differentiation by repressing
transcription of genes involved in cellular senescence(Iwama et al. 2004). Bmil is
frequently overexpressed in hematopoietic malignancies and its inhibition has been
associated with impaired self-renewal and expansion in leukemic stem cells (Sharma
and Gurudutta 2016).
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In the hematopoietic system, HSCs possess the highest frequency of bivalent
promoters, which declines throughout differentiation as lineage-restriction occurs
(Weishaupt et al. 2010). Genes with bivalent promoters are generally not expressed, or
at their expression is very weak, as they possess both the H3K4me3 activation mark as
well as the H3K27me3 repressive mark (Kramer and Challen 2017). In addition to
H3K4me3/H3K27me3-mediated bivalency, other histone modifications may also poise
genes for rapid transcription. For example, trophoblast and endodermal stem cells
demonstrate a pattern of bivalent H3K4me3/H3K9me3 modifications on lineage-
specific genes that function independently of H3K4me3/H3K27me3 to regulate
differentiation (Rugg-Gunn et al. 2010). Similarly, in mesenchymal stem cells,
H3K4/H3K9me3 bivalent chromatin at several key adipogenic genes was
demonstrated to keep lineage-specific genes poised, but repressed, until commitment
to adipogenesis took place (Matsumura et al. 2015). Bivalent domains in HSCs include
many master transcription factors involved in fate commitment, such as C/EBPa, Ebf1,
Pax5, Meisl, Gata2 and Gata3. (Kramer and Challen 2017). With age, there is an
increase in the number of bivalent domains, which can occur due to the acquisition of
H3K27me3 at promoters that already possessed H3K4me3, or via the acquisition of
both marks at an entirely new promoter (D. Sun et al. 2014).

H3K9me3 is a repressive chromatin mark that is usually found in heterochromatic
regions and is mainly catalyzed by the methyltransferases SUV39H1, SUV39H2, and
SETDBI1 (Koide et al. 2016). H3K9me3 is recognized and bound by members of the
heterochromatin protein 1 (HP1) family and associated critical adaptor proteins, such
as KAP1, that coordinate chromatin compaction by self-association and recruitment of
histone deacetylases, DNA methyltransferases, and structural RNAs (Maison and
Almouzni 2004). Consistent with the crucial role of heterochromatin during
differentiation and development, Miyagi et al. showed that deletion of KAP1 in mice
induced cycling and apoptosis of HSCs, leading to rapid depletion of the stem cell pool
in the bone marrow (Miyagi et al. 2014). Interestingly they also showed that KAP1
deficient HSCs exhibited ectopic expression of non-hematopoietic genes, and a
significant decrease of HP1 levels, suggesting that the KAP1-HP1 axis is a critical
repressor of genes that are not normally activated in the hematopoietic compartment
(Miyagi et al. 2014). In turn, Koide et al. showed that deletion of SETDBI, a
methyltransferase that works in cooperation with KAP1 and HP1, leads to depletion
of HSCs and progenitor cells, as well as leukemic stem cells (Koide et al. 2016). They
also showed that, like KAP1, SETDBI restricts the activation of non-hematopoietic
genes to preserve HSCs and progenitors (Koide et al. 2016). These results highlight the
importance of H3K9-mediated silencing in HSCs as essential to preserve the specific
transcriptional signature of HSCs (Miyagi et al. 2014; Koide et al. 2016).

SUV39H1-mediated H3K9me3 silencing has been shown to regulate lineage
commitment by repressing lineage-inappropriate genes in early mouse development,
and has an important role in the maintenance of cellular fate following commitment
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to the T helper 2 lymphocyte lineage (Allan et al. 2012; Djeghloul et al. 2016). Deletion
of Suv39h1 in mice has been linked to the development of late onset B cell lymphomas
(Peters et al. 2001). Djeghloul et al. recently showed that expression of SUV39H1
decreases with age in both human and mouse HSCs, leading to a global reduction in
H3K9 trimethylation and perturbed heterochromatin function, which results in
decreased B lymphopoiesis and a myeloid-biased differentiation output (Djeghloul et
al. 2016). SUV39H1 was also shown to regulate resistance to Transforming Growth
Factor beta (TGFf) in AML progression (Monaghan et al. 2019). TGEp is a signaling
pathway frequently deregulated in hematopoietic malignancies with anti-proliferative
and differentiation signaling demonstrated to directly arrest growth and inhibit colony
formation in the leukemic stem cell population (Monaghan et al. 2019). p15 and p21,
major tumor suppressors and targets of TGFf3, are silenced in AML by pathways
involving SUV39H]1, giving the leukaemic cells an advantage to proliferate. Loss of
SUV39H1 in AML cells leads to the reactivation of hypermethylated p15
(Lakshmikuttyamma et al. 2010).

5. Threats to HSC function and stability

a. HSC aging

In 2013, Lopez-Otin et al. published a comprehensive review describing the hallmarks
of aging in different organisms with special emphasis on mammalian aging, one of
these was stem cell exhaustion (Lopez-Otin et al. 2013). Stem cell exhaustion refers to
the gradual loss of function of tissue-specific stem cells which hinders their capacity
to maintain homeostasis in the tissue in which they reside (De Haan and Lazare 2018).
Similarly to other adult stem cells, HSCs are vulnerable to age-related stress, and
gradually lose their self-renewal and regeneration capacities (Lee et al. 2019) (Figure
11).

DNA damage
ROS production
Epigenetic change
Loss of polarity

Rejuvenation

¥ High repopulation capacity Nutrient reduqtion v Low repopulation capacity
v High homing ability ROS scavenging v Low homing ability

v Low mobilization _ Polarity shift v High mobilization

v Balanced lineage output pigenetic modulation v Myeloid skewing

v Low ROS escent cells clearance v High ROS

Figure 11: Regulation of HSC aging and rejuvenation. Aged HSCs have the hallmarks of low repopulation
capacity, low homing ability, high mobility, myeloid skewing, and high ROS, among others. HSC aging is
driven by DNA damage, ROS scavenging, polarity shift, epigenetic modulation, and senescent cells
clearance (Lee 2019).
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Many mouse transplantation experiments have proven that this is the case. For
instance, HSC harvested from aged donor mice and transplanted into young recipients
have a much lower self-renewal capacity compared to HSCs from young donor mice
(Dykstra et al. 2011). At the single-cell level, young HSCs are capable of producing
more mature hematopoietic cells and are in general functionally superior to old HSCs
in all respects (Dykstra et al. 2011; Verovskaya et al. 2013). A recent study by Bernitz
et al. has shown that the most primitive of LT-HSCs undergoes 5 divisions throughout
its lifetime and that the age-dependent phenotype of HSCs only emerges after said 5
divisions (Bernitz et al. 2016).

The fact that old HSCs remain functionally impaired after transplantation into young
recipients suggests that HSC aging is driven mainly by cell-intrinsic mechanisms.
However the hematopoietic niche and microenvironment-derived cell-extrinsic
factors also play important roles in HSC aging (Latchney and Calvi 2017).

Multiple studies have reported that aging, in human and mice, leads to a myeloid-
skewed hematopoiesis, which has been associated with many diseases such as both
myeloid and lymphoid leukemias, anemia, declining adaptive immunity, and
increased susceptibility to viral infection (Warren and Rossi 2009; Kuranda et al. 2011;
Geiger et al. 2013). A 2-10 fold increase in phenotypic HSCs in the bone marrow has
also been observed with age (De Haan et al. 1997; Rossi et al. 2005). This phenomenon
could be explained as a compensatory mechanism for the loss of function that occurs
with age, or by the fact that old HSCs are less quiescent than young HSCs and therefore
undergo more cell divisions, or both(Pang et al. 2011; Geiger et al. 2013).

b. Mechanism of HSC aging

Several cell intrinsic factors, such as DNA damage, reactive oxygen species (ROS),
changes in cell polarity, and epigenetic modifications, have been reported to contribute
to the age-associated loss of function of HSCs, and are likely to be interconnected (De
Haan and Lazare 2018).

i. DNA damage

The most irreversible cause of HSC aging is the accumulation of DNA damage (De
Haan and Lazare 2018). In somatic cells, loss of genomic integrity compromises
cellular viability and threatens information passage between parent and daughter cells
(Jackson and Bartek 2009). Because they are long-lived, accumulating DNA damage is
a greater risk for HSCs (Naka and Hirao 2011). Intrinsic factors that may induce DNA
damage in HSC include an excessive amount of ROS, a byproduct of metabolism that
acts as a potential source of chronic, persistent DNA damage in all cells; replication
errors; and programmed double-stranded breaks (DSB) as during V-D-J and class-
switch recombination in B cell development (Lombard et al. 2005). Extrinsic DNA
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damage to HSC may be caused by ionizing radiation (IR) or genotoxic drugs such as
those used in chemotherapy, among others (Lombard et al. 2005).

DNA damage can result in immediate termination of transcription and replication;
mutagenesis, chromosomal aberrations, and cellular cytotoxicity. Several studies have
isolated HSCs and progenitors from both humans and mice, and have found that older
subjects exhibit a higher number of y-H2AX foci, a surrogate marker thought to be
indicative of DNA damage (Rossi, Bryder, et al. 2007; Beerman et al. 2014; Moehrle et
al. 2015). Human CD34+ progenitors also accumulate DSBs during the normal aging
process (Rube et al. 2011).

DDR is involved in cell-cycle regulation, cell death, senescence, transcriptional
regulation, and chromatin remodeling (Li et al. 2016). Mouse models deficient in DNA
repair factors, exhibit premature aging features, supporting the suggestion that defects
in DNA repair accelerate aging (Vogel et al. 1999; de Boer 2002; Friedberg and Meira
2003). Several studies have shown that HSCs from mice deficient in nucleotide excision
repair, telomere maintenance, and NHE], did exhibit not deplete stem cell reserves
with age, but instead stem cell functional capacity was severely affected under
conditions of stress, leading to loss of reconstitution and proliferative potential,
diminished self-renewal, increased apoptosis and, ultimately, functional exhaustion
(Nijnik et al. 2007; Rossi, Bryder, et al. 2007; Rube et al. 2011).

Similarly, humans suffering from progeroid syndromes exhibit phenotypes of
premature aging as a results of faulty DNA repair. One of these is Werner’s syndrome
(WS), which occurs due to an inactivating mutation in the WRN gene, important for
replication, repair and transcription (Goto 1997). WS patients develop an aging
phenotype characterized by atrophic skin, thin gray hair, osteoporosis, type II
diabetes, cataracts, arteriosclerosis, and cancer two to three decades prematurely (Goto
1997).

Taken together, these studies strongly suggest that appropriate functioning of DNA
repair mechanisms is essential for HSC maintenance, and is an important tool to
prevent functional decline due to aging (Lee et al. 2019).

ii. Reactive oxygen species (ROS)

HSCs reside under hypoxic conditions in the hematopoietic niche in order to ensure
their protection from oxidative stress and preserve their self-renewal functions (Lee et
al. 2018). Given their quiescent state, HSCs have low metabolic activity and therefore
generate low levels of ROS. Despite this, ROS levels accumulate with age and can lead
to ROS-induces oxidative stress in HSC, resulting in increased proliferation,
differentiation, migration and apoptosis (Lee et al. 2019). Transplantation experiments
showed that HSCs harvested from the osteoblastic niche where they are exposed to
very low levels of ROS, had higher self-renewal capacities than HSCs harvested from
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FOXO-deficient mice, which have high levels of ROS (Jang and Sharkis 2007).
Additionally, reducing mitochondrial stress in aged HSCs can reverse their loss of
function (Mohrin et al. 2015).

HSCs possess several mechanisms to regulate their amounts of ROS. The Forkhead O
(FOXO) subfamily of transcription factors, as well as the Hypoxia-inducible factor 1 a
(HIF-1a) both regulate ROS is HSCs. For instance deletion of HIF-1a, which is usually
highly expressed in HSCs and is responsible for switching HSC metabolism from
mitochondrial respiration to glycolysis, induces ROS and hinders long-term
reconstitution capacity (Wheaton and Chandel 2011; Lee et al. 2018) .

Mitochondrial stress can play an important role in the maintenance of HSCs. In fact,
Mohrin et al. have shown that reducing mitochondrial stress via the upregulation of
SIRT7 can reverse loss of stem cell functioning (Mohrin et al. 2015). Nevertheless, the
molecular causes of age-dependent metabolic remain unclear (De Haan and Lazare
2018).

iii. Changes in polarity

A cell is said to be polarized when organelles, proteins, mRNAs, and miRNAs inside
it are distributed and maintained in a non-symmetrical organization (Florian and
Geiger 2010). The small RhoGTPase Cdc42 (Cdc42) oscillates between an active state
(GTP-bound) and an inactivate state (GDP-bound) and regulates actin and tubulin
organization, cell-cell and cell-extracellular matrix adhesion, as well as cell polarity
indicated by a particular distribution of the histone mark H4K16ac (Florian and Geiger
2010; Florian 2012). Florian et al. showed that Cdc42 is a new marker of HSC aging.
GTP-bound active Cdc42 was found increased in aged HSCs and correlated with a
loss of polarity (Florian 2012). Constitutive activation of Cdc42 led to premature HSC
aging and induced the depolarization of Cdc42 itself, of tubulin, and of H4K16ac. On
the contrary, inhibition of Cdc42 was found to restore polarity in aged HSCs and
improve their functioning post-transplant (Florian 2012). Grigoryan et al. have shown
increased activation of Cdc42 in aged HSCs induced repression of the nuclear
envelope protein Lamin A/C and correlates with alteration sin chromosomal
architecture, nuclear shape and volume, and distribution of H4K16ac (Grigoryan et al.
2018). They also showed that these changes were reversible by decreasing Cdc42
activity, effectively reverting alterations of the epigenetic architecture in aged HSCs
(Grigoryan et al. 2018).These results suggest that at least some aspects of HSC aging
process seem to be reversible to a certain extent.

c. Irradiation and aging of the hematopoietic system

The impact of ionizing radiation (IR) on longevity was thoroughly studied in the late
1940s and all through the 1960s following the drop of the atomic bombs in Hiroshima
and Nagasaki. Upton et al. reported accelerated aging and shortened life span in mice
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that received a single large and non-lethal dose of gamma IR (Upton et al. 1960).
However, the mechanisms driving the accelerated aging features observed post IR
remained unknown for a long time thereafter. Early research suggested that effects of
IR, contrary to aging, appeared to be restricted to genetic damage affecting diving cells
and were almost always confined to the development of neoplasms (Richardson 2009).

IR-mediated aging was initially associated to ROS-mediated damage, DSBs, and
apoptosis, leading to deleterious and cumulative damage to DNA, lipids and proteins
(Harman 1956). Exposure to total body ionizing radiation (TBI), like in radiotherapy,
affects HSC integrity and results in the accumulation of DNA damage, loss of self-
renewal ability, and myeloid-skewed differentiation. These alterations are also
characteristic of preleukemic syndromes and found in aging subjects. Detection of
clonal hematopoiesis after chemotherapy or radiotherapy for a nonmyeloid neoplasm
has also been reported (Gillis et al. 2017). As a consequence, TBI is also associated with
the development of myelodysplastic syndromes (MDS) and secondary acute myeloid
leukemias (Little et al. 1999).

Several studies on atomic bomb survivors and childhood cancer survivors , have
reported an enhanced inflammatory state and premature aging features as a
consequence of exposition to IR (Neriishi et al. 2001; Hayashi et al. 2003; Oeffinger et
al. 2006; Hsu et al. 2010; Ness et al. 2013). In fact, IR exposure is now associated to
many age-associated chronic diseases such as coronary disease, stroke, digestive
diseases, and respiratory diseases and frailty(Richardson 2009). Chronic low-grade
inflammation is considered one of the hallmarks of aging and age-associated diseases,
such as cancer and cardiovascular disease (Bektas et al. 2018). A recent study by
Yoshida et al. reported an association between radiation exposure in atomic bomb
survivors and monocytosis (Yoshida et al. 2019). Given the “short” lifespan of
monocytes and their precursors, and the fact that many years have passed since
radiation exposure, LT-HSCs are pointed at as the main culprits responsible for
radiation-associated monocyte increase (Yoshida et al. 2019).

d. Aging and epigenetics

In the same way as mutations accumulate throughout a person’s lifetime, epigenetic
alterations have been reported to increase upon aging. Analysis of DNA methylation
and histone acetylation levels performed on monozygotic twins (aged 3-74 years old)
revealed that epigenetic difference between twins was significantly higher in older
twins than in younger ones (Fraga et al. 2005). This suggests that, over the course of a
lifetime, our epigenetic landscape diverges from the original one.

Age-related loss of HSC function has been ascribed to telomere shortening,
accumulation of DNA damage, and variations in gene expression. However, the
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drifting epigenetic landscape of HSCs over time is also responsible for much of the
age-related dysnfunction of old HSCs.

Chambers et al. carried out comparative analysis between young and old HSCs and
showed that genes associated with inflammation and stress response were
upregulated, whereas genes involved in DNA damage repair and chromatin silencing
were downregulated with age (Chambers et al. 2007). Several studies have also shown
that genes involved in mediating high-order chromatin structures, chromatin
remodeling and epigenetic regulation are deregulated in HSCs during aging (Rossi et
al. 2005; Chambers et al. 2007).

In 2014, Sun et al. carried out a comprehensive genomic study comparing highly
purified young and old HSCs. They observed that with age, there is a decreased
expression of epigenetic regulators such as DNA and histone methyltransferases
(Dntm3a and Ezh2), and DNA demethylation proteins TET1 and TET3. In line with
that result, they also observed reduced 5-hmC with age and a concomitant increase in
DNA methylation (D. Sun et al. 2014). Aging-associated changed in histone marks
included an increase of the activating H3K4me3 at genes associated with stem cell self-
renewal and loss of differentiation capacity, suggesting that H3K4me3 changes may
be linked to the functional changes that occur in aged HSCs (D. Sun et al. 2014). As
was previously described in section 4, Djeghloul et al. have also observed a global loss
of H3K9me3 in murine and human HSCs with age that impacts B lymphoid
differentiation (Djeghloul et al. 2016).

Beerman et al. performed DNA methylome analysis of HSCs during aging and
reported site-specific alterations of DNA methylation that occur at genomic regions
associated with hematopoietic lineage potential and selectively target genes expressed
in downstream progenitor and effector cells (Beerman et al. 2013). Recently, Adelman
et al. have shown that human HSCs undergo age-associated epigenetic redistribution
of DNA methylation and reductions in the activating H3K27ac, H3K4mel, and
H3K4me3 (Adelman et al. 2019). They suggest that this reprogramming globally
targets developmental and oncogenic pathways that are found similarly altered in
AML patients of all ages and that encompass loss of active enhancers, promoters, and
the deregulation of several epigenetic modifiers (Adelman et al. 2019).

All these studies depict several global epigenetic changes that occur in HSCs upon
aging and that may result in altered transcriptional profiles and, consequently, in
impaired HSC function. This can be exemplified by clonal hematopoiesis in the
elderly, in which the three most commonly mutated genes are the epigenetic
regulators DNMT3a, TET2, and ASXL1, and which is associated with an increased risk
of developing hematologic maligancies and age-associated diseases such as
atherosclerosis.
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Retrotransposable Elements

1) Retrotransposable elements throughout (modern) history

A large fraction of eukaryotic genomes is made up of transposable elements (TEs).
First discovered by Barbara McClintcock in the 1950s in maize DNA, TEs have since
been found in genomes of almost all organisms. McClintcock observed that some DNA
fragments could move from one genomic location to another and that this
phenomenon was responsible for the variegated color pattern of maize kernels
(McClintock 1956). Initially, TEs were thought of as ‘junk” DNA that, in spite of
representing a high proportion of genomes, had no evident cellular or biological
function (Mufioz-Lopez et al. 2016). In the 1980s, Doolittle and Sapienza, described TE
DNA as a by-product of natural selection in eukaryotes, with no function other than
to ensure their ‘survival’ in the species (Doolittle and Sapienza 1980). At the same time,
Orgel and Crick coined the notion of “parasitic DNA” due to the repetitive nature of
TEs. They proposed that these sequences had the potential to propagate at a faster rate
than host genomes, and thus be extremely disruptive (Orgel and Crick 1980).

Eventually, their high number and ubiquitous distribution throughout the genome
stimulated the interest of the scientific community about their evolutionary origin and
their potential biological functions (Leib-Mdsch and Seifarth 1995). By the end of the
80s the notion of retrotransposable elements (RTE) was described as ‘repeated DNA
sequences with organizations similar to those of retrovirus DNA’ (Temin 1985 Nov)
and the term ‘retrotransposition’ referred to the RNA-mediated movement of genetic
information from one locus to another (Finnegan 1989; Leib-Mdsch and Seifarth 1995).

Over the last decades, TEs have been thoroughly studied and classifications pertaining
to their origin, structure, and function have been established. Today, we know that
TEs make up at least 50% of the human and mouse genome, and that although most
of them are ancient and have lost their functions (infection or retrotranspositon),
certain subsets still retain activity(Furano 2000; International Human Genome
Sequencing Consortium 2001; Mouse Genome Sequencing Consortium 2002; de
Koning et al. 2011). It has now become undeniable that TE sequences have had a
fundamental role during genome evolution, and still have important implications in
the origin and evolution of many genomic disorders (Munoz-Lopez et al. 2016).

2) Classification & function of transposable elements

Due to their deep evolutionary origins and their continuous diversification, there is a
wide variety of TEs. The first classification of TEs was introduced by Finnegan in 1989,
and distinguished TEs based on their transposition intermediate (RNA for Class I TEs
or RTEs, and DNA for Class II TEs) (Finnegan 1989). Later, these were subdivided into
several subclasses, according to their mechanism of chromosomal integration
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(Bourque et al. 2018). In 2007, Wicker et al proposed a hierarchical classification
system based on Finnegan’s original classification but that also included structural
characteristics and mode of replication (Wicker et al. 2007). In particular, he included
the notion of autonomous and non-autonomous into the classification, which can be
found within both classes of TEs. An autonomous TE is one that possesses the
necessary proteins and sequences to be able to transpose by itself. Non-autonomous
TEs, on the other hand, do not possess all the necessary machinery to retrotranspose
by themselves, and in most cases are mobilized by an autonomous TE (Kajikawa and
Okada 2002).

Class I RTEs, also referred to as retrotransposons, mobilize as an RNA-intermediate
using a ‘copy-paste’ mechanism. They effectively create new copies of themselves and
then use reverse transcription to reintegrate back into the genome. RTEs usually attain
a high copy number over a relatively short evolutionary period due to their replicative
nature and continuous accumulation (Platt et al. 2018). This introduction will be
focused on RTEs, and in particular on LINE-1 elements, which are highly expressed in
hematopoietic stem cells and which are the subject of my research project.

On the basis of the presence, or lack thereof, of 100-300bp direct long-terminal repeats
(LTR), class I RTEs fall into two major categories: the LTR and non-LTR retroelements.

a) LTR Retroelements

This category combines diverse elements that possess an LTR in their sequence and it
is comprised by LTR retroelements and endogenous retroviruses (ERV). LTR elements
can range in size up to 10Kb, and their structure is similar to that of retroviruses (Platt
et al. 2018) (Figure 12).

LTR-Retrotransposons

> EIETE o

HERV-K

Figure 12 : Structure of an LTR retroelement. The structure of LTR retroelements resemble that of
exogenous retroviruses, where gag, pol and env proteins are flanked by two long-terminal repeats
(Adapted from Munoz-Lopez, 2016).

i) LTR Retroelements

Autonomous LTR retrotransposons contain at least a gag gene that encodes a viral
particle coat, and a pol gene that encodes a reverse transcriptase, a ribonuclease H, and
an integrase, providing the enzymatic machinery allowing them to reverse transcribe
and integrate into the host genome (Makalowski et al. 2019). These are flanked by LTRs
containing multiple regulatory elements and several open reading frames (ORFs)
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encoding proteins necessary for retrotransposition. One of the main differences
between LTR retrotransposons and retroviruses is that the former lack envelope genes
and genomic components necessary to build a viral capsule (Deininger 2002). Three
major families of LTR retrotransposons exist in vertebrates: Ty1-Copia and Ty3-Gypsy
LTR retrotransposons, which occur in virtually all eukaryotes, and BEL families, which
have only been found in animals. All families of LTR retrotransposons use a similar
transposition mechanism (Wicker et al. 2007).

ii) Endogenous Retroviruses (ERVs)

ERVs are believed to be descendants of ancient germ-cell viral infections. They have
been found in all vertebrate genomes and constitute about 8-10% of human DNA
(Seifarth et al. 2005). The fact that they contain the env gene technically gives ERV
infectious potential to spread between cells and individuals. However, most of the
ERV sequences have undergone several deletions and mutations, rendering them
transcriptionally silent and unable to retrotranspose (Gogvadze and Buzdin 2009). In
the human genome, human endogenous retroviruses (HERVs) make up nearly 10%
of the genome, but they are mostly inactive, despite the fact that they may still be able
to produce gag, pol and env proteins (International Human Genome Sequencing
Consortium 2001). Murine ERVs make up 8-10% of the genome, but in contrast to
human ERVs, they can actively move using a ‘copy-paste’ mechanism and have a high
mutagenic potential. They are represented by several subfamilies such as the
intracisternal A particle (IAP), MusD elements, mammalian apparent LTR
retrotransposons (MARLs), and non-autonomous early transposons (ETns) (Goodier
et al. 2012).

b) Non-LTR retroelements

As their name suggests, non-LTR retroelements do not possess an LTR in their
structure. The most prevalent forms of non-LTR are long interspersed nuclear
elements (LINE, and short interspersed nuclear elements (SINE). SINEs are non-
autonomous elements, and can only transpose using LINE enzymatic machinery
(Ohshima et al. 1996).
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i) Short interspersed nuclear elements (SINE)

Non-autonomous
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Figure 13 : Structure of Alu and SVA non-LTR retroelements. Alu elements contain an RNA Pol llI
promoter (A and B in red), left and right 7SL monomers separated by an adenosine-rich region. SVA
elements harbor a variable number of tandem repeats, a SINE-r domain and a cleaveage
polyadenylation-specific factor. (Adapted from Munhoz-Lopez, 2016).

SINEs are small (80-500 bp) RTEs and comprise about 12% of the human genome
(Wicker et al. 2007). SINEs possess an internal RNA polymerase III (Pol III) promoter
at their 5" end, and retrotranspose by using an RNA Pol III transcript template and
LINE1 (L1)-supplied endonuclease and reverse transcriptase for integration into the
host genome (Boeke 1997). SINE sequences typically contain a poly(A) tail, or another
A-rich stretch at their 3" end (Gogvadze and Buzdin 2009). They originated from the
retrotransposition of small RNAs such as tRNA, 7SL RNA and even 55 RNA (Hasler
and Strub 2006) (Figure 13).

The most abundant members of the SINE family in humans are the Alu repeats, which
contain a cleavage site for the Alul restriction enzyme, after which it is named (Houck
et al. 1979). Alu, and their murine counterpart Bl, are the one of the most abundant
RTEs in the human (10%) and mouse (7%) genome respectively (Tsirigos and
Rigoutsos 2009). They have emerged over 65 million years ago and following the
primate-rodent split, copies of Alu and B1 elements amplified independently in the
two genomes, and acquired mutations that rendered them different from each other
and from their ancestral 7SL RNA (Tsirigos and Rigoutsos 2009). With over a million
copies in each genome, they can be considered as one of the most successful types of
RTEs, although their current amplification rate is over 100-fold lower than when they
emerged(Roy-Engel 2002). Alu elements have been shown to modulate gene
expression at the post-transcriptional level and through insertional mutagenesis, and
may be involved in alternative splicing, RNA editing and translation regulation
(Hasler and Strub 2006).

A second class of parasitic SINE is the SVA, a hominid-specific element derived from
three other repeats (SINE-S, VNTR, and Alu). Their structure and functions are much
less well understood and remain difficult to categorize according to existing schemes
due to their chimeric nature (Ostertag 2000). SVAs are the youngest RTE family,
originating only 25 million years ago, and comprise only about 3000 copies in the
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human genome (1%). SVAs exhibit classic hallmarks of L1 retrotransposition and
constitute a highly active family of RTEs (Raiz et al. 2012). Recent studies have shown
that SVA elements may be capable of transducing genomic sequences upon theirs
mobilization and can also have promoter activity (Xing et al. 2006).

ii) Long Insterspersed Nuclear Elements ( LINE)

Non-LTR Retrotransposons

Autonomous

Figure 14 : Structure of LINE-1 elements. LINE-1 elements contain a 5’UTR region that harbors a sense
and antisense promoter, two open reading frame proteins (ORF1 and ORF2), a coiled-coil moti, and RNA
recognition motif, a carboxyl-terminal domain, a C-rich domain, and a poly-A tail. (Adapted from Muhoz-
Lopez, 2016).

LINE-1 (L1) elements are the major class of autonomous retrotransposons and are
present in abundance in all mammalian genomes. They comprise about 17-22% of the
human genome and 19% of the murine genome (International Human Genome
Sequencing Consortium 2001; Mouse Genome Sequencing Consortium 2002). The L1
subfamily is the only one that still remains active in the human genome (Mills et al.
2007). However, L1s mostly exist as 5’-truncated inactive copies, with only about 80-
100 elements still capable of retrotransposition (Brouha et al. 2003).

L1 elements usually range in size between 6-7 kb, contain a 5" untranslated region
(UTR), two open reading frames (ORFs, ORF1 and ORF2), a 3'UTR and a poly(A) tail.
The 5’UTR in L1 elements harbors several transcription factor binding sites and serves
as an internal promoter for transcription by RNA Pol II (Figure 14).

ORF1 encodes a 40 kDa RNA-binding protein that contains zinc finger, leucine zipper
and coiled-coil motifs and display chaperone activity(Martin et al. 2005). ORF1
phosphorylation is required for L1 retrotransposition (Moran et al. 1996; Goodier et al.
2007; Cook et al. 2015) .

The ORF2 is a large 149 kDa protein that contains endonuclease and reverse
transcriptase activities, as well as a cysteine-rich domain necessary for
retrotransposition (Moran et al. 1996). ORF2 makes a single-stranded nick at a
recognized target site in genomic DNA and then the reverse transcriptase uses the
nicked DNA to prime reverse transcription of the LINE RNA from the poly-A stretch
at their 3" end (Makatowski et al. 2019). This is referred to as target-primed reverse
transcription (TPRT). The use of a poly A tract as the priming target is likely to be a
critical factor in allowing the nonautonomous elements, such as SINEs, to take
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De novo LINE-1 insertion
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Figure 15 : Retrotransposition cycle of LINE-1. Full-length active L1 RNA is transcribed and transported
into the cytoplasm where pORF1 and pORF2 are translated. These proteins bind to encoding mRNA and
genereate a ribonucleoprotein particle that is imported into the nucleus. Endonuclease activity of ORF2
generates a single-stranded nick in genomic DNA that is used by the reverse transcriptase activity of
ORF2 to generate the first strand of cDNA. How second strand synthesis occurs remains unanswered.
(Adapted from Garcia-Perez, 2018).

advantage of this L1 mechanism and be able to retrotranspose through the use of SINE
A-rich regions to prime reverse transcription by L1 reverse transcriptase (Deininger
2002).

Novel L1 copies can be generated through retrotransposition of an active L1.
Bicistronic L1-mRNA is transported into the cytoplasm following translation of several
ORF1 proteins and a single molecule of ORF2 (Wei et al. 2001; Dmitriev et al. 2007)
(Figure 15). These proteins will bind to the L1 mRNA to form a ribonucleoprotein
particle (RNP), which will enter the nucleus and perform TPRT in order to
retrotranspose. Following TPRT, cDNA synthesis occurs, although the mechanism by
which this occurs which is not yet fully understood. This results in a de novo L1
insertion.

In most cases, new L1 insertions are a dead end due to 5" truncation. In addition, given
that most insertions serve no function to the host, they accumulate mutations at a
neutral rate. For this reason, younger L1 families are less divergent that older ones
(Sookdeo et al. 2013). Despite the fact that the total number of L1 elements in the mouse
genome is in the order of hundreds of thousands, the number of full length L1s that
contain a promoter is estimated to be less than 20 thousand (Sookdeo et al. 2013;
Penzkofer et al. 2016).
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3) Evolution of L1 elements

The L1 evolutionary pattern in mammals is very unusual and follows a single-lineage
pattern. The common modus operandi starts with the emergence of a family, which then
amplifies to thousands of copies and eventually becomes extinct and is replaced by a
more recent family (Adey et al. 1994; Smit et al. 1995; Cabot et al. 1997; Khan et al.
2006). The similarity between L1 and the influenza virus suggests that this single-
lineage evolution could be the result of a co-evolutionary arms race between L1 and
their host (Sookdeo et al. 2013) (Figure 16).

L1 families that exist only in the mouse genome are known as the L1IMd families, and

get their name from the lab mouse, Mus domesticus (32. Voliva CF 1984). Several pre-

genomics studies in mouse have shown the existence of active L1 families with non-
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Figure 16 : Phylogenetic tree of mouse L1 families. The tree is based on the longest non-recombining
region of ORF2, including the reverse transcriptase domains. Red arrows indicate the acquisition of a
new 5’UTR (Sookdeo, 2013).
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homologous promoters (Sookdeo et al. 2013). 5UTRs of L1Mds are characterized by
a special tandem structure, made up of individual repeating sequences called
monomers (Loeb et al. 1986; Padgett et al. 1988). It is not clear how L1Mds have
acquired repeating monomers in their promoters throughout evolution, but it is
known that multiple monomers increase the transcription ability of an L1Md
(Severynse et al. 1991; DeBerardinis and Kazazian 1999).

The coexistence of multiple active L1IMd families is characteristic of L1Md evolution
for the last 13 million years of mouse evolution. For instance, overlap in the pairwise
divergence of six different L1Md families suggests that, between 1-2.5 million years
ago, they were all active in the mouse genome (Zhou and Smith 2019). Sookdeo et al.
propose a phylogenetic tree of L1IMd evolution. The branching order of the tree is
consistent with the age of the families.

Sookdeo reclassified LIMd elements and named according to their promoter types,
which is determined by the type of monomers contained in the promoter. For this
reason, his nomenclature sometimes differs from other consensus annotations such as
the Repbase. While older families carry an Lx promoter, the most evolutionary recent
L1Md lineages are the LIMd_A, L1Md_Tf, and the LIMd_Gf characterized by the A
and F promoters respectively. Each of these lineages contains three subfamilies, the
LIMdA- and the LIMdT{-L 1II, and III respectively; and the LIMdGf_I and II (Sookdeo
et al. 2013). These 3 monomer types are active in terms of transcription, and may
therefore confer L1Mds the ability to retrotranspose (Zhou and Smith 2019). A striking
observation from the tree is that families with resembling 5UTRs do not form
monophyletic groups, for instance the LIMdGf_I and II. This suggests that L1 families
have adopted novel 5"UTRs, possibly due to recombination events between family
members, or from ancient L1 families or from other unknown sources (Sookdeo et al.
2013).

Concerning the structure of L1Md, the protein coding sequence of the ORF2 is the most
conserved region of L1. There are very limited amino acid changes, especially in the
endonuclease and in the reverse transcriptase domains (Moran et al. 1996). In contrast,
the coiled-coil domain of the ORF1 proteins bears the signature of adaptive evolution,
possibly as a response to host repression. This adaptive evolution apparently
correlates with the replicative success of L1 families (Boissinot and Furano 2001).
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4) Impact of RTE expression and retrotransposition in the genome
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Figure 17 :Different mechanisms of RTE influence on gene transcription and expression. Red boxes
represent RTE, green boxes are gene exons, green arrows represent transcription start sites, pink ovals
are enhancers. (Adapted from Gogvadze and Buzdin, 2009).

Retrotransposition is a powerful means for genome expansion. Despite this, it is
eventually counteracted by the removal of DNA via deletion, so balance between these
two processes acts as a major driver in the evolution of genome size in eukaryotes
(Bourque et al. 2018). Given that insertion and deletion of RTEs is often faulty, these
processes can have an impact on surrounding host sequences. Some of these events
occur at a high enough frequency that they result in copious amounts of duplications
and reshuffling of host sequences, including genes and their regulatory elements
(Bourque et al. 2018).

Apart from rearrangements that occur due to retrotransposition, L1, and RTEs in
general, can promote structural variation long after they have lost the ability to
retrotranspose(Carvalho and Lupski 2016) (Figure 17). RTEs can impact gene
regulation by inserting their own regulatory elements (promoters, cryptic splice sites,
terminators, enhancers, and insulators) into new genomic loci. These regulatory
elements can in turn disrupt gene expression and structure of host and neighboring
genes (Mita and Boeke 2016). These mechanisms of RTE- induced or RTE-enabled
structural variation are independent of retrotranspostion and have largely contributed
to genomic evolution.

a) Recombination
Recombination is an essential player in evolution that produces genetic variability by

means of pre-existing blocks of biological information (Makalowski 2000). Owed to
their high copy number and sequence similarity, RTEs are the perfect substrates for
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ectopic recombination. Recombination events can take place between the highly
homologous regions of dispersed RTEs at distant genomic loci and result in major
deletions, duplications and inversions (Deininger et al. 2003; Han et al. 2008; Ade et al.
2013). The possibility of this occurring depends on the number of homologous
sequences and their length (Boissinot et al. 2006; Song and Boissinot 2007). The
products of this illegitimate recombination may be deleterious, advantageous, or have
no effect.

A lot of human diseases originate from recombination between RTEs. For instance,
glycogen storage disease (Burwinkel and Kilimann 1998), Alport syndrome is due to
recombination of L1 elements (Segal et al. 1999), and complete germ cell aplasia is due
to HERV-1 recombination (Kamp et al. 2000). Alu elements have also been implicated
in nearly 50 disease by ?causing recombination events (Belancio et al. 2008).

b) Transduction of 3’ flanking sequences

L1 elements have a relatively weak polyadenylation signal, which may sometimes
allow their RNA polymerase to continue onto other polyadenylation sites
downstream, resulting in the transduction of sequences past the 3" end of the L1
sequence (Gogvadze and Buzdin 2009). L1-mediated transduction occurs through an
RNA intermediate, does not require homologous recombination, and allows dispersal
of non-L1 sequences to new genomic sites (Moran 1999). Shuffled sequences could be
promoters, enhancers, or exons, and their dispersal could lead to the creation of new
genes or alter the expression of existing genes. Furthermore, because L1
retrotranspositions are often 5 truncated, some transductions may lack an L1
sequence. Approximately 20% of all L1 inserts contain transduced DNA at their 3’
ends, varying from a few nucleotides to stretches of over 1Kb. However, when taken
together, these bits of transduced DNA make up 0,6-1% of the human genome
(Gogvadze and Buzdin 2009).

¢) Chimeric retrogene formation

Reverse transcriptase has the ability to change templates during cDNA synthesis,
which is a well-known feature of retroviruses. The reverse transcriptase can jump from
one place to another of the template, which is necessary for the synthesis of retroviral
LTRs (Temin 1993).

Template switches can also occur during L1 reverse transcription. Bi- and tri- partite
chimeric retrogenes have been identified in mammal and fungal genomes (Buzdin et
al. 2003; Gogvadze et al. 2007). Chimeric retrogenes are composed of DNA copies of
different cellular transcripts that are either fused together or, more frequently, fused
to the 3’-end of an L1 (Gogvadze and Buzdin 2009). Cellular transcripts found in these
chimeric elements correspond to mRNAs, rRNAs, small nuclear RNAs, 7SL RNAs and
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Alu RTEs. Both parts of the chimeric retrogene are fused in the same transcriptional
orientations, have a poly-A tail on their 3" end and are flanked by short direct repeats
(Gogvadze and Buzdin 2009). The presence of chimeric elements in evolutionary
distinct organisms suggests that template switching during L1 reverse transcription is
a mechanism of genomic rearrangement that is conserved amongst species (Gogvadze
and Buzdin 2009).

d) Cis- regulation of gene activity

The most prevalent type of reported cis-regulation by RTEs is their function as
alternate promoters. ERVs contain cis-regulatory sequences and RNA Pol II promoters
in duplicate within each of their flanking LTRs; L1 elements contain an internal Pol II
promoter in their 5’UTR, as well as an antisense promoter also in the 5’UTR but
downstream of the sense promoter; and SINE elements are transcribed by Pol III and
thus contain internal sequence motifs to recruit it (Chuong et al. 2017). They can affect
the level of gene transcription, drive the expression of novel transcripts that encode
part of the coding region, modify the tissue specificity of its expression, and possibly
contributing to disease risk by modulating the expression of adjacent genes (Garcia-
Perez et al. 2016; Chuong et al. 2017). Truncated or extended proteins can also arise as
a by-product of these processes, potentially allowing the host to acquire new functions
(Garcia-Perez et al. 2016). In some cases, RTEs are actually the only known gene
promoter. For instance, the liver-specific BAAT gene responsible for hypercholanemia
has an ancient LTR as promoter in human, but not in mouse (Carlton et al. 2003).

Whole-genome analyses has shown that nearly 25% of all human promoters contain
RTEs in their sequence (van de Lagemaat et al. 2003). 7-10% of characterized
transcription factor binding sites (TFBS) were shown to be derived from RTEs
(Polavarapu et al. 2008). TFBS that originate from RTEs evolve faster than non-
repetitive TFBS, and are likely to contribute to the evolutionary process by driving
species-specific regulation of gene expression (Gogvadze and Buzdin 2009).

In addition to their promoter activity, TFBS within RTEs can act as host gene enhancers
in specific tissues or developmental contexts (Garcia-Perez et al. 2016). Conserved non-
exonic RTEs tend to cluster within 1Mb of developmental genes and transcriptional
regulators in the human genome, suggesting a common mechanism for RTEs to impact
development (Lowe et al. 2007).

An example of RTEs acting as tissue-specific enhancers can be found in the innate
immune system, where they can act to mediate IFN signaling in response to infection.
Specifically, RTEs are enriched close to interferon stimulated genes (ISGs) (Chuong et
al. 2016). One of the most enriched of these RTEs, the MER41B ERV, contains TFBS for
STAT1, which mediates a type 2 IFN response (Chuong et al. 2016). The ERV RLTR30B
in mice also contains STAT1 TFBS and it is enriched near functionally annotated
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immunity genes (Chuong et al. 2016). This suggests that the ancestors of these ERVs
potentially also contained STAT1 TFBS in order to exploit the hosts immune system to
promote their own transcription (Chuong et al. 2016).

e) Alternative splicing

Alterations of splicing broaden the diversity of the protein repertoire that can
produced by a genome (Garcia-Perez et al. 2016). Retrotransposition can affect splicing
via exon skipping, alternative donor or acceptor splice sites, intron retention, and
exonization (Huda and Bushel 2013; Ayarpadikannan et al. 2015). L1 have been shown
to contain numerous functional splice donor and acceptor sites. Internal splice sites
can yield various processed L1 transcripts as well as hybrid transcripts between the L1
and its host gene (Gogvadze and Buzdin 2009). L1 mRNA processing through splicing
that renders the splice product inactive has been proposed as a host mechanism to
protect against excessive L1 transcription that could have important consequences for
the cell (Thornburg et al. 2006).

f) Alternative transcription termination

It has recently been shown that, on top of the poly-(A) tail in their 3’end, L1s also
possess an additional transcription termination site in the 3’ of their ORF2 in an
antisense orientation (Wheelan et al. 2005). This means that, regardless of the genomic
orientation of the L1 in a gene, they have the potential to terminate transcription and
produce a truncated RNA. It is estimated that about 8% of all poly(A) sites are
associated with RTEs (Lee et al. 2008). Human poly(A) sites that are not conserved in
mouse were shown to be much more associated to RTEs than conserved ones,
suggesting that RTEs may be involved in the creation or modulation of poly(A) sites
throughout evolution (Gogvadze and Buzdin 2009).

5) Regulation of retroelements

RTE activity and mobilization comes at a high risk to the host genome, thereby setting
up an arms race between RTEs and host defense mechanisms (Jacobs et al. 2014; Friedli
and Trono 2015). To persist in evolution, RTEs must attain a carefully calibrated
balance between expression and repression; one that ensures that there is enough
expression to promote amplification, but not too much that it leads to fitness
disadvantage to the host (Bourque et al. 2018). RTE activity is thus tightly regulated in
mammals to control the number of insertions that accumulate in the genome.
Mechanisms that restrict RTE expression and mobilization are important in somatic
cells, germ cells and pluripotent stem cells in early embryos that act as germ cell
precursors. RTE insertions in the latter can potentially be passed onto progeny and
increase RTE copy number throughout evolution (Crichton et al. 2014).
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Figure 18 : Different mechanisms of RTE silencing. Different kinds of RTEs are silenced by different
mechanisms, such as DNA methylation (orange) mediated by DNMT enzyms, or H3K9me3 (green), whose
deposition at RTEs can be mediated through different methyltransferases (SUV39H1, SETDB1) and co-
repressors such as KAP1.

DNA methylation, histone modifications, and RNA interference are some of the
mechanisms that cells have developed to control RTEs (Gogvadze et al. 2007) (Figure
18). The epigenetic mechanisms that control RTEs may also be “moved” during the
retrotransposition process, or spread onto flanking DNA sequences and thus may
affect nearby gene expression and the epigenetic control of retrotransposition targeted
loci (Fedoroff 2012).

a) DNA methylation

DNA methylation regulates both L1s and ERVs (Bourc’his and Bestor 2004). It is a
complex process controlled by several interacting factors, and has been shown to be
important to mammalian male germline development and in somatic cells (Goodier
2016; Mita and Boeke 2016). In fact, hypomethylation waves throughout embryonic
development have been associated with high rates of retrotransposition (Saleh et al.
2019).

In mammals, DNA methylation occurs at cytosine residues in the context of CpG
dinucleotides. Most of the genome, including RTE sequences, is heavily methylated.
DNA methylation is mediated by three major enzymes that may work in cooperation.
DNMTT1 is the most abundant methyltransferase in mammals and is responsible for
maintenance DNA methylation. It uses the parental strand as a methylation template
to modify the newly synthesized daughter strand (Crichton et al. 2014). DNMT3A/B
are involved in de novo methylation of unmethylated CpGs (Goodier 2016). DNMT3L,
a member of the DNMTS3 family, also exists and has been reported to be necessary for
maternal methylation imprinting, possibly by interacting with DNMT3a and/or
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DNMT3b (Hata et al. 2002). DNMT3L can also enhance the DNA methylation activity
of DNMT3a and DNMT3b, but not that of DNMT1 (Suetake et al. 2004). These two
enzymes have non-overlapping roles at certain genomic sequences. For instance, IAP
elements have been found slightly hypomethylated in Dnmt3b” embryos, but non it
Dnmt3a’ embryos; although IAP hypomethylation was more pronounced in double
knockout embryos, suggesting a degree of redundancy between the two enzymes at
these loci (Okano et al. 1999; Crichton et al. 2014). Studies have also shown that
embryonic stem cells use DNA methylation-independent mechanisms to silence RTEs.
Knocking-out the three major DNA methylating enzymes in these cells did not yield a
significant expression? repression of RTEs, except for in the case of IAP elements
(Matsui et al. 2010; Karimi et al. 2011).

50% of the CpG islands in the human genome are located in repeats, of these 25% of
them within Alu elements and 12% within L1s (Rollins et al. 2006; Xie et al. 2009). CpG
islands in gene promoters are usually hypomethylated if the gene to allow gene
expression. In contrast, L1 5’"UTR are heavily methylated in somatic cells to suppress
L1 expression (Crowther et al. 1991; Hata and Sakaki 1997). Hypomethylated CpG
islands introduced following retrotransposition influence hypomethylation of nearby
CpG islands, which is known as ‘slopping shores’. This phenomenon can influence
nearby gene expression of flanking regions in somatic cells (Mita and Boeke 2016). The
opposite however has also been shown, for instance Salvador-Palomeque et al. have
shown that following de novo L1 insertion in pluripotent stem cells, the L1 is rapidly
recognized and repressed through dynamic DNA methylation changes (Salvador-
Palomeque et al. 2019). Interestingly, younger ERVs, like the ERVK family, have a
higher CpG density than older ERV families, suggesting the RTE age could play a role
in methylation status of RTEs (Ohtani et al. 2018).

b) Histone modifications

Histone modifications also play an essential role in the RTE transcriptional repression.
In particular, histone H3 tri-methylation at Lysine 9 (H3K9me3) has been pointed as
the major player in RTE repression in mouse embryonic stem cells (Matsui et al. 2010;
Karimi et al. 2011). H3K9me3 can be deposed at RTE sequences either by SETDB1 or
by the SUV39H1 and SUV39H2 methyltransferases. H3K9me3 is recognized and
bound by the heterochromatin protein 1 (HP1) family and coordinates
heterochromatin compaction.

The SUV39H histone methyltransferases has been shown to be recruited specifically at
evolutionary young LTR RTEs and at young, intact, and full-length L1 elements in ESC
(Bulut-Karslioglu et al. 2014). Age-associated loss of SUV39H1 in HSCs has been
correlated to an increase in expression of L1 elements (Djeghloul et al. 2016). In mice,
deletion of Suv39h1/2 resulted in a decrease of both H3K9me3 and DNA methylation
at major satellite repeats in pericentric heterochromatin, whereas deletion of Dnmt3a
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and Dnmt3b had no effect on H3K9me3 in the same area (Lehnertz et al. 2003). These
findings suggest that SUV39H can act independently and upstream of DNA
methylation to repress repetitive sequences in certain genomic contexts (Karimi et al.
2011). Interestingly, once SUV39H1 binds to H3K3me3, its N-terminus chromo domain
facilitates recruitment of other methyltransferases, in particular DNMT3b, and leads
to the establishment of heterochromatin and the local characteristic spreading of
H3K9me3 and DNA methylation (Monaghan et al. 2019).

H3K9me3 can also be deposited at RTE loci by SETDB1. In mouse and human
embryonic stem cells (ESCs), Kriippel-associated box zinc-finger proteins (KRAB-ZFP)
bind to specific DNA sequences through an array of zinc fingers. There, they recruit
the co-factor KRAB-associated Protein 1 (KAP1 or TRIM28) and mediate the docking
of KAP1 at RTEs (Karimi et al. 2011). KAP1 serves as a scaffold for a heterochromatin-
inducing complex involving SETDBI1, the histone deacetylase-containing NuRD
complex, and HP1 and triggers the deposition of H3K9me3 at the RTE sequence
(Schultz et al. 2002). SETDBl-mediated H3K9me3 silencing in ESCs has been
associated particularly with ERV repression (Matsui et al. 2010). This suggests that
different H3K9me3-based mechanisms can be utilized to silence different RTE
subfamilies (Walter et al. 2016). KAP1-mediated ERV silencing rapidly induces the
recruitment of de novo DNA methyltransferases that methylate CpG dinucleotides,
thereby establishing a more permanent silencing mechanism that does not depend on
specific DNA sequences like KRAB-ZFPs (Rowe and Trono 2011). It has been recently
shown that KAPl-mediated ERV silencing also takes place in most adult
tissues(Turelli et al. 2014; Fasching et al. 2015).

Robbez-Mason et al carried out a study to determine if the human silencing (HUSH)
complex, which is composed by TASOR, MPP8 and periphilin 1 and is recruited to
genomic loci rich in H3K9me3, was necessary to repress RTEs and whether it
collaborated with KAP1 to do so (Robbez-Masson and Rowe 2015). They showed that
KAP1 and TASOR interact at both ERVs and at evolutionary young L1 elements (<5
million years), which reside in ““leaky” heterochromatin areas (Robbez-Masson and
Rowe 2015). However, TASOR is mainly required to induce H3K9me3-mediated
silencing at young L1s, whereas KAP1 is necessary for both. Liu et al. have also shown
that the HUSH complex and the MORC2 protein can selectively bind evolutionarily
young, full-length Lls located within transcriptionally permissive euchromatic
environments, and promote deposition of H3K9me3 for transcriptional silencing.
Notably, these silencing events often occur within introns of transcriptionally active
genes, and lead to the downregulation of host gene expression in a HUSH-, MORC2-,
and L1-dependent manner (N. Liu et al. 2018). These results contribute to the notion
that the chosen mechanism of epigenetic silencing of RTEs depends greatly on the
nature and the evolutionary status of each RTE.
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Figure 19: A) Model for the acquisition of H3K27me3 following genome-wide demethylation conditions
at L1 and ERV. B) Upon loss of DNA methylation, H3K27me3 appears at GC-rich regions lacking
H3K9me3. Line-1elements exhibit H3K9me3 enrichlent at their 5" end and gain H3K27me3 at their 3’
end. (Adapted from Walter 2016)

Other repressive histone modifications, notably H3K9me2 and H3K27me3, have also
been associated with RTE silencing (Karimi et al. 2011). H3K9me2, via its
methyltransferases G9a (EHMT1) and GLP (EHMT2), has been shown to repress a
class L ERV (MERVL) in mouse ESC; and polycomb-mediated H3K27me3 controls
endogenous murine leukemia virus (MLV) elements (Walter et al. 2016). By recreating
a global demethylation environment in a culture medium using 2 small kinase
inhibitors and vitamin C in ESCs, Walter et al. showed that upon loss of DNA
methylation, various RTE families were efficiently re-silenced. Whereas under
demethylating conditions H3K9me3 remained stable, H3K9me?2 globally disappeared
and H3K27me3 started accumulating at L1 and ERVs (Walter et al. 2016) (Figure 19).
H3K9me3 and H3K27me3 do not usually occur concomitantly. However, Walter et al
show that this can occur in L1s and young ERVs, where H3K9me3 tends to occupy the
5" end and H3K27me3 the 3’ end (Walter et al. 2016). Their results suggest that the
pattern of H3K27me3 distribution corresponds to a compensation for the lack of DNA
methylation, and suggest that polycomb-mediated silencing can be involved in RTE
regulation to ensure longstanding genome stability (Walter et al. 2016).

Ohtani et al. showed that in several cancer cell lines such as HL60 cells, treatment with
a DNA methylation inhibitor upregulated ERVs that were considerably younger than
those upregulated by the knock-down of H3K9me3 or H3K27me3 methyltransferases
(Ohtani et al. 2018). Their results suggest that the primary mechanism of suppression
for young ERVs is DNA methylation, whereas intermediate and older ERVs are
silenced via histone modifications. This puts forward the idea of an “epigenetic
switch” from DNA methylation to histone-mediated silencing throughout host
genome evolution (Ohtani et al. 2018). Interestingly, an increase of H3K9me2/3 was
observed at LTRs following treatment with a methylation inhibitor, suggesting that
“epigenetic switching” can also occur to ensure silencing after loss of DNA
methylation and invoking a synergy between the two silencing mechanisms (Ohtani
et al. 2018).
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¢) RNA interference

The existence of several different types of RNA interference (RNAi) pathways to
repress RTEs suggests RNAi control was “exaptated” and rewired by the host genome
in response to RTE activity (Mita and Boeke 2016).

Piwi-interacting (pi-RNAs) can be transcribed from RTE clusters and then exported
into the cytoplasm where they are used as guides to degrade complimentary RTE RNA
by endonucleolytic processing (Aravin et al. 2008, Munoz-Lopez et al. 2008).
Interestingly, in Drosophila, pi-RNA-mediated RTE silencing can spread to
neighboring DNA and requires SETDBI, suggesting an intertwining of RTE
expression and host cell chromatin regulation (Rangan et al. 2011; Lee 2015).

The microprocessor complex, composed by DGCR8 and Drosha, has been shown to
recognize RNA domains present in L1, Alu and SVA RNAs and possibly control their
expression levels by processing their transcripts (Heras et al. 2013).

DICER can also process sense and anti-sense RNA from L1 promoters and produce
repeat-associated small interfering RNAs (rasiRNAs) that can be used by the RISC
complex to degrade L1 mRNAs (Ciaudo et al. 2013). Moreover, it has been showed
that double-stranded L1 RNA generated in vitro can be processed into functional
siRNAs by DICER and suppress retrotransposition in cell culture assays (Yang and
HH 2006).

6) Retroelements: friend or foe in cancer?

Owing to their “parasitic” reputation, RTEs have long been associated with mutant
phenotypes and disease. RTE are well-documented to cause disease mainly via
insertional mutagenesis and chromosomal rearrangements, however, even RTEs that
are fixed in the human genome but encode dormant regulatory sequences, can also
contribute to pathogenesis (Chuong et al. 2017). For instance, significantly higher RTE
transcript levels have been found in several cancers and other diseases (Kassiotis 2014;
Rodic et al. 2014). Recent studies suggest that environmental stimuli, such as infection
and cellular stress; or biological processes, like aging and senescence, can induce
disorganization of the epigenetic marks that repress RTEs in the genome, and thus
trigger their spontaneous transcriptional activation (Kuyl 2012; Mourier et al. 2014;
Van Meter 2014; Chuong et al. 2016).

Over the last few years many different studies have shown that in early tumorigenesis,
derepression of RTEs can facilitate onco-exaptation, retrotransposition, mitotic errors,
and sterile inflammation, all of which can severely impact genome integrity (Ishak et
al. 2018). In fact, whereas promoter hypermethylation is quite frequent in cancer to
silence of genes functioning in pathways such as DNA repair, cell cycle regulation,
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promotion of apoptosis or control of key tumor-relevant signaling networks;
hypomethylation occurs concomitantly at intergenic regions rich in repetitive
sequences (Rauch et al. 2008; Berman et al. 2011). For instance, in epithelial tumors,
hypomethylation of replication-competent L1s could explain the higher rate of
transposition in tumor tissue compared to matched healthy tissues; and de novo L1
insertions are capable of activating oncogenic pathways in hepatocellular carcinoma
and colorectal cancer (Lee et al. 2012; Shukla et al. 2013; Scott 2016). Moreover, ectopic
activation of cis-regulatory sequences in RTEs can affect the expression of neighboring
or host genes and result in the pathogenic activation of certain genes or pathways in
some cells (Chuong et al. 2016). Reactivated RTEs can also induce expression of several
noncoding RNAs, and although most of these transcripts are likely non-functional,
some of them do have oncogenic properties (Chuong et al. 2016).

Through mutagenesis and loss of regulatory mechanisms that control RTE expression,
host genomes can domesticate and profit of RTEs as regulators of gene transcription
and genome organization (Ishak et al. 2018). This is a process that can be selected for
during tumorigenesis, and is known as “onco-exaptation”, where RTEs are
derepressed and acquire a fitness advantage over other cells as a result of oncogene
expression. This is turn, favors clonal proliferation of cells where the RTE is
derepressed and helps perpetuate tumor growth (Babaian et al. 2015). An example of
this can be found in the MET oncogene in bladder cancers, where the hypomethylation
of an L1 promoter enhances oncogene expression and leads to chimeric transcripts that
translate into fusion proteins with oncogenic properties (Wolff et al. 2010).
Additionally, cancer cells can also usurp RTEs to drive the deregulation of
transcriptional networks and further promote genomic instability (Ishak et al. 2018).

Aging is another factor that can influence the epigenetic mechanisms that drive RTE
repression. De Cecco et al. recently showed that in late senescence, L1 derepression,
accompanied by a loss of H3K9me3 and H3K27me3, induces a chronic inflammation
state mediated by IFN and increases susceptibility to age-associated disorders (De
Cecco et al. 2019). It is therefore of paramount importance to characterize the
deregulation of epigenetic mechanisms at RTEs, as this can reveal new epigenetic
targets to bolster treatment options for cancer and age-associated diseases.

Upon disruption of RTE silencing, host cells employ what is known as the “viral
mimicry” response. Transcripts derived from derepressed RTEs generate double-
stranded RNASs (dsRNA) that are detected by a cytosolic dsRNA-sensing pathway
that triggers an IFN-I response (Chiappinelli et al. 2015) (Figure 20). This in turn could
lead to apoptosis and sensitization to immune checkpoint therapy (Chiappinelli et al.
2015). The discovery of this phenomenon highlights a potential vulnerability of cancer
cells and opens the window to therapeutic strategies that could acutely activate repeats
to increase tumor immunogenicity and thereby hinder cancer cell fitness (Cuellar et al.
2017; Ishak et al. 2018).
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Figure 20 : Viral mimicry as described by Chiappinelli et al. DNMTIs upregulate ERVs in tumor cells to
induce a growth-inhibiting immune response. High expression of the genes associated with the antiviral
response potentiate a response to immune check-point therapy. (Chiappinelli, 2015).

DNA methyltransferase inhibitors (DNMTIs), such as 5-aza-2-deoxycytidine (5-aza-
CdR), are effective cancer therapies that have a significant success in the treatment of
hematological malignancies such as myelodysplastic syndrome (MDS) and acute
myeloid leukemia (AML) (Liu et al. 2016). 5-aza-CdR incorporates into DNA of
proliferating cells during the S-phase and inhibits DNA methylation by trapping
DNMTs onto the DNA, leading to their proteolysis. Demethylation then occurs
naturally as DNA continues to replicate (Egger et al. 2004). Recent studies have
suggested that DNMTIs can induce viral mimicry in melanoma and colorectal cancer
cells (Chiappinelli et al. 2015; Roulois et al. 2015). Nevertheless, primary and
secondary resistance to epigenetic therapies is very common, and likely due to the fact
that epigenetic mechanisms are reinforced by several positive and negative feedback
loops that are capable of ensuring that silencing is maintained (Wrangle 2013). For
instance, effectiveness of DNMTIs can be limited by rapid remethylation once the
treatment is stopped, or by the involvement of alternative silencing mechanisms such
as histone modifications (Yang and HH 2006; Lay et al. 2014). Therefore, new therapy
strategies to induce viral mimicry may involve the combination of DNMTIs and
inhibition of methyltransferases to prevent “compensatory” silencing through histone
modifications.
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Liu et al have shown that, in ovarian cancer, combination treatment between 5-aza-
CdR and inhibition of the H3K9me2 methyltransferase G9a induces synergistic
antitumor effects via the upregulation of ERVs leading to cell death through viral
mimicry (M. Liu et al. 2018). In addition, Cuellar et al showed that inhibiting SETDB1
in AML cell lines diminishes H3K9me3 and results in upregulation of L1s, ERVs, and
an antiviral response (Cuellar et al. 2017). Given that loss of DNA methylation has
been shown to increase H3K27me3, disruption of facultative heterochromatin might
be of particular interest to induce viral mimicry (Walter et al. 2016; Ishak et al. 2018).
In particular, H3K27me3 can non-redundantly silence RTEs in somatic cells and EZH2
inhibitors have been shown to promote dsRNA formation in small-cell lung cancer
(SCLQC) cells, suggesting that EZH?2 inhibition could be an ideal candidate for the
induction of viral mimicry in different cancers (Ishak et al. 2016; Cafiadas et al. 2018).

Nevertheless, induction of RTEs remains a double-edged sword. For instance an
increase in a particular subset of ERVs has been linked to chemo- and radiotherapy
resistant mesenchymal tumor subpopulations in SCLC. This subpopulation has low
levels of EZH2 and upregulated ERVs, which induce dsRNA formation and are poised
to undergo positive feedback signal amplification due to an antisense localization in
the 3"UTR of some ISGs. This leads to an effective maintenance of the “mesenchymal
state” to which treatment resistance is attributed (Canadas et al. 2018). On the contrary,
in non-small-cell lung cancer, therapy resistance can also be acquired by selective
retention of silencing marks on RTEs. Drug-tolerant persisters that survive to
otherwise lethal drug exposure are characterized by H3K9me3-mediated silencing at
young L1s (Guler et al. 2017).

These studies highlight the role of RTEs as drivers of both, tumorigenesis and therapy
response. In particular, they shed a light on the importance of the epigenetic
mechanisms that regulate RTE expression and how they can be exploited in the context
of novel cancer therapies.
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PhD Project

Upon my arrival at the lab, the team had recently uncovered a new mechanism that
was responsible for HSC loss of function. They had shown that one month post TBI,
there was an increase in expression of LIMd. This was correlated to an accumulation
of DNA damage and a loss of reconstitution capacity post-transplantation. TPO
injection one hour prior to IR could prevent both effects.

The team had performed microarray experiments on HSCs that were cultured with
and without TPO for one hour prior to being irradiated. Results revealed that HSCs
that had received TPO showed an enrichment of genes in the IFN-I innate immune
response. Numerous IFN-stimulating genes (ISGs) are viral restriction factors and can
sense DNA damage. Thus, they hypothesized that this signaling pathway could be
linked to the ability of TPO to restrain L1Md in HSCs.

Throughout the first part of my PhD, I participated in this project by trying to
determine if the TPO-mediated control of LIMd expression post TBI was dependent
on the IFN-I signaling pathway.

IFN-I signaling requires activation of both STAT1 and STAT2. We showed that TPO
cannot prevent increased RE expression or the accumulation of DNA damage
following TBI in Statl and Stat2-KO mice. This shows that TPO-induced IFN-I
signaling is required for TPO’s ability to restrain TBI-induced L1Md expression and
thereby persistent DNA damage in HSCs. Using blocking antibodies against IFNAR1,
the IFN-I receptor, we showed that TPO-mediated ISG expression and IFN-like
signaling is independent on the IFNAR receptor and therefore of IFN-I. In addition,
we also showed that, like TPO, a single injection of IFN-I one hour prior to TBI can
also control IR-induced long-term L1Md expression, further confirming the role of IFN
signaling in the restriction of L1IMd expression in HSCs.

These results show that TPO mimics IFN-type I signaling and that this signal is
required to protect HSC from IR-induced LMd expression. As the expression of TPO
receptor (MPL) is restricted to the hematopoietic system in comparison to the
ubiquitous expression of IFNAR receptor, these results also suggest that TPO could
act as an IFN-specific to HSCs. Finally, they show that IFN-I has a novel protective role
in HSC by restraining L1md-mediated damage.

These results were published in the Journal of Experimental Medicine in 2018, in an
article in which I am co-first author . “Thrombopoietin protects hematopoietic stem
cells from retrotransposon-mediated damage by promoting an antiviral
response” Daniela Barbieri*, Emilie Elvira-Matelot*, Yanis Pelinski* Laetitia

Geneve, Bérengere de Laval, Gayathri Yogarajah, Christian Pecquet, Stefan N.
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Constantinescu, Frangoise Porteu. This article is included as an annex to this
manuscript.

L1Md expression is tightly regulated by epigenetic mechanisms such as the repressive
H3K9me3 mark and 5mC DNA methylation. Previous studies have highlighted the
importance of epigenetic modifications at LINE-1 elements in several types of cancers
(Hur et al. 2014). Epigenetics also plays an important role in maintaining HSC
function, sustained by the fact that epigenetic factors are frequently mutated in
hematological malignancies. We therefore hypothesize that IR may induce epigenetic
modifications that could lead to chromatin disorganization and thus be responsible for
uncontrolled expression of LIMd.

L1Md expression in the genome can sustain major consequences for genomic stability.
Their insertion can lead to the formation of double-stranded breaks and genomic
rearrangements; Furthermore, L1Md are also recognized as important contributors to
gene regulatory networks and thus may deeply impact the cell transcriptome(Faulkner
et al. 2009). Aberrant activity of their sense and anti-sense promoters can affect the
expression of neighboring or host genes or lead to the formation of L1Md-gene
chimeric transcripts. This could also result in HSC loss of function .

In fly and human, STAT proteins have been shown to stabilize heterochromatin after
genotoxic stresses via its association to heterochromatin protein 1 (HP1) (Shi et al.
2006). In particular, nuclear non-phosphorylated STAT1 and STAT2 play a role in
resistance to viral infections and DNA damage via the induction of a long-lasting
antiviral response that is non-toxic to cells (Cheon et al. 2013). On the other hand, in
intestinal stem cells in fly, the JAK/STAT pathway induces chromatin remodeling and
limits retroelement activity following infections or DNA damage, suggesting that this
pathway activity may be conserved in somatic stem cells and/or amongst species, and
that STAT proteins may be involved in L1Md control via epigenetics (Sousa-Victor et
al. 2017).

The main objectives of my PhD project are thus to:
1. Understand the mechanisms by which IR affects HSC epigenetics, and
in particular heterochromatin.
2. Determine if, and how, L1IMd expression may impact HSC gene
expression.
3. Determine if TPO, via its IFN-like signaling, may regulate L1Md
repression through epigenetic mechanisms.
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MATERIALS AND METHODS
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Mice strains and treatments

Wild type (WT) C57BL/6] mice (6-8 week-old) were from the Envigo Laboratories. All
the mice were housed in a specific pathogen-free environment. All procedures were
reviewed and approved by the Animal Care Committee (CEAA N°26, registered n°
2013_080 and #2019_078_23286). Mice were injected retro-orbitally with TPO
(Miltenyi) (16 pug/kg body weight) before sublethal TBI (2 Gy) (RX irradiator X- RAD
320).

Cell harvest and culture

Bone marrow was harvested from femur, tibia and hip bones in mice. Total bone
marrow was depleted of differentiated hematopoietic cells (lineage-positive cells)
using Mouse Hematopoietic Progenitor (Stem) Cell Enrichment Set (BD). Magnetically
sorted Lineage-negative (lin) cells were kept overnight at 4°C in IMDM medium
supplemented with 10% FBS (HyClone) and 1% penicillin-streptomycin
(Thermofisher). Staining was performed for 20min at room temperature (RT) using Ly-
6A/E (Sca-1) - PeCy7 clone d7 (558161, BD), CD117 (c-Kit) — PE clone 2B8 (553355, BD),
CD34 (Mucosialin) — FITC clone RAM34 (560238, BD), CD135 (Flk2) — BV421 clone
A2F10.1 (562898, BD), CD3¢ (Lin) — APC clone 145-2C11 (553066, BD), TER-119 (Lin) —
APC (557909, BD), CD45R/B220 (Lin) — APC clone RA3-6B2 (553092, BD) and CD11b
(Lin) — APC clone WT.5 (562102, BD). Lin"Sca*c-Kit* cells (referred to as LSK or HSPCs),
HSCs (LSK CD34°wFlk2-) were sorted using ARIA3, ARIA Fusion or an Influx cell
sorter (BD Franklin Lakes, NJ, USA) and collected in Stem Span (StemCell).

The BM-HPC cell line were a kind gift from Prof. Leif Carlsson (Umea Centre for
Molecular Medecine, Sweden). BM-HPC cells are immortalized growth factor—
dependent hematopoietic progenitor/stem cell lines that can generate erythroid,
myeloid, and lymphoid cells upon transplantation into lethally irradiated mice (Pinto
do O et al. 2002). BM-HPC cells were cultured in IMDM medium supplemented with
10% FBS, 1 mM glutamine, 100 ng/ml SCF, 10 ng/ml IL-6, 1.5x10*M Monothiolglycerol
(Sigma-Aldrich) and 1% penicillin-streptomycin. Where indicated, cells were
stimulated using 1000U/ml Interferon (IFN-a) (Miltenyi) 1h prior to irradiation (2Gy).

Preamplification and Quantitative RT-PCR

1000 HSCs were lyed in Tri-Reagent (Zymo Research) and stored at -80°C until used.
Total RNA was extracted using the Direct-Zol RNA microprep kit (Zymo research)
and reverse-transcribed with EZ Dnase VILO (Invitrogen). 1.25ul of cDNA was
preamplified for 14 PCR cycles in a multiplex reaction using Preamp Master-Mix (100-
5580 - Fluidigm) and primer mix (200uM of each primer). To rule out primer
dimerization or hairpin formation in the preamplification mix, primer sequences were
previously analyzed using MFE3.0 PCR Primer Quality Control Software (Wang,
2019). Real-time PCR was performed using the SYBR pPCR premix Ex Taq (Takara)
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on a 7500 real-time PCR machine (Applied Biosystems). Samples were tested for gPCR
before reverse transcription to rule out detection of contaminating DNA. qPCR
primers used were designed in different exons so as to minimize possible gDNA
amplification. All data were normalized to the mean expression of RPL32, PPIA,
and/or HPRT. Primer sequences are shown in Table S1.

ChIP-gPCR

0.1x10* HSCs or 0.3x10°to 1.5x10° BM-HPC cells were harvested in Iml IMDM medium
supplemented with 10% FBS and cross-linked using 1% formaldehyde (Invitrogen) for
10 min at RT. ChIP-qPCR experiments were performed using the True Micro-ChIP Kit
(for 10000 or 300000 cells) or the iDeal ChIP-qPCR Kit (Diagenode) (for 1500000 cells)
(Diagenode) according to manufacturer’s instructions. Cells were sonicated using the
Bioruptor Pico (Diagenode) sonication device for 10 cycles (20s ON/40s OFF or 30s
ON/30s OFF for HSCs and BM-HPCs, respectively). Chromatin was incubated
overnight at 4°C using 0.25ug of H3K9me3 (C15410193-Diagenode) per IP. ChIP DNA
was eluted and purified using the MicroChIP Diapure Columns (Diagenode).

Subsequent qPCR Real-time PCR was performed using SYBR pPCR premix Ex Taq or
LUNA Universal JPCR Master Mix (NEB) on a 7500 real-time PCR machine (Applied
Biosystems). ChIP-qPCR primers for intronic L1IMd were designed such that one
primer is located in the 5" region of the L1Md, and the other primer is located in the
intron of the host gene to allow the amplification of unique and specific product.
Primer sequences are shown in Table S1.

Statistical analysis

Results were statistically evaluated using either the one-way ANOVA or unpaired t-
test using GraphPad PrismTM version 8.0 software (GraphPad Software Inc., San
Diego, CA, USA). The results are displayed as the means and SEM. The value of
*P<0.05 was considered as significant, and **P<0.01 or ***P<0.001 as highly significant.

RNA-seq and ChIP-seq reads quality

Quality of RNA-seq reads was assessed with Fastqc v0.11.8, Fastq-screen(Wingett and
Andrews 2018) v0.13.0 and MultiQC (Ewels et al. 2016) v1.7.

RNA-seq

RNA quantification. Salmon (Patro et al. 2017) tool v0.14.1 was used to quantify mm10
NCBI RNA reference sequences (O'Leary et al. 2016) (RefSeq Curated, last updated
2017-11-16) downloaded from UCSC Table Browser (Karolchik et al. 2004). Salmon
was launched with the following parameters : --numBootstraps 60 --libType A --
validateMappings.
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Differential gene expression analysis. Statistical analysis was performed using R
v3.5.1. Transcript expression levels were aggregated in Gene expression levels using
tximport Bioconductor package (Soneson et al. 2015) v1.13.16. Deseq2 (Love et al. 2014)
v1.22.2 method was used to identify differentially expressed genes between groups
with a p-value threshold of 0.05. Genes were considered as expressed when at least 2/3
triplicates<0 and as not expressed when all triplicates=0.

Permutation test To create the list of genes hosting or neighboring an L1Md, BED files
containing L1Md genomic localizations (from D. Bourc’his’ lab) were annotated using
HOMER software (Heinz et al. 2010; Lin et al. 2012; Duttke et al. 2019) to determine if
L1Md were intronic or intragenic as well as the closest TSS. To obtain host gene names,
the genomic localization of L1Mds were crossed to genomic localizations of genes
using Refseq. Permutation test (n=10000) between list of genes hosting or neighboring
an L1IMd and differentially regulated genes (IR vs NIR), or random genes (from Refseq
without differentially regulated genes) was performed using R studio and considered
significant if p<0,01.

Motif Enrichment Analysis was performed using BaMM! web interface (Siebert and
Soding 2016; Kiesel et al. 2018) and de novo and motif scan modules. For de novo
analysis, query motif was matched to known motifs using the GTDR mouse database
(Yevshin et al. 2019). Motif search was also performed using the FIMO module of the
MEME suit (Grant et al. 2011).

GSEA Analysis was performed using Hallmark Gene Sets V7. To plot graphs, -log10
pValue is set to 4 when p<0,0001.

ChIP-seq

Alignments. Human sequences were found in Mouse ChIP-seq reads. The
contamination was removed with Xenome (Conway et al. 2012) v1.0.0. After
contamination removal, ChIP-seq sequence reads were mapped to the Mouse genome
build mm10 by using Burrows-Wheeler Aligner MEM algorithm (Li and Durbin 2009)
(BWA v0.7.17). The read group ID was attached to every read in the resulting
alignment file (bam file) with the -R parameter, and shorter split hits were marked as
secondary with -M. Samtools (Li et al. 2009) fixmate v1.9 was used to check mate-pair
information between mates and fixed if needed on a name sorted bam file. The
duplicate reads were tagged by samtools markduplicates using a position sorted bam
tile. Secondary alignments and unmapped reads have been filtered out and only
properly paired reads have been kept. Two types of downstream analysis have been
performed, with multimapped reads (mapping quality score >= 0) and one with
uniquely mapped reads (mapping quality score >= 1). Cross-correlation scores (NSC
and RSC) have been calculated by phantompeakqualtools package (Kharchenko et al.
2008; Landt et al. 2012) v1.2. DeepTools (Ramirez et al. 2016) bamCoverage v3.3.0 has
been used to generate normalized bigwig files with the following parameters : --
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binSize 1 --normalizeUsing BPM --extendReads —ignoreDuplicates. Then deepTools
bigwigCompare was used to substract input signal from chip signal.

Peak calling. Areas in the genome enriched with aligned reads (also called peaks)
were identified with MACS2 (Zhang et al. 2008) callpeak v2.1.2 with the following
parameters : -f BAMPE -g mm10 -q 0.05 --broad --broad-cutoff 0.05 for H3K9me3 broad
mark.

IDR (Irreproducible Discovery Rate) analysis. To measure the reproducibility
between replicate experiments, we used the IDR method (Li et al. 2011) v2.0.4.2 with
the following parameters : --rank q.value --random-seed 12345 --plot. Peaks with a
global IDR score < 0.05 were selected and used for downstream analysis.

Differential binding. To identify differences in DNA binding, the Bioconductor
package Diffbind (Ross-Innes et al. 2012) v2.10 was used in R v3.5.1. Paired-end mode
was activated for read counting step with SummarizeOverlaps method. The default
mapping quality threshold (mapQCth) was modified in 0 for multimapping analysis
or 1 for unique mapping analysis. DBA_DESEQ2_BLOCK method was used to
consider unwanted variable during normalization and differential binding
identification with an adjusted p-value threshold of 0.05.

RTE genome coverage. To generate RTE genome coverage, bedtools package v2.27.1
was used. -bga option on the genomeCoverageBed tool was used. The bedGraph
generated were then converted to bigwig files using the bedGraphToBigWig tool.

Heatmaps. To plot heatmaps of H3K9me3 enrichment at peaks, deeptools package
v3.2.0 was used in R v3.5.1. The peaks (IDR<0.05) files obtained for NIR and IR
conditions were first fused wusing bedops. A matrix was then built using
ComputeMatrix tool in the scale-regions mode between the generated fused bed file
and the corresponding normalized bigwig files after input substraction. A body length
of 2.5kb (mean size of the peaks) was selected, as well as a 4kb distance upstream and
downstream of the start and the end of the peak.

A file sorted region was generated and used to assess the presence or the absence of
RTE after computing a matrix with the RTE genome coverage bigwig.
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Primer Lists:

RT-qPCR
Alcam LF_|.CGA TAC CCT GCC TGT GTC AT LAMd_T |F | AGCCACTATACCCAGCTACATA
R | GAA AAG GAA GGG CTG GAC CG Snx27 | R | GACGGTGGCTGGCTGT
Ghr |F|TGG ATA CCC TAC TGC ATC AAG C LIMd_F2 |F | GTC CCG GAA CCA AGG TGG
R | CTC CAC GAA TCC CGG TCA AA Rbms3 | R [ GGT AAT TGC CAC ATT AAC AGA CA
HPRT |F| TGATTATGGACAGGACTGAAAGA LAMd_T |F | GGA GGG ATG CAA AGG CAG ATA
R | AGCAGGTCAGCAAAGAACTTATAG GhrFw | R [CTT AGG CCA TGG TGG TCT GAT
LIMd_ | F | GGATTCCACACGTGATCCTAA LAMd_T |F | GAA GCT CTG CGA CTC TCT CG
A |R|TCCTCTATGAGCAGACCTGGA Mapre2 |R|CAG CTT AGT GTC GGT TTG TGG
Mapre2 |- CCA GGA GAC TAT GAG CAG GC Limd_A |F [ CGATTCGCATTCTTCTACACG
R | TAA TAC AGC CCG GGA AGA GC Alcam R | ACACCTGCACAGGATTCCC
Mpl f | AAA CCA GGC ACA AGT CAC CA Limd_F2 |F |TGT GTT GTC AAG CTG CTA GTG
r | GCT TCT CTC CTC GGT AGG CA Rmdn2 | R | CAC CAG GGT GTG CTA AGT GAT
Mecom |[FI-CCA GAC CCA CTC CCTTCT TC LAMd_T |F|CCT GTG CCA CAA ACC TCT CAG
R | AAA GCT TCA AGC GGG TCA GT Mecom [R|AGT ATA CCC CCA TTG TCA CCC A
ppia  |F | GGC CGA TGA CGA GCC C Spid_TSS F | TGG GTG CTG GAC TTA GAA CCT TGA
R | TGT CTT TGG AAC TTT GTC TGC AA R | AGA CAC AGA CCC TGG CTT TCA TGT
Rmdn2 |.FLTTC CAC TCG GCC ATC CTC T LiMd A || GGATTCCACACGTGATCCTAA
R | GGT ACC AGA AGG CCA GCA AG R | TCCTCTATGAGCAGACCTGGA
Rpia2 | T} GAAACT GGC GGA AAC CCA RNAGs  |F| TACGGCCATACCACCCTGAA
R| GGA TCT GGC CCT TGAACC TT R | CCTGCTTAGCTTCCGAGATCA
staty | F|TCACAGTGGTTCGAGCTTCAG
R | GCAAACGAGACATCATAGGCA
stato | I GATCTCTGGAAGGATGGGCG
R | ATAGAGGAAGCGGAGTGGGT
sxo7 || GCA AAG GTT GGC ATG GAC AG
R | CTT GCG AAT GGT CAG GCA AG
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Figure 1. Irradiation induces a global increase in L1Md expression which correlates to loss of H3K9me3
at L1Md promoter. A) Experimental setup. B) Top row: L1Md expression quantified by RT-gPCR (n=1-5
independent experiments, each dot represents an individual mouse) Ct values were normalized to B-actin.
Results are expressed as fold change from the mean value of the NIR condition and represented as means
+/- SEM. (****p<0,0001 Mann-Whitney). Bottom row: H3K9me3 enrichment at L1Md promoters
analyzed by ChIP-gPCR (n=1-3 independent experiments, each dot represents pools of 3 (NIR) or 4 (IR)
mice) Ct values normalized % of input of negative control repetitive 5S ribosomal RNA. Results are

expressed as fold change from the mean value of the NIR condition and represented as means +/- SEM
(*p<0,05 Mann-Whitney).
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Irradiation leads to L1Md derepression and is correlated to loss of H3K9me3 at
L1Md promoters

Due to their repetitive nature, RTE expression can be a major source of genomic
instability. We have previously shown that in the basal state, HSCs (Lin- Scahish
Kit*CD34 Flk2-) exhibit high levels of evolutionary recent and active RTEs compared
to progenitors. This was observed by RT-qPCR using primers recognizing the
promoters of the majority of the L1IMd subfamilies (L1-5UTR), and also for L1_A,
L1_Gf, and L1_Tf subfamilies. Exposure to total body irradiation (TBI) leads to an
increase in expression of these L1IMds one month post-IR (Fig. 1A) which is linked to
active retrotransposition and to the accumulation of DNA damage in HSCs (Barbieri
et al. 2018). Heterochromatin, through DNA methylation and trimethylation of lysine
9 of histone H3 (H3K9me3) plays a major role in repressing repeated sequences. It has
been shown that in murine and human HSCs, there is a global decrease of H3K9me3
with age that correlates to an increase of RTE expression (Djeghloul et al. 2016). We
were therefore interested in knowing if changes in RTE expression following IR could
also be related to a loss of H3K9me3 enrichment at their promoters. We performed
ChIP-qPCR in HSCs and analyzed H3K9me3 enrichment following IR globally at the
L1IMd promoters (L1IMd-5UTR) and more precisely at the promoter of the LIMd_A
subfamily. Results showed a decreased H3K9me3 enrichment at 5UTR and L1_A
promoters following IR (Figure 1B) that correlates to the increase in L1Md expression
(Figure 1A).
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Figure 2. Irradiation induces a decrease of H3K9me3 mainly at L1Mds A) Mice were subjected to 2Gy total body
irradiation (IR), or not (NIR). 20000 HSCs were sorted from pools of 4/5 mice. B-D) Quantitative analysis of H3K9me3
enrichment at peaks was performed both on unique (B) and multiple (C) mapping reads. MA-plots analysis shows a
major decrease in H3K9me3 enrichment at peaks (blue dots). Significantly (p<0.05) and differentially enriched peaks
are represented by the pink dots. (D) Heatmap of H3K9me3 enrichment at peaks in NIR and IR conditions. Heatmaps
show H3K9me3 enrichment 4kb upstream and downstream of the peaks, and in the 2.5kb scaled peak regions
(2.5kb being the mean size of the peaks) E) genomic coverage at RTEs. Blue = presence and yellow=absence of the
RTE at the genomic locus.).F) Plot profile representing H3K9me3 enrichment 1kb upstream and downstream as well
as all along the L1Md sequences in IR (blue) vs NIR (green) conditions.

74



Irradiation induces major alterations in H3K9me3 in HSCs

To further characterize the global effects of IR on HSC heterochromatin, H3K9me3
ChIP-seq was performed (Figure 2A). Classical analysis of ChIP-seq data discards the
reads mapping to multiple loci, leading to a loss of information concerning RTEs. We
therefore chose to analyze our data in two ways: in the classical manner on reads
mapping to unique loci (i.e.: genes); and on reads mapping to both unique and
repetitive loci (i.e.: RTEs and genes). Reads mapping to multiple loci are arbitrary
assigned to only one locus, as previously described by Bulut et al(Bulut-Karslioglu et
al. 2014). Therefore read localization is not precise, but gives global information about
H3K9me3 enrichment at RTE subfamilies. Peak calling was performed to identify
genomic regions significantly enriched for H3K9me3 compared to input. Quantitative
analysis of H3K9me3 enrichment at H3K9me3 peaks between IR and NIR conditions
revealed that only 28 peaks are significantly (p<0.05 — pink dots) and differentially
enriched in the unique mapping read analysis (Figure 2B), compared to 624 peaks in
the multiple mapping read analysis (Figure 2C). This suggests that the majority of
H3K9me3 variation occurs at repetitive sequences such as RTEs. On these 28 and 624
differential peaks, only one was found significantly upregulated in IR, showing that
IR induces an overall decrease in H3K9me3 (Figure 2B and C). Heatmap analysis of
the H3K9me3-enriched peaks confirms the global loss of H3K9me3 upon IR (Figure
2D). Crossing the heatmap data with RTE genomic coverage further shows that
H3K9me3 peaks are particularly enriched in LINE-1 elements compared to ERVs, and
more precisely in young LINE-1 elements such as L1Mds compared with older Lx
LINE-1 (Figure 2E). Plot profile analysis on the LIMd sequences confirmed the global
decrease of H3K9me3 enrichment at L1Mds (Figure 2F).
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Figure 3
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Figure 3. IR induces a strong deregulation of gene expression A) Repartition of differentially expressed genes in IR
compared to NIR according to their fold change. All genes (p<0.05) (grey), downregulated genes (green) and

upregulated genes (red).

B) Number of genes down- or upregulated, disappearing and appearing in IR. C-F) GSEA

analysis using Hallmark Gene Sets V7 -log10 pValue is set to 4 when p<0,0001. Gene sets lost (C, D) or gained (E, F)
in the IR condition compared to NIR. D) Enrichment plots showing loss of NFkB and HSC signatures upon IR. F)
Enrichment plot showing gain of oxidative phosphorylation and MYC targets signatures upon IR.
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Irradiation induces transcriptomic changes in HSCs

Global changes in H3K9me3 brought about by IR can affect RTE expression. RTE
derepression can in turn induce transcriptional modifications. We therefore performed
RNA-seq analysis one month after irradiation to determine the impact of IR on the
HSC transcriptome. Results revealed that 1067 genes where differentially expressed
(p<0.05) between IR and NIR conditions. Among them, 602 and 495 are respectively
down- and upregulated. Deregulation of gene expression is very strong, since almost
80% of the genes present a fold change of at least 10, and 55% present a more than 50
fold change between IR and NIR conditions. The same remains true for downregulated
and upregulated genes separately (Figure 3A). Interestingly, 11.8% (n=55) of
upregulated genes are genes that are not expressed (transcript per kilobase million
(TPM)<median of IR for at least 2 triplicates) in the basal state and become ectopically
expressed upon IR (TPM>median of IR for at least 2 triplicates). On the other hand,
33.5% (n=202) of genes show a complete disappearance of their expression upon IR
(TPM<median of NIR for at least 2 triplicates). (Figure 3B).

Gene set enrichment analysis (GSEA) revealed that IR induces a significant loss of
several signaling pathways involved in HSC function and quiescence, including NF-
kB, TGFp, hypoxia, and JAK-STAT3 (Figure 3C). NF-«B signaling has been shown to
play a role in HSC self-renewal and quiescence (Fang et al. 2018), and loss of the HSC
signature was observed in mice deleted for the NF-kB subunit p65/RelA (Stein and
Baldwin 2013). An altered NF-kB activity is also involved in HSC loss of function upon
aging (Chen et al. 2019), and contributes to leukemia progression (Kagoya et al. 2014)
suggesting that loss of this signature could explain the impaired function of HSCs
upon IR. Interestingly, GSEA analysis revealed a significative loss of the HSC
signature (Chambers 2007) upon IR (Figure 3 D). Hallmark gene set analysis also
revealed that signaling pathways regulating oxidative phosphorylation, MYC and E2F
targets, DNA damage checkpoint, and DNA repair were upregulated upon IR (Figure
3E-F), which is consistent with the accumulation of DNA damage we and others have
observed following IR exposure (de Laval et al. 2013; Barbieri et al. 2018).
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Figure 4
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Figure 4. Intronic L1Md are associated with IR induced gene repression. A) Lists of n deregulated genes or
10000 lists of n random genes were crossed with the lists of genes either hosting or neighboring an L1Md.B-
C) Blue: Distribution of the number of genes found in common between 10000 lists of random genes and
genes hosting an L1Md. The black vertical line represents (B) the number of genes found in common between
deregulated genes upon IR and genes hosting an L1Md (left) and genes hosting an Lx5 (Right), or (C) between
genes downregulated (top) or upregulated (bottom) upon IR and containing an intronic L1Md. Significance
bars (p<0.01) in red. D) Heatmap of the expression of genes from the HSC signature that are significantly
either up (red) or down (blue) regulated in IR vs NIR. Blue stars indicate the presence of an intronic L1Md in
these genes. 78



Intronic L1Md are associated to gene repression following IR

The above data show that IR both induces a global loss of H3K9me3 that mainly affects
L1IMds and can affect the HSC transcriptome. To establish if there is a correlation
between these two phenomena, we looked for an association between gene
deregulation and the presence of L1Mds in their neighborhood or in their gene body.
To do so, we crossed the list of genes deregulated upon IR with a list of genes
neighboring or hosting an LIMd (see materials and methods), and we did the same for
10000 lists of the same number of random genes (Figure 4A). We found that genes
deregulated upon IR are significantly associated with intronic L1Mds (p<0.0001-
permutation test) (Figure 4B) and not with neighboring L1Md (data not shown). This
association seems specific as it was not found with the older L1 subfamily Lx5 (Figure
4B). Interestingly, the association to intronic L1IMds was specific for genes that are
downregulated upon IR, as opposed to upregulated (Figure 4C). These results suggest
that intronic L1Mds might play a role in regulating the expression of their host genes.

The human orthologous of 55% of the genes repressed upon IR and hosting an intronic
LIMd, host young human or primate L1 (L1Hs/L1PA). This suggests a conserved
functional role of young L1s in regulating hematopoietic gene expression. Consistent
with this data, we found that 50% of the genes (n=12/24) belonging to the HSC
signature and whose expression is repressed upon IR contained an intronic L1Md
(Figure 4D). 9/12 (75%) of the human orthologous of these genes also contained an
L1Hs/L1PA.
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Loss of H3K9me3 at intronic LIMd may be linked to loss of host gene expression
upon IR

We next examined whether the loss of the repressive mark H3K9me3 occurs at intronic
L1Mds of repressed genes upon IR, and whether this correlates to changes in host gene
expression. We performed H3K9me3 ChIP-qPCR experiments to determine if there
was a loss of H3K9me3 at the intronic L1IMds of several target genes that were
repressed upon IR (Figure 5A). To do so, we designed qPCR primers that spanned the
region between the start of the 5 end of the L1Md and the flanking intron. This allows
for the amplification of unique and specific products (Figure 5B). We selected target
and control genes for which the presence of an intronic L1IHs/L1PA was conserved in
their human orthologous. Three of the target genes, Mecom, Ghr and Alcam are
significantly downregulated in IR. They are involved in HSC functions and harbor
LIMd_T, F2 or A in their introns, respectively. The two control genes, Mapre2 and
Snx27, harbor an intronic LIMd_T but their expression is not affected by IR (0.7<fold-
change<1.3).

We observed that in the basal state, H3K9me3 is enriched at the specific intronic L1IMd
loci of target and control genes, as it is globally at LIMd_A promoters. In contrast,
there was no H3K9me3 enrichment in expressed control loci such as the Spil promoter
or the the 55 rRNA gene in the basal state (Figure 5C). We also observed that IR
induces a decrease of H3K9me3 enrichment at intronic L1Mds of Mecom, Ghr and
Alcam, which correlates to a decrease in their mRNA levels following IR (Figure 5D).
No variation in H3K9me3 enrichment at intronic L1IMd or in the mRNA levels of the
two control genes, Mapre2 and Snx27, was observed in irradiated HSCs (Figure 5E).
These data suggest that loss of H3K9me3 is not random and might be associated with
gene repression upon IR.

To determine if the effect of IR on H3K9me3 at intronic L1Mds of these genes was
direct, HSC intrinsic and short-term, we used an immortalized bone marrow (BM)
derived hematopoietic progenitor/stem cell line (BM-HPC), a kind gift of L. Carlsson
(Umea Medical Centre, Sweden). This cell line was used due to the rapid decrease in
c-Kit and an increase in Sca-1 induced by IR (Simonnet et al. 2009), which makes
sorting HSCs on these markers soon after IR not possible. We found that BM-HPC cells
irradiated (2Gy) in vitro showed an increased expression of L1IMd_A as quick as 5h
post IR compared to non-irradiated cells. This was accompanied by a decreased
enrichment of H3K9me3 at LIMd_A promoters. Enrichment of H3K9me3 was also
decreased at the intronic LIMd_A in Mecom 5h post IR. This loss of H3K9me3 was
followed by a decrease in Mecom mRNA observed 24h post IR (Figure 5F). These data
suggest that IR directly and quickly affect HSPC heterochromatin, LIMd derepression
and gene expression.
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Loss of H3K9me3 at intronic L1IMd of IR-repressed genes may be linked to loss of
NF-kB signaling

We then wished to characterize the mechanism that could account for the specific loss
of H3K9me3 observed at the intronic L1Mds of some of the HSC IR-repressed genes
compared to L1Mds located in introns of genes randomly selected from the list of non-
deregulated genes. For that, we performed a de novo motif research on the L1Md
sequences using BaMM software (Siebert and Soding 2016; Kiesel et al. 2018). We
verified that the mean size of the L1Mds located in deregulated and non-deregulated
genes that were compared was similar. This research yielded four motifs specifically
enriched in the L1IMd sequences of downregulated genes compared to L1Md
sequences in non-deregulated genes. These motifs were crossed with the Gene
Transcript Regulation Database (GTDR) mouse database, to identify known
transcription factor binding motifs. Two of the motifs did not match to any known
transcription factors. Of the two remaining motifs one matched p50 nuclear factor
(NFKB1) and to Rel, both belonging to the NF-kB signaling pathway; and the other
one to the transcription factor Ying-Yang 1 (YY1) (Figure 6A). Given the loss of the
NEF-xB signature observed upon IR (Figure 3C), we chose to focus on the NFKB1 and
Rel motifs. We then performed motif-based sequence analysis using the FIMO tool and
found that the NFKB1 and Rel motifs were present in the intronic L1Mds of all of the
selected target genes downregulated upon IR, except for Ghr. These motifs were absent
from the intronic L1Mds of the two control genes whose expression is not affected by
IR (Mapre2, Snx27) (Figure 6B). These data suggest that NF-xkB signaling may be
involved in H3K9me3-mediated intronic LIMd repression.

Through motif comparison analysis, we observed that the NFKB1 motif was more
accurately matched than the Rel motif to the motif we found enriched through de novo
motif research. Therefore, we performed motif enrichment scan, and searched for
enrichment of the NFKB1 motif on the L1Hs/L1PA of the human orthologous of genes
downregulated upon IR against L1Hs/LIPA of human orthologous of randomly
selected non-deregulated genes. We found that the NFKB1 motif was highly enriched
on the L1Hs/L1PA of the human orthologous of genes downregulated upon IR (Figure
6C), suggesting that this NF-xB pathway function involved in the repression of
intronic L1IMd is conserved in humans.

Using our ChIP-seq data, we analyzed H3K9me3 enrichment at unique reads mapping
to L1IMd loci in IR vs NIR coditions. We then compared L1Md sequences that
specifically lose H3K9me3 upon IR against those that specifically gain H3K9me9 upon
IR (pval<0.05) and found that the NFKB1 motif was specifically enriched in L1Md
sequences that lose H3K9me3 upon IR (Figure 6C). These results, together with the
loss the TNFA-mediated NFKB signaling signature observed in GSEA, strongly
suggest that the NF-kB signaling pathway may be involved in H3K9me3 deposition at
L1Mds in the introns of some HSC genes and could thus contribute to the regulation
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of gene expression in these cells. Supporting this possibility, de novo motif research also
showed the specific enrichment of NF-xB motifs, including the NFKB1 motif, in L1Mds
of genes involved in the loss of HSC signature detected by GSEA, compared to L1Mds
in genes not involved in the loss of this signature (Figure 6D). These results suggest
that IR-induced loss of NF-«B signaling may affect NFKB1 binding at intronic L1Mds
in HSC genes and therefore be involved in the loss of HSC function.
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Discussion

RTEs represent an important, endogenous source of genomic instability for HSCs.
Their expression can increase as a response to physiological stresses such as
irradiation, viral infections, heat shock, and exposure to heavy metals (Li et al. 1999;
Kale et al. 2005). We have shown that HSCs express high mRNA levels of several
L1Mds, and that their expression further increases upon sublethal total-body
irradiation (TBI) and remains high for at least a month in irradiated HSCs. Using L1-
GFP transgenic reporter mice, it was shown that productive L1 retrotransposition
occurs in HSCs in vivo and that it plays an important role in IR-induced HSC genomic
instability and loss of function. These results were published in the article that is
included as an annex to this manuscript.

1. Irradiation induces epigenetic changes in HSCs

The effects of exposure to IR can span several generations in animals and humans
(Kovalchuk and Baulch 2008). Several studies have suggested that this could be due to
epigenetics. Epigenetic mechanisms appear to play an important role in determining
the physiological response of species to environmental stressors, such as IR. Studies
on plants have shown that the epigenetic system mediates the regulation of gene
expression changes in response to environmental changes; in animals, changes in the
epigenome have also been reported as a response to environmental stress, such as
nutrition or water deficiency, grazing, light or temperature alterations, social
environment (Horemans et al. 2019). Mouse models have also shown that IR can
induce dose-dependent, gender-, and tissue-specific effects on global
hypomethylation (Tharmalingam et al. 2017). Filkowski et al. have shown that
paternal irradiation leads to changes in the microRNAome and decreased expression
of the de novo methyltransferase DNMT3a, leading to aberrant methylation of L1 and
SINE B2 elements in the thymus tissue. Hypomethylation of L1 and SINE B2 elements
was also found in their progeny, due to a significant decrease in lymphoid-specific
helicase (LSH), which is essential to maintain DNA methylation, also brought about
by inherited changes in the microRNAome. These results establish a link between
irradiation and the epigenetic control of RTEs (Filkowski et al. 2010). Luzhna et al.
have shown that exposure to low doses of IR induced hypomethylation of L1 ORFs
resulting in increased expression and mobilization of L1s in mammary gland tissue
(Luzhna et al. 2015). Similarly, Lee et al. showed that L1 methylation levels were lower
in nuclear power plant workers than in control subjects (Lee et al. 2015). Maze et al.
have shown that stress by repeated cocaine exposure induces decreases in H3K9me3
enrichment specifically at L1 repeats and is correlated to an increased expression of L1
in the nucleus accumbens (Maze et al. 2011).

HSCs represent the compartment that is the most susceptible to IR, however few
things are known about how IR affects epigenetics and RTE control in these cells.
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Miousse et al. have shown that a pool of Lin- cells containing hematopoietic stem and
progenitor cells (HSPCs) was more susceptible to epigenetic alterations than
mononuclear cells (MNCs), and that exposure to low doses of IR was capable of
causing long-term epigenetic aberrant DNA methylation due to a significant decrease
a more recent study, the same group also showed a decrease in DNA methylation at
L1 elements in HSCs 2 months post exposure to low dose IR (0,1/1 Gy) (Miousse et al.
2017).

Recent studies have shown that in somatic cells, repressive histone marks, such as
H3K9me3, H3K9me2, and H3K27me3, can play a role in regulating RTE expression
(Fasching et al. 2015; Ecco et al. 2016; Walter et al. 2016; Robbez-Masson et al. 2018).
Chromatin state can also have an important influence on HSC identity and function.
In fact, reorganization of heterochromatin is one of the main factors driving aging and
oncogenesis. Sun et al. have shown that epigenetic alterations can occur in aged HSCs
and may be linked to alterations in TET1, TET3, or DNMT3a gene expression (Deqiang
Sun et al. 2014). Djeghloul et al. have shown that with age, young and active L1 (L1Md)
expression increases and is correlated to a global loss of H3K9me3 (Djeghloul et al.
2016). Interestingly, this study observes increased expression of the same L1Mds that
we have seen upregulated upon IR in HSCs. Nevertheless, the effect of IR on H3K9me3
in HSCs and RTE regulation has never been addressed before. As in aging, we also
found that IR induces a global loss of H3K9me3 in HSCs following IR. Using ChIP-
qPCR experiments we also showed that there is a loss of H3K9me3 enrichment at
L1Md promoters one-month post TBI that correlates to an increase in L1Md expression
in HSCs. In line with Djeghloul’s results, our results suggest that the H3K9me3 mark
plays an important role in the repression of L1IMd expression in HSCs. However, it
would be interesting to compare HK9me3 ChIP-seq results in aged HSCs to those from
irradiated HSCs to see if there are any differences in the epigenetic changes brought
about by IR and aging.

Miousse et al., showed that upon IR there was a loss of up to 12% fold-change of DNA
methylation in the 5’UTR of L1Mds (LIMd_A and L1Md_T) in HSCs of C57B16 mice.
On our part, we have observed a loss of 31% enrichment of H3K9me3 at L1IMd_A
promoters and 28% loss at common L1Md 5'UTR regions by ChIP-qPCR upon IR
(Miousse et al. 2017). Despite the fact that our experimental setups are different, (we
irradiated at a dose of 2Gy vs. 0,1Gy/1Gy in their study), these two results show how
two different epigenetic mechanisms such as DNA methylation and histone
modifications are simultaneously affected by IR. Several studies have shown that
different RTEs are silenced by different epigenetic mechanisms according to their
evolutionary status, type, structure and tissue localization (Walter et al. 2016; Ohtani
et al. 2018; Trizzino et al. 2018). Miousse et al. stated that the loss they observed on
DNA methylation in HSCs was not L1-promoter type-dependent or evolutionary age-
dependent, as they compared and found same effects on younger L1IMd_A and
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LIMd_T to the more ancient LIMd_Fanc(Miousse et al. 2017). On the contrary, we
observed global H3K9me3 loss specifically at young L1Mds compared to older Lx or
ERVs, suggesting that H3K9me3 enrichment is L1-promoter type-dependent and
evolutionary age-dependent. We have not assessed H3K9me3 enrichment at
L1Md_Fang, so it is possible that, despite the fact that this subfamily is older than the
other L1Mds that we have tested, that it there is also loss of H3K9me3 at L1Md_Fanc
post IR. DNA methylation should be assessed at an even older L1 family, such as the
Lx, to truly be able to see if changes in DN A methylation are age-dependent.

It would be interesting to study if changes in DNA methylation or other epigenetic
marks such as H3K9me2 or H3K27me3 are also deregulated upon IR, and if so, if they
also affect young L1Mds or other types of RTEs. Concerning DNA methylation,
bisulfite sequencing experiments would be useful to evaluate changes in DNA
methylation post IR. To study the impact of IR on other histone marks, we have
already performed ChIP-seq experiments on H3K27me3 as well as on the activating
histone mark H3K4me3. Their analyses are underway. The effect of IR on different
epigenetic marks could also be done globally through IF or western blot analysis. We
have also performed immunofluorescence experiments to study the global effect of IR
on epigenetic marks. However, in the case of H3K9me3 we have obtained variable and
contradictory results to our ChIP-seq data. It is possible that the H3K9me3 mark is
hardly accessible to the antibody, and that this, coupled to epitope unmasking which
could occur after IR, would lead to observed changes in H3K9me3 signaling without
actual biological changes in H3K9me3. To try to bypass this issue, we performed
western blot experiments, but we did not observe any differences in total H3K9me3
between non-irradiated and irradiated conditions. The issue with performing this type
of experiments in HSCs is the very limited cell numbers, which complicates the
quantification of small differences, so fine-tuning of these experiments is required in
the future. The use of mass cytometry (CYTOF) technology would be a valuable tool
to obtain a global picture of all the epigenetic changes induced by IR. The advantage
of CYTOF is that it allows for the simultaneous analysis of several epigenetic marks,
and could potentially elucidate compensatory epigenetic mechanisms that may be put
in place following IR exposure (for example, if another silencing mark such as
H3K27me3 would be enriched upon loss of H3K9me3). Additionally, mass cytometry
also allows for the analysis of different cellular populations at the same time, therefore
it would also be possible to observe differences in how IR affects epigenetics in HSCs
compared to progenitor cells. This could provide additional clues in the understating
of how IR can affect HSC function.

Given the difficulties of sorting freshly irradiated HSCs, we have analyzed L1Md
expression and their association with the H3K9me3 mark one month after IR when the
HSC markers are restored allowing their FACS sorting. To bypass this problem and
determine whether the changes induced by IR are direct, HSC intrinsic, and short-term
we used a bone-marrow derived hematopoietic progenitor (derived from LSKs) cell
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line (BM-HPC) (Pinto do O et al. 2002). With this cell line we were able to observe that
changes in H3K9me3 and LIMd_A induction following IR occur as fast as 5h after
irradiation in vitro. This shows that the effect of IR is direct rather than resulting from
selection in vivo of a particular population of cells with low H3K9me3 levels. Moving
forwards, validation of these results through in vitro experiments in HSCs are required.

The understanding of the complex epigenetic regulation of different RTEs is an
essential step in the use or the conception of epigenetic drugs that can induce or
repress RTE sequences, either to potentiate their cytotoxic effects or to restrain their
potential for genomic insult. For example, the development of epigenetic drugs that
could protect HSCs against the deleterious effects of IR could be of interest for patients
undergoing radiotherapies for solid tumors in hopes of preventing the unwanted
deregulation of L1 elements that could threat genomic integrity and HSC function,
thereby hindering the chances of developing MDS or myeloid leukemias with age and
preserving HSC function .

2. Irradiation induces transcriptomic changes in HSCs that are associated to the
presence of intronic L1IMds

RTEs occupy a large portion of human and mouse genomes, and 20% accounts for L1
elements only (Mouse Genome Sequencing Consortium 2002). Of these, nearly 7000
tull-length L1 elements have been reported to be evenly distributed between intronic
and intergenic regions in humans (Khan et al. 2006). Faulkner et al. have shown that
6-30% of mouse and human transcripts initiate within repetitive elements (Faulkner et
al. 2009). RTEs may affect gene regulation in a variety of ways, therefore sought out to
determine if the global changes in H3K9me3 induced by irradiation could impact RTE
expression and the HSC transcriptome.

Our RNAseq data show that IR induces strong transcriptional deregulation in HSCs,
with downregulation being more prevalent than upregulation. The observed
deregulation was very strong, with most expression changes surpassing a 50-fold
change. Given that IR induced a global loss of H3K9me3, the fact that there are more
genes downregulated than upregulated may seem contradictory. However, H3K9me3
is usually active in non-coding regions of the genome, rather than in the control of
gene expression. This mark also has a known role in RTE repression We have observed
that loss of H3K9me3 occurs at L1Md loci, and that this correlated to an increase of
LIMd expression. Therefore we hypothesized that derepression of L1Mds could be
linked in part to IR-induced changes in gene expression.

The above data show that IR both induces a global loss of H3K9me3 that mainly
affects L1Mds and can affect the HSC transcriptome. To establish if there is a
correlation between these two phenomena, we looked for an association between gene
deregulation and the presence of L1Mds in their neighborhood or in their gene body.
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To do so, we crossed the list of genes deregulated upon IR with a list of genes
neighboring or hosting an LIMd (see materials and methods), and we did the same for
10000 lists of the same number of random genes (Figure 4A). We found that genes
deregulated upon IR are significantly associated with intronic L1Mds (p<0.0001-
permutation test) (Figure 4B) and not with neighboring L1Md (data not shown). This
association seems specific as it was not found with the older L1 subfamily Lx5 (Figure
4B). Interestingly, the association to intronic L1IMds was specific for genes that are
downregulated upon IR, as opposed to upregulated (Figure 4C). These results suggest
that intronic L1Mds might play a role in regulating the expression of their host genes.

To analyze this hypothesis we looked for an association between gene deregulation
and the presence of L1Mds in their neighborhood or in their gene body by crossing the
list of genes deregulated upon IR with a list of genes neighboring or hosting an L1Md.
Surprisingly, we showed that genes downregulated upon IR were significantly and
specifically associated with intronic L1IMd. Furthermore, no association was found
with intergenic L1Md or with older RTEs such as the Lx5 family.

Intragenic RTE expression can lead to gene repression in many ways. It has been
shown that intronic L1 elements can act as molecular “rheostats” by inhibiting
elongation of RNA Pol II, and inducing premature termination and -cryptic
polyadenylation with L1 ORF1 and ORF2 sequences of the host gene transcript
(Perepelitsa-Belancio and Deininger 2003; Han et al. 2004). Moreover, a study by
Aporntewan et al. shows that in cancer cells, hypomethylation of intragenic L1s leads
to the formation of dsSRNA between the L1 mRNA and the complimentary pre-mRNA
of its host gene. This dsRNA then gets targeted by the RISC complex that detects and
degrades complimentary RNA molecules, leading to downregulation of host gene
expression (Aporntewan et al. 2011). Recent studies have shown that the HUSH
complex and the MORC?2 protein specifically target intronic, long full length, young
L1s both in mouse and human cells (L1Md, L1PA/Hs) and can mediate transcriptional
silencing through H3K9me3 recruitment leading to downregulation of host gene
expression (N. Liu et al. 2018; Robbez-Masson et al. 2018). However, it is not clear
whether this mechanism also applies here. Indeed, the association we observed
between genes downregulated upon IR and presence of intronic L1Mds does not
necessarily concern full-length L1Mds that contain active promoters in their 5UTR
regions. In addition, this association was not affected when we separated intronic
L1Mds by size. This suggests that the ability of an intronic L1IMd to affect gene
expression does not depend on the presence of an active promoter. This was further
confirmed by experiments in genes such as Ghr, Alcam, or Rmdn2, which harbor small
L1Mds in their introns (1.2-3.5Kb) that lack L1-promoters, where we observed a loss
of gene expression post IR accompanied by a loss of H3K9me3 at their intronic L1Mds.

Whereas RTEs have also been shown to act a cis-regulators of gene expression via their
promoter or enhancer activity, we did not find an association between genes that were
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upregulated upon IR and intronic or intragenic L1IMd. We did not experimentally
analyze H3K9me3 enrichment by ChIP-qPCR at L1Mds of upregulated genes, so it
may be possible that IR did not impact enrichment of H3K9me3 at these loci altogether
and thus they remained repressed. An alternative would be that loss of H3K9me3
alone is not enough to induce alternative transcription or enhancer activity.
Supporting this alternative, a very recent study by Cao et al. showed that RTEs with
enhancer activity are in fact characterized by activating histone marks such as
H3K4mel, H3K27ac, H3K4me2, and H3K4me3 (Cao et al. 2019). Ongoing ChIPseq
analysis of the activating mark H3K4me3 will be useful to determine if irradiation can
impact activating marks at LIMds and whether this could be related to increased
transcription of some upregulated genes.

3. Does derepression of L1Mds by IR induce changes in gene expression via
RNA interference?

As was mentioned briefly in the previous section, L1 expression has been reported to
affect gene expression in different ways. Recruitment of RNA Pol II to promoters has
been generally established as a rate-limiting step in gene activation. Manipulation of
the chromatin environment by affecting histone methyltransferases or histone
deacetylases is associated to RNA Pol II stalling (Wu and Snyder 2008). Han et al. have
shown that highly expressed genes have small amounts of L1s, whereas poorly
expressed genes have large amounts of L1 sequence. They suggested that because
RNA pol II gradually pauses and/or dissociates from the template as it encounters
longer stretches of L1 sequence, L1 intronic insertions would attenuate expression of
their host gene (Han et al. 2004). Additionally they also proposed that, even though L1
insertions in either orientation can attenuate the expression of host genes, premature
polyadenylation would be expected to be more prevalent for antisense L1 insertions
and transcriptional elongation defects for sense insertions (Han et al. 2004). Kaer et al.
have shown that intronic full-length L1s can also induce intron retention and force
exonization and cryptic polyadenylation upstream of L1s. They proposed that intronic
L1s could interfere with elongation of Pol II by forcing it to slow down or dissociate
from its template, resulting in prematurely terminated transcripts and thus a decrease
in gene expression (Kaer et al. 2011). Both Han’s team, and Kaer’s team, showed that
transcriptional interference was stronger when the L1 insertion was arranged in
tandem orientation with respect to host gene transcription (Han et al. 2004; Kaer et al.
2011).
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Figure 1. Schematic representation of the ‘full-fragment’ ABCA minigene constructed by Kaer et al. A
1036 bp genomic fragment containing intron 22, exon 23 and intron 23 of the ABCA9 gene and a 990
bp L1 5’ UTR was inserted into the exon trapping vector pSPL3 containing SV40 promoter Splicing of
exons observed in different transcripts is shown by diagonal lines. Deletions made in ABCA FI construct
are marked with lines below the scheme. Intron retention to exon 23 is shown by hatched box with
downward diagonals. Exonization of intronic sequence upstream to L1 59 UTR is shown with hatched
box with upward diagonals and marked with Ex. In this exon cryptic acceptor splice site (SA) and polyA
signal (p(A)) are marked. Additional SV40 polyA signal (marked with lollipop) is located in exon 3. L1 ASP
drives transcription from the opposite strand and produces transcript containing exons I, Il and Il (grey
boxes). (Kaer et al. - 2011)

Kaer et al. actually proposed a Russian-doll-like model, based on nested genes, for
how genes could be generated from within genes as a result of a mobile element such
as an L1 (Kaer et al. 2011). They performed an in silico genome-wide search for
prematurely terminated transcripts bearing signatures of intron retention, forced
exonization and cryptic polyadenylation at their 3’ ends upstream to the human
intronic L1 retrotransposons (Kaer et al. 2011). From this analysis, they selected the
ABCAY9 gene which contained a full-length intronic L1PA3 and they constructed a
minigene containing a portion of the ABCA9 gene that contained an L1 5"UTR and an
SV40 promoter (Figure 1). They showed that Pol II from the L1 promoter acted as a
“roadblock” by forcing the elongating SV40 Pol II to pause or dissociate from the
template and thereby strongly interfering with SV40 transcription (Kaer et al. 2011).
They also proposed that L1 Pol II from an antisense promoter could also affect SV40
Pol Il elongation by colliding against it and decreasing its transcription efficiency (Kaer
et al. 2011).

To study the mechanism via which IR-induced L1Md derepression could interfere with
gene expression, we used Mecom as our candidate gene. The L1IMd in Mecom we
analyzed is full-length and in tandem orientation with respect to host gene
transcription. We performed Ser5Pol-II ChIP-qPCR to assess initiating polll
enrichment. Our preliminary results showed that upon IR there was an enrichment of
Ser5 RNA Pol II at the promoter of Mecom’s intronic L1IMd (Figure 2). Phosphorylation
of Ser5 is a mark for transcriptional initiation, whereas phosphorylation of Ser2
complex promotes elongation (Kornblihtt 2006). Lorincz et al. suggest that the
appearance of a Pol Il phosphorylation mark that is typical of initiation at specific sites
within a gene could be either the cause or the consequence of the generation of internal
‘roadblocks” to elongation. Our preliminary results are consistent with initiation
activity at Mecom’s intronic LIMd and suggests that L1IMd transcription upon IR may
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Figure 2_ IR-iinduced L1Md derepression leads to transcription initiation at intronic L1Md.
Ser5Pol-Il enrichement at an intronic LIMd_T promoter in Mecom analyzed by ChIP-qPCR of
one independent experiment. Each dot represents a pool of 3 (NIR) or 4 (IR) mice. Ct values
normalized to % of input. Results are expressed as fold change from the mean value of the NIR
condition and represented as mean+/- SEM.

likely take place. We also observed that Ser5 phosphorylation occurs concomitantly to
the loss of H3K9me3, but further research should be carried out to determine the
causality of these events. Furthermore, it would be interesting to assess the ratio of
Ser2 Pol II immediately upstream and downstream of the L1Md, which would help
illustrate if there is accumulation of Pol II due to stalling.

Nevertheless, as was mentioned earlier we have also observed changes in gene
expression following IR in genes that contain short L1Mds that likely lack promoters
(Alcam, Ghr, and Rmdn2), as well as in genes that contain L1Mds in anti-sense
orientation (Ghr and Rmdn?2) with respect to host gene transcription. Han et al. show
that cryptic poly-adenylation sequences can occur at sites scattered throughout the
entire L1 sequences (Han et al. 2004). This suggests that despite of their lack of
promoter, truncated, small intronic L1Mds could still have an impact on host gene
expression by inducing premature termination of host gene transcription. Loss of
H3K9me3 in the gene body can also affect RN A-Pol II elongation rate, as well as gene
splicing, so regardless of intornic L1IMd transcription, loss of H3K9me3 can still affect
host gene expression. Alternatively, it is also possible that intronic L1IMd sequences
of genes whose expression is affect by IR could harbor alternative promoters in their
3’-end and that transcription could be triggered at these sites due to alterations in
epigenetic and signaling pathways as a result of IR. Faulkner et al. have described a 3’
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L1 promoter that is expressed in several tissues and were the bulk of L1 transcription
initiation took place (Faulkner et al. 2009).

Due to the repetitive nature of L1Md, it is impossible to test the expression of a
particular LIMd by RT-qPCR or classical RNAseq. Therefore, in order to truly be able
to determine if L1 transcription is taking place, the use of new long-read nanopore
RNA sequencing technology should be considered. The advantage of this technique
over classical RNA-seq is that it allows for the identification of full-length transcripts,
that are not fragmented or amplified, and that it allows for the easy characterization
of antisense transcripts.

4. The NF-xB signaling pathway is downregulated upon IR and may be
involved in loss of H3K9me3 at intronic L1Mds and loss of the HSC signature

GSEA analysis showed that IR leads to the loss of the HSC signature as described by
Chambers et al. Chambers et al. used a global gene expression profiling approach and
characterized hematopoietic cells by defining a “fingerprint” consisting of 40-350

genes that were uniquely expressed in HSC as opposed to other progenitor
cells(Chambers 2007).

We found that 50% of genes in the HSC signature and whose expression was decreased
upon IR harbored an intronic L1Md, suggesting an involvement of L1Md in the IR-
induced loss of the HSC signature. Moreover, 75% of the human orthologous of these
genes also contain a young human and primate L1 (L1Hs/L1PA), which suggests that
these evolutionary recent L1s could have a conserved functional role in the regulation
of HSC gene expression.

To validate these results, we selected several target genes downregulated upon IR and
which are all conserved in human and harbor different types of intronic L1Mds
(LIMd_T, A and F2). We evaluated if changes in expression post IR were accompanied
by changes in enrichment of H3K9me at their respective intronic LIMd.

Two of these genes belong to the HSC signature. One of them, Mecom was discovered
in a model of retrovirus-induced acute myeloid leukemia, where it was overexpressed
as the result of insertion of viral promoter and enhancer sequences (Bartholomew et
al. 1989). Mecom harbors a large L1Md located in the first intron of the longer Mecom
isoform. We also analyzed the Growth Hormone Receptor (Ghr), whose signaling has
been implicated in several age-related hematopoietic phenotypes (Stewart et al. 2014).
GHR is a class I cytokine receptor that, like TPO, signals via the JAK-STAT signaling
pathway (Dehkhoda et al. 2018). GHR is expressed in most human leukemia forms
(Manabe et al. 2006) but its role in HSC function and leukemogenesis has been less
characterized than Mecom’s. Ghr contains 17 intronic L1Mds spread out throughout
its introns.
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One of the other targets we analyzed was the activated leukocyte cell adhesion
molecule (ALCAM). Although ALCAM does not belong to the HSC signature that
Chambers described, ALCAM is differentially regulated in adult hematopoiesis and
is highly expressed in LT-HSCs where its level progressively increases with age
(Jeannet et al. 2013). Alcam harbors 6 L1Mds in its introns. Jeannet et al. showed that
Alcam™ HSCs had reduced long-term repopulating capacity in vitro and reduced long-
term engraftment potential upon transplantation (Jeannet et al. 2013). A very recent
study by Wei et al. shows that the ALCAM gene promoter was heavily methylated in
placentas and peripheral blood of women suffering from preeclampsia suggesting that
DNA methylation may play an important role in the regulation of ALCAM expression
(Wei et al. 2020). These studies suggest that even though ALCAM expression is not
specific of HSCs, it still plays an important role in regulating HSC function and that its
expression is sensitive to epigenetic modifications.

Our results validate our RNA-seq data and showed that upon IR, expression of Mecom,
Ghr, and Alcam was downregulated, and that it coincided with a loss of H3K9me3 at
their respective intronic L1Mds. The same proved true for two other selected target
genes, Rmdn2 and Rbms3, which were found downregulated upon IR. On the contrary,
we did not observe changes in mRNA expression, or H3K9me3 enrichment in genes
which were not deregulated upon IR that also harbored intronic L1Md, such as Mapre2
or Snx27. Importantly, in the basal state L1Mds from both Mapre2 and Snx27 genes are
similarly enriched in H3K9me3. These results show that IR does not affect similarly all
intronic L1sand rise an interesting question as to why.

GSEA analysis also revealed that the TNF-a/NF-kB signaling pathway is one of the
most downregulated upon IR. Cytokines belonging to the TNF family induce rapid
transcription of genes regulating inflammation, cell survival, proliferation and
differentiation, primarily through activation of the NF-xB pathway (Hayden and
Ghosh 2014). In HSCs, TNF-a activates the Notch and NF-kB pathways to establish
HSC fate, suggesting a requirement of inflammatory signaling in HSC generation
(Espin-Palazon et al. 2014). A recent study by Yamashita et al. has shown that TNF-a
promotes HSC survival and myeloid differentiation by activating a strong and specific
p65-nuclear factor kB (NF-kB)-dependent gene program that primarily prevents
necroptosis rather than apoptosis, induces immunomodulatory functions, and poises
HSCs for myeloid cell production (Yamashita and Passegué 2019). The NF-«xB
pathway can also be induced by a number of stimuli such as viral and bacterial
infections, and physical or oxidative stresses (Gilmore 2006). It was also previously
shown by our lab that IR can induce a moderate NF-«kB response (de Laval et al. 2014).

A recent study by Fang et al. has shown that TNF receptor associated factor 6 (TRAF6)

is essential to regulate HSC homeostasis by preserving self-renewal and quiescence
through basal activation of NF-kB in the absence of inflammation (Fang et al. 2018).
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Interestingly TRAF6 activity is regulated by intracellular homeostatic processes such
as oxidative stress, and has been reported as upregulated in a subset of MDS and AML
patients and in genetic mouse models, where it leads to hematopoietic defects (Fang
et al. 2012; Fang et al. 2017). A possible explanation for the loss of NF-kB signature
may be that IR interferes with TRAF6 function and lead to a loss of NF-kB signaling.
Deletion of TRAF6 results in loss of HSC fitness, so this could contribute towards HSC
loss of function upon IR.

To understand the mechanisms that direct the specific loss of H3K9me3 at intronic
L1Md of genes downregulated in IR, we performed de novo motif enrichment analysis,
which provides an unbiased approach to detect enriched motifs and then matches
them to known motifs. Interestingly, L1IMd sequences of genes downregulated upon
IR were significantly enriched for a particular motif that was matched to the p50
subunit of NF-kB motif (NFKB1) as well as for the transcription factor Rel, which also
belongs to the NF-kB pathway. Both the NFKB1 and Rel motifs were found in the
intronic L1Mds of Mecom, Alcam, Rmdn2 and Rbms3 that exhibited loss of H3K9me3,
and were notably absent from the intronic L1Md of control genes Mapre2 and Snx27,
which do not lose H3K9me3 upon IR. There was however one exception, Ghr, where
we did observe a loss of H3K9me3 upon IR but were not able to detect enrichment of
either the NFKB1 or Rel motifs. We were only able to perform this experiment on Ghr
L1IMd once, so loss of H3K9me3 at this intronic LIMd requires further validation.
Additionally, the L1IMd in Ghr on which we performed ChIP-qPCR is the smallest
L1IMd (1217bp) that was analyzed, so it is possible that the portion of the L1Md that
contained the motif was truncated. We performed motif analysis on the 17 intronic
L1Mds in the Ghr gene and actually detected enrichment for the NFKB1 motif in its
one of them. It would therefore be possible to imagine that through L1 interaction
loops, loss of H3K9me3 at one L1Md could also affect H3K9me3 at other L1Mds.
Supporting this idea, none of the L1Mds present in the control genes Snx27 and
Mapre2, present the enriched NFKB1 motif. Further research is required to clarify this
observation, but it would be interesting to perform ChIP-qPCR experiments on the
L1Mds that contains the enriched NFKBI1 in Ghr to see if it also loses H3K9me3
enrichment following IR.

We also performed de novo motif enrichment analysis and observed that the NFKB1
pathway was also enriched in the L1Md sequences of genes that lose H3K9me3
compared to the L1Md sequences of genes that gain H3K9me3; and in the L1Md
sequences of the genes that contribute to the loss of the HSC signature compared to
L1IMd sequences of genes that do not contribute to the loss of the HSC signature.
Furthermore, the LIHS/L1PA of the human orthologous of genes downregulated upon
IR were also enriched for the NFKB1 motif compared to the LIHS/L1PA of the human
orthologous of non-deregulated genes. Together with the loss of the NF-«xB signature
observed in GSEA, these results strongly suggest that this pathway may be involved
in H3K9me3 deposition at LIMds of some genes. This could thus contribute to the
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regulation of host gene expression in HSCs and thereby to the loss of the HSC
signature. This function could be conserved in humans.

In line with this idea, the NF-xB pathway transcription factors have been shown to
interact with epigenetic mediators, such as histone deacetylases, and impact HSC
function. Priel et al. have shown that the transcription factor CEPBa, which is essential
for myelopoiesis, can activate the p50 subunit of NF-xB (NFKB1) by displacing histone
deacetylases leading to the induction of antiapoptotic genes (Paz-Priel et al. 2011).
Interestingly, we found that Cebpd, another member of the CEBP transcription factor
family that can form heterodimers with CEPBa (Kinoshita et al. 1992), is among the
genes that contribute to the loss of the NF-«kB signaling following IR in our GSEA
analysis. Furthermore, our RNA-seq data show a strong decrease of CEPBa upon IR.
Fleenor et al. have also reported inhibition of CEPBa upon IR and loss of self-renewal
in HSCs. These results also suggest that the loss of NF-«B signaling could be related to
the loss of HSC function we have observed.

Elsharkawy et al. have shown that NFKBI recruits the histone deacetylase HDAC1
and acts as a negative regulator of inflammation (Elsharkawy et al. 2010). Moreover,
Ea et al. have shown that the methyltransferase EHMT1 also interacts with NFKB1 and
negatively regulates an important portion of NF-kB target genes (Ea and Baltimore
2009). Together with Priel’s results, these studies establish a connection between
epigenetic mechanisms and the downregulation of NF-«kB signaling. If NF-«xB
signaling is involved in the recruitment of repressive marks such as histone
deacetylases or methyltransferases, it could also be imagined that a downregulation
of this signaling pathway could also affect HSC epigenetics. However, presence of
NFKBI at L1 elements has not been reported as of yet.

These results suggest that transcriptional deregulation upon IR could possibly be a
consequence of epigenetic deregulation at intronic L1Mds present in these genes; and
may lead to the loss of overall cellular functionality. The fact that an important portion
of genes in the HSC signature contains an L1Md opens up new perspectives in the
understanding of the molecular mechanisms that can drive leukemogenesis or the
establishment of the preleukemic state; it can also provide new therapeutic candidates
in the treatment of hematopoietic malignancies.

The next steps of this project should be geared towards gaining an understanding of
the mechanisms by which NFKB1 may control H3K9me3 deposition at specific L1IMds
and how L1Md specifically mediate gene repression following IR, as well as the
functional impact this has on HSCs. The deletion of intronic L1IMd using CRISPR Cas9
technology and Cas9 expressing mice would be the best tool to fully understand the
impact of a specific gene intronic LIMd derepression has on its expression. I have
already designed guides targeting the intronic LIMd in Mecom. We expect that the
deletion of its intragenic LIMd will lead to an increase of Mecom expression in NIR
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mice. If gene repression upon IR is in fact mediated by intronic L1IMd derepression,
we also expect to see no change in Mecom expression upon IR in HSCs with L1Md
deletion.

5. Loss of Mecom expression may also lead to loss of the HSC signature

An alternative explanation for the loss of the HSC signature upon IR could also come
from the loss of Mecom expression. MECOM is highly expressed in the human embryo
as well as in HSCs in the adult bone marrow. Yuasa et al. reported that HSCs in EVI-
1-deleted mice are deficient in proliferation and repopulation, and also express low
levels of GATA-2 which is crucial for the proliferation and differentiation of HSCs. Re-
establishing EVI-1 expression in these mice can restore the cell ability of proliferation
and differentiation by upregulating GATA-2 expression, highlighting EVI-1’s role in
the proliferation and differentiation of HSCs (Yuasa et al. 2005).

Most literature does not differentiate between MECOM and EVI-1. The MECOM locus
actually gives rise to several alternatively spliced transcripts that code for at least 2
different proteins, EVI-1 and MECOM. The MECOM protein contains an extra exon
and encodes a PR domain (a sub-class of zinc fingers), but is otherwise identical to the
EVI-1 protein (Maicas et al. 2017). EVI-1 possesses its own transcription start sites, on
the contrary mRNA transcripts initiating at MDS1, located 0.5 Mb upstream of EVII,
can splice from exon 2 of MDS1 into exon 2 of EVI-1 (Figure 3) (Zhang et al. 2011).
Whereas EVI-1 is considered to be a potent oncogene associated with transformation
and proliferation in multiple leukemias, expression of MECOM is frequently
abrogated and a low MECOMY/EVI-1 expression ratio predicts an extremely poor
prognosis for AML patients (Ivanochko et al. 2019). A recent study by Maicas et al.
has shown that the MECOM form reduces the growth ability of hematopoietic
progenitor cells, whereas the EVI-1 form does the opposite. They suggest that the EVI-
1 protein acts by promoting tumor progression, while MECOM protein may function
in a tumor-suppressive manner, highlighting opposite function of the two different
proteins (Maicas et al. 2017). Pinheiro et al. have shown that MECOM can act as a
specific H3K9mel methyltransferase in human embryonic fibroblasts to initiate
heterochromatin formation, which is then converted in the nucleus by the SUV39H
enzymes into H3K9me3 (Pinheiro et al. 2012). Interestingly, Goyama et al. have
reported that EVI-1 interacts with the histone methyltransferases SUV39H1 and G9a,
and that this interaction contributes to transcriptional repression and bone marrow
immortalization by EVI-1(Goyama et al. 2010). Furthermore, Vinatzer et al. have also
shown that MECOM can interact with histone deacetylases through its zinc-finger
domain to mediate gene repression (Vinatzer et al. 2001). Taken together, these studies
suggest that MECOM/EVI-1 has a role in the regulation of epigenetic machinery to
mediate gene repression. We observed that upon IR, there was a loss of expression of
Mecom. It could therefore be possible that Mecom downregulation upon IR could play
a role in the global loss of H3K9me3 we observe upon IR by impacting
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methyltransferase activity, as well a contribute to the loss of the HSC signature.

However, in this case scenario, loss of the HSC signature would not be a consequence
of loss of H3K9me3 at intronic L1Md linked to the presence of NFKB1 motifs.

MDS1 and EVI1 complex locus (MECOM)

MECOM locus
MDS1 gene EVI1 gene
) 500 kb L 60 kb }
1 2 3 12 3 4 56 7 8 9 101 12 13 14 15 16
MDS1-EVI1 EVI1-A324

Figure 3. Schematic representation of the human Mecom locus. The alternative intergenic splicing
between the second exon of MDS1 and the second exon of EVI1 is represented by dashed lines.
The alternative intragenic splicing variants of EVI1 are represented by lines. (Maicas et al. - 201
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6. The role of TPO as an epigenetic modulator

L1Mds represent an important endogenous source of genomic instability for HSCs.
We have shown previously that TPO can protect HSCs from loss of function and
accumulation of DNA damage following IR. Through microarray experiments, the
team showed that TPO induced an anti-viral IFN-like response. We showed that TPO
could also protect HSCs from uncontrolled RTE expression and mobilization caused
by IR. The fact that TPO injection is done prior to IR suggests that TPO acts as a
protective mechanism rather than a corrective one and may therefore act trough an
epigenetic mechanism. In this section, I will discuss the results we obtained concerning
the role of TPO as an epigenetic modulator in HSCs, and why we chose to exclude
them from the results section of this manuscript.

To test the possibility that TPO may act as an epigenetic modulator, in parallel to IR
we performed ChIP-seq experiments in HSCs form mice treated with one dose of TPO
1h before before IR (Figure 4A). Interestingly, opposite to what was seen after IR where
the majority of the differentially enriched peaks were downregulated, multiple
mapping analysis shows that only 238 reads are significantly (p<0.05) and
differentially enriched in the IR+T condition compared to the NIR condition, and that
74 of the reads were up and 164 of them where down in IR+T (Figure 4B). These results
suggest that TPO injection may be capable of preventing IR-induced loss of H3K9me3
at certain loci. Heatmap analysis of the H3K9me3 enriched peaks confirmed the global
loss of H3K9me3 upon IR that is prevented by TPO injection (Figure 4C). ChIP-qPCR
in HSCs that TPO injection could also prevent decreased H3K9me3 enrichment at
5'UTR and L1_A promoters following IR (Figure 4D). These results suggested that
TPO may control L1IMd expression through H3K9me3.

We also performed RNA-seq analysis to determine the impact of IR in the presence of
TPO on the HSC transcriptome. Interestingly, results revealed that TPO could prevent
74% of the transcriptomic changes brought about by IR, but could only restore
(TPM>median of IR for at least 2 triplicates the expression of 6,8% of the genes which disappear
(TPM<median of NIR for at least 2 triplicates upon IR). However, TPO injection prior
to IR also induced nearly as much transcriptional deregulation as IR, with 1034 specific
differentially expressed genes (687 down- and 347 upregulated) in the IR+T condition
compared to the NIR condition (Figure 4E).

We had observed a strong (p<0.0001) and specific association between genes
downregulated (p<0.05) upon IR and the presence of intronic L1IMds. However, we
found that genes that were downregulated in the IR+T condition were also
significantly, although less strongly (p=0.01), associated to the presence of intronic
L1Mds (Figure 4F). Furthermore, when we analyzed what happened to the expression
of genes that were downregulated in IR vs NIR in the IR+TPO condition,
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Figure 4. The role of TPO as an epigenetic modulator. A) Experimental setup. Mice were injected with TPO retro-orbitally 1h
prior (or not) to 2Gy total body irradiation. HSCs were sorted from pools of 3-5 mice. B) Quantitative analysis of H3K9me3
enrichment at multiple mapping reads in IR (left) and IR+TPO conditions (right). MA-plots show significantly (p<0.05) and
differentially enriched peaks in pink dots. C) Heatmap of H3K9me3 enrichment at peaks in NIR, IR and IR-T conditions.
Heatmaps show H3K9me3 enrichment 4kb upstream and downstream of the peaks, and in the 2.5kb scaled peak regions
(2.5kb being the mean size of the peaks) . H3K9me3 enrichment at LIMd_A promoters analyzed by ChIP-gPCR (n=3
independent experiments, each dot represents pools of 3 mice) Ct values normalized % of input of negative control
repetitive 5S ribosomal RNA. Results are expressed as fold change from the mean value of the NIR condition and
represented as means +/- SEM (*p<0,05 one-way ANOVA). E) Venn diagram showing gene deregulation in the IR vs NIR
(purple) and IR+TPO vs NIR (yellow) condition. F) Distribution of the number of genes found in common between 10000
lists of random genes and genes hosting an L1Md. The black vertical line represents the number of genes found in common
between downegulated genes upon IR (right) and downregulated genes in the IR+T condition (left). Significance bars
(p<0.01) in red.



we observed that TPO could only moderately restore the expression of some of these
genes regardless of whether or not they contained an intronic L1IMd (Figure 5A).

TPO injection was not able to prevent the loss of the HSC or NF-«B signatures that we
observed upon IR (Figure 5B). In line with these results, TPO did not prevent loss of
H3K9me3 enrichment at any of the intronic L1Mds that we analyzed by ChIP-qPCR
(Mecom, Alcam, Ghr, Rbms3, Rmdn2), and was only able to moderately prevent loss of
gene expression post IR for some of them. (Figure 5C). These results suggest that TPO
may only be able to induce a moderate restoration of H3K9me3, potentially due to the
fact that it does not restore the NF-«xB signature. This may not be enough to prevent
loss of host gene expression, and therefore could explain why loss of the HSC signature
is not prevented by TPO.

These results suggest that despite rescuing the global loss of H3K9me3 at L1Mds
induced by IR, TPO could function through other additional mechanisms, to control
L1Mds and or gene expression; For example, it could act as a modulator of DNA
methylation or other histone marks to further repress L1IMd expression. Walter et al.
have shown in ESCs that upon loss of DNA methylation, various RTE families were
efficiently re-silenced through an epigenetic switch leading to an increase in
H3K27me3 (Walter et al. 2016). Ohtani et al. also showed that an increase of
H3K9me2/3 was observed at LTRs following treatment with a DNA methylation
inhibitor, showing that “epigenetic switching” occurs to ensure silencing after loss of
DNA methylation (Ohtani et al. 2018). It would therefore be imaginable that the
opposite may also exist, and that TPO would promote the setup of other epigenetic
mechanisms as a “back-up” response in order to protect HSCs from L1Md
derepression upon IR-induced loss of H3K9me3.

Further research is necessary to be able to understand the mechanisms by which TPO
functions on and to better characterize its role as an epigenetic modulator. These
should involve bisulfite sequencing at L1Md sequences and determine if IR and/or
TPO affect DNA methylation. CYTOF technology and CHIP-seq would also be useful
to see if TPO brings about any epigenetic changes that are different from those
observed in IR, or if compensatory mechanisms for the loss of H3K9me3 are put in
place by TPO, for example enrichment of another silencing mark such as H3K27me3.
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Figure 5. TPO can prevent loss of the NFKB signature only in genes downregulated upon IR that contain an intronic
LA1Md. A) (from left to right) Expression level of genes downregulated in IR (1), and in the IR+T condition (2), with (3) or
without (4) intronic L1Md analyzed in the IR+TPO condition. y-axis represents fold change of expression and x-axis
represents % of deregulated genes in IR+TPO condition. B) GSEA Enrichment plots showing loss of HSC (left) and NFkB
(right) signature in the IR+TPO condition compared to NIR. C) (left) H3K9me3 enrichment evaluated by ChIP-gPCR at
intronic L1Md of HSCs sorted one month post IR. (n=1-3 independent experiments, each dot represents pools of 3 (NIR)
or 4 (IR) mice) Results are expressed as fold change from the mean of % input of the NIR condition. (right) Gene
expression evaluated by RT-qPCR in the same cells one month post IR(+TPO). (n= 3 independent experiments, each dot
represents an individual mouse) Ct values were normalized to mean of RPL32 and HPRT. Results are expressed as fold
change from the mean value of the NIR condition and represented as mean+/- SEM Gene expression evaluated by RT-
qPCR in HSCs one month post IR with and without TPO. (n= 3 independent experiments, each dot represents an
individual mouse) Ct values were normalized to RPL32 and HPRT. Results are expressed as fold change from the mean
value of the NIR condition.(** p<0,01; *p<0,05 One-way ANOVA).



7. Could TPO prevent loss of global H3K9me3 through its IFN-like signaling
and thus repress RTEs?

In the previous study, I showed that TPO is capable of controlling RTE expression in
a STAT1- and STAT2-dependent manner (Barbieri et al. 2018).

Non-canonical functions of the JAK-STAT pathway have been reported in Drosophila
and mammals that affect cellular epigenetic status by globally modulating
heterochromatin stability (Shi et al. 2006; Brown and Zeidler 2008). In Drosophila, a
connection between JAK-STAT signaling and chromatin remodeling was suggested by
the observation that the transcriptional repressor Ken recruits a nucleosome
remodeling factor, NURF, to STAT/Ken mutual binding sequences to repress STAT-
mediated transcription (Brown and Zeidler 2008). In 2006, Shi et al. first showed that
Drosophila JAK was involved in the regulation of heterochromatin (Shi et al. 2006). In
2008, they showed that non-phosphorylated Drosophila STAT is involved in
regulating heterochromatin stability via its association with HP1, where it acts as a
mediator HP1 localization and H3K9me3 formation (Shi et al. 2008). In humans, Hu et
al. have shown that unphosphorylated STAT5a binds to HP1 to stabilize
heterochromatin, and that expressing unphosphorylated STAT5a or HP1 inhibited
colon cancer growth in mouse xenograft models (Hu et al. 2013). Cheon et al. also
reported that non-phosphorylated STAT1 and STAT2 can drive a secondary
prolonged IFN response leading to a constitutive resistance to DNA damage (Cheon
et al. 2013). These studies supported the hypothesis that TPO, through its STAT-
dependent IFN-like signaling, may be able to control L1Md expression through
epigenetic mechanisms.

Many viral restriction factors are IFN-regulated genes (Schneider et al. 2014). Several
studies have reported that IFN-a stimulation or overexpression of IFN-stimulated
genes (ISGs) reduces RTE expression and L1 propagation in cell lines (Koito and Ikeda
2011; Goodier et al. 2012; Zhang et al. 2014; Goodier et al. 2015). In particular Zhang et
al. have shown that the IFN-regulated OAS-RNAse L system can restrict mobility of
L1 and IAP elements, as well as reduce L1 mRNA levels. Yu et al. have also shown
that in human cell lines added IFN suppresses L1 retrotransposition, whereas
endogenous IFN signaling appears to restrict the propagation of L1 and their activity
in cultured cells through stimulation of the JAK-STAT signaling cascade (Yu et al.
2015).

We performed motif enrichment analysis using HOMER and observed that STAT1 and
ISRE motifs (to which both STAT1 and STAT2 can bind) were present in the ORF1
and ORF2 of most L1Md subfamilies. Our initial hypothesis was that TPO could
activate STAT1, which could interact with HP1 and specifically direct its localization
towards L1Md, and thus prevent loss of H3K9me3 upon IR, which occurs mainly at
these genomic loci. Unfortunately, answering this question was very challenging as
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chromatin immunoprecipitation experiments on transcription factors require a high
number of cells that is impossible to attain in HSCs. A possible solution would be to
use the BM-HPC cell line model, which would solve the cell number issue. However,
these cells do not express the TPO receptor MPL. Like TPO, IFN—a can activate STAT1
and also prevent IR-induced L1Md over expression, so an alternative would be to use
IFN instead of TPO and assess STAT1 enrichment at L1IMd promoters in cells
stimulated with IFN prior to IR.

Interestingly, previous work by our lab has shown that IR induces a moderate NF-xB
response that is potentiated by TPO to increase DSB repair (de Laval et al. 2014). As
was described in section 4, components of NF-kB signaling have been shown to
interact with epigenetic modulators. Several studies have shown that cross-talk
between IFN-a and NF-kB signaling plays an important role in controlling viral
infection. For instance, Rubio et al. have shown that IFN-a and NF-xB have
overlapping functions and that enhancing NF-kB activation can compensate eventual
deficiencies in IFN-a signaling and contribute to fight viral infection. Moreover, other
independent studies have shown that the NF-kB pathway can induce ISGs in vivo and
in vitro independently of IFN-a ISG production (Dixit et al. 2010; Balachandran and
Beg 2011; Basagoudanavar et al. 2011; Hasan et al. 2013). These studies contribute to
the idea that, through its IFN-like signaling and its ability to potentiate NF-xB
signaling, TPO may be able to control RTE expression by affecting HSC epigenetics,
which is in line with our results showing that TPO prevents loss of the NF-kB signature
in genes downregulated upon IR who harbor an L1Md.

Another possible explanation would be that TPO, through its IFN-like signaling,
induces the expression of ISGs that can themselves control L1Md repression. For
instance, members of the tripartite motif (TRIM) family, of which many members are
important regulators of IFN-a responses and are induced by TPO, have been involved
in transcriptional silencing. An ideal candidate would be TRIM28, also known as KAP-
1, who is known for mediating H3K9me3 deposition at ERVs via SETDB1 and KRAB-
ZFPs (Fasching et al. 2015; Ecco et al. 2016). Furthermore, Robbez-Masson et al. have
shown that TRIM28 can interact with the HUSH complex to co-repress young ERV
and L1 elements (Robbez-Masson et al. 2018). However, they do show that TRIM28
and TASOR (a member of the HUSH complex) only bind L1 elements weakly
compared to ERVs, suggesting that escaping repression is still possible (Robbez-
Masson et al. 2018). We have not yet evaluated the impact of IR and TPO on expression
of TRIM28 or proteins in the HUSH complex, but moving forward these would be
some of the most interesting targets to study the mechanisms by which TPO could
control L1Md. Furthermore, it would also be interesting to analyze the enrichment of
members of the HUSH complex at LIMd. Our hypothesis is that TPO could induce
TRIM28 expression which could cooperate with the HUSH complex and mediate
H3K9me3 deposition at LIMd, leading to their repression. Finally, another potential
target to study could also be TRIM33, which has been found induced by TPO by our
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team, and has been shown to participate in the control of ERV expression in mouse
liver and testis (Herquel et al. 2013; Isbel et al. 2015).

Given the emerging potential role for the NF-xB pathway that we have observed, it

would be interesting to study the relationship between IFN signaling and the NF-«xB
pathway to be able to understand the mechanisms of action of TPO in RTE control.
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Concluding remarks and summary diagram

The impact of IR on HSC epigenetics and RTE expression has been so far largely
overlooked. In particular, the impact that heterochromatin dynamics and RTE
deregulation can have on HSC function has never been addressed before. We show
here for the first time that IR induces major epigenetic changes in HSCs, and that
transcriptional downregulation upon IR is associated with intronic LIMd expression.
We validated that genes that are downregulated upon IR, exhibit loss of H3K9me3
enrichment at intronic L1Mds and that this is not the case in genes whose expression
is not affected by IR, highlighting the specificity of this mechanism. These data open
up new perspectives to study mechanisms contributing to the establishment of the pre-
leukemic context and the development of therapy-related myeloid malignancies. The
fact that many epigenetic factors are frequently mutated in these pathologies, as well
as in clonal hematopoiesis, also provides new targets for the development of novel
therapies.

We showed that TPO, through its STAT1- and STAT2-dependent IFN signaling, is
capable of controlling L1Md expression. We have also shown that TPO also plays a
role as an epigenetic regulator of HSCs, however further studies are required to
characterize the mechanisms by which this occurs.
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y ) \\”?_// zc> . —) L\?,‘

RnaPol Il RnaPol Il RnaPol Il

H3K9me3

Loss of HSC function
Increased risk of MDS and
& Ny secondary leukemias

A A Life is good!

107



BIBLIOGRAPHY

108



A
Ade C, Roy-Engel AM, Deininger PL. 2013. Alu elements: an intrinsic source of human
genome instability. Curr Opin Virol. 3(6):639-645. d0i:10.1016/j.coviro.2013.09.002.

Adelman ER, Huang H-T, Roisman A, Olsson A, Colaprico A, Qin T, Lindsley RC,
Bejar R, Salomonis N, Grimes HL, et al. 2019. Aging Human Hematopoietic Stem Cells
Manifest Profound Epigenetic Reprogramming of Enhancers That May Predispose to
Leukemia. Cancer Discov. 9(8):1080-1101. doi:10.1158/2159-8290.CD-18-1474.

Adey NB, Schichman SA, Graham DK, Peterson SN, Edgell MH, Hutchison CA. 1994.
Rodent L1 evolution has been driven by a single dominant lineage that has repeatedly
acquired new transcriptional regulatory sequences. Mol Biol Evol. 11(5):778-789.
doi:10.1093/oxfordjournals.molbev.a040158.

Alexander WS, Roberts AW, Nicola NA, Li R, Metcalf D. 1996. Deficiencies in progen-
itor cells of multiple hematopoietic lineages and defective megakaryocytopoiesis in
mice lacking the thrombopoietic receptor c-Mpl. Blood. 87:2162-2170.

Allan RS, Zueva E, Cammas F, Schreiber HA, Masson V, Belz GT, Roche D, Maison C,
Quivy J-P, Almouzni G, et al. 2012. An epigenetic silencing pathway controlling T
helper 2 cell lineage commitment. Nature. 487(7406):249-253. doi:10.1038/nature11173.

Aporntewan C, Phokaew C, Piriyapongsa J, Ngamphiw C, Ittiwut C, Tongsima S,
Mutirangura A. 2011. Hypomethylation of Intragenic LINE-1 Represses Transcription
in Cancer Cells through AGO2. Ballestar E, editor. PLoS ONE. 6(3):e17934.
doi:10.1371/journal.pone.0017934.

Aravin AA, Sachidanandam R, Bourc’his D, Schaefer C, Pezic D, Toth KF, Bestor T,
Hannon GJ. 2008. A piRNA pathway primed by individual transposons is linked to de
novo DNA methylation in mice. Mol Cell. 31(6):799. d0i:10.1016/j.molcel.2008.09.003.
Ayarpadikannan S, Lee H-E, Han K, Kim H-S. 2015. Transposable element-driven
transcript diversification and its relevance to genetic disorders. Gene. 558(2):187-194.
doi:10.1016/j.gene.2015.01.039.

B

Babaian A, Romanish MT, Gagnier L, Kuo LY, Karimi MM. 2015. Onco-exaptation of
an endogenous retroviral LTR drives IRF5 expression in Hodgkin lymphoma.

Oncogene. 35:2542-46.

Balachandran S, Beg AA. 2011. Defining emerging roles for NF-kB in antivirus responses:

109



revisiting the interferon-g enhanceosome paradigm. PLoS Pathog. 7(10):e1002165.
doi:10.1371/journal.ppat.1002165.

Ballmaier M, Germeshausen M, Schulze H, Cherkaoui K, Lang S, Gaudig A,
Krukemeier S, Eilers M, Straufs G, Welte K. 2001. c-mpl mutations are the cause of
congenital amegakaryocytic thrombocytopenia. Blood. 97(1):139-146.
do0i:10.1182/blood.V97.1.139.

Barbieri D, Elvira-Matelot E, Pelinski Y, Geneve L, de Laval B, Yogarajah G, Pecquet
C, Constantinescu SN, Porteu F. 2018. Thrombopoietin protects hematopoietic stem

cells from retrotransposon-mediated damage by promoting an antiviral response. ]
Exp Med. 215(5):1463-1480. d0i:10.1084/jem.20170997.

Bartholomew C, Morishita K, Askew D, Buchberg A, Jenkins NA, Copeland NG, Thle
JN. 1989. Retroviral insertions in the CB-1/Fim-3 common site of integration activate
expression of the Evi-1 gene. Oncogene. 4(5):529-534.

Bartley T. 1994. Identification and cloning of a megakaryocyte growth and
development factor that is a ligand for the cytokine receptor Mpl. Cell. 77(7):1117-
1124. d0i:10.1016/0092-8674(94)90450-2.

Basagoudanavar SH, Thapa RJ, Nogusa S, Wang ], Beg AA, Balachandran S. 2011.
Distinct roles for the NF-kappa B RelA subunit during antiviral innate immune
responses. ] Virol. 85(6):2599-2610. doi:10.1128/JV1.02213-10.

Baubec T, Colombo DF, Wirbelauer C, Schmidt ], Burger L, Krebs AR, Akalin A,
Schiibeler D. 2015. Genomic profiling of DNA methyltransferases reveals a role for
DNMT3B in genic methylation. Nature. 520(7546):243-247. d0i:10.1038/nature14176.

Baum CM, Weissman IL, Tsukamoto AS, Buckle AM, Peault B. 1992. Isolation of a
candidate human hematopoietic stem-cell population. Proc Natl Acad Sci. 89(7):2804—
2808. d0i:10.1073/pnas.89.7.2804.

Beerman I, Bock C, Garrison BS. 2013. Proliferation-dependent alterations of the DNA
methylation landscape underlie he- matopoietic stem cell aging. Cell Stem Cell. 12(4).

Beerman I, Seita J, Inlay MA, Weissman IL, Rossi DJ. 2014. Quiescent Hematopoietic
Stem Cells Accumulate DNA Damage during Aging that Is Repaired upon Entry into
Cell Cycle. Cell Stem Cell. 15(1):37-50. d0i:10.1016/j.stem.2014.04.016.

Bektas A, Schurman SH, Sen R, Ferrucci L. 2018. Aging, inflammation and the environ-
ment. Exp Gerontol. 105:10-18.

110



Belancio VP, Hedges DJ, Deininger P. 2008. Mammalian non-LTR retrotransposons:
For better or worse, in sickness and in health. Genome Res. 18(3):343-358.
doi:10.1101/gr.5558208.

Benveniste P, Frelin C, Janmohamed S, Barbara M, Herrington R, Hyam D, Iscove NN.
2010. Intermediate-term hematopoietic stem cells with extended but time-limited
reconstitution potential. Cell Stem Cell. 6:48-58.

Berman BP, Weisenberger DJ, Aman JF, Hinoue T, Ramjan Z, Liu Y, Noushmehr H,
Lange CPE, van Dijk CM, Tollenaar RAEM, et al. 2011. Regions of focal DNA
hypermethylation and long-range hypomethylation in colorectal cancer coincide with
nuclear lamina-associated domains. Nat Genet. 44(1):40-46. doi:10.1038/ng.969.

Bernitz JM, Kim HS, MacArthur B, Sieburg H, Moore K. 2016. Hematopoietic Stem
Cells Count and Remember Self-Renewal Divisions. Cell. 167(5):1296-1309.e10.
doi:10.1016/j.cell.2016.10.022.

Boeke JD. 1997. LINEs and Alus — the polyA connection. Nat Genet. 16(1):6-7.
doi:10.1038/ng0597-6.

de Boer J. 2002. Premature Aging in Mice Deficient in DNA Repair and Transcription.
Science. 296(5571):1276-1279. doi:10.1126/science.1070174.

Boissinot S, Davis ], Entezam A, Petrov D, Furano AV. 2006. Fitness cost of LINE-1 (L1)
activity in humans. Proc Natl Acad Sci USA. 103:9590-9594.

Boissinot S, Furano AV. 2001. Adaptive evolution in LINE-1 retrotransposons. Mol
Biol Evol. 18:2186-2194.

Bourc’his D, Bestor TH. 2004. Meiotic catastrophe and retrotransposon reactivation in
male germ cells lacking Dnmt3L. Nature. 431(7004):02886. doi:d0i:10.1038/.

Bourque G, Burns KH, Gehring M, Gorbunova V, Seluanov A, Hammell M, Imbeault
M, Izsvak Z, Levin HL, Macfarlan TS, et al. 2018. Ten things you should know about
transposable elements. Genome Biol. 19(1):199. doi:10.1186/s13059-018-1577-z.

Brouha B, Schustak J, Badge RM, Lutz-Prigge S, Farley AH, Moran ]V, Kazazian HH.
2003. Hot L1s account for the bulk of retrotransposition in the human population. Proc

Natl Acad Sci U S A. 100(9):5280-5285. d0i:10.1073/pnas.0831042100.

Brown S, Zeidler MP. 2008. Unphosphorylated STATs go nuclear. Curr Opin Genet
Dev. 18(5):455-460. d0i:10.1016/j.gde.2008.09.002.

111



Bulut-Karslioglu A, De La Rosa-Velazquez IA, Ramirez F, Barenboim M, Onishi-
Seebacher M, Arand ], Galan C, Winter GE, Engist B, Gerle B, et al. 2014. Suv3%h-
Dependent H3K9me3 Marks Intact Retrotransposons and Silences LINE Elements in
Mouse Embryonic Stem Cells. Mol Cell. 55(2):277-290.
doi:10.1016/j.molcel.2014.05.029.

Burwinkel B, Kilimann MW. 1998. Unequal homologous recombination between
LINE-1 elements as a mutational mechanism in human genetic disease. ] Mol Biol.
277:513-517.

Buzdin A, Gogvadze E, Kovalskaya E, Volchkov P, Ustyugova S, Illarionova A, Fushan
A, Vinogradova T, Sverdlov E. 2003. The human genome contains many types of
chimeric retrogenes generated through in vivo RNA recombination. Nucleic Acids
Res. 31:4385—4390.

C:

Cabezas-Wallscheid N. 2017. Vitamin A-retinoic acid signaling regulates
hematopoietic stem cell dormancy. Cell. 169:807-823.

Cabot EL, Angeletti B, Usdin K, Furano AV. 1997. Rapid evolution of a young L1
(LINE-1) clade in recently speciated Rattus taxa. ] Mol Evol. 45:412-423.

Calvanese V, Fernandez AF, Urdinguio RG, Sudrez-Alvarez B, Mangas C, Pérez-
Garcia V, Bueno C, Montes R, Ramos-Mejia V, Martinez-Camblor P, et al. 2012. A
promoter DNA demethylation landscape of human hematopoietic differentiation.
Nucleic Acids Res. 40(1):116-131. d0i:10.1093/nar/gkr685.

Cafadas I, Thummalapalli R, Kim JW, Kitajima S, Jenkins RW. 2018. Tumor innate
immunity primed by specific interferon-stimulated endogenous retroviruses. Nat
Med. 24:1143-50.

Cancer Genome Atlas Research Network, Ley TJ, Miller C, Ding L, Raphael B]J,
Mungall AJ, Robertson AG, Hoadley K, Triche TJ, Laird PW, et al. 2013. Genomic and

epigenomic landscapes of adult de novo acute myeloid leukemia. N Engl ] Med.
368(22):2059-2074. d0i:10.1056/NEJMo0a1301689.

Cao Y, Chen G, Wu G, Zhang X, McDermott J, Chen X, Xu C, Jiang Q, Chen Z, Zeng Y,
et al. 2019. Widespread roles of enhancer-like transposable elements in cell identity
and long-range  genomic  interactions. @ Genome  Res.  29(1):40-52.

doi:10.1101/gr.235747.118.

Carlton VE, Harris BZ, Puffenberger EG, Batta AK, Knisely AS, Robinson DL, Strauss

112



KA, Shneider BL, Lim WA, Salen G, et al. 2003. Complex inheritance of familial
hypercholanemia with associated mutations in TJP2 and BAAT. Nat Genet. 34:91-96.
Carvalho CMB, Lupski JR. 2016. Mechanisms underlying structural variant formation
in genomic disorders. Nat Rev Genet. 17(4):224-238. d0i:10.1038/nrg.2015.25.

Catlin SN, Busque L, Gale RE, Guttorp P, Abkowitz JL. 2011. The replication rate of
human hematopoietic stem cells in vivo. Blood. 117:4460-4466.

Chachoua I, Pecquet C, El-Khoury M, Nivarthi H, Albu R-I, Marty C, Gryshkova V,
Defour J-P, Vertenoeil G, Ngo A, et al. 2016. Thrombopoietin receptor activation by

myeloproliferative neoplasm associated calreticulin mutants. Blood. 127(10):1325-
1335. d0i:10.1182/blood-2015-11-681932.

Challen GA, Sun D, Jeong M, Luo M, Jelinek J, Berg JS, Bock C, Vasanthakumar A, Gu
H, Xi Y. 2011. Dnmt3a is essential for hematopoietic stem cell differentiation. Nat
Genet. 44:23-31.

Challen GA, Sun D, Mayle A, Jeong M, Luo M, Rodriguez B, Mallaney C, Celik H,
Yang L, Xia Z. 2014. Dnmt3a and Dnmt3b Have Overlapping and Distinct Functions
in Hematopoietic Stem Cells. Cell Stem Cell. 15:350-364.

Chambers SM. 2007. Hematopoietic fingerprints: an expression database of stem cells
and their progeny. Cell Stem Cell. 1:578-591.

Chambers SM, Shaw CA, Gatza C, Fisk CJ, Donehower LA, Goodell MA. 2007. Aging
Hematopoietic Stem Cells Decline in Function and Exhibit Epigenetic Dysregulation.
Dillin A, editor. PLoS Biol. 5(8):e201. doi:10.1371/journal.pbio.0050201.

Chen Z, Amro EM, Becker F, Holzer M, Rasa SMM, Njeru SN, Han B, Di Sanzo S, Chen
Y, Tang D, et al. 2019. Cohesin-mediated NF-kB signaling limits hematopoietic stem
cell self-renewal in aging and inflammation. ] Exp Med. 216(1):152-175.
doi:10.1084/jem.20181505.

Cheon H, Holvey-Bates EG, Schoggins JW, Forster S, Hertzog P, Imanaka N, Rice CM,
Jackson MW, Junk DJ, Stark GR. 2013. IFNB-dependent increases in STAT1, STAT2,
and IRF9 mediate resistance to viruses and DNA damage. EMBO ]J. 32(20):2751-2763.
doi:10.1038/emboj.2013.203.

Chiappinelli KB, Strissel PL, Desrichard A, Li H, Henke C, Akman B, Hein A, Rote NS,
Cope LM, Snyder A, et al. 2015. Inhibiting DNA Methylation Causes an Interferon
Response in Cancer via dsRNA Including Endogenous Retroviruses. Cell. 162(5):974—
986. d0i:10.1016/j.cell.2015.07.011.

113



Chiba S. 2006. Notch signaling in stem cell systems. Stem Cells Dayt Ohio. 24(11):2437-
2447. doi:10.1634/stemcells.2005-0661.

Christensen JL, Weissman IL. 2001. Flk-2 is a marker in hematopoietic stem cell
differentiation: A simple method to isolate long-term stem cells. Proc Natl Acad Sci.
98(25):14541-14546. doi:10.1073/pnas.261562798.

Chuong EB, Elde NC, Feschotte C. 2016. Regulatory evolution of innate immunity
through co-option of endogenous retroviruses. Science. 351(6277):1083-1087.
doi:10.1126/science.aad5497.

Chuong EB, Elde NC, Feschotte C. 2017. Regulatory activities of transposable
elements: from conflicts to benefits. Nat Rev Genet. 18(2):71-86.
d0i:10.1038/nrg.2016.139.

Ciaudo C, Jay F, Okamoto I, Chen CJ, Sarazin A, Servant N, Barillot E, Heard E,
Voinnet O. 2013. RNAi-dependent and independent control of LINE1 accumulation

and mobility in mouse embryonic stem cells. PLoS Genet. 9(11):1003791.
doi:doi:10.1371/.

Conway T, Wazny ], Bromage A, Tymms M, Sooraj D, Williams ED, Beresford-Smith
B. 2012. Xenome--a tool for classifying reads from xenograft samples. Bioinforma Oxf
Engl. 28(12):1172-178. d0i:10.1093/bioinformatics/bts236.

Cook PR, Jones CE, Furano AV. 2015. Phosphorylation of ORF1p is required for L1
retrotransposition. Proc Natl Acad Sci. 112(14):4298-4303.
doi:10.1073/pnas.1416869112.

Corces MR. 2016. Lineage-specific and single-cell chromatin accessibility charts human
hematopoiesis and leukemia evolution. Nat Genet. 48:1193-1203.

Crichton JH, Dunican DS, Maclennan M, Meehan RR, Adams IR. 2014. Defending the
genome from the enemy within: mechanisms of retrotransposon suppression in the
mouse germline. Cell Mol Life Sci CMLS. 71:1581-1605.

Crowther P, Doherty J, Linsenmeyer M, Williamson M, Woodcock D. 1991. Revised
genomic consensus for the hypermethylated CpG island region of the human L1
transposon and integration sites of full length L1 elements from recombinant clones
made using methylation-tolerant host strains. Nucleic Acids Res. 19(9).

Cuellar TL, Herzner A-M, Zhang X, Goyal Y, Watanabe C. 2017. Silencing of

retrotransposons by SETDBI inhibits the interferon response in acute myeloid
leukemia. J Cell Biol. 216:3535—49.

114



De Cecco M, Ito T, Petrashen AP, Elias AE, Skvir NJ, Criscione SW, Caligiana A,
Brocculi G, Adney EM, Boeke ]JD, et al. 2019. L1 drives IFN in senescent cells and
promotes age-associated inflammation. Nature. 566(7742):73-78. doi:10.1038/s41586-
018-0784-9.

D:

De Haan G, Lazare SS. 2018. Aging of hematopoietic stem cells. Blood. 131:479-487.
De Haan G, Nijhof W, Van Zant G. 1997. Mouse strain-dependent changes in
frequency and proliferation of hematopoietic stem cells during aging: Correlation
between lifespan and cycling activity. Blood. 89:1543-1550.

DeBerardinis RJ, Kazazian HH. 1999. Analysis of the promoter from an expanding
mouse retrotransposon subfamily. Genomics. 56(3).

Dehkhoda F, Lee CMM, Medina J, Brooks AJ. 2018. The Growth Hormone Receptor:
Mechanism of Receptor Activation, Cell Signaling, and Physiological Aspects. Front
Endocrinol. 9:35. d0i:10.3389/fend0.2018.00035.

Deininger PL. 2002. Mammalian Retroelements. Genome Res. 12(10):1455-1465.
doi:10.1101/gr.282402.

Deininger PL, Moran JV, Batzer MA, Kazazian HH. 2003. Mobile elements and
mammalian genome evolution. Curr Opin Genet Dev. 13(6):651-658.
doi:10.1016/j.gde.2003.10.013.

de Laval B, Pawlikowska P, Petit-Cocault L, Bilhou-Nabera C, Aubin-Houzelstein G,
Souyri M, Pouzoulet F, Gaudry M, Porteu F. 2013. Thrombopoietin-Increased DNA-
PK-Dependent DNA Repair Limits Hematopoietic Stem and Progenitor Cell
Mutagenesis in Response to DNA Damage. Cell Stem Cell. 12(1):37-48.
doi:10.1016/j.stem.2012.10.012.

Dixit E, Boulant S, Zhang Y, Lee ASY, Odendall C, Shum B, Hacohen N, Chen Z]J,
Whelan SP, Fransen M, et al. 2010. Peroxisomes are signaling platforms for antiviral
innate immunity. Cell. 141(4):668-681. d0i:10.1016/j.cell.2010.04.018.

Djeghloul D, Kuranda K, Kuzniak I, Barbieri D, Naguibneva I, Choisy C, Bories J-C,
Dosquet C, Pla M, Vanneaux V, et al. 2016. Age-Associated Decrease of the Histone
Methyltransferase SUV39H1 in HSC Perturbs Heterochromatin and B Lymphoid
Ditferentiation. Stem Cell Rep. 6(6):970-984. doi:10.1016/j.stemcr.2016.05.007.

Dmitriev SE, Andreev DE, Terenin IM, Olovnikov IA, Prassolov VS, Merrick WC,
Shatsky IN. 2007. Efficient translation initia- tion directed by the 900-nucleotide-long

115



and GC-rich 5" untranslated region of the human retrotransposon LINE-1 mRNA is
strictly cap dependent rather than internal ribosome entry site mediated. Mol Cell Biol.
27(13).

Doolittle WF, Sapienza C. 1980. Selfish genes, the phenotype paradigm and genome
evolution. Nature. 284(5757):601-603. doi:10.1038/284601a0.

Doulatov S, Notta F, Eppert K, Nguyen LT, Ohashi PS, Dick JE. 2010. Revised map of
the human progenitor hierarchy shows the origin of macrophages and dendritic cells
in early lymphoid development. Nat Immunol. 11(7):585-593. d0i:10.1038/ni.1889.

Doulatov S, Notta F, Laurenti E, Dick JE. 2012. Hematopoiesis: A Human Perspective.
Cell Stem Cell. 10(2):120-136. doi:10.1016/j.stem.2012.01.006.

Drachman ]G, Millett KM, Kaushansky K. 1999. Thrombopoietin signal transduction
requires function- al JAK2, not TYK2. ] Biol Chem. 274:13480—4.

Duttke SH, Chang MW, Heinz S, Benner C. 2019. Identification and dynamic
quantification of regulatory elements using total RNA. Genome Res. 29(11):1836-1846.
doi:10.1101/gr.253492.119.

Dykstra B, Olthof S, Schreuder ], Ritsema M, Haan G. 2011. Clonal analysis reveals
multiple functional defects of aged murine hemato- poietic stem cells. ] Exp Med.
208(13):2691-2703.

E:

Ea C-K, Baltimore D. 2009. Regulation of NF-«B activity through lysine
monomethylation of p65. Proc Natl Acad Sci. 106(45):18972-18977.
doi:10.1073/pnas.0910439106.

Ecco G, Cassano M, Kauzlaric A, Duc J, Coluccio A, Offner S, Imbeault M, Rowe HM,
Turelli P, Trono D. 2016. Transposable Elements and Their KRAB-ZFP Controllers
Regulate Gene Expression in Adult Tissues. Dev Cell. 36:611-623.

Egger G, Liang G, Aparicio A, Jones PA. 2004. Epigenetics in human disease and
prospects for epigenetic therapy. Nature. 429(6990):457-463. doi:10.1038/nature02625.
Eldredge JH. 1951. Recovery from radiation injury. Science. 113:510-511.

Elsharkawy AM, Oakley F, Lin F, Packham G, Mann DA, Mann ]. 2010. The NF-«xB

p50:p50:HDAC-1 repressor complex orchestrates transcriptional inhibition of multiple
pro-inflammatory genes. ] Hepatol. 53(3):519-527. d0i:10.1016/j.jhep.2010.03.025.

116



Eskeland R, Leeb M, Grimes GR, Kress C, Boyle S, Sproul D, Gilbert N, Fan Y, Skoultchi
Al Wutz A, et al. 2010. RinglB compacts chromatin structure and represses gene
expression independent of histone ubiquitination. Mol Cell. 38:452—-464.

Espin-Palazon R, Stachura DL, Campbell CA, Garcia-Moreno D, Del Cid N, Kim AD,
Candel S, Meseguer ], Mulero V, Traver D. 2014. Proinflammatory signaling regulates
hematopoietic stem cell emergence. Cell. 159(5):1070-1085.
doi:10.1016/j.cell.2014.10.031.

Ewels P, Magnusson M, Lundin S, Kaller M. 2016. MultiQC: summarize analysis
results for multiple tools and samples in a single report. Bioinforma Oxf Engl.
32(19):3047-3048. d0i:10.1093/bioinformatics/btw354.

Fang ], Bolanos LC, Choi K, Liu X, Christie S, Akunuru S, Kumar R, Wang D, Chen X,
Greis KD, et al. 2017. Ubiquitination of hnRNPA1 by TRAF6 links chronic innate
immune signaling with myelodysplasia. Nat Immunol. 18(2):236-245.
do0i:10.1038/ni.3654.

F.

Fang ], Muto T, Kleppe M, Bolanos LC, Hueneman KM, Walker CS, Sampson L,
Wellendorf AM, Chetal K, Choi K, et al. 2018. TRAF6 Mediates Basal Activation of NF-
kB Necessary for Hematopoietic Stem Cell Homeostasis. Cell Rep. 22(5):1250-1262.
doi:10.1016/j.celrep.2018.01.013.

Fang J, Rhyasen G, Bolanos L, Rasch C, Varney M, Wunderlich M, Goyama S, Jansen
G, Cloos ], Rigolino C, et al. 2012. Cytotoxic effects of bortezomib in myelodysplastic
syndrome/acute myeloid leukemia depend on autophagy-mediated lysosomal
degradation of TRAF6 and repression of PSMAI1. Blood. 120(4):858-867.
doi:10.1182/blood-2012-02-407999.

Farlik M. 2016. DNA methylation dynamics of human hematopoietic stem cell
differentiation. Cell Stem Cell. 19:808-822.

Fasching L, Kapopoulou A, Sachdeva R, Petri R, Jonsson ME, Manne C, Turelli P, Jern
P, Cammas F, Trono D, et al. 2015. TRIM28 Represses Transcription of Endogenous
Retroviruses in  Neural  Progenitor Cells. Cell Rep.  10(1):20-28.
doi:10.1016/j.celrep.2014.12.004.

Faulkner GJ, Kimura Y, Daub CO, Wani S, Plessy C, Irvine KM, Schroder K, Cloonan

N, Steptoe AL, Lassmann T, et al. 2009. The regulated retrotransposon transcriptome
of mammalian cells. Nat Genet. 41(5):563-571. doi:10.1038/ng.368.

117



Fedoroff NV. 2012. Presidential address. Transposable elements, epigenetics, and
genome evolution. Science. 338(6108):758-767. doi:10.1126/science.338.6108.758.

Fichelson S, Freyssinier J-M, Picard F, Fontenay-Roupie M, Guesnu M, Cherai M,
Gisselbrecht S, Porteu F. 1999. Megakaryocyte Growth and Development Factor-
Induced Proliferation and Differentiation Are Regulated by the Mitogen-Activated
Protein Kinase Pathway in Primitive Cord Blood Hematopoietic Progenitors. Blood.
94(5):1601-1613. d0i:10.1182/blood.V94.5.1601.

Filkowski JN, Ilnytskyy Y, Tamminga ], Koturbash I, Golubov A, Bagnyukova T,
Pogribny IP, Kovalchuk O. 2010. Hypomethylation and genome instability in the
germline of exposed parents and their progeny is associated with altered miRNA
expression. Carcinogenesis. 31(6):1110-1115. d0i:10.1093/carcin/bgp300.

Finnegan DJ. 1989. Eukaryotic transposable elements and genome evolution. Trends
Genet. 5:103-107. d0i:10.1016/0168-9525(89)90039-5.

Florian MC. 2012. Cdc42 activity regulates hematopoietic stem cell aging and
rejuvenation. Cell Stem Cell. 10:520-530.

Florian MC, Geiger H. 2010. Concise review: Polarity in stem cells, disease, and aging.
Stem Cells. 28:1623-1629.

Foudi A. 2009. Analysis of histone 2B-GFP retention reveals slowly cycling
hematopoietic stem cells. Nat Biotechnol. 27:84-90.

Fox N, Priestley G, Papayannopoulou T, Kaushansky K. 2002. Thrombopoietin
expands hematopoietic stem cells after transplantation. ] Clin Invest. 110:389—- 394.

Fraga MF, Ballestar E, Paz MF, Ropero S, Setien F, Ballestar ML, Heine-Suner D,
Cigudosa JC, Urioste M, Benitez J, et al. 2005. From The Cover: Epigenetic differences
arise during the lifetime of monozygotic twins. Proc Natl Acad Sci. 102(30):10604—
10609. doi:10.1073/pnas.0500398102.

Friedberg EC, Meira LB. 2003. Database of mouse strains carrying targeted mutations
in genes affecting biological responses to DNA damage. Version 5. DNA Repair.
2(5):501-530. d0i:10.1016/s1568-7864(03)00005-3.

Friedli M, Trono D. 2015. The developmental control of transposable elements and the
evolution of higher species. Annu Rev Cell Dev Biol. 31:429-451. doi:10.1146/annurev-
cellbio-100814-125514.

Fujii H. 2007. Mechanisms of Signal Transduction from Receptors of Type I and Type

118



IT Cytokines. ] Immunotoxicol. 4(1):69-76. doi:10.1080/15476910601154779.

Fuks F. 2003. The DNA methyltransferases associate with HP1 and the SUV39H1
histone methyltransferase. Nucleic Acids Res. 31(9):2305-2312.
doi:10.1093/nar/gkg332.

Furano AV. 2000. The biological properties and evolutionary dynamics of mammalian
LINE-1 retrotransposons. In: Progress in Nucleic Acid Research and Molecular
Biology. Vol. 64. Elsevier. p. 255-294. [accessed 2020 Apr 8].
https://linkinghub.elsevier.com/retrieve/pii/S0079660300640072.

G:

Garcia J, de Gunzburg ], Eychene A, Gisselbrecht S, Porteu F. 2001. Thrombopoietin-
Mediated Sustained Activation of Extracellular Signal-Regulated Kinase in UT7-Mpl
Cells Requires Both Ras—Raf-1- and Rap1-B-Raf-Dependent Pathways. Mol Cell Biol.
21(8):2659-2670. d0i:10.1128/MCB.21.8.2659-2670.2001.

Garcia-Perez JL, Widmann TJ, Adams IR. 2016. The impact of transposable elements
on mammalian development. Development. 143(22):4101-4114.
doi:10.1242/dev.132639.

Geiger H, Haan G, Florian MC. 2013. The ageing haematopoietic stem cell
compartment. Nat Rev Immunol. 13:376-389.

Gillis NK, Ball M, Zhang Q, Ma Z, Zhao Y, Yoder §J, Balasis ME, Mesa TE, Sallman
DA, Lancet JE, et al. 2017. Clonal haemopoiesis and therapy-related myeloid

malignancies in elderly patients: a proof-of-concept, case-control study. Lancet Oncol.
18(1):112-121. doi:10.1016/51470-2045(16)30627-1.

Gilmore TD. 2006. Introduction to NF-«B: players, pathways, perspectives. Oncogene.
25(51):6680-6684. d0i:10.1038/sj.onc.1209954.

Gogvadze E, Barbisan C, Lebrun MH, Buzdin A. 2007. Tri- partite chimeric
pseudogene from the genome of rice blast fungus Magnaporthe grisea suggests double
template jumps during long interspersed nuclear element (LINE) reverse tran-
scription. BMC Genomics. 8(360).

Gogvadze E, Buzdin A. 2009. Retroelements and their impact on genome evolution
and functioning. Cell Mol Life Sci. 66(23):3727-3742. do0i:10.1007/s00018-009-0107-2.
Goodier JL. 2016. Restricting retrotransposons: a review. Mob DNA. 7(16).

Goodier JL, Cheung LE, Kazazian HH. 2012. MOV10 RNA Helicase Is a Potent

119



Inhibitor of Retrotransposition in Cells. Malik HS, editor. PLoS Genet. 8(10):e1002941.
doi:10.1371/journal.pgen.1002941.

Goodier JL, Pereira GC, Cheung LE, Rose R], Kazazian HH. 2015. The Broad-Spectrum
Antiviral Protein ZAP Restricts Human Retrotransposition. Malik HS, editor. PLOS
Genet. 11(5):21005252. doi:10.1371/journal.pgen.1005252.

Goodier JL, Zhang L, Vetter MR, Kazazian HH. 2007. LINE-1 ORF1 Protein Localizes
in Stress Granules with Other RNA-Binding Proteins, Including Components of RNA
Interference RNA-Induced Silencing Complex. Mol Cell Biol. 27(18):6469-6483.
doi:10.1128/MCB.00332-07.

Goto M. 1997. Hierarchical deterioration of body systems in Werner’s syndrome:
implications for normal ageing. Mech Ageing Dev. 98(3):239-254. doi:10.1016/s0047-
6374(97)00111-5.

Goyama S, Nitta E, Yoshino T, Kako S, Watanabe-Okochi N, Shimabe M, Imai Y,
Takahashi K, Kurokawa M. 2010. EVI-1 interacts with histone methyltransferases
SUV39H1 and GYa for transcriptional repression and bone marrow immortalization.
Leukemia. 24(1):81-88. d0i:10.1038/leu.2009.202.

de Graaf CA, Metcalf D. 2011. Thrombopoietin and hematopoietic stem cells. Cell
Cycle. 10(10):1582-1589. d0i:10.4161/cc.10.10.15619.

Grant CE, Bailey TL, Noble WS. 2011. FIMO: scanning for occurrences of a given motif.
Bioinformatics. 27(7):1017-1018. doi:10.1093/bioinformatics/btr064.

Grigoryan A, Guidi N, Senger K, Liehr T, Soller K, Marka G, Vollmer A, Markaki Y,
Leonhardt H, Buske C, et al. 2018. LaminA/C regulates epigenetic and chromatin
architecture changes upon aging of hematopoietic stem cells. Genome Biol. 19(1):189.
doi:10.1186/s13059-018-1557-3.

Gu B, Lee M. 2013. Histone H3 lysine 4 methyltransferases and demethylases in self-
renewal and differentiation of stem cells. Cell Biosci. 3(1):39. d0i:10.1186/2045-3701-3-
39.

Guenther KL, Cheruku PS, Cash A, Smith RH, Alvarado L], Burkett S, Townsley DM,
Winkler T, Larochelle A. 2019. Eltrombopag promotes DNA repair in human

hematopoietic  stem and  progenitor cells. Exp Hematol. 73:1-6.e6.
doi:10.1016/j.exphem.2019.03.002.

Guler GD, Tindell CA, Pitti R, Wilson C, Nichols K, Hata K, Okano M, Lei H, Li E.
2017. Repression of stress-induced LINE-1 expression protects cancer cell

120



subpopulations from lethal drug exposure. Cancer Cell. 32(1983-93):221-37.
Gurney AL, Carver-Moore K, Sauvage FJ], Moore MW. 1994. Thrombocytopenia in c-
mpl-deficient mice. Science. 265:1445-7.

H:

Han JS, Szak ST, Boeke JD. 2004. Transcriptional disruption by the L1 retrotransposon
and implications for mammalian tran- scriptomes. Nature. 429:268-274.

Han K, Lee J, Meyer TJ, Remedios P, Goodwin L, Batzer MA. 2008. L1 recombination-
associated deletions generate human genomic variation. Proc Natl Acad Sci.
105(49):19366-19371. doi:10.1073/pnas.0807866105.

Hao QL, Thiemann FT, Petersen D, Smogorzewska EM, Crooks GM. 1996. Extended
long-term culture reveals a highly quiescent and primitive human hematopoietic
progenitor population. Blood. 88(9):3306-3313.

Harman D. 1956. Aging: A Theory Based on Free Radical and Radiation Chemistry. ]
Gerontol. 11(3):298-300. d0i:10.1093/geron;j/11.3.298.

Hasan M, Koch ], Rakheja D, Pattnaik AK, Brugarolas J, Dozmorov I, Levine B,
Wakeland EK, Lee-Kirsch MA, Yan N. 2013. Trex1 regulates lysosomal biogenesis and
interferon-independent activation of antiviral genes. Nat Immunol. 14(1):61-71.
do0i:10.1038/ni.2475.

Hasler J, Strub K. 2006. Alu elements as regulators of gene expression. Nucleic Acids
Res. 34(19):5491-5497. d0i:10.1093/nar/gkl706.

Hata K, Okano M, Lei H, Li E. 2002. Dnmt3L cooperates with the Dnmt3 family of de
novo DNA methyltransferases to establish maternal imprints in mice. Dev Camb Engl.
129(8):1983-1993.

Hata K, Sakaki Y. 1997. Identification of critical CpG sites for repression of L1
transcription by DNA methylation. Gene. 189(2).

Hayashi T, Kusunoki Y, Hakoda M, Morishita Y, Kubo Y, Maki M, Kasagi F, Kodama
K, Macphee DG, Kyoizumi S. 2003. Radiation dose-dependent increases in
inflammatory response markers in A-bomb survivors. Interna- Tional ] Radiat Biol.
79:129-136.

Hayden MS, Ghosh S. 2014. Regulation of NF-xB by TNF family cytokines. Semin
Immunol. 26(3):253-266. d0i:10.1016/j.smim.2014.05.004.

121



Heinz S, Benner C, Spann N, Bertolino E, Lin YC, Laslo P, Cheng JX, Murre C, Singh
H, Glass CK. 2010. Simple combinations of lineage-determining transcription factors
prime cis-regulatory elements required for macrophage and B cell identities. Mol Cell.
38(4):576-589. d0i:10.1016/j.molcel.2010.05.004.

Heras SR, Macias S, Plass M, Fernandez N, Cano D, Eyras E, Garcia-Perez JL, Caceres
JE. 2013. The Microprocessor controls the activity of mammalian retrotransposons. Nat
Struct Mol Biol. 20(10):1173-1181. doi:10.1038/nsmb.2658.

Herquel B, Ouararhni K, Martianov I, Le Gras S, Ye T, Keime C, Lerouge T, Jost B,
Cammas F, Losson R. 2013. Trim24-repressed VL30 retrotransposons regulate gene
expression by producing noncoding RNA. Nat Struct Mol Biol. 20:339-346.

Hitchcock IS, Kaushansky K. 2014. Thrombopoietin from beginning to end. Br ]
Haematol. 165(2):259-268. d0i:10.1111/bjh.12772.

Ho TT. 2017. Autophagy maintains the metabolism and function of young and old
stem cells. Nature. 543:205-210.

Holoch D, Moazed D. 2015. RNA-mediated epigenetic regulation of gene expression.
Nat Rev Genet. 16(2):71-84. d0i:10.1038/nrg3863.

Horemans N, Spurgeon DJ, Lecomte-Pradines C, Saenen E, Bradshaw C, Oughton D,
Rasnaca I, Kamstra JH, Adam-Guillermin C. 2019. Current evidence for a role of
epigenetic mechanisms in response to ionizing radiation in an ecotoxicological contex.
Environ Pollut. 251:469-483. doi:10.1016/j.envpol.2019.04.125.

Houck CM, Rinehart FP, Schmid CW. 1979. A ubiquitous family of repeated DNA
sequences in the human genome. ] Mol Biol. 132(3):289-306. doi:10.1016/0022-
2836(79)90261-4.

Hsu WL, Tatsukawa Y, Neriishi K, Yamada M, Cologne J, Fujiwara S. 2010. Longitudi-
nal trends of total white blood cell and differen- tial white blood cell counts of atomic
bomb survivors. ] Radiat Res (Tokyo). 51:431-439.
Hu X, Dutta P, Tsurumi A, Li J, Wang J, Land H, Li WX. 2013. Unphosphorylated
STAT5A stabilizes heterochromatin and suppresses tumor growth. Proc Natl Acad Sci.
110(25):10213-10218. d0i:10.1073/pnas.1221243110.

Huang S, Terstappen LW. 1994. Lymphoid and myeloid differentiation of single
human CD34+, HLA-DR+, CD38- hematopoietic stem cells. Blood. 83(6):1515-1526.

Huda A, Bushel PR. 2013. Widespread Exonization of Transposable Elements in

122



Human Coding Sequences is Associated with Epigenetic Regulation of Transcription.
Transcr Open Access. 1(1). doi:10.4172/2329-8936.1000101.

Hur K, Cejas P, Feliu J, Moreno-Rubio ], Burgos E, Boland CR, Goel A. 2014.
Hypomethylation of long interspersed nuclear element-1 (LINE-1) leads to activation
of proto-oncogenes in human colorectal cancer metastasis. Gut. 63(4):635-646.
doi:10.1136/gutjnl-2012-304219.

Ikuta K, Weissman IL. 1992. Evidence that hematopoietic stem cells express mouse c-
kit but do not depend on steel factor for their generation. Proc Natl Acad Sci USA.
89:1502-1506.

International Human Genome Sequencing Consortium. 2001. Initial sequencing and
analysis of the human genome. Nature. 409(6822):860-921. doi:10.1038/35057062.

Isbel L, Srivastava R, Oey H, Spurling A, Daxinger L, Puthalakath H, Whitelaw E. 2015.
Trim33 Binds and Silences a Class of Young Endogenous Retroviruses in the Mouse
Testis; a Novel Component of the Arms Race between Retrotransposons and the Host
Genome. Lorincz MC, editor. PLOS Genet. 11(12):e1005693.
doi:10.1371/journal.pgen.1005693.

Ishak CA, Classon M, De Carvalho DD. 2018. Deregulation of retroelements as an
emerging therapeutic opportunity in cancer. Trends Cancer. 4:583-97.

Ishak CA, Marshall AE, Passos DT, White CR, Kim SJ. 2016. An RB-EZH2 complex
mediates silencing of repetitive DNA sequences. Mol Cell. 64:1074-87.

Ivanochko D, Halabelian L, Henderson E, Savitsky P, Jain H, Marcon E, Duan S,
Hutchinson A, Seitova A, Barsyte-Lovejoy D, et al. 2019. Direct interaction between
the PRDM3 and PRDM16 tumor suppressors and the NuRD chromatin remodeling
complex. Nucleic Acids Res. 47(3):1225-1238. d0i:10.1093/nar/gky1192.

Iwama A, Oguro H, Negishi M. 2004. Enhanced self-renewal of hematopoietic stem
cells mediated by the polycomb gene product Bmi-1. Immunity. 21(6):843-851.

I:

Jackson SP, Bartek J. 2009. The DNA-damage response in human biology and disease.
Nature. 461(7267):1071-1078. d0i:10.1038/nature08467.

Jacobs FM, Greenberg D, Nguyen N, Haeussler M, Ewing AD, Katzman S, Paten B,

Salama H SR, D. 2014. An evolutionary arms race between KRAB zinc-finger genes
ZNF91/93 and SVA/L1 retrotransposons. Nature. 516:242-245.

123



Jaiswal S, Fontanillas P, Flannick J. 2014. Age- related clonal hematopoiesis associated
with adverse outcomes. N Engl ] Med. 371(26).

Jaiswal S, Natarajan P, Silver AJ, Gibson CJ, Bick AG, Shvartz E, McConkey M, Gupta
N, Gabriel S, Ardissino D. 2017. Clonal Hematopoiesis and Risk of Atherosclerotic
Cardiovascular Disease. N. Engl ] Med. 377:111-121.

Jang YY, Sharkis SJ. 2007. A low level of reactive oxygen species selects for primitive
hematopoietic stem cells that may reside in the low-oxygenic niche. Blood. 110:3056—
3063.

Jeannet R, Cai Q, Liu H, Vu H, Kuo Y-H. 2013. Alcam Regulates Long-Term
Hematopoietic Stem Cell Engraftment and Self-Renewal. STEM CELLS. 31(3):560-571.
doi:10.1002/stem.1309.

Ji H. 2010. Comprehensive methylome map of lineage commitment from
haematopoietic progenitors. Nature. 467:338-342.

K:

Kaer K, Branovets ], Hallikma A, Nigumann P, Speek M. 2011. Intronic L1
retrotransposons and nested genes cause transcriptional interference by inducing
intron retention, exonization and cryptic polyadenylation. PloS One. 6(10):e26099.
doi:10.1371/journal.pone.0026099.

KagoyaY, Yoshimi A, Kataoka K, Nakagawa M, Kumano K, Arai S, Kobayashi H, Saito
T, Iwakura Y, Kurokawa M. 2014. Positive feedback between NF-kB and TNF-a
promotes leukemia-initiating cell capacity. ] Clin Invest. 124(2):528-542.
doi:10.1172/JCI68101.

Kajikawa M, Okada N. 2002. LINEs Mobilize SINEs in the Eel through a Shared 3’
Sequence. Cell. 111(3):433—444. d0i:10.1016/S0092-8674(02)01041-3.

Kale S, Moore L, Deininger P, Roy-Engel A. 2005. Heavy Metals Stimulate Human
LINE-1 Retrotransposition. Int ] Environ Res Public Health. 2(1):14-23.
d0i:10.3390/ijerph2005010014.

Kamp C, Hirschmann P, Voss H, Huellen K, Vogt PH. 2000. Two long homologous
retroviral sequence blocks in proximal Yql1 cause AZFa microdeletions as a result of

intrachromoso- mal recombination events. Hum Mol Genet. 9:2563-2572.

Karimi MM, Goyal P, Maksakova IA, Bilenky M, Leung D, Tang JX, Shinkai Y, Mager
DL, Jones S, Hirst M, et al. 2011. DNA Methylation and SETDB1/H3K9me3 Regulate

124



Predominantly Distinct Sets of Genes, Retroelements, and Chimeric Transcripts in
mESCs. Cell Stem Cell. 8(6):676-687. d0i:10.1016/j.stem.2011.04.004.

Karolchik D, Hinrichs AS, Furey TS, Roskin KM, Sugnet CW, Haussler D, Kent WJ.
2004. The UCSC Table Browser data retrieval tool. Nucleic Acids Res. 32(Database
issue):D493-496. doi:10.1093/nar/gkh103.

Kassiotis G. 2014. Endogenous Retroviruses and the Development of Cancer. ]
Immunol. 192(4):1343-1349. d0i:10.4049/jimmunol.1302972.

Kaushansky K. 2006. Lineage-specific hematopoietic growth factors. N. Engl ] Med.
354:2034-2045.

Kelemen E, Cserhati I, Tanos B. 1958. Dem- onstration and some properties of human
thrombopoietin in thrombocythemic sera. Acta Haematol. 20:350-355.

Khan H, Smit A, Boissinot S. 2006. Molecular evolution and tempo of amplification of
human LINE-1 retrotransposons since the origin of primates. Genome Res. 16:78-87.

Kharchenko PV, Tolstorukov MY, Park PJ. 2008. Design and analysis of ChIP-seq
experiments for DNA-binding proteins. Nat Biotechnol. 26(12):1351-1359.
doi:10.1038/nbt.1508.

Kiel MJ, Yilmaz OH, Iwashita T, Terhorst C, Morrison SJ. 2005. SLAM family receptors
distinguish hematopoietic stem and progenitor cells and reveal endothelial niches for
stem cells. Cell. 121:1109-1121.

Kiesel A, Roth C, Ge W, Wess M, Meier M, Soding J. 2018. The BaMM web server for
de-novo motif discovery and regulatory sequence analysis. Nucleic Acids Res.
46(W1):W215-W220. do0i:10.1093/nar/gky431.

Kinoshita S, Akira S, Kishimoto T. 1992. A member of the C/EBP family, NF-IL6 beta,
forms a heterodimer and transcriptionally synergizes with NF-IL6. Proc Natl Acad Sci
U S A. 89(4):1473-1476. d0i:10.1073/pnas.89.4.1473.

Koide S, Oshima M, Takubo K, Yamazaki S, Nitta E, Saraya A, Aoyama K, Kato Y,
Miyagi S, Nakajima-Takagi Y. 2016. Setdbl Maintains Hematopoietic Stem and
Progenitor Cells by Restricting the Ectopic Activation of Non-Hematopoietic Genes.
Blood. 128:638-650.

Koito A, Tkeda T. 2011. Intrinsic restriction activity by AID/APOBEC family of

enzymes against the mobility of retroelements. Mob Genet Elem. 1(3):197-202.
doi:10.4161/mge.1.3.17430.

125



de Koning APJ, Gu W, Castoe TA, Batzer MA, Pollock DD. 2011. Repetitive Elements
May Comprise Over Two-Thirds of the Human Genome. Copenhaver GP, editor. PLoS
Genet. 7(12):e1002384. doi:10.1371/journal.pgen.1002384.

Kornblihtt AR. 2006. Chromatin, transcript elongation and alternative splicing. Nat
Struct Mol Biol. 13(1):5-7. doi:10.1038/nsmb0106-5.

Kovalchuk O, Baulch JE. 2008. Epigenetic changes and nontargeted radiation effects—
is there a link? Env Mol Mutagen. 49:16-25.

Kramer A, Challen GA. 2017. The epigenetic basis of hematopoietic stem cell aging.
Semin Hematol. 54:19-24.

Ku H, Yonemura Y, Kaushansky K, Ogawa M. 1996. Thrombopoietin, the ligand for
the Mpl receptor, synergizes with steel factor and other early acting cytokines in
supporting prolif- eration of primitive hematopoietic progenitors of mice. Blood.
87:4544-4551.

Kuranda K, Vargaftig J, de la Rochere P, Dosquet C, Charron D, Bardin F, Tonnelle C,
Bonnet D, Goodhardt M. 2011. Age-related changes in human hematopoietic
stem/progenitor cells: Aging of human HSC. Aging Cell. 10(3):542-546.
doi:10.1111/j.1474-9726.2011.00675.x.

Kuter DJ, Rosenberg RD. 1995. The recipro- cal relationship of thrombopoietin (c-Mpl
ligand) to changes in the platelet mass during busulfan-induced thrombocytopenia in
the rab- bit. Blood. 85:2720-2730.

Kuyl AC. 2012. HIV infection and HERV expression: a review. Retrovirology. 9, 6.
van de Lagemaat LN, Landry J-R, Mager DL, Medstrand P. 2003. Transposable
elements in mammals promote regulatory variation and diversification of genes with
specialized functions. Trends Genet. 19(10):530-536. d0i:10.1016/j.tig.2003.08.004.

L:

Lakshmikuttyamma A, Scott SA, DeCoteau JF, Geyer CR. 2010. Reexpression of
epigenetically silenced AML tumor suppressor genes by SUV39HI inhibition.
Oncogene. 29(4):576-588. d0i:10.1038/onc.2009.361.

Landt SG, Marinov GK, Kundaje A, Kheradpour P, Pauli F, Batzoglou S, Bernstein BE,
Bickel P, Brown JB, Cayting P, et al. 2012. ChIP-seq guidelines and practices of the
ENCODE and modENCODE consortia. Genome Res. 22(9):1813-1831.
doi:10.1101/gr.136184.111.

126



Latchney SE, Calvi LM. 2017. The aging hematopoietic stem cell niche: Phenotypic and
functional changes and mechanisms that contribute to hematopoietic aging. Semin
Hematol. 54:25-32.

Laurenti E. 2013. The transcriptional architecture of early human hematopoiesis
identifies multilevel control of lymphoid commitment. Nat Immunol. 14:756-763.

Laurenti E, Frelin C, Xie S, Ferrari R, Dunant CF, Zandi S, Neumann A, Plumb I,
Doulatov S, Chen J, et al. 2015. CDK6 Levels Regulate Quiescence Exit in Human
Hematopoietic Stem Cells. Cell Stem Cell. 16(3):302-313.
doi:10.1016/j.stem.2015.01.017.

Laurenti E, Gottgens B. 2018. From haematopoietic stem cells to complex
differentiation landscapes. Nature. 553:418-426.

de Laval B, Pawlikowska P, Barbieri D, Besnard-Guerin C, Cico A, Kumar R, Gaudry
M, Baud V, Porteu F. 2014. Thrombopoietin promotes NHE] DNA repair in

hematopoietic stem cells through specific activation of Erk and NF-kB pathways and
their target, IEX-1. Blood. 123(4):509-519. d0i:10.1182/blood-2013-07-515874.

Lay FD, Triche TJ, Tsai YC, Su S-F, Martin SE, Daneshmand S, Skinner EC, Liang G,
Chihara Y, Jones PA. 2014. Reprogramming of the human intestinal epigenome by
surgical tissue transposition. Genome Res. 24(4):545-553. d0i:10.1101/gr.166439.113.

Lee E, Iskow R, Yang L, Gokcumen O, Haseley P, Luquette L], Lohr JG, Harris CC,
Ding L, Wilson RK, et al. 2012. Landscape of Somatic Retrotransposition in Human
Cancers. Science. 337(6097):967-971. d0i:10.1126/science.1222077.

Lee ], Cho YS, Jung H, Choi I. 2018. Pharmacological Regulation of Oxidative Stress in
Stem Cells. Oxid Med Cell Longev.:4081890.

Lee J, Yoon S, Choi I, Jung H. 2019. Causes and Mechanisms of Hematopoietic Stem
Cell Aging. Int ] Mol Sci. 20(6):1272. d0i:10.3390/ijms20061272.

Lee]Y, Ji Z, Tian B. 2008. Phylogenetic analysis of mRNA polyadenylation sites reveals
a role of transposable elements in evolution of the 30-end of genes. Nucleic Acids Res.
36(5581):5590.

Lee Y, Kim Y], Choi Y], Lee JW, Lee S, Cho YH. 2015. Radiation-induced changes in
DNA methylation and their relationship to chromosome aberrations in nuclear power

plant workers. Int ] Radiat Biol. 91:142-9.

Lee YCG. 2015. The Role of piRNA-Mediated Epigenetic Silencing in the Population

127



Dynamics of Transposable Elements in Drosophila melanogaster. PLoS Genet.
11(6):1005269. d0i:10.1371/journal.pgen.1005269.

Lehnertz B, Ueda Y, Derijck AAHA, Braunschweig U, Perez-Burgos L, Kubicek S,
Chen T, Li E, Jenuwein T, Peters AHFM. 2003. Suv39h-mediated histone H3 lysine 9
methylation directs DNA methylation to major satellite repeats at pericentric
heterochromatin. Curr Biol CB. 13(14):1192-1200. doi:10.1016/s0960-9822(03)00432-9.

Leib-Mosch C, Seifarth W. 1995. Evolution and biological significance of human
retroelements. Virus Genes. 11(2-3):133-145. doi:10.1007/BF01728654.

Li C. 2013. DNA Demethylation Pathways: Recent Insights. Genet Epigenetics.
5:GEG.512143. d0i:10.4137/GEG.512143.

Li H, Durbin R. 2009. Fast and accurate short read alignment with Burrows-Wheeler
transform. Bioinforma Oxf Engl. 25(14):1754-1760. doi:10.1093/bioinformatics/btp324.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan ], Homer N, Marth G, Abecasis G,
Durbin R, 1000 Genome Project Data Processing Subgroup. 2009. The Sequence
Alignment/Map format and SAMtools. Bioinforma Oxf Engl. 25(16):2078-2079.
doi:10.1093/bioinformatics/btp352.

Li Q, Brown JB, Huang H, Bickel PJ. 2011. Measuring reproducibility of high-
throughput experiments. Ann Appl Stat. 5(3):1752-1779. d0i:10.1214/11-AOAS466.

Li T, Spearow ], Rubin CM, Schmid CW. 1999. Physiological stresses increase mouse
short interspersed element (SINE) RNA expression in vivo. Gene. 239(2):367-372.
doi:10.1016/s0378-1119(99)00384-4.

Li T, Zhou ZW, Ju Z, Wang ZQ. 2016. DNA Damage Response in Hematopoietic Stem
Cell Ageing. Genom Proteom Bioinform. 14:147-154.

Lin YC, Benner C, Mansson R, Heinz S, Miyazaki K, Miyazaki M, Chandra V, Bossen
C, Glass CK, Murre C. 2012. Global changes in the nuclear positioning of genes and

intra- and interdomain genomic interactions that orchestrate B cell fate. Nat Immunol.
13(12):1196-1204. doi:10.1038/ni.2432.

Little MP, Weiss HA, Boice JD Jr, Darby SC, Day NE, Muirhead CR. 1999. Risks of
leukemia in Japanese atomic bomb survivors, in women treated for cervical cancer,

and in patients treated for ankylosing spondylitis. Radiat Res. 152:280- 292.

Liu M, Ohtani H, Zhou W, Orskov AD, Charlet J. 2016. Vitamin C increases viral
mimicry induced by 5-aza-2"-deoxycytidine. PNAS. 113:10238—44.

128



Liu M, Thomas SL, DeWitt AK, Zhou W, Madaj ZB. 2018. Dual inhibition of DNA and
histone methyltransferases increases viral mimicry in ovarian cancer cells. Cancer Res.
78:5754-66.

Liu N, Lee CH, Swigut T, Grow E, Gu B, Bassik MC, Wysocka J. 2018. Selective
silencing of euchromatic L1s revealed by genome-wide screens for L1 regulators.
Nature. 553(7687):228-232. d0i:10.1038/nature25179.

Loeb DD, Padgett RW, Hardies SC, Shehee WR, Comer MB, Edgell MH, Hutchison
CA. 1986. The sequence of a large LIMd element reveals a tandemly repeated 5 end

and several features found in retrotransposons. Mol Cell Biol. 6(1):168-182.
doi:10.1128/MCB.6.1.168.

Lok S, Kaushansky K, Holly RD, Kuijper JL, Lofton-Day CE, Oort PJ, Grant F], Heipel
MD, Burkhead SK, Kramer JM, et al. 1994. Cloning and expres- sion of murine
thrombopoietin cDNA and. Bailey, M.C., Forstrom, ].W., Buddle, M.M., Osborn, S.G,,
Evans, S.J., Sheppard, P.O., Presnell, S.R., O'Hara, P.]., Hagen, F.S., Roth, G.]. & Foster,
D.C.

Lombard DB, Chua KF, Mostoslavsky R, Franco S, Gostissa M, Alt FW. 2005. DNA
repair, genome stability, and aging. Cell. 120(4):497-512. d0i:10.1016/j.cell.2005.01.028.
Lopez-Otin C, Blasco MA, Partridge L, Serrano M, Kroemer G. 2013. The hallmarks of
aging. Cell. 153(6):1194-1217. d0i:10.1016/j.cell.2013.05.039.

Love MI, Huber W, Anders S. 2014. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 15(12):550.
d0i:10.1186/s13059-014-0550-8.

Lowe CB, Bejerano G, Haussler D. 2007. Thousands of human mobile element
fragments undergo strong purifying selection near developmental genes. Proc Natl
Acad Sci U S A. 104(19):8005-8010. doi:10.1073/pnas.0611223104.

Luzhna L, Ilnytskyy Y, Kovalchuk O. 2015. Mobilization of LINE-1 in irradiated
mammary gland tissue may potentially contribute to low dose radiation-induced
genomic instability. Genes Cancer. 6:71-81.

M:

Maicas M, Vazquez I, Alis R, Marcotegui N, Urquiza L, Cortés-Lavaud X, Cristobal I,
Garcia-Sanchez MA, Odero MD. 2017. The MDS and EVI1 complex locus (MECOM)
isoforms regulate their own transcription and have different roles in the

transformation of hematopoietic stem and progenitor cells. Biochim Biophys Acta BBA
- Gene Regul Mech. 1860(6):721-729. doi:10.1016/j.bbagrm.2017.03.007.

129



Maison C, Almouzni G. 2004. HP1 and the dynamics of heterochromatin maintenance.
Nat Rev Mol Cell Biol. 5(4):296-305. d0i:10.1038/nrm1355.

Majeti R, Park CY, Weissman IL. 2007. Identification of a Hierarchy of Multipotent
Hematopoietic Progenitors in Human Cord Blood. Cell Stem Cell. 1(6):635-645.
doi:10.1016/j.stem.2007.10.001.

Makalowski W. 2000. Genomic scrap yard: how genomes utilize all that junk. Gene.
259:61-67.

Makatowski W, Gotea V, Pande A, Makatlowska I. 2019. Transposable Elements:
Classification, Identification, and Their Use As a Tool For Comparative Genomics. In:
Anisimova M, editor. Evolutionary Genomics. Vol. 1910. New York, NY: Springer
New York. (Methods in Molecular Biology). p. 177-207. [accessed 2020 Apr 8].
http://link.springer.com/10.1007/978-1-4939-9074-0_6.

Manabe N, Kubota Y, Kitanaka A, Ohnishi H, Taminato T, Tanaka T. 2006. Src
transduces signaling via growth hormone (GH)-activated GH receptor (GHR)
tyrosine-phosphorylating GHR and STAT5 in human leukemia cells. Leuk Res.
30(11):1391-1398. d0i:10.1016/j.leukres.2006.03.024.

Martin SL, Cruceanu M, Branciforte D, Wai-lun Li P, Kwok SC, Hodges RS, Williams
MC. 2005. LINE-1 Retrotransposition Requires the Nucleic Acid Chaperone Activity
of the ORF1 Protein. ] Mol Biol. 348(3):549-561. d0i:10.1016/j.jmb.2005.03.003.

Matsui T, Leung D, Miyashita H, Maksakova IA, Miyachi H, Kimura H, Tachibana M,
Lorincz MC, Shinkai Y. 2010. Proviral silencing in embryonic stem cells requires the
histone methyltransferase ESET. Nature. 464:927-931.

Matsumura Y, Nakaki R, Inagaki T, Yoshida A, Kano Y, Kimura H, Tanaka T, Tsutsumi
S, Nakao M, Doi T, et al. 2015. H3K4/H3K9me3 Bivalent Chromatin Domains Targeted
by Lineage-Specific DNA Methylation Pauses Adipocyte Differentiation. Mol Cell.
60(4):584-596. d0i:10.1016/j.molcel.2015.10.025.

Maze I, Feng J, Wilkinson MB, Sun H, Shen L, Nestler E]J. 2011. Cocaine dynamically
regulates heterochromatin and repetitive element unsilencing in nucleus accumbens.

Proc Natl Acad Sci U S A. 108(7):3035-3040. d0i:10.1073/pnas.1015483108.

McClintock B. 1956. Controlling elements and the gene. Cold Spring Harb Symp Quant
Biol. 21:197-216.

Metcalf D, Moignard V, Macaulay IC, Swiers G, Buettner F, Schutte ], Calero-Nieto FJ,
Kinston S, Joshi A, Hannah R, et al. 2008. Hematopoietic cytokines. Blood. 111(363—

130



372):485-491.

Miller JS, McCullar V, Punzel M, Lemischka IR, Moore KA. 1999. Single adult human
CD34(+)/Lin-/CD38(-) progenitors give rise to natural killer cells, B-lineage cells,
dendritic cells, and myeloid cells. Blood. 93(1):96-106.

Mills RE, Bennett EA, Iskow RC, Devine SE. 2007. Which transposable elements are
active in the human genome? Trends Genet TIG. 23(4):183-191.
doi:10.1016/j.tig.2007.02.006.

Milyavsky M. 2010. A distinctive DNA damage response in human hematopoietic
stem cells reveals an apoptosis-independent role for p53 in self-renewal. Cell Stem
Cell. 7:186-197.

Miousse I, Chang ], Shao L, Pathak R, Nzabarushimana E, Kutanzi K, Landes R,
Tackett A, Hauer-Jensen M, Zhou D, et al. 2017. Inter-Strain Differences in LINE-1

DNA Methylation in the Mouse Hematopoietic System in Response to Exposure to
Ionizing Radiation. Int ] Mol Sci. 18(7):1430. d0i:10.3390/ijms18071430.

Miousse IR, Shao L, Chang ], Feng W, Wang Y, Allen AR, Turner J, Stewart B, Raber J,
Zhou D, et al. 2014. Exposure to Low-Dose 56Fe-Ion Radiation Induces Long-Term

Epigenetic Alterations in Mouse Bone Marrow Hematopoietic Progenitor and Stem
Cells. Radiat Res. 182(1):92. d0i:10.1667/RR13580.1.

Mita P, Boeke JD. 2016. How retrotransposons shape genome regulation. Curr Opin
Genet Dev. 37:90-100. d0i:10.1016/j.gde.2016.01.001.

Miyagi S, Koide S, Saraya A, Wendt GR, Oshima M, Konuma T, Yamazaki S,
Mochizuki-Kashio M, Nakajima-Takagi Y, Wang C, et al. 2014. The TIF13-HP1 System
Maintains Transcriptional Integrity of Hematopoietic Stem Cells. Stem Cell Rep.
2(2):145-152. doi:10.1016/j.stemcr.2013.12.008.

Moehrle BM, Nattamai K, Brown A, Florian MC, Ryan M, Vogel M, Bliederhaeuser C,
Soller K, Prows DR, Abdollahi A, et al. 2015. Stem Cell-Specific Mechanisms Ensure
Genomic Fidelity within HSCs and upon Aging of HSCs. Cell Rep. 13(11):2412-2424.
doi:10.1016/j.celrep.2015.11.030.

Mohrin M. 2010. Hematopoietic stem cell quiescence promotes error-prone DNA
repair and mutagenesis. Cell Stem Cell. 7:174-185.

Mohrin M, Shin J, Liu Y, Brown K, Luo H, Xi Y, Haynes CM, Chen D. 2015. Stem cell

aging. A mitochondrial UPR-mediated metabolic checkpoint regulates hematopoietic
stem cell aging. Science. 347:1374-1377.

131



Monaghan L, Massett ME, Bunschoten RP, Hoose A, Pirvan P-A, Liskamp RM],
Jorgensen HG, Huang X. 2019. The Emerging Role of H3K9me3 as a Potential
Therapeutic Target in Acute Myeloid Leukemia. Front Oncol. 9:705.
d0i:10.3389/fonc.2019.00705.

Moran JV. 1999. Exon Shuffling by L1 Retrotransposition. Science. 283(5407):1530-
1534. doi:10.1126/science.283.5407.1530.

Moran JV, Holmes SE, Naas TP, DeBerardinis R], Boeke JD, Kazazian HH. 1996. High
Frequency Retrotransposition in Cultured Mammalian Cells. Cell. 87(5):917-927.
doi:10.1016/50092-8674(00)81998-4.

Moran-Crusio K, Reavie L, Shih A, Abdel-Wahab O, Ndiaye-Lobry D, Lobry C,
Figueroa ME, Vasanthakumar A, Patel J, Zhao X. 2011. Tet2 Loss Leads to Increased

Hematopoietic Stem Cell Self-Renewal and Myeloid Transformation. Cancer Cell.
20:11-24.

Morrison SJ, Weissman IL. 1994. The long-term repopulating subset of hematopoietic
stem cells is deterministic and isolatable by phenotype. Immunity. 1(8):661-673.
doi:10.1016/1074-7613(94)90037-X.

Mossadegh-Keller N, Sarrazin S, Kandalla PK, Espinosa L, Stanley ER, Nutt SL, Moore
], Sieweke MH. 2013. M-CSF instructs myeloid lineage fate in single haematopoietic
stem cells. Nature. 497(7448):239-243. d0i:10.1038/nature12026.

Mourier T, Nielsen LP, Hansen AJ, Willerslev E. 2014. Transposable elements in cancer
as a by-product of stress-induced evolvability. Front Genet. 5:156.

Mouse Genome Sequencing Consortium. 2002. Initial sequencing and comparative
analysis of the mouse genome. Nature. 420(6915):520-562. doi:10.1038/nature01262.
Munoz P, Iliou MS, Esteller M. Epigenetic alterations involved in cancer stem cell
reprogramming. Mol Oncol.

Munoz-Lopez M, Siddique A, Bischerour J, Lorite P, Chalmers R, Palomeque T. 2008.
Transposition of Mboumar-9: identification of a new naturally active mariner-family
trans- poson. ] Mol Biol. 382(3). doi:10.1016/j.jmb.2008.07.044.

Munoz-Lopez M, Vilar-Astasio R, Tristan-Ramos P, Lopez-Ruiz C, Garcia-Pérez JL.
2016. Study of Transposable Elements and Their Genomic Impact. In: Garcia-Pérez JL,
editor. Transposons and Retrotransposons. Vol. 1400. New York, NY: Springer New
York. (Methods in Molecular Biology). p. 1-19. [accessed 2020 Apr 8].
http://link.springer.com/10.1007/978-1-4939-3372-3_1.

132



N:

Naka K, Hirao A. 2011. Maintenance of genomic integrity in hematopoietic stem cells.
Int ] Hematol. 93(4):434—-439. d0i:10.1007/s12185-011-0793-z.

Nemeth M]J, Bodine DM. 2007. Regulation of hematopoiesis and the hematopoietic
stem cell niche by Wnt signaling pathways. Cell Res. 17(9):746-758.
d0i:10.1038/cr.2007.69.

Neriishi K, Nakashima E, Delongchamp RR. 2001. Persistent subclinical inflammation
among A-bomb survivors. Int ] Radiat Biol. 77:475-482.

Ness KK, Krull KR, Jones KE, Mulrooney DA, Armstrong GT, Green DM, Chemaitilly
W, Smith WA, Wilson CL, Sklar CA, et al. 2013. Physiologic Frailty As a Sign of
Accelerated Aging Among Adult Survivors of Childhood Cancer: A Report From the
St Jude Lifetime Cohort Study. J Clin Oncol. 31(36):4496-4503.
doi:10.1200/]C0O.2013.52.2268.

Nijnik A, Woodbine L, Marchetti C, Dawson S, Lambe T, Liu C, Rodrigues NP,
Crockford TL, Cabuy E, Vindigni A. 2007. DNA repair is limiting for haematopoietic
stem cells during ageing. Nature. 447:686—690.

Notta F, Doulatov S, Laurenti E, Poeppl A, Jurisica I, Dick JE. 2011. Isolation of Single
Human Hematopoietic Stem Cells Capable of Long-Term Multilineage Engraftment.
Science. 333(6039):218-221. d0i:10.1126/science.1201219.

O:

Oeffinger KC, Mertens AC, Sklar CA, Kawashima T, Hudson MM, Meadows AT,
Friedman DL, Marina N, Hobbie W, Kadan-Lottick NS, et al. 2006. Chronic Health
Conditions in Adult Survivors of Childhood Cancer. N Engl ] Med. 355(15):1572-1582.
doi:10.1056/NEJMsa060185.

Ogawa M. 1993. Differentiation and proliferation of hema- topoietic stem cells. Blood.
81(2844):2853.

Ohshima K, Hamada M, Terai Y, Okada N. 1996. The 3" ends of tRNA-derived short
interspersed repetitive elements are derived from the 3’ ends of long interspersed
repetitive elements. Mol Cell Biol. 16(7):3756-3764. d0i:10.1128/mcb.16.7.3756.

Ohtani H, Liu M, Zhou W, Liang G, Jones PA. 2018. Switching roles for DNA and

histone methylation depend on evolutionary ages of human endogenous retroviruses.
Genome Res. 28(8):1147-1157. doi:10.1101/gr.234229.118.

133



Okano M, Bell DW, Haber DA, Li E. 1999. DNA methyltransferases Dnmt3a and
Dnmt3b are essential for de novo methylation and mammalian development. Cell.
99(3):247-257. d0i:10.1016/s0092-8674(00)81656-6.

O’Leary NA, Wright MW, Brister JR, Ciufo S, Haddad D, McVeigh R, Rajput B,
Robbertse B, Smith-White B, Ako-Adjei D, et al. 2016. Reference sequence (RefSeq)
database at NCBI: current status, taxonomic expansion, and functional annotation.
Nucleic Acids Res. 44(D1):D733-745. do0i:10.1093/nar/gkv1189.

Orgel LE, Crick FHC. 1980. Selfish DNA: the ultimate parasite. Nature. 284(5757):604—
607. doi:10.1038/284604a0.

Orkin SH, Zon LI. 2008. Hematopoiesis: An Evolving Paradigm for Stem Cell Biology.
Cell. 132(4):631-644. d0i:10.1016/j.cell.2008.01.025.

O’Shea JJ, Holland SM, Staudt LM. 2013. JAKs and STATs in immunity,
immunodeficiency, and cancer. N Engl ] Med. 368(2):161-170.
doi:10.1056/NEJMra1202117.

O’Shea JJ, Schwartz DM, Villarino AV, Gadina M, Mclnnes IB, Laurence A. 2015. The
JAK-STAT Pathway: Impact on Human Disease and Therapeutic Intervention. Annu
Rev Med. 66(1):311-328. doi:10.1146/annurev-med-051113-024537.

Ostertag EM. 2000. Determination of L1 retrotransposition kinetics in cultured cells.
Nucleic Acids Res. 28(6):1418-1423. d0i:10.1093/nar/28.6.1418.

P:

Padgett RW, Hutchison CA, Edgell MH. 1988. The F-type 5 motif of mouse L1
elements: a major class of L1 termini similar to the A-type in organization but
unrelated in sequence. Nucleic Acids Res. 16(2):739-749. d0i:10.1093/nar/16.2.7309.

Pang WW, Price EA, Sahoo D, Beerman I, Maloney W], Rossi DJ, Schrier SL, Weissman
IL. 2011. Human bone marrow hematopoietic stem cells are increased in frequency
and myeloid-biased with age. Proc Natl Acad Sci. 108(50):20012-20017.
d0i:10.1073/pnas.1116110108.

Parekh C, Crooks GM. 2013. Critical Differences in Hematopoiesis and Lymphoid
Development between Humans and Mice. ] Clin Immunol. 33(4):711-715.
doi:10.1007/s10875-012-9844-3.

Patro R, Duggal G, Love M], Irizarry RA, Kingsford C. 2017. Salmon provides fast and

134



bias-aware quantification of transcript expression. Nat Methods. 14(4):417-419.
doi:10.1038/nmeth.4197.

Paz-Priel I, Houng S, Dooher ], Friedman AD. 2011. C/EBPa and C/EBPa oncoproteins
regulate nfkbl and displace histone deacetylases from NF-kB p50 homodimers to
induce NF-«B target genes. Blood. 117(15):4085-4094. doi:10.1182/blood-2010-07-
294470.

Penzkofer T, M. ], Figlerowicz M, Badge R, Mundlos S, Robinson PN, Zemojtel T. 2016.
L1Base 2: more retrotransposition-active LINE-1s, more mammalian genomes. Nucleic
Acids Res. 45(D1). doi:10.1093/nar/gkw925. https://.

Perepelitsa-Belancio V, Deininger P. 2003. RNA truncation by premature polyadenyl-
ation attenuates human mobile element activ- ity. Nat Genet. 35(4).

Peters AH, O’Carroll D, Scherthan H, Mechtler K, Sauer S. 2001. Loss of the Suv39h
histone methyl-transferases impairs mammalian heterochromatin and genome
stability. Cell. 107:323-37.

Petzer AL, Hogge DE, Landsdorp PM, Reid DS, Eaves CJ. 1996. Self-renewal of
primitive human hematopoietic cells (long-term-culture-initiating cells) in vitro and
their expansion in defined medium. Proc Natl Acad Sci. 93(4):1470-1474.
doi:10.1073/pnas.93.4.1470.

Pietra D, Brisci A, Rumi E, Boggi S, Elena C, Pietrelli A, Bordoni R, Ferrari M,
Passamonti F, De Bellis G, et al. 2011. Deep sequencing reveals double mutations in cis
of MPL exon 10 in myeloproliferative neoplasms. Haematologica. 96(4):607-611.
doi:10.3324/haematol.2010.034793.

Pietras EM, Reynaud D, Kang YA, Carlin D, Calero-Nieto FJ, Leavitt AD, Stuart JM,
Gottgens B, Passegue E. 2015. Functionally distinct subsets of lineage-biased
multipotent progenitors control blood production in normal and regenerative
conditions. Cell Stem Cell. 17:35-46.

Pinheiro I, Margueron R, Shukeir N, Eisold M, Fritzsch C, Richter FM, Mittler G,
Genoud C, Goyama S, Kurokawa M, et al. 2012. Prdm3 and Prdm16 are H3K9mel
Methyltransferases Required for Mammalian Heterochromatin Integrity. Cell.

150(5):948-960. d0i:10.1016/j.cell.2012.06.048.

Pinho S, Frenette PS. 2019. Haematopoietic stem cell activity and interactions with the
niche. Nat Rev Mol Cell Biol. 20(5):303-320. doi:10.1038/s41580-019-0103-9.

Pinho S, Marchand T, Yang E, Wei Q, Nerlov C, Frenette PS. 2018. Lineage-biased

135



hematopoietic stem cells are regulated by distinct niches. Dev Cell. 44(634-641):634.

Pinto do O P, Richter K, Carlsson L. 2002. Hematopoietic progenitor/stem cells
immortalized byLhx2 generate functional hematopoietic cells in vivo. Blood.
99(11):3939-3946. d0i:10.1182/blood.V99.11.3939.

Platt RN, Vandewege MW, Ray DA. 2018. Mammalian transposable elements and
their impacts on genome evolution. Chromosome Res. 26(1-2):25-43.
doi:10.1007/s10577-017-9570-z.

Polavarapu N, Marino-Ramirez L, Landsman D, McDonald JF, Jordan IK. 2008.
Evolutionary rates and patterns for human transcription factor binding sites derived
from repetitive DNA. BMC Genomics. 9(226).

Poplineau M, Vernerey ], Platet N, N'guyen L, Hérault L, Esposito M, Saurin A]J,
Guilouf C, Iwama A, Duprez E. 2019. PLZF limits enhancer activity during
hematopoietic =~ progenitor aging. Nucleic Acids Res. 47(9):4509-4520.
doi:10.1093/nar/gkz174.

Q:

Qian H, Buza-Vidas N, Hyland CD, Jensen CT, Antonchuk J, Mansson R. 2007. Critical
role of throm- bopoietin in maintaining adult quiescent hematopoietic stem cells. Cell
Stem Cell. 1:671-84.

R:

Raiz ], Damert A, Chira S, Held U, Klawitter S, Hamdorf M, Lower ], Stratling WH,
Lower R, Schumann GG. 2012. The non-autonomous retrotransposon SVA is trans -
mobilized by the human LINE-1 protein machinery. Nucleic Acids Res. 40(4):1666—
1683. d0i:10.1093/nar/gkr863.

Ramirez F, Ryan DP, Griining B, Bhardwaj V, Kilpert F, Richter AS, Heyne S, Diindar
F, Manke T. 2016. deepTools2: a next generation web server for deep-sequencing data
analysis. Nucleic Acids Res. 44(W1):W160-165. doi:10.1093/nar/gkw257.

Rangan P, Malone CD, Navarro C, Newbold SP, Hayes PS, Sachidanandam R, Hannon
GJ, Lehmann R. 2011. piRNA production requires heterochromatin formation in
Drosophila. Curr Biol CB. 21(16):1373-1379. d0i:10.1016/j.cub.2011.06.057.

Rauch PJ, Silver AJ, Gopakumar J, McConkey M, Sinha E, Fefer M, Shvartz E, Sukhova

G, Libby P, Ebert BL, et al. 2018. Loss-of-Function Mutations in Dnmt3a and Tet2 Lead
to Accelerated Atherosclerosis and Convergent Macrophage Phenotypes in Mice.

136



Blood. 132(Supplement 1):745-745. d0i:10.1182/blood-2018-99-118288.

Rauch TA, Zhong X, Wu X, Wang M, Kernstine KH, Wang Z, Riggs AD, Pfeifer GP.
2008. High-resolution mapping of DNA hypermethylation and hypomethylation in
lung cancer. Proc Natl Acad Sci U S A. 105(1):252-257. d0i:10.1073/pnas.0710735105.
Richardson RB. 2009. Ionizing radiation and aging: rejuvenating an old idea. Aging.
1(11):887-902. d0i:10.18632/aging.100081.

Rieger MA, Hoppe PS, Smejkal BM, Eitelhuber AC, Schroeder T. 2009. Hematopoietic
cytokines can instruct lineage choice. Science. 325:217-218.

Rimmelé P, Bigarella CL, Liang R, Izac B, Dieguez-Gonzalez R, Barbet G, Donovan M,
Brugnara C, Blander JM, Sinclair DA, et al. 2014. Aging-like phenotype and defective
lineage specification in SIRT1-deleted hematopoietic stem and progenitor cells. Stem
Cell Rep. 3(1):44-59. d0i:10.1016/j.stemcr.2014.04.015.

Robbez-Masson L, Rowe HM. 2015. Retrotransposons shape species-specific
embryonic stem cell gene expression. Retrovirology. 12(1):45. doi:10.1186/s12977-015-
0173-5.

Robbez-Masson L, Tie CHC, Conde L, Tunbak H, Husovsky C, Tchasovnikarova IA,
Timms RT, Herrero J, Lehner PJ, Rowe HM. 2018. The HUSH complex cooperates with

TRIM28 to repress young retrotransposons and new genes. Genome Res. 28(6):836—
845. d0i:10.1101/gr.228171.117.

Rodic”N et al. 2014. Long interspersed element-1 protein expression is a hallmark of
many human cancers. Am ] Pathol. 184:1280-1286.

Rollins RA, Haghighi F, Edwards D JR, R Z, MQ ], J. 2006. Large- scale structure of
genomic methylation patterns. Genome Res. 16(2).

Rossi DJ, Bryder D, Seita ], Nussenzweig A, Hoeijmakers J, Weissman IL. 2007.
Deficiencies in DNA damage repair limit the function of haematopoietic stem cells
with age. Nature. 447:725-729.

Rossi DJ, Bryder D, Zahn JM. 2005. Cell in- trinsic alterations underlie hematopoietic
stem cell aging. Proc Natl Acad Sci USA. 102(26).

Rossi DJ, Seita J, Czechowicz A, Bhattacharya D, Bryder D, Weissman IL. 2007.
Hematopoietic stem cell qui- escence attenuates DNA damage response and permits

DNA damage accumulation during aging. Cell Cycle. 6:2371-2376.

Ross-Innes CS, Stark R, Teschendorff AE, Holmes KA, Ali HR, Dunning MJ, Brown

137



GD, Gojis O, Ellis IO, Green AR, et al. 2012. Differential oestrogen receptor binding is
associated with clinical outcome in breast cancer. Nature. 481(7381):389-393.
d0i:10.1038/nature10730.

Roulois D, Loo Yau H, Singhania R, Wang Y, Danesh A, Shen SY, Han H, Liang G,
Jones PA, Pugh TJ, et al. 2015. DNA-Demethylating Agents Target Colorectal Cancer
Cells by Inducing Viral Mimicry by Endogenous Transcripts. Cell. 162(5):961-973.
doi:10.1016/j.cell.2015.07.056.

Rouyez MC, Boucheron C, Gisselbrecht S, Dusanter-Fourt I, Porteu F. 1997. Control of
thrombopoietin-induced megakaryocytic differentiation by the mitogen-activated
protein kinase pathway. Mol Cell Biol. 17(9):4991-5000. d0i:10.1128/mcb.17.9.4991.
Rowe HM, Trono D. 2011. Dynamic control of endogenous retroviruses during
development. Virology. 411:273-287.

Roy-Engel AM. 2002. Active Alu Element “A-Tails”: Size Does Matter. Genome Res.
12(9):1333-1344. d0i:10.1101/gr.384802.

Rube CE, Fricke A, Widmann TA, Furst T, Madry H, Pfreundschuh M, Rube C. 2011.
Accumulation of DNA damage in hematopoietic stem and progenitor cells during
human aging. PLoS ONE. 6:17487.

Rugg-Gunn PJ, Cox BJ, Ralston A, Rossant J. 2010. Distinct histone modifications in
stem cell lines and tissue lineages from the early mouse embryo. Proc Natl Acad Sci U
S A. 107(24):10783-10790. d0i:10.1073/pnas.0914507107.

S:

Saleh A, Macia A, Muotri AR. 2019. Transposable Elements, Inflammation, and
Neurological Disease. Front Neurol. 10:894. doi:10.3389/fneur.2019.00894.

Salvador-Palomeque C, Sanchez-Luque F], Fortuna PR], Ewing AD, Wolvetang EJ,
Richardson SR, Faulkner GJ. 2019. Dynamic Methylation of an L1 Transduction Family
during Reprogramming and Neurodifferentiation. Mol Cell Biol. 39(7).
do0i:10.1128/MCB.00499-18.

Sanjuan-Pla A, Macaulay IC, Jensen CT, Woll PS, Luis TC, Mead A, Moore S, Carella
C, Matsuoka S, TB J. 2013. Platelet- biased stem cells reside at the apex of the
haematopoietic stem- cell hierarchy. Nature. 502(7470).

Sattler M, Salgia R, Durstin MA, Prasad KV, Griffin JD. 1997. Thrombopoietin induces

activation of the phosphatidylinositol-3' kinase pathway and formation of a complex
containing p85PI3K and the protooncoprotein p120CBL. J Cell Physiol. 171:28-33.

138



Sauvage FJ, Carver-Moore K, Luoh SM, Ryan A, Dowd M, Eaton DL, Moore MW. 1996.
Physiological regulation of early and late stages of megakaryocytopoiesis by
thrombopoietin. ] Exp Medi- Cine. 183:651-656.

de Sauvage FJ, Hass PE, Spencer SD, Malloy BE, Gurney AL, Spencer SA, Darbonne
WC, Henzel W], Wong SC, Kuang W]J. 1994. Stimulation of megakaryocytopoiesis and
thrombopoiesis by the c-Mpl ligand. Nature. 369(6481):533-538. d0i:10.1038/369533a0.
Schneider WM, Chevillotte MD, Rice CM. 2014. Interferon-Stimulated Genes: A
Complex Web of Host Defenses. Annu Rev Immunol. 32(1):513-545.
doi:10.1146/annurev-immunol-032713-120231.

Schroeder T. 2010. Hematopoietic Stem Cell Heterogeneity: Subtypes, Not
Unpredictable Behavior. Cell Stem Cell. 6(3):203-207. doi:10.1016/j.stem.2010.02.006.

Schultz DC, Ayyanathan K, Negorev D, Maul GG, Rauscher FJ. 2002. SETDB1: a novel
KAP-1-associated histone H3, lysine 9-specific methyltransferase that contributes to

HP1-mediated silencing of euchromatic genes by KRAB zinc-finger proteins. Genes
Dev. 16(8):919-932. d0i:10.1101/gad.973302.

Schulze I, Rohde C, Scheller-Wendorff M. 2016. Increased DNA methylation of
Dnmt3b targets impairs leukemogenesis. Blood Mar. 24(12).

Scott EC. 2016. A hot L1 retrotransposon evades somatic repression and initiates
human colorectal cancer. Genome Res. 26:745-755.

Segal Y, Peissel B, Renieri A, Marchi M, Ballabio A, Pei Y, Zhou J. 1999. LINE-1
elements at the sites of molecular rear- rangements in Alport syndrome-diffuse
leiomyomatosis. Am ] Hum Genet. 64:62—69.

Seifarth W, Frank O, Zeilfelder U, Spiess B, Greenwood AD, Hehlmann R, Leib-Mosch
C. 2005. Comprehensive Analysis of Human Endogenous Retrovirus Transcriptional
Activity in Human Tissues with a Retrovirus-Specific Microarray. J Virol. 79(1):341-
352. doi:10.1128/JV1.79.1.341-352.2005.

Seita ], Weissman IL. 2010. Hematopoietic stem cell: self-renewal versus
differentiation. Wiley Interdiscip Rev Syst Biol Med. 2(640):653.

Severynse DM, Hutchison C, Edgell M. 1991. Identification of transcriptional
regulatory activity within the 5 A-type monomer sequence of the mouse LINE-1
retroposon. Mamm Genome. 2(1).

Sharma S, Gurudutta G. 2016. Epigenetic Regulation of Hematopoietic Stem Cells. Int
J Stem Cells. 9(1):36—43. d0i:10.15283/ijsc.2016.9.1.36.

Shi S, Calhoun HC, Xia F, Li ], Le L, Li WX. 2006. JAK signaling globally counteracts
heterochromatic gene silencing. Nat Genet. 38(9):1071-1076. d0i:10.1038/ng1860.

Shi S, Larson K, Guo D, Lim §J, Dutta P, Yan S-J, Li WX. 2008. Drosophila STAT is

139



required for directly maintaining HP1 localization and heterochromatin stability. Nat
Cell Biol. 10(4):489-496. d0i:10.1038/ncb1713.

Shukla R, Upton KR, Munoz-Lopez M, Gerhardt DJ, Fisher ME, Nguyen T, Brennan
PM, Baillie JK, Collino A, Ghisletti S, et al. 2013. Endogenous Retrotransposition
Activates Oncogenic Pathways in Hepatocellular Carcinoma. Cell. 153(1):101-111.
doi:10.1016/j.cell.2013.02.032.

Siebert M, Soding J. 2016. Bayesian Markov models consistently outperform PWMs at
predicting motifs in nucleotide sequences. Nucleic Acids Res. 44(13):6055-6069.
doi:10.1093/nar/gkw521.

Silver-Morse L, Li WX. 2013. JAK-STAT in heterochromatin and genome stability.
JAK-STAT. 2(3):€26090. d0i:10.4161/jkst.26090.

Simonnet AJ, Nehmé ], Vaigot P, Barroca V, Leboulch P, Tronik-Le Roux D. 2009.
Phenotypic and Functional Changes Induced in Hematopoietic Stem/Progenitor Cells
After Gamma-Ray Radiation Exposure. Stem  Cells. 27(6):1400-1409.
doi:10.1002/stem.66.

Simsek T. 2010. The distinct metabolic profile of hematopoietic stem cells reflects their
location in a hypoxic niche. Cell Stem Cell. 7:380-390.

Sitnicka E, Buza-Vidas N, Larsson S, Nygren JM, Liuba K, Jacobsen SEW. 2003. Human
CD34+ hematopoietic stem cells capable of multilineage engrafting NOD/SCID mice
express flt3: distinct flt3 and c-kit expression and response patterns on mouse and
candidate human hematopoietic stem cells. Blood. 102(3):881-886. d0i:10.1182/blood-
2002-06-1694.

Sitnicka E, Lin N, Priestley GV, Fox N, Broudy VC, Wolf NS, Kaushansky K. 1996. The
effect of thrombopoietin on the prolifera- tion and differentiation of murine
hematopoi- etic stem cells. Blood. 87:4998-5005.

Smit AF, Toth G, Riggs AD, Jurka J. 1995. Ancestral, mammalian-wide subfamilies of
LINE-1 repetitive sequences. ] Mol Biol. 246:401-417.

Solar GP, Kerr WG, Zeigler FC, Hess D, Donahue C, de Sauvage FJ, Eaton DL. 1998.
Role of c-mpl in early hematopoiesis. Blood. 92(1):4-10.

Soneson C, Love MI, Robinson MD. 2015. Differential analyses for RNA-seq:

transcript-level estimates improve gene-level inferences. F1000Research. 4:1521.
doi:10.12688/f1000research.7563.2.

140



Song M, Boissinot S. 2007. Selection against LINE-1 retro- transposons results
principally from their ability to mediate ectopic recombination. Gene. 390:206-213.

Sookdeo A, Hepp CM, McClure MA, Boissinot S. 2013. Revisiting the evolution of
mouse LINE-1 in the genomic era. Mob DNA. 4(1):3. doi:10.1186/1759-8753-4-3.

Sousa-Victor P, Ayyaz A, Hayashi R, Qi Y, Madden DT, Lunyak VV, Jasper H. 2017.
Piwi Is Required to Limit Exhaustion of Aging Somatic Stem Cells. Cell Rep.
20(11):2527-2537. d0i:10.1016/j.celrep.2017.08.059.

Spangrude GJ, Heimfeld S, Weissman IL. 1988. Purification and characterization of
mouse hematopoietic stem cells. Science. 241:58-62.

Stein SJ, Baldwin AS. 2013. Deletion of the NF-kB subunit p65/RelA in the
hematopoietic compartment leads to defects in hematopoietic stem cell function.
Blood. 121(25):5015-5024. d0i:10.1182/blood-2013-02-486142.

Stewart MH, Gutierrez-Martinez P, Beerman I, Garrison B, Gallagher EJ, LeRoith D,
Rossi DJ. 2014. Growth hormone receptor signaling is dispensable for HSC function
and aging. Blood. 124(20):3076-3080. d0i:10.1182/blood-2014-05-575308.

Suetake I, Shinozaki F, Miyagawa J, Takeshima H, Tajima S. 2004. DNMT3L stimulates
the DNA methylation activity of Dnmt3a and Dnmt3b through a direct interaction. ]
Biol Chem. 279(26):27816-27823. doi:10.1074/jbc.M400181200.

Sun D., Luo M, Jeong M. 2014. Epigenomic profiling of young and aged HSCs reveals
concerted changes during aging that re- inforce self-renewal. Cell Stem Cell. 14(5).

Sun Deqiang, Luo M, Jeong M, Rodriguez B, Xia Z, Hannah R, Wang H, Le T, Faull
KF, Chen R, et al. 2014. Epigenomic Profiling of Young and Aged HSCs Reveals
Concerted Changes during Aging that Reinforce Self-Renewal. Cell Stem Cell.
14(5):673-688. d0i:10.1016/j.stem.2014.03.002.

T:

Tahiliani M, Koh KP, Shen Y. 2009. Conversion of 5-methylcytosine to 5-
hydroxymethylcytosine in mammalian DNA by MLL partner TET1. Sci May. 15(5929).
Takubo K. 2013. Regulation of glycolysis by Pdk functions as a metabolic checkpoint
for cell cycle quiescence in hematopoietic stem cells. Cell Stem Cell. 12:49-61.

Temin H. 1985 Nov. Reverse transcription in the eukaryotic genome: retroviruses,

pararetroviruses, retrotransposons, and retrotranscripts. Mol Biol Evol
doi:10.1093/oxfordjournals.molbev.a040365. [accessed 2020 Apr 8].

141



https://academic.oup.com/mbe/article/2/6/455/981774/Reverse-transcription-in-the-
eukaryotic-genome.

Temin HM. 1993. Retrovirus variation and reverse transcrip- tion: abnormal strand
transfers result in retrovirus genetic variation. Proc Natl Acad Sci USA. 90:6900-6903.

Tharmalingam S, Sreetharan S, Kulesza AV, Boreham DR, Tai TC. 2017. Low-Dose
Ionizing Radiation Exposure, Oxidative Stress and Epigenetic Programing of Health
and Disease. Radiat Res. 188(4.2):525-538. d0i:10.1667/RR14587.1.

Thornburg BG, Gotea V, Makatowski W. 2006. Transposable elements as a significant
source of transcription regulating signals. Gene. 365:104-110.
doi:10.1016/j.gene.2005.09.036.

Till JE, McCulloch CE. 1961. A direct measurement of the radiation sensitivity of
normal mouse bone marrow cells. Radiat Res. 14:213-222.

Tortolani PJ, Johnston JA, Bacon CM, McVicar DW, Shimosaka A, Linnekin D, Longo
DL, O’Shea JJ. 1995. Thrombopoietin induces tyrosine phosphorylation and activation
of the Janus kinase, JAK2. Blood. 85(12):3444-3451.

Trizzino M, Kapusta A, Brown CD. 2018. Transposable elements generate regulatory
novelty in a tissue-specific fashion. BMC Genomics. 19(1):468. d0i:10.1186/s12864-018-
4850-3.

Trowbridge JJ, Snow JW, Kim J, Orkin SH. 2009. DNA methyltransferase 1 is essential
for and uniquely regulates hematopoietic stem and progenitor cells. Cell Stem Cell.
5:442-449.

Tsirigos A, Rigoutsos 1. 2009. Alu and B1 Repeats Have Been Selectively Retained in
the Upstream and Intronic Regions of Genes of Specific Functional Classes. Stormo
GD, editor. PLoS Comput Biol. 5(12):e1000610. doi:10.1371/journal.pcbi.1000610.

Turelli P, Castro-Diaz N, Marzetta F, Kapopoulou A, Raclot C, Duc ], Tieng V,
Quenneville S, Trono D. 2014. Interplay of TRIM28 and DNA methylation in

controlling human endogenous retroelements. Genome Res. 24(8):1260-1270.
doi:10.1101/gr.172833.114.

u:
Ugarte F, Sousae R, Cinquin B, Martin EW, Krietsch J, Sanchez G, Inman M, Tsang H,
Warr M, Passegué E, et al. 2015. Progressive Chromatin Condensation and H3K9

Methylation Regulate the Differentiation of Embryonic and Hematopoietic Stem Cells.
Stem Cell Rep. 5(5):728-740. doi:10.1016/j.stemcr.2015.09.009.

142



Upton AC, Kimball AW, Furth ], Christenberry KW, Benedict WH. 1960. Some delayed
effects of atom-bomb radiations in mice. Cancer Res. 20:1-60.

\'H

Vainchenker W, Constantinescu SN. 2013. JAK/STAT signaling in hematological
malignancies. Oncogene. 32(21):2601-2613. d0i:10.1038/onc.2012.347.

Van Meter M. 2014. SIRT6 represses LINE1 retrotransposons by ribosylating KAP1 but
this repression fails with stress and age. Nat Commun. 5:5011.

Vannini N. 2016. Specification of haematopoietic stem cell fate via modulation of
mitochondrial activity. Nat Commun. 7:13125.

Vardiman JW, Thiele ], Arber DA, Brunning RD, Borowitz MJ, Porwit A, Harris NL,
Le Beau MM, Hellstrom-Lindberg E, Tefferi A, et al. 2009. The 2008 revision of the
World Health Organization (WHO) classification of myeloid neoplasms and acute
leukemia: rationale and important changes. Blood. 114(5):937-951. doi:10.1182/blood-
2009-03-209262.

Varghese LN, Defour J-P, Pecquet C, Constantinescu SN. 2017. The Thrombopoietin
Receptor: Structural Basis of Traffic and Activation by Ligand, Mutations, Agonists,
and Mutated Calreticulin. Front Endocrinol. 8. d0i:10.3389/fend0.2017.00059. [accessed
2020 Apr 23]. http://journal.frontiersin.org/article/10.3389/fend0.2017.00059/full.

Verovskaya E, Broekhuis M], Zwart E. 2013. Heterogeneity of young and aged murine
hematopoietic stem cells revealed by quantitative clonal analysis using cellular
barcoding. Blood. 122(4).

Vigon I, Mornon JP, Cocault L, Mitjavila MT, Tambourin P, Gisselbrecht S, Souyri M.
1992. Molecular cloning and characteriza- tion of MPL, the human homolog of the v-
mpl oncogene: identification of a member of the hematopoietic growth factor receptor
3super- family. In: Proceedings of the National Academy of Sciences of the United
States of America. Vol. 89. p. 5640-5644.

Vinatzer U, Taplick J, Seiser C, Fonatsch C, Wieser R. 2001. The leukaemia-associated
transcription factors EVI-1 and MDS1/EVII1 repress transcription and interact with
histone deacetylase. Br ] Haematol. 114(3):566-573. doi:10.1046/j.1365-
2141.2001.02987 .x.

Vogel H, Lim DS, Karsenty G, Finegold M, Hasty P. 1999. Deletion of Ku86 causes

early onset of senescence in mice. Proc Natl Acad Sci U S A. 96(19):10770-10775.
d0i:10.1073/pnas.96.19.10770.

143



Voliva CF HC 3rd Martin SL. 1984. Edgell MH: Dispersal process associated with the
L1 family of interspersed repetitive DNA sequences. ] Mol Biol. 178:795-813.

w:

Walasek MA, Bystrykh L, Boom V, Olthof S, Ausema A, Ritsema M, Huls G, Haan G,
Os R. 2012. The combination of valproic acid and lithium delays hema- topoietic
stem/progenitor cell differentiation. Blood. 119:3050-3059.

Walter M, Teissandier A, Pérez-Palacios R, Bourc’his D. 2016. An epigenetic switch
ensures transposon repression upon dynamic loss of DNA methylation in embryonic
stem cells. eLife. 5:e11418. doi:10.7554/eLife.11418.

Wang C, Zhang B, Wang S, Zhang J, Liu Y, Wang J, Fan Z, Lv Y, Zhang X, He L, et al.
2015. Recombinant human thrombopoietin promotes hematopoietic reconstruction
after severe whole body irradiation. Sci Rep. 5(1):12993. d0i:10.1038/srep12993.

Wang P, Wang Z, Liu J. 2020. Role of HDACs in normal and malignant hematopoiesis.
Mol Cancer. 19(1):5. d0i:10.1186/5s12943-019-1127-7.

Warr MR. 2013. FOXO3A directs a protective autophagy program in haematopoietic
stem cells. Nature. 494:323-327.

Warren LA, Rossi DJ. 2009. Stem Cells and aging in the hematopoietic system. Mech
Ageing Dev. 130:46-53.

Wei L, Pan Y, Tang Q, Yang Z, Song W, Gao Y, Li ], Zhang L, Liu S. 2020. Decreased
ALCAM expression and promoter hypermethylation is associated with preeclampsia.
Hypertens Res. 43(1):13-22. d0i:10.1038/s41440-019-0337-0.

Wei W, Gilbert N, Ooi SL, Lawler JF, Ostertag EM, Kazazian HH, Boeke ]JD, Moran JV.
2001. Human L1 retrotransposi- tion: cis preference versus trans complemen- tation.
Mol Cell Biol. 21(4).

Weishaupt H, Sigvardsson M, Attema JL. 2010. Epigenetic chromatin states uniquely
define the developmental plasticity of murine hematopoietic stem cells. Blood Jan.
14(2).

Wendling F, Maraskovsky E, Debili N, Florindo C, Teepe M, Titeux M, Methia N,
Breton-Gorius ], Cosman D, Vainchenker W. 1994. c-Mpl ligand is a humoral regulator
of megakaryocytopoiesis. Nature. 369(6481):571-574. doi:10.1038/369571a0.

Wheaton WW, Chandel NSH. 2011. 2. Hypoxia regulates cellular metabolism. Am ]

144



Physiol Cell Physiol. 300:385- 393.

Wheelan SJ, Aizawa Y, Han ]S, Boeke JD. 2005. Gene- breaking: a new paradigm for
human retrotransposon-mediated gene evolution. Genome Res. 15:1073-1078.

Wicker T, Sabot F, Hua-Van A, Bennetzen JL, Capy P, Chalhoub B, Flavell A, Leroy P,
Morgante M, Panaud O, et al. 2007. A unified classification system for eukaryotic
transposable elements. Nat Rev Genet. 8(12):973-982. d0i:10.1038/nrg2165.

Wilson A. 2008. Hematopoietic stem cells reversibly switch from dormancy to self-
renewal during homeostasis and repair. Cell. 135:1118-1129.

Wingett SW, Andrews S. 2018. FastQ Screen: A tool for multi-genome mapping and
quality control. F1000Research. 7:1338. doi:10.12688/f1000research.15931.2.

Woltf EM, Byun H-M, Han HF, Sharma S, Nichols PW. 2010. Hypomethylation of a
LINE-1 promoter activates an alternate transcript of the MET oncogene in bladders
with cancer. PLOS Genet. 6:e1000917.

Wrangle J. 2013. Alterations of immune response of non-small cell lung cancer with
azacytidine. Oncotarget. 4(11).

Wu ], Snyder M. 2008. RNA polymerase II stalling: loading at the start prepares genes
for a sprint. Genome Biol. 9(5):220. d0i:10.1186/gb-2008-9-5-220.

X:

Xie H, Wang M, Bonaldo MF, Smith C, Rajaram V, Goldman S. 2009. High- throughput
sequence-based epigenomic analysis of Alu repeats in human cerebellum. Nucleic
Acids Res. 37(13).

Xing J, Wang H, Belancio VP, Cordaux R, Deininger PL, Batzer MA. 2006. Emergence
of primate genes by retrotransposon-mediated sequence transduction. Proc Natl Acad
Sci. 103(47):17608-17613. d0i:10.1073/pnas.0603224103.

Yamamura K, Ohishi K, Katayama N, Yu Z, Kato K, Masuya M, Fujieda A, Sugimoto
Y, Miyata E, Shibasaki T, et al. 2006. Pleiotropic role of histone deacetylases in the
regulation of human adult erythropoiesis. Br ] Haematol. 135(2):242-253.
doi:10.1111/j.1365-2141.2006.06275.x.

Yamashita M, Passegué E. 2019. TNF-a Coordinates Hematopoietic Stem Cell Survival

and Myeloid Regeneration. Cell Stem Cell. 25(3):357-372.€7.
doi:10.1016/j.stem.2019.05.019.

145



Yang L, Bryder D, Adolfsson J, Nygren ], Mansson R, Sigvardsson M, Jacobsen SE.
2005. Identification of Lin(-)Scal(+)kit(+)CD34 (+)FIt3- short-term hematopoietic stem
cells capable of rapidly reconstituting and rescuing myeloablated transplant
recipients. Blood. 105:2717-2723.

Yang N, HH K Jr. 2006. L1 ret- rotransposition is suppressed by endoge- nously
encoded small interfering RNAs in human cultured cells. Nat Struct Mol Biol. 13(9).
Yang X. 2014. Gene body methylation can alter gene expression and is a therapeutic
target in cancer. Cancer Cell. 26(4).

Yevshin I, Sharipov R, Kolmykov S, Kondrakhin Y, Kolpakov F. 2019. GTRD: a
database on gene transcription regulation—2019 update. Nucleic Acids Res.
47(D1):D100-D105. doi:10.1093/nar/gky1128.

Yoshida K, French B, Yoshida N, Hida A, Ohishi W, Kusunoki Y. 2019. Radiation
exposure and longitudinal changes in peripheral monocytes over 50 years: the Adult
Health Study of atomic-bomb survivors. Br ] Haematol. 185(1):107-115.
doi:10.1111/bjh.15750.

Yoshihara H, Arai F, Hosokawa K, Hagiwara T, Takubo K, Nakamura Y, Gomei Y,
Iwasaki H, Matsuoka S, K M. 2007. Thrombopoietin/MPL signaling regulates

hematopoietic stem cell quiescence and interaction with the osteoblastic niche. Cell
Stem Cell. 1:685-697.

Yu Q, Carbone CJ, Katlinskaya YV, Zheng H, Zheng K, Luo M, Wang PJ], Greenberg
RA, Fuchs SY. 2015. Type I Interferon Controls Propagation of Long Interspersed
Element-1. ] Biol Chem. 290(16):10191-10199. d0i:10.1074/jbc.M114.612374.

Yuasa H, Oike Y, Iwama A, Nishikata I, Sugiyama D, Perkins A, Mucenski ML, Suda
T, Morishita K. 2005. Oncogenic transcription factor Evil regulates hematopoietic stem
cell proliferation through GATA-2 expression. EMBO J. 24(11):1976-1987.
d0i:10.1038/sj.embo0j.7600679.

Z:

Zhang A, Dong B, Doucet AJ, Moldovan ]JB, Moran JV, Silverman RH. 2014. RNase L
restricts the mobility of engineered retrotransposons in cultured human cells. Nucleic

Acids Res. 42(6):3803-3820. doi:10.1093/nar/gkt1308.

Zhang CC, Lodish HF. 2008. Cytokines regulating hematopoietic stem cell function.
Curr Opin Hematol. 15:307-311.

Zhang Y, Liu T, Meyer CA, Eeckhoute ], Johnson DS, Bernstein BE, Nusbaum C, Myers

146



RM, Brown M, Li W, et al. 2008. Model-based analysis of ChIP-Seq (MACS). Genome
Biol. 9(9):R137. doi:10.1186/gb-2008-9-9-r137.

Zhang Y, Stehling-Sun S, Lezon-Geyda K, Juneja SC, Coillard L, Chatterjee G,
Wuertzer CA, Camargo F, Perkins AS. 2011. PR-domain—containing Mds1-Evil is
critical for long-term hematopoietic stem cell function. Blood. 118(14):3853-3861.
do0i:10.1182/blood-2011-02-334680.

Zhou M, Smith AD. 2019. Subtype classification and functional annotation of L1Md
retrotransposon promoters. Mob DNA. 10(1):14. doi:10.1186/s13100-019-0156-5.

Zink F, Stacey SN, Norddahl GL. 2017. Clonal hematopoiesis, with and without
candidate driver mutations, is common in the elderly. Blood. 130(6).

147



ANNEX

148



Published Online: 3 April, 2018 | Supp Info: http://doi.org/10.1084/jem.20170997

Downloaded from jem.rupress.org on February 1,2019

ARTICLE

93&) Journal of
QP D Experimental
\’Qg Medicine
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Maintenance of genomic integrity is crucial for the preservation of hematopoietic stem cell (HSC) potential.
Retrotransposons, spreading in the genome through an RNA intermediate, have been associated with loss of self-renewal,
aging, and DNA damage. However, their role in HSCs has not been addressed. Here, we show that mouse HSCs express
various retroelements (REs), including long interspersed element-1(L1) recent family members that further increase upon
irradiation. Using mice expressing an engineered human L1 retrotransposition reporter cassette and reverse transcription
inhibitors, we demonstrate that L1 retransposition occurs in vivo and is involved in irradiation-induced persistent yH2AX
foci and HSC loss of function. Thus, RE represents an important intrinsic HSC threat. Furthermore, we show that RE activity
is restrained by thrombopoietin, a critical HSC maintenance factor, through its ability to promote a potent interferon-like,
antiviral gene response in HSCs. This uncovers a novel mechanism allowing HSCs to minimize irradiation-induced injury and
reinforces the links between DNA damage, REs, and antiviral immunity.

Introduction

Hematopoietic stem cells (HSCs) maintain homeostasis and
replenish blood and the immune system throughout life. Mainte-
nance of genomic integrity is crucial for the preservation of these
functions. DNA damage in HSCs is associated with a reduced
ability to reconstitute hematopoiesis and with an altered lym-
phoid/myeloid lineage potential (Nijnik et al., 2007; Rossi et al.,
2007). The mechanisms underlying these effects are still poorly
understood. This is, however, of major clinical concern. It is also
crucial to understand why after radiotherapy or with age there
is an accrued risk of developing bone marrow aplasia or second-
ary myelodysplastic syndromes. Double-strand breaks (DSBs),
which are the most harmful form of DNA damage, can be gen-
erated by exogenous treatments such as ionizing radiations (IR)
or internally by products of metabolism or as a result of genome
replication or alteration of repair mechanisms (Rossi et al., 2007;
Hoeijmakers, 2009).

Another highly dangerous, albeit poorly studied, source of
endogenous DNA damage could come from the mobilization of
retroelements (REs; Mita and Boeke, 2016). These sequences
represent 30-50% of human and mouse genomes and can spread
through an RNA intermediate using a “copy-paste” mechanism.

REs can be classified into two major groups: long terminal repeat
(LTR) elements, which comprise endogenous retrovirus (ERV),
and non-LTR elements. This latter group includes long inter-
spersed element-1 (LINE-1 or L1) and short interspersed ele-
ments (SINEs). ERVs exhibit relatively high activity in the mouse,
whereas in humans, only the non-LTR elements are believed to be
capable of retrotransposition. L1s continue to diversify genomes,
on their own and through their ability to mobilize SINEs. A full-
length L1 element consists of a 5'-untranslated region (5-UTR)
containing an internal promoter and two open reading frames
encoding ORF1 and ORF2 proteins. ORF1 has chaperone and
nucleic acid binding properties and ORF2 carries the L1 endonu-
clease and reverse transcription activities.

Propagation of REs in the genome requires DNA disruption.
L1s are particularly strong inducers of DNA damage. Indeed,
even the ORF2 protein alone, or abortive retrotransposition, can
induce widespread DSBs, chronic DNA damage, and senescence
(Gasior et al., 2006; Belancio et al., 2010). Derepression and
mobilization of REs can lead to deletions and translocations and
represent an increasingly recognized source of genomic insta-
bility (Gilbert et al., 2002, 2005; Symer et al., 2002; Iskow et al.,
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2010; Erwin et al., 2016). They also have a profound influence
on the transcriptome and contribute to the wiring of regulatory
networks in a cell-specific fashion (Han et al., 2004; Faulkner et
al.,2009; Xie etal., 2013; Elbarbary etal., 2016). Given this harm-
ful potential, RE expression is under tight control. ERVs and L1s
are highly expressed in embryonic stem cells (ESCs) and germ
cells, and L1 retrotransposition occurs during embryogenesis
(Martin and Branciforte, 1993; Garcia-Perez et al., 2007; Kano
et al., 2009; Mita and Boeke, 2016). Recent studies have also
described somatic expression of L1 mRNA, as well as de novo
insertions, particularly during neuronal progenitor differentia-
tion and in the human brain (Muotri et al., 2005, 2010; Coufal et
al., 2009; Belancio et al., 2010; Baillie et al., 2011; Evrony et al.,
2012). Furthermore, increased L1 expression and new somatic
insertions have been detected in various tumors (Iskow et al.,
2010; Lee et al., 2012; Solyom et al., 2012). Previous studies have
also shown that genotoxic stress can induce RE mobilization
in different cell lines (Ishihara et al., 2000; Hagan et al., 2003;
Farkash et al., 2006).

Similar to HSCs from irradiated animals, aged HSCs display
persistent DNA damage. We and others have recently demon-
strated that aged human and mouse HSCs display up-regulated
expression of L1, SINE, and intracisternal A-particle (IAP) REs
(Sun et al., 2014; Djeghloul et al., 2016). However, in spite of its
possible relevance to HSC genomic instability, the mechanistic
link between RE expression/mobilization and the accumulation
of DNA damage has not been addressed. We show here that HSCs
express various REs, including young L1 elements that represent
an important intrinsic source of DNA damage. Indeed, Lls can
successfully mobilize in vivo in HSCs upon total body irradia-
tion (TBI) and are responsible for the long-lasting DNA damage
induced by this treatment. We have previously shown that throm-
bopoietin (THPO), a critical HSC self-renewal factor (Qian et al.,
2007; Yoshihara et al., 2007), limits TBI-induced HSC DNA dam-
age and injury by improving DSB repair (de Laval et al., 2013). In
this study, we uncover a novel mechanism by which THPO can
control HSC genomic stability by restraining RE expression and
mobilization. This activity is mediated by its ability to trigger a
potent antiviral and IFN-like, STAT1- and STAT2-dependent sig-
naling in HSCs. IFNs are critical for the cellular defense against
viruses and are produced abundantly mainly during infections.
Thus, the ability of HSCs to mount an antiviral innate immune
state in response to a self-renewal cytokine may represent an
important constitutive means to resist to RE-induced threat.

Results

Irradiation increases retrotransposon expression in HSCs

REs can be viewed as stress response genes and have been
linked to DNA damage. To determine whether they could be
involved in HSC genomic instability after genotoxic stress, we
first assessed expression of the various REs in HSCs and var-
ious progenitors sorted by FACS using quantitative reverse
transcriptase (qRT)-PCR. Analyses using primers recognizing
various regions of L1 elements (5'-UTR and ORF2) or specific for
active evolutionary recent mouse L1 family members (L1_A, Tf,
and Gf) showed that HSCs (LSK-CD34 Flk2-) express L1 mRNA
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levels, including recent elements, at a significantly higher level
than multipotent (LSK-CD34*Flk2*), common myeloid progen-
itors (CMP), and granulocyte-macrophage progenitors (GMP)
myeloid progenitors or LSK cells, a mixed population of HSCs
and progenitor cells (HSPCs; Fig. 1 A and Fig. S1 A). HSCs also
express significant levels of two other movable REs, SINE Bl
and IAP (Fig. S1 A). Quantitative PCR (qPCR) analysis performed
on RNA samples before reverse transcription gave very low or
undetermined cycle threshold (Ct) values, indicating that the
higher RE expression found in HSCs was not a result of genomic
contamination (data not depicted). In addition, expression of
L1s and IAP was much lower in myeloid progenitor populations
than in HSCs even though all the samples were prepared and
tested together.

L1 fragments are frequently embedded into genes. The lim-
ited numbers of HSCs precluded us from performing Northern
blot analysis. Thus, to confirm that HSCs express full-length L1
mRNA rather than truncated forms that would be transcribed
from other genomic sites, purified RNA was reversed transcribed
using a sense-strand L1-specific primer recognizing the 3’ end of
ORF?2 (Fig. S1 B), allowing the detection of only sense-strand L1
RNA transcripts, as described (Wissing et al., 2012). ESCs, known
to express high levels of L1 elements were used as a positive
control. As shown in Fig. S1 B, primers detecting L1 5-UTR and
ORF2 could amplify a 2.3 kB fragment from both ESC and HSC
ORF2-directed cDNAs. No band was amplified when the reverse
transcription step was omitted. This suggests the presence of
full-length L1 RNAs species in HSCs.

We next examined whether ionizing radiation could affect
RE expression. Attempts to assess short-time effects of irradiation
led to unreproducible results, probably as a result of stress-
induced variations imposed by the culture conditions in vitro.
It was also impossible to assess RE expression in vivo short
term after IR because TBI, even at low doses, has been shown
to induce a rapid decrease in c-Kit and an increase in Scal
(Simonnet et al., 2009), impeding HSC sorting. Therefore, we
chose to analyze RE expression 1 mo after mice were subjected
to a single low dose of irradiation (2 Gy; Fig. 1 B), a time and
dose at which expression of these markers has recovered. In
addition, under these conditions, irradiated HSCs still present
DNA damage, as shown by increased YH2AX foci (Simonnet et
al., 2009; de Laval et al., 2013). HSCs harvested 1 mo after TBI
displayed a general increase in L1 elements, as observed with
5'-UTR and ORF2 primers and of recent L1_A, Tf, and Gf family
members. TBI also increases IAP elements, as compared with
nontreated cells. To confirm increased expression of active
L1 elements in HSCs, we performed immunofluorescence (IF)
analysis using specific antibodies directed against the mouse
L1 ORFI1 protein (ORFlp; Martin and Branciforte, 1993; Malki
et al., 2014). This antibody was able to detect ORFlp in ESCs,
but not in mouse embryonic fibroblasts (Fig. S1 C). Although
few cells expressing low amounts of ORFlp with the char-
acteristic punctate cytoplasmic staining (Malki et al., 2014)
could be detected in LSK-CD34-Flk2- HSCs, ORF1p expression
was significantly increased 1 mo after TBI (Fig. 1 C). This indi-
cates that TBI induces long-lasting change in expression of L1
elements in HSCs.
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Irradiation induces L1 retrotransposition in vivo in HSCs progenitors at the basal state (Fig. 2 D). To analyze the kinet-
The increase of both L1 mRNA and ORFlp, which is required ics of retrotransposition despite the loss of HSC markers 1-10 d
for retrotransposition, suggests that L1 mobilization may take after irradiation, HSCs were sorted immediately after TBI and
place in HSCs. To test this hypothesis in vivo, we made use of  cultured in vitro (Fig. 2 E, left panel). Under these conditions,
a transgenic mouse model that carries an engineered human no change in Sca and Kit marker expression or LSK and HSC
L1 harboring a GFP-based retrotransposition reporter cassette numbers and repartition were observed (Fig. 2 E, middle panel;
(referred to here as L1-GFP), where the human L1 transgene is  and Fig. S1 F). Monitoring GFP by the sensitive Taqgman assay
under the control of its native 5-UTR promoter (Fig. 2 A). In  at different times of the culture showed that retrotransposi-
this model, GFP is expressed only if L1 is transcribed, spliced, tion events could be detected as early as 4 d after irradiation
reverse transcribed, and reintegrated in the genome (Okudaira and increased by day 10 (Fig. 2 E, right panel). Likewise, the
et al., 2011). Retrotransposition can be monitored using a presence of GFP could be detected in the Lin~ cell population
Taqman qPCR assay with GFP exon-exon junction prim- isolated 4 and 7 d after different times (Fig. S1 G). These results
ers and probe (Fig. 2 A). Retrotransposition was detected in  indicate that the increased retrotransposition is a result of a
LSK-CD34°Flk2- HSCs isolated from nonirradiated L1-GFP mice  direct effect of irradiation on HSCs.

when compared with WT mice, albeit at low levels (Fig. 2 B). Finally, we determined whether endogenous L1 can also
However, retrotransposition was greatly increased 1 mo after —mobilize after TBI, using an established qPCR assay for detect-
TBI (Fig. 2 B). Confirming these results, 1 mo after TBI, GFP  ing de novo RE insertion (Muotri et al., 2010). We found that
could also be detected by FACS analysis in HSCs defined by the HSCs isolated from WT mice 1 mo after TBI had increased
LSK-CD48-CD150* phenotype (Fig. 2 C and Fig. S1D) and in LSK  ORF2 genomic copy number (Fig. 2 F), suggesting that endog-
cells (Fig. S1, D and E). As for L1 mRNA, the engineered human  enous L1 retrotransposition could be promoted in HSCs in vivo
L1 retrotransposed at a higher level in HSCs than in myeloid upon irradiation.
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L1 retrotransposition is involved in persistent DNA damage
and loss of function of HSCs upon irradiation

L1 mobilization in cell lines has been shown to induce widespread
DSBs, as measured by the presence of YH2AX foci and senes-
cence (Gasior et al., 2006; Belancio et al., 2010). We and others
have shown that TBI induces YH2AX foci in HSCs that persist
for several weeks. This is accompanied by a loss of HSC function
(Simonnet et al., 2009; de Laval et al., 2013). Thus, we next ana-
lyzed whether Ll-increased expression and retrotransposition
could be involved in these phenomena. L1 mobilization requires
its reverse transcription activity, which is carried by ORF2p
(Mita and Boeke, 2016). This activity is sensitive to reverse tran-
scription inhibitors (RTIs), including the nucleoside analogue
3'dideoxycytidine (ddC; Dai et al., 2011). Mice were subjected
to TBI and treated with ddC or PBS daily for 1 mo (Fig. 3 A). As
shown in Fig. 3 B, IR-induced persistent YH2AX foci in HSCs were
significantly decreased upon ddC treatment. ddC also partially
restored the loss of proliferation in vitro of irradiated HSCs
(Fig. 3 C). Similar results were observed upon treatment with a
nonnucleoside RTI, Efavirenz (EFV; Fig. S2, A and B). To deter-
mine whether inhibition of active retrotransposition could also
rescue HSC proliferation in vivo, competitive transplantation
experiments were performed with ddC-treated bone marrow
(Fig. 3 A). At the end of treatment (stage 1), the numbers of HSCs
and progenitors and their repartition in the LSK compartment
was greatly altered in the irradiated mice, as compared with their
nontreated counterparts (Fig. S2, C-E). This is in agreement with
previous data (Shao et al., 2014; Fleenor et al., 2015). However,
no difference was observed between the PBS- and ddC-treated
groups at that stage. In contrast, 15 wk after reconstitution, the
absolute numbers (Fig. 3 D) and the relative frequencies (Fig. S2
F) of donor LSK and HSCs found in the BM were greatly improved
in the ddC-treated group, when compared with the PBS group.
Secondary transplants confirmed that the capacity of HSCs to
reconstitute hematopoiesis after TBI could be restored by ddC
treatment (Fig. 3, E-G; and Fig. S2 G). This shows that TBI-in-
duced retrotransposition leads to persistent YH2AX foci and neg-
atively impacts HSC self-renewal.

Thrombopoietin restrains L1 expression and
retrotransposition in HSCs
The above data suggest that HSCs may need means to protect
themselves against the possible harmful potential of transcribed
active transposable elements. We previously showed that one
injection of THPO before irradiation could limit TBI-induced
accumulation of YH2AX foci and loss of HSC function (de Laval
et al.,, 2013). To examine whether this could be linked to an
effect on RE expression and/or mobilization, mice were injected
with a single dose of THPO 1 h before TBI, and RE expression
was assessed 1 mo later (Fig. 4 A). We found that this treatment
prevented TBI-induced increased expression of recent L1 mem-
bers and IAP in HSCs. Similar results were observed in LSK cells
(Fig. S3 A). Conversely, the basal RE mRNA levels were signifi-
cantly increased in Mpl-/- HSCs deficient for the THPO receptor
(Fig. 4 B) and in Thpo~~ LSK cells (Fig. S3 B).

THPO could also inhibitin vivo L1 mobilization in L1-GFP mice,
as shown by the significantly reduced level of retrotransposition
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detected by Tagman assay 1 mo after TBI in HSCs from mice that
had received THPO instead of PBS 1 h before TBI (Fig. 4 C). To
determine whether this was a result of a direct effect of THPO
on HSCs, HSCs were sorted immediately after TBI, with or with-
out THPO treatment, and cultured in vitro in the presence or
absence of THPO (Fig. 4 D, left panel). After 10 d, GFP Tagman
assays showed that the highest levels of retrotransposition were
detected in the progeny of HSCs isolated from irradiated mice
cultured in the absence of THPO (Fig. 4 D, upper panel). THPO
completely blocked TBI-induced retrotransposition, whether
it was injected 1 h before TBI or added after TBI in the culture,
demonstrating its direct effect on HSCs in vivo and in vitro. Sim-
ilar results were observed by measuring GFP by FACS in the LSK
compartment (Fig. 4 D, bottom panel). In contrast, THPO had no
effect on the total cell number and the percentage of LSK cells and
HSCs recovered at the end of the culture in vitro (Fig. S3, Cand D).
L1 retrotransposition was also significantly increased in both
LSK-CD34Flk2- and LSK-CD48-CD150* HSCs from L1-Mpl~/-
(Fig. 4 Eand Fig. S3E) and L1-Thpo~~ mice (Fig. S3F), even under
steady-state conditions. It was further enhanced in L1-Mpl-/~
HSCs 1 mo after TBI (Fig. 4 F). Thus, THPO signaling in vivo is
required to limit RE expression and L1 mobilization in HSCs,
under both steady-state conditions and irradiation stress.

THPO induces an early antiviral, IFN-like gene expression
response in HSCs
We next thought to determine by which mechanism THPO could
limit RE expression and activity in HSCs. Because only one injec-
tion of THPO 1 h before TBI is sufficient to protect HSCs from
increased RE expression and retrotransposition, we hypoth-
esized that THPO-mediated control of REs takes place at early
time after THPO stimulation. We previously showed that a short
preincubation of purified HSCs in medium containing THPO
before irradiation in vitro could fully recapitulate the effect of
THPO injection in vivo on HSC genomic stability and function (de
Laval etal., 2013). To analyze whether the ability of THPO to pre-
vent TBI-induced RE expression was a result of THPO-induced
specific transcriptional changes during this preincubation time,
purified LSK-CD34-Flk2~ HSCs were cultured in vitro for 45 min
with or without THPO before irradiation, and microarray analy-
ses were performed 45 min later (Fig. 5 A). 338 differentially
expressed genes (Table S1; fold change > 1.5, P values < 0.05) spe-
cifically regulated by THPO were identified. Ingenuity pathway
analysis revealed pathways related to IFN signaling and antiviral
innate immunity as top significantly THPO-activated canonical
pathways (Fig. 5 B). More than 60% of the up-with-THPO gene
list (Fig. 5 C and Table S1) is composed of IFN-stimulated genes
(ISGs) with characteristics of IFN type I response genes that are
found in the Interferome database (Rusinova et al., 2013). Indeed,
qRT-PCR assays showed that these genes are induced by IFN-a in
LSK cells (Fig. S4 A).

gRT-PCR analyses on LSK-CD34 Flk2- HSCs stimulated in
vitro with THPO confirmed the microarray results (Fig. 6 A).
Importantly, increased ISG expression was also detected in
HSCs isolated 90 min after THPO injection in mice, showing
that THPO could also induce an early IFN-like gene response
in vivo (Fig. 6 B). The response is specific for THPO, as shown
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by the absence of significant ISG induction upon incubation
of HSCs in medium without THPO, despite the presence of the
other cytokines (Fig. S4 B). Furthermore, the induction of ISG
expression by THPO was similar in irradiated and nonirradiated
samples (Fig. S4 C). In agreement with the highest Mpl expres-
sion in HSCs (Qian et al., 2007), THPO-mediated ISG induction
was more potent in HSCs than in LSKs (Fig. 6 A, right panel).
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THPO was able to trigger ISG expression in vitro in HSCs from
mice deficient for IFN-I receptor Ifnarl (Fig. S4 D), indicating
that THPO-induced, IFN-like gene expression response does not
result from increased IFN secretion or cross talk with IFN-type
I receptor. Confirming these results, injection of MARI-5A3, an
anti-IFNARI1 blocking antibody, could reverse IFN-a- but not
THPO-induced ISG expression in HSCs in vivo (Fig. S4 E). Finally,
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confirming THPO’s ability to induce an antiviral transcriptional
response in vivo, Mpl~/~ HSCs displayed decreased levels of
THPO-induced ISGs (Fig. 6 C). Altogether, these results show that
THPO is a potent inducer of antiviral response genes in HSCs/
HSPCs in vitro and in vivo and can behave as an IFN-like factor.

THPO-induced, IFN-like signaling in HSCs is required to limit
retrotransposon expression upon irradiation

Numerous ISGs are viral restriction factors (Schneider et al.,
2014). Thus, we next examined whether this signaling could be
linked to its capacity to restrain REs in HSCs. Like THPO, all IFNs
signal via the JAK/STAT pathway. The main IFN type I signaling
involves STAT1 and STAT2, which form a transcriptional complex
with IRF9, called ISGF3, that binds to ISG promoters (Schneider
et al., 2014). Fig. 7 A shows that THPO induces a rapid and sus-
tained STAT1 phosphorylation in HSCs. We could not assess Stat2
activation in HSCs as a result of the lack of antibody recognizing
mouse phospho-STAT2 in IF or cytometry. However, THPO could
induce phosphorylation of both STAT1 and STAT?2, together with
ISG expression, in a human cell line expressing Mpl (Fig. S5, A
and B). THPO-induced ISG expression was completely abolished
inboth Statl”/- and Stat2-/- HSCs (Fig. 7, B, C, and D), supporting
the possibility that THPO can mimic IFN type I signaling. No sig-
nificant change in Mpl mRNA levels were observed in HSCs from
these mice (Fig. S5 C).

Strikingly, THPO injection in Statl”/~ mice could not prevent
TBI-induced increase in L1 and IAP expression in HSCs (Fig. 8,
A and B). Similar results were observed using Stat2~/~ LSK cells
(Fig. 8, A and C). In agreement with a role of STAT1 and STAT2
in controlling THPO-mediated RE expression under basal condi-
tions in vivo, HSCs from nontreated Statl~/~ and Stat2~/~ mice, as
Mpl-/-HSCs, express slightly higher levels of IAP and L1 REs than
WT HSCs. Furthermore, both Statl/~ and Stat2~/~ cells displayed
decreased THPO-mediated resorption of YH2AX foci at 1 mo after
TBI (Fig. 8, D and E). These results show that THPO-induced
IFN type I signaling in HSCs is required to prevent long-last-
ing accumulation of REs and RE-induced persistent YH2AX foci
upon irradiation. Interestingly, injection of IFN-a before TBI
could also block irradiation-induced increased RE expression in
HSCs (Fig. 9). This supports the possibility that IFN-type I sig-
naling may have an unexpected protective role on HSCs upon
genotoxic stress.

Discussion

Because of their lifelong potential, HSCs need to be protected
from endogenous and exogenous insults that may trigger
genomic instability to ensure their long-term functional activ-
ity and prevent their transformation. Intrinsic HSC-protective

mechanisms, including low metabolism, high xenobiotic efflux
activity, quiescence, and activation of a strong DNA damage
response, as well as environmental factors such as the hypoxic
nature of the niche or the action of cytokine-controlling repair
pathway activity have been shown to contribute to minimize
accumulation of DNA damage and allow preservation of HSC
potential (Bakker and Passegué, 2013). We show here that RE
expression and mobilization can also constitute an endogenous
source of HSC genomic instability that increases upon genotoxic
stress. We described the ability of HSCs to mount a constitutive
IFN-like antiviral response in response to THPO as a novel HSC
intrinsic protective mechanism against this form of damage.

Recent data have highlighted the causal relationships between
the L1- or LTR-containing RE activity and IFN-induced antiviral
response. Indeed, many viral restriction factors are IFN-regu-
lated genes (Schneider et al., 2014). Mutations or deficiencies in
several of these genes that we found induced by THPO in HSCs,
such as Samhd], lead to abnormal RE accumulation and retro-
transposition. Mutant SAMHDI of Aicardi-Goutiéres syndrome
patients are defective in L1 inhibition, leading to abnormal L1and
Alu/SVA accumulation and mobilization (Zhao et al., 2013). REs
in turn can serve as a source of endogenous signal that triggers
type I IFN immune response, eventually leading to autoimmune
diseases (Stetson etal., 2008; Zhao et al., 2013). Conversely, it has
been recently reported that IFN-a stimulation or overexpression
of several ISGs reduce RE expression and L1 propagation in cell
lines (Goodier et al., 2012, 2015; Koito and Ishizaka, 2013; Zhang
et al., 2014; Hu et al., 2015; Yu et al., 2015). This shows that IFN
contributes to the immune control of both REs and exogenous
pathogens. Using HSCs deficient for Statl or Stat2, which are
both required for IFN-Isignaling and antiviral immunity (Durbin
etal., 1996), we demonstrate here that this pathway is also crucial
to confer on THPO the ability to regulate RE expression in HSCs
and therefore limit HSC threat upon irradiation.

The mechanism underlying this inhibitory effect remains to
be determined. Recent studies have shown that various ISGs can
restrict L1 and IAP expression by different means (Pizarro and
Cristofari, 2016). This includes interaction with ORFlp or L1 RNA
in cytoplasmic stress granules, disruption of ribonucleoprotein
particle integrity, RNA degradation, or processing by the RNA-
induced silencing complex (Goodier et al., 2012, 2015; Zhang
et al., 2014; Hu et al., 2015; Pizarro and Cristofari, 2016). This
suggests that THPO-induced ISGs may be required to prevent L1
accumulation by acting mainly at the posttranscriptional level.
At the transcriptional level, RE repression is controlled mainly
by epigenetic mechanisms (Mita and Boeke, 2016). We have
shown recently that H3K9-trimethylation catalyzed by Suv39hl
isrequired to repress both L1 and IAP expression in HSCs during
the course of aging (Djeghloul et al., 2016). Differences in H3K9

the mean values of WT mice. n = 10 (5'-UTR, ORF2, and L1_A) and 7 (B2) pools of three WT or five Mpl~/~ mice from three to four independent experiments.
Mann-Whitney test. (C) Experimental design and GFP Tagman assays in HSCs isolated from L1-GFP mice 1 mo after TBI with or without THPO injection. Means
+ SEM, n =7 (NIR), 10 (IR), and 11 (IR+THPO) mice from two independent experiments. One-way ANOVA with Dunnett’s multiple comparison test. (D) Experi-
mental design and GFP expression in total cell progeny and in the LSK compartment (FACS) of L1-GFP HSCs isolated immediately after TBI with or without THPO
injection and cultured for 10 d in vitro in the presence (+T) or absence of THPO (- T); two (IR) and three (NIR and IR+THPO) independent cultures. Means + SEM.
One-way ANOVA with multiple comparison tests. (E and F) L1 retrotransposition in HSCs and progenitors from L1-Mpl-/~, either nontreated or 1 mo after TBI,
as indicated. Means + SEM. (E) n = 12 (WT) and 13 (L1-Mpl-/~) mice from four independent experiments. Mann-Whitney test. (F) n = 7 (L1 and L1-Mpl-/- NIR),
9 (L1IR), and 8 (L1-Mp[-/- IR) mice from two independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

Barbieri et al.

THPO restrains retrotransposons in HSCs

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20170997

1470



Complete

ﬁmey

le.:delz.:dé

45 min 45 min

FIt3,
SCF,
IL3, IL6,
THPO

CD3

B Interferon Signaling

Activation of IRF by Cytosolic Pattern
Recognition Receptors

Role of Pattern Recognition Receptors in
Recognition of Bacteria and Viruses

Pathogenesis of Multiple Sclerosis

Role of JAK1, JAK2 and TYK2 in
Interferon Signaling

IL-8 Signaling

Role of RIG1-like Receptors in Antiviral
Innate Immunity

Role of Cytokines in Mediating
Communication between Immune Cells

T Helper Cell Differentiation
IL-17 Signaling

Antigen Presentation Pathway
Communication between Innate and
Adaptive Immune Cells

Role of PKR in Interferon Induction and
Antiviral Response

-log(pval) Sttt

wfw»

45 min 45 min

C T 4T

T 173
scale mermLr3

Trim34b
BC006779
Eif2al

cypiia

F830016808Rik

Vo2

Mir1930
Gm1218

CxclS
5830416119Rik

Expression

Figure 5. THPO induces an IFN signature in HSCs. (A) Experimental design for microarray analysis of THPO differentially regulated genes in HSCs. Gray
objects represent Affimetrix Gene Chips (microarrays) used to measure gene expression in cells after treatments. (B) Heat map of ingenuity pathway analysis
p-values for the top canonical pathways of differentially regulated genes, obtained using the Perseus software (MaxQuant). (C) Means of triplicate values for

up-regulated genes calculated and clusterized using the Perseus software.

methylation and chromatin condensation between HSCs and
progenitors (Ugarte et al., 2015) could explain the high basal
expression levels of L1 and IAP REs in the former. Interestingly,
IFN-a has been shown to inhibit hepatitis B virus transcription

Barbieri et al.
THPO restrains retrotransposons in HSCs

by inducing a STAT1/2-dependent epigenetic regulation (Belloni
et al., 2012). ISGs involved in transcriptional silencing, such as
Trim33, were found among THPO-up-regulated genes (Rajsbaum
et al., 2008). Interestingly, Trim33 has been shown to control
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expression of different LTR-containing REs (Herquel et al.,
2013; Isbel et al., 2015). Thus, the THPO-induced STAT1/2
signaling pathway might restrain RE accumulation in HSCs
through transcriptional regulatory mechanisms. This could
explain the long-lasting effect of a single THPO injection
on RE expression. Whether one specific or several ISGs
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are required to control RE expression in HSCs requires
further investigation.

In agreement with previous reports showing increased
RE mobilization upon stress (Ishihara et al., 2000; Hagan et
al., 2003; Farkash et al., 2006), we found that TBI triggers not
only increased L1 expression, but also successful de novo L1
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retrotransposition in vivo in primary HSCs. Very recently, Macia
et al. (2017) reported that human CD34* cells do not express L1
and are unable to support L1 retrotransposition, suggesting that
L1 mobilization in somatic healthy tissues is restricted to neuro-
nal precursor cells. The discrepancy between this study and ours
could be a result of differences in the cell population tested and/
orto the treatment applied. Indeed, the CD34* cells used by Macia
et al. is a population composed mainly of progenitors, whereas
we found higher L1 expression and retrotransposition levels in
HSCs than in LSKs and progenitors. In addition, in the basal state,
HSCs express low ORFlp and display low retrotransposition lev-
els, both phenomena being greatly increased upon irradiation.

THPO injection before TBI reversed irradiation-induced L1
expression and L1 mobilization in HSCs. Addition of THPO in
the culture after irradiation could also restrain L1 mobilization,
demonstrating a direct effect of the cytokine on HSCs. In
addition, L1 mobilization was enhanced in HSCs from L1-Mpl-/~
and L1-Thpo™~ mice, showing that THPO signaling is required
to control L1 retrotransposition in HSCs, in vivo, after genotoxic
stress, as well as under steady-state conditions. Although ddC
had no effect on TBI-induced changes in LSK and HSC numbers
(Shao et al., 2014; Fleenor et al., 2015), its ability to rescue both
YH2AX foci accumulation and HSC reconstitution ability after
TBI further demonstrates that endogenous retrotransposition
plays arole in the long-lasting HSC injury induced by irradiation.
This suggests that THPO-mediated L1 mobilization repression
plays an important role in its ability to maintain HSC genomic
stability. We have previously shown that THPO restrains HSC
DNA damage by up-regulating the efficiency of the classical
DNA-PK-dependent nonhomologous end joining (NHE]) DNA
repair (de Laval et al., 2013). These two mechanisms are not
mutually exclusive. Indeed, RE insertion requires the creation
but also the repair of broken DNA and is modulated by DNA
repair pathways (Coufal et al., 2011; White et al., 2015). L1, but
also SINE and IAP REs, can integrate at preformed DSBs and
repair them (Lin and Waldman, 2001; Morrish et al., 2002;
Onozawa et al., 2014). In the case of L1, insertions at preexisting
DSBs are independent of ORF2p endonuclease activity and
increase in cells deficient or mutated for NHE] factors (Morrish
et al., 2002). Interestingly, such repair is highly mutagenic and
often shows features of alternative-NHE] with the presence
of short stretches of microhomologies (Onozawa et al., 2014),
similarly to what is observed in irradiated cells in the absence
of THPO signaling (de Laval et al., 2013). Thus, by modulating
DNA repair, THPO may also regulate the extent and the type
of RE insertions in HSCs and their ability to induce genomic
instability. Because integration of viruses into host DNA induces
DNA damage, some ISG products with antiviral activity, such as
SAMHDI and TREX, have developed the ability to regulate DNA
damage and repair responses (Yang et al., 2007; Clifford et al.,
2014). This suggests that the THPO-induced IFN-like response
may constitute a positive retrocontrol pathway improving HSC
DNA damage responses.

THPO has been shown to activate STAT1, STAT5, and STAT3 in
cell lines and megakaryocytes (Drachman et al., 1997; Rouyez et
al., 2005). We show that THPO also induces a rapid activation of
STAT1 in HSCs. THPO also triggers STAT1 and STAT2 phosphor-
ylation in a human cell line expressing Mpl. The requirement of
both STAT1 and STAT2 for THPO-mediated ISG induction and RE
repression suggests that THPO activates an IFN-I-like signaling
in HSCs. This is to our knowledge the first demonstration of the
involvement of STAT2 in THPO signaling. Although intriguing,
this recalls previous studies showing that IFNs and THPO can
induce similar transcriptional complexes and that IFN-a can
trigger megakaryopoiesis (Rouyez et al., 2005; Haas et al., 2015).
Chronic IFN-I exposure in vivo has been shown to induce tran-
sient HSC proliferation and/or apoptosis (Essers et al., 2009;
Pietras et al., 2014), whereas THPO is required for HSC mainte-
nance through regulation of survival, quiescence, or self-renewal
divisions and favors transplantation (Qian et al., 2007; Yoshihara
et al., 2007; Kovtonyuk et al., 2016). However, our results sug-
gest that under some instances, such as genotoxic stress, IFN-a
and THPO may similarly protect HSCs against REs. This func-
tion might be important to prevent DNA damage in HSCs during
emergency myelopoiesis. In addition to STAT1/STAT2 activation,
each cytokine also activates its own specific signaling path-
ways leading to unique gene and functional programs that may
explain their different final effects on HSCs. For example, THPO
stimulates integrin inside-out signaling and adhesion as well as
pathways blocking oxidative stress that have been shown to be
required for HSC function (Kirito et al., 2005; Umemoto et al.,
2012). It also induces the expression of quiescence genes such as
p57(Yoshihara etal., 2007), whereas IFN-a exposure induces cell
cycle genes (Essers et al., 2009) or a transient decrease of quies-
cence regulators, including p57 (Pietras et al., 2014). Although
constitutive IFN-I secretion does occur in healthy mice, IFNs are
secreted in abundance, primarily in response to viral infection.
The ability of THPO to behave as a stronger inducer of ISGs in
HSCs than in LSKs, together with its restricted expression in the
hematopoietic system, suggests that it has evolved as a constitu-
tive IFN, more specifically dedicated to HSCs and allowing their
protection against RE-induced threat while maintaining their
self-renewal ability. By inducing Statl and Stat2 expression,
THPO may also prime HSCs to respond to IFNs upon infection.

Transcriptional derepression and increased mobilization of
REs occur in the genome of aging somatic cells, including HSCs
(De Cecco et al., 2013; Sun et al., 2014; Van Meter et al., 2014;
Djeghloul et al., 2016). Interestingly, in HSCs, the same retro-
transposon mRNA species were found to be increased with TBI
and age, e.g. evolutionary recent active L1 family members (A, Tf,
and Gf), as well as IAP retroviruses. This suggests that the dereg-
ulation of RE expression with age, as after irradiation, could be
involved in HSC loss of function and persistent DNA damage.
Flach et al. (2014) have recently shown that the yYH2AX foci pres-
ent in old HSCs are resulting from residual replication stress on
ribosomal DNA and colocalize with the nucleolus. We were not

experiment with cells from four (WT) and two pools of six mice (Statl”/~ and Stat2"/-). Means + SEM. (C and D) ISG mRNA expression in WT, Stat1”/~ (C),
and Stat2”/~ HSCs (D) after stimulation for 90 min in vitro with (+T) or without THPO (-T). Data are normalized to the mean value of WT HSCs cultured in
the absence of THPO. Means + SEM, n = 4 pools of five to six mice from two independent experiments. Paired t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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(D and E) Representative images and quantification of WT, Stat1-/- HSCs (D), WT, and Stat2~/~ LSK cells (E) expressing more than four yH2AX foci 1 mo after
TBI in the presence or absence of THPO. Each point represents an individual mouse. Means + SEM. One-way ANOVA with Dunnett’s multiple comparison
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able to demonstrate such a nucleolar localization of YH2AX foci
persisting 1 mo after sublethal TBI (Fig. S5 D). Thus, whether the
deregulation of REs plays a direct role in HSC aging remains to
be investigated thoroughly.

Our results also suggest that maintenance of a certain level
of THPO signaling may be required to prevent radiotherapy-
induced myeloid malignancies. This is in agreement with the
fact that patients with MPL loss-of-function mutations have an
increased propensity of developing myelodysplastic syndromes
(Maserati etal., 2008). These observations could also be highly
relevant in the context of myeloproliferative neoplasms in
which IFN-Iadministration is used as a treatment. IFN-o causes
preferential depletion of Jak2V617F-mutated HSCs compared
with normal HSCs (Hasan et al., 2013; Mullally et al., 2013).
On the other hand, with progression to myelofibrosis, patients
become resistant to this treatment. Our results showing that
increased THPO signaling and ISG expression can protect HSCs
from RE-induced DNA damage may explain this resistance. In
that context, chronic IFN-I treatment and STAT1/2 induction
were shown to induce chemotherapy resistance in certain can-
cers (Khodarev etal., 2004; Cheon et al., 2013). Because massive
unleashing of REs has been shown to induce cancer stem cell
apoptosis (Chiappinelli et al., 2015), strategies combining TBI
and STAT1/2 blockade could also be considered.

Materials and methods

Mice and mice treatments

All mice are on a C57BL/6 background. Mpl/~ and Thpo™~
mice were described previously (de Laval et al., 2013). Statl”/-
(Durbin et al., 1996) and Stat2~/- (Park et al., 2000) mice were
obtained from M. Muller (University of Veterinary Medicine,
Vienna, Austria) and T. Kolbe (University Center for Biomod-
els, Vienna, Austria), respectively. WT C57BL/6] CD45.2 and
CD45.1 mice were from Envigo and Charles River Laboratories,
respectively. The transgenic mice expressing an engineered
human L1 harboring a GFP-based retrotransposition reporter
cassette (L1-GFP, strain 67; Okudaira et al., 2011) was from by
T. Okamura and Y. Ishizaka (National Center for Global Health
and Medicine, Department of Infection Diseases, Tokyo, Japan).
L1-GFP mice were crossed with Mpl-/- and Thpo/~ (referred to
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as L1-Mpl/~ and L1-Thpo/~ mice, respectively). All the mice
were housed in a specific pathogen-free environment. All proce-
dures were reviewed and approved by the Animal Care Commit-
tee no. 26 approved by the French Ministry for Research (agree-
ment number no. 01773.03). Unless otherwise specified, mice of
6- to 10-wk of age were used. Mice were treated with one dose
of THPO (16 pg/kg body weight, iv.) or IFN-a (50,000 U, iv.),
anti-IFNAR blocking monoclonal antibody (200 pg; MAR1-5A3)
before sublethal TBI (2 Gy; RX irradiator X-RAD 320). ddC, EFV
(10 mg/kg weight, s.c.; Sigma) or their respective diluent alone
(PBS for ddC and DMSO for EFV) were injected s.c. 1h before TBI
(2 Gy) and then daily for 1 mo.

Cells and cell culture in vitro

Lin-Sca*kit* cells (referred to as LSK or HSPC), HSCs (LSK-CD34"
Flk2- or LSK-CD150*CD48-), multipotent progenitors (MPP,
LSK-CD34*Flk2*), CMPs (Lin~Scal-c-Kit*CD34"CD16/327) and
GMPs (Lin-Scal-c-Kit*CD34°%CD16/32*) were sorted using a cell
sorter (Influx; BD). HSCs were cultured in serum-free expan-
sion medium (StemSpan; StemCell Technologies) supplemented
with recombinant Flt3-Ligand (FLT3-L; 100 ng/ml), IL-3 (10 ng/
ml), IL-6 (10 ng/ml), and stem cell factor (SCF, 100 ng/ml) in the
presence (+THPO) or absence (~-THPO) of 100 ng/ml THPO or of
100 ng/ml IFN-a. All cytokines were from Peprotech. When the
cells were irradiated in vitro, THPO was added to the medium 1h
before, as described (de Laval et al., 2013). For in vitro growth,
duplicate samples of 100 HSCs were sorted in 96-well plates in
proliferation medium: IMDM medium supplemented with 10%
FBS, 1% penicillin-streptomycin, and 1 mM glutamine and con-
taining 25 ng/ml FLT3-L, 10 ng/ml IL-3, 25 ng/ml SCF, 25 ng/ml
THPO, 4 U/ml erythropoietin (EPO), and 50 uM B-mercaptoeth-
anol. Cell numbers were evaluated at different times. UT7-Mpl
cells were grown in a-MEM medium supplemented with 10% FCS
and 2 u/ml EPO. The cells were stimulated by adding directly the
THPO mimetic peptide GW395058, as described previously (de
Lavaletal., 2013).

Bone marrow reconstitution

For bone marrow reconstitution experiments, 3 x 10 CD45.2*
bone marrow cells isolated from mice subjected to TBI (2 Gy) and
treated with or without ddC for 1 mo were injected in lethally
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irradiated (9.5 Gy) C57BL/6 CD45.1 congenic mice, together with
3 x 10° competitor CD45.1* cells. Bone marrows were collected
4 mo later. After red blood cell lysis, the cells were stained
with antibodies against CD45.2, CD45.1, and HSC markers and
analyzed by FACS. Secondary reconstitutions were performed
by injecting 5 x 10® BM cells from the first recipients in lethally
irradiated CD45.1* recipients. BM was harvested 5 mo later.

qRT-PCR
Total RNA was extracted using the RNeasy plus micro kit (Qiagen)
or the Direct-Zol RNA micro prep kit (Zymo Research; Proteigene)
and reverse transcribed with superscript Vilo (Thermo Fisher).
Real time PCR was performed using SYBR qPCR premix Ex
Taq (Takara) on a real time PCR machine (7500; Applied
Biosystems). Quantification was done using the AACt-method
with normalization on B-actin, Gapdh, and/or Hprt expression.
For analysis of RE expression, the extracted RNAs were subjected
to an additional treatment with RNase-free DNase (Ambion)
according to manufacturer instructions, and the samples were
tested for qPCR before reverse transcription to rule out detection
of contaminating DNA. Only the samples giving Ct values close to
the no template control were further analyzed. Primer sequences
are shown in Table S1.

Retrotransposition assays

L1-GFP mice were treated with THPO or PBS and subjected
to TBI (2 Gy) 1 h later. 1 mo after TBI, total bone marrow was
stained with lineage (CD11b, Grl, CD19, CD3, and Terl19)-APC,
Kit-PercpCy5.5, Sca-PECy7, CD48-PB, and CD150-PE antibodies,
and GFP was analyzed in the LSK- and HSC-gated populations.
Alternatively, the presence of GFP was assessed by Tagman-
based qPCR assay using primers and probe spanning the GFP
exon-exon junction (Iijima et al., 2013). In brief, 700-1,000 cells
were FACS-sorted directly in 10 pl of prepGEM tissue extraction
buffer (ZyGEM) and lysed according to the manufacturer’s
instructions. A nested PCR using GFP-specific primers was used
to preamplify the L1 transgene, and the presence of the exon-
exon junction was then assessed by qPCR using primers and an
exon-exon junction probe specific for GFP (Table S1). Data were
normalized to RNA 55 DNA. To test retrotransposition in vitro,
700 HSCs were isolated from L1-GFP mice immediately after
TBI (2 Gy) or THPO injection and TBI treatment and cultured
at 37°C in IMDM medium supplemented with 10% FBS, 1%
penicillin-streptomycin, and 1 mM glutamine, and containing
25 ng/ml FLT3-L, 10 ng/ml IL-3, 25 ng/ml SCF, 25ng/ml THPO,
4U/ml EPO, and 50 pM B-mercaptoethanol supplemented, or
not, with 25 ng/ml THPO. Cells were harvested at different
times and DNA was extracted as above. The presence of GFP was
analyzed by exon-exon Tagman assay. At day 10 of culture, the
cells were stained with Kit-PrcpCy5.5 and Sca-PECy7 antibodies
and GFP expression was analyzed by FACS, gating on the LSK
cell compartment.

Microarray analysis

Triplicate samples of 10,000-15,000 LSK-CD34 Flk2- HSCs were
sorted and incubated in vitro for 45 min in complete medium,
with or without THPO before irradiation at 2 Gy. RNA was
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purified 45 min later using the RNeasy Plus micro kit (Qiagen)
and were hybridized onto whole genome arrays (Affymetrix
MouseGene2.0ST). Raw data were normalized using the robust
Multichip Algorithm (RMA) in Bioconductor R. Quality controls
and statistics were performed using Partek GS. A classical
ANOVA for each gene was performed and pairwise Tukey's
ANOVA was applied to identify differentially expressed genes
in THPO-treated and untreated samples. Functional enrichment
analysis of differentially expressed genes was performed
using ingenuity pathway analysis (Ingenuity Systems). All
data have been submitted on GEO Omnibus site under the
accession no. GSE84195.

Immunofluorescence

3,000-5,000 HSCs were cytospun on polylysine-coated glass
slides, and IF was performed as previously described (de Laval et
al., 2013). Monoclonal anti-yH2AX antibody (clone JBW301) was
purchased from Millipore. The presence of the L1 ORF1 protein
was assessed in HSCs using the rabbit anti-mouse L1 ORFlp
antibody (Martin and Branciforte, 1993; Malki et al., 2014), a
gift of A. Bortvin (Carnegie Institution for Science, Baltimore,
MA). The antibody was used at a concentration of 3 pug/ml. To
test STAT1 activation, freshly sorted HSCs were stimulated for
various times in vitro in the presence of THPO (100 ng/ml),
cytospun as above and stained with antiphospho-Tyr(701)STAT1
antibody (clone 58D6 rabbit mAb; Cell Signaling Technologies).
Detection was performed using Alexa Fluor 555-coupled anti-
rabbit secondary antibody. All slides were visualized using
SPE confocal microscope (Leica). Pictures were analyzed using
Image]J software or CellProfiler.

qPCR of genomic LINE-1

Quantification of genomic insertions of L1 was performed as
described (Coufal etal., 2009; Muotri etal., 2010). In brief, dupli-
cate samples of 200 HSCs or LSK cells from WT or Mpl/~ mice were
sorted directly in 10 pl of prepGEM Tissue DNA extraction buffer
(ZyGEM) and lysed according to the manufacturer’s instructions.
L1ORF2 was amplified in triplicate using either Tagman- or SYBR-
Green-based qRT-PCR. Relative genomic ORF2 content was nor-
malized to the nonmobile 5S ribosomal RNA genomic content as
described (Coufal et al., 2009; Muotri et al., 2010).

Analysis of expressed L1 mRNAs

RNA from HSCs and ESCs were extracted and subjected to RNase
treatment as above. RNAs were reverse transcribed using Super-
Script Reverse Transcriptase IV (Thermo Fisher) for 15 min at
55°C and 10 min at 80°C with 2 uM mORF2 reverse primer.
PCR amplifying a 2,296 bp sequence was then performed using
L1-5'-UTR forward and mORF2 reverse primers (Table S1). Actin
expression was used as amplification control because unspecific
annealing of RT primer produces cDNA from highly abundant
RNAs (Parent et al., 2015).

Statistical analysis

Results were statistically evaluated using either one-way
ANOVA or t test by Prism version 5.0 software (GraphPad
Software Inc.).
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Online supplemental material

Fig. Slis related to Figs. 1and 2. It shows increased L1 expression
and retrotransposition in HSCs upon irradiation. Fig. S2, related
to Fig. 3, shows that reverse transcription inhibitors rescue irra-
diation-induced persistent YH2AX foci HSC loss of function. Fig.
S3, related to Fig. 4, shows increased RE expression and retro-
transposition in Thpo~ and Mpl~/- LSK cells and HSCs. Figs. S4
and S5, related to Figs. 5, 6, and 7 provides supplementary data on
the induction of ISGs and Statl/2 activation by THPO and IFN-a
in HSCs, LSK, and human UT7-Mp] cells. Table S1 shows up- and
down-regulated genes differentially expressed in THPO stimu-
lated HSCs (fold change > 1.5; P > 0.05). Table S2 describes the
primers used in this study.
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Figure S1. RE mRNA expression and retrotransposition increase with irradiation. (A) qRT-PCR analysis of the mRNA expression of LINE, SINE, and IAP
elements in HSCs (LSK-CD34Flk2-) and various hematopoietic populations, as indicated. Values were normalized to the B-actin and Gapdh levels and to the
mean value expression in HSCs. n = 4 (B1, ORF2), 5 (5'-UTR), and 8 (IAP) mice from three to four independent experiments. One-way ANOVA with multiple
comparison test. (B) PCR amplification of full-length L1 from HSC- and ESC-purified RNA. The schematic positions of the primers used in the RT and PCR
reactions are shown. Amplification without RT treatment and of actin were used as negative and loading controls, respectively. (C) Representative images of
IF analysis of ORF1p expression in mouse embryonic fibroblasts (MEFs) and ESCs. Bars, 50 um. (D) Gating strategy for the detection of GFP* LSK and HSCs
by FACS analysis in L1-GFP mice, nontreated (NIR), or one 1 mo after TBI (IR). (E) GFP* LSK cells in L1-GFP mice, nontreated and 1 mo after TBI. Means + SEM,
n =8 (NIR) and 9 (IR) mice from two independent experiments. Mann-Whitney test. (F) Percentages of LSK and HSCs sorted from L1-GFP mice immediately
after TBI (n = 3). (G) Kinetics of L1 retrotransposition induced by irradiation in L1-GFP mice. Mice were irradiated (2 Gy) and Lin~ progenitor cells were sorted
at different times. GFP expression was detected by Tagman assay using exon-exon probe and primers. n = 2-3 independent mice/time point. This experiment
was performed only one time. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure S2. Reverse transcription inhibitors rescue irradiation-induced HSC loss of function. (A and B) yH2AX foci and in vitro proliferation of
LSK-CD34-Flk2- HSCs isolated from mice subjected to TBI or not and treated daily for 1 mo with efavirenz (EFV) or DMSO as a control. Means + SEM, n = 6
(NIR), 4 (IR+DMSO0), and 5 (IR+EFV) mice. One-way ANOVA with Dunnett’s multiple comparison test. This experiment was performed only once. Bars, 30 pm.
(C-E) Quantification of HSCs in the bone marrow 1 mo after irradiation and daily injection of ddC or PBS (stage 1, Fig. 3 A). (C) Representative FACS analysis
for each group. (D) Total cell numbers. (E) Relative frequencies. Means + SEM, n = 8 (NIR) and 12 (IR+PBS and IR+ddC) mice from two independent experi-
ments. One-way ANOVA with Dunnett’s multiple comparison test. (F and G) CD45.2* donor contribution 4 and 5 mo after primary (F) and secondary recon-
stitution (G), respectively, with cells from mice irradiated treated with ddC or not as in Fig. 3 A. Means + SEM. One-way ANOVA with Dunnett’s multiple
comparison test. (F) n =7 (NIR), 9 (IR+PBS), and 10 (IR+ddC) mice from two independent experiments. (G) n = 4 (NIR and IR+PBS) and 5 (IR+ddC). Represen-
tative independent experiment out of two performed. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure S3.  THPO signaling restrains L1 expression and retrotransposition in HSCs in the absence of irradiation. (A) RE mRNA expression in LSK cells
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Figure S4. THPO induces IFN-regulated genes in HSCs. (A) qRT-PCR analysis of ISG expression in LSK cells cultured for 90 min in a medium containing
or not containing 100 ng/ml IFN-a. Ct values were normalized to B-actin and/or Gapdh. Results are expressed as fold change from cells isolated from the
same mice and cultured without IFN-a. Means + SEM. n = 5 (Rigl and Pkr), 7 (Trim30c, Zbp1, and IRF7), 10 (Isgl5, Oas2, and Ifi44) mice from two to three
independent experiments; paired t test. (B) qRT-PCR analysis for THPO-up-regulated genes in HSCs just after sorting (Basal) or stimulated for 90 min in vitro
in medium containing cytokines with or without THPO as in Fig. 6 A. Data normalized to the mean values of expression in unstimulated cells. Means + SEM;
n = 3 pools of 5 mice in two independent experiments. Repeated measure ANOVA with multiple comparison test. (C) ISG analysis in HSCs treated as in
Fig. 5 A. Means + SEM of Ct values obtained from three pools of six to eight mice, representative experiment out of two performed. (D) THPO-induced ISGs
in Ifnar”/- HSCs. HSCs from WT and IfnarI-deficient mice were incubated for 90 min in vitro in medium supplemented with (+T) or without (- T) before qRT-
PCR analysis. Means + SEM. n = 4-5 pools of five mice in two independent experiments. (E) Experimental design for testing the effect of anti-IFNAR blocking
antibodies on ISG induction by THPO or IFN-a in vivo. Top: n = 7-10 mice from two to three experiments. Bottom: n = 3 mice from a representative experi-
ment. ¥, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Figure S5. THPO induces IFN type-I signaling in UT7-Mpl cells. (A) Human UT7-Mpl cells were stimulated for 10 min with THPO peptide (10 nM) or IFN-a
(50 ng/ml) before lysis and Western blot analysis. Representative experiment out of two performed. (B) qRT-PCR analysis of ISG induction in UT7-Mpl cells
stimulated with 3 nM THPO peptide or not. Means + SEM from two independent experiments. (C) gRT-PCR analysis for Mpl mRNA expression in HSCs
(LSK-CD34-Flk2-) or LSK cells isolated from WT or Statl- or Stat2-deficient mice. Results are expressed as fold change from the mean 22T values of WT
mice. n = 2 (StatI”/~ HSC) and 4 (Stat2”/- HSC and LSK) pools of six mice from two to three independent experiments. Unpaired t test. *, P < 0.05. (D)
Long-lasting TBI-induced yH2AX foci do not colocalize with the nucleolus. LSK cells and HSCs were sorted 1 mo after TBI and stained with mouse anti-yH2AX
and rabbit anti-nucleolin (Ab22758; Abcam) or fibrillarin (2639; Cell Signaling Technolgy), as indicated. The slides were counterstained with Dapi analyzed
using a confocal microscope. Arrowheads indicate the position of the nucleolus (red) and yH2AX foci (green). Bars, 30 pm.

Tables S1and S2 are provided online as Excel files. Table S1 shows up- and down-regulated genes differentially expressed in
THPO stimulated HSCs (fold change > 1.5; P > 0.05). Table S2 describes the primers used in this study.
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Résumé : L'exposition a lirradiation, comme lors des
radiothérapies, affecte I'intégrité et la fonction des cellules
souches hématopoiétiques (CSH). L'IR est donc associée
au développement de maladies myéloides ainsi que aux
syndromes myélodysplasiques (SMD) et les leucémies
myéloides aigués secondaires. Par conséquent, I'étude des
mécanismes moléculaires qui contribuent a la perte de
fonction des CSH induite par le stress, pourrait aider a
identifier les patients a risque et a trouver éventuellement
de nouvelles stratégies pour prévenir ces maladies.

Nous avons récemment découvert un nouveau
mécanisme responsable de la perte de fonction des CSH
murines suite a I'IR qui implique les L1Md, les sous-
familles jeunes et actives des éléments LINE-1. Nous
avons montré que I'expression des L1Md est augmentée
suite a I'IR et que cela entraine une accumulation de
dommages a I'ADN et de défauts des CSH. Nous avons
également montré que la thrombopoiétine (TPO), une
cytokine de niche des CSH , prévient la perte de fonction
des CSH induite par I'IR, I'accumulation de dommages a
I'ADN et la dérépression des L1Md. Au début de ma
these, j'ai participé a une étude qui a montré que la TPO
contrblait Il'expression des L1Md par cette voie de
signalisation.

Les L1Md sont reconnues comme des contributeurs
majeurs des réseaux de régulation des genes. Leur
expression est étroitement régulée par des mécanismes
épigénétiques, tels que la marque répressive de I'histone
H3K9me3.

Les principaux objectifs de mon projet de thése sont donc
de comprendre les mécanismes par lesquels I'IR affecte
I'épigénétique  des CSH, et en particulier
I'hétérochromatine ; determiner comment, I'expression
des L1md peut affecter I'expression génique des CSH;
determiner si la TPO, via sa signalisation de type IFN, peut
réguler la répression des L1Md par des mécanismes
épigénétiques.

Des expériences de ChIP-gPCR sur des CSH un mois
apres IR, montrent que la dérépression des L1Md est
liée a une perte de H3K9me3. Ces résultats ont été
confirmés par des expériences de ChIPseq montrant
gu'une grande majorité des loci L1Md présentaient une
perte de H3K9me3 suite a I'IR par rapport a la condition
non irradiée. Ce n'était pas le cas pour les sous-familles
de rétroéléments plus anciens, comme le Lx5, ou pour
les rétrovirus endogénes. Les données RNAseq ont
montré que I'IR dérégule fortement le transcriptome
des CSH. Nous montrons également que les génes
réprimés lors de IR sont significativement plus
susceptibles de contenir un L1Md dans leurs introns
que par hasard (p<0,05). Ceci est spécifique aux L1Md
et aux genes qui sont réprimés par I'IR. Certains de ces
génes sont impliqués dans I'oncogenese ou la fonction
des CSH. L'IR induit une perte de la signature CSH. Il est
intéressant de noter que 55% des génes appartenant a
la signature CSH et qui sont réprimés lors de I1R
contiennent un L1Md dans leurs introns. L'orthologue
humain de 75% des génes réprimés lors de IR et
hébergeant une L1Md, contient également un L1 jeune
chez 'homme, suggérant une fonctionne conservée
dans la régulation de I'expression des génes
hématopoiétiques. Nous avons analysé plusieurs cibles
et validé une diminution de I'expression en IR
accompagné d'une perte de H3K9me3 au niveau de
leur L1Md intronique respective.

Ces résultats montrent un lien entre IR et
I'épigénétique des CSH, et suggérent un réle pour les
L1Md dans la régulation de I'expression des genes
hématopoiétiques.
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Title : Chromatin disorganization as a regulator of irradiation-induced L1Md expression and hematopoietic

stem cell function

Keywords : Hematopoietic stem cell, retroelements, irradiation, thrombopoietin

Abstract : Exposure to ionizing radiations (IR), like in
radiotherapy, affects hematopoietic stem cell (HSC)
integrity and function. As a consequence, IR is associated
with the development of therapy-related myeloid
malignancies such as myelodysplastic syndromes (MDS)
and secondary acute myeloid leukemias. Therefore,
studying the molecular mechanisms that contribute
towards stress-induced HSC loss of function, could help
identify patients at risk and eventually find new strategies
to prevent these diseases.

Our team has recently uncovered a new mechanism
responsible for murine HSC loss of function upon IR that
involves L1Md, the young and active subfamilies of Long
Interspersed Elements LINE-1. We showed that L1Md
expression is increased following IR and that this leads to
an accumulation of DNA damage and HSC defects. We
have also shown that thrombopoietin (TPO), a niche HSC
cytokine involved in self-renewal, prevents IR-induced
HSC loss of function, accumulation of DNA damage and
L1Md derepression.

Microarray analysis had shown that TPO induced an
enrichment of IFN-I signaling genes in HSCs, many of
which are viral restriction factors. At the beginning of my
PhD I was involved in a study that showed that TPO
controlled L1Md expression via this signaling pathway.
These results were published in J Exp Med in 2018, in an
article in which I am co-first author.

L1Md are recognized as major contributors of gene
regulatory networks. Their expression is tightly regulated
by epigenetic mechanisms, such as the repressive histone
mark H3K9me3.

The main objectives of my PhD project are thus to
understand the mechanisms by which IR affects HSC
epigenetics, and in particular heterochromatin; determine
if TPO, via its IFN-like signaling, may regulate L1Md
repression through epigenetic mechanisms; determine fif,
and how, L1md expression may impact HSC gene
expression.

We perfomed ChIP-qPCR experiments on HSCs one
month post IR, and found that L1Md derepression is
linked to a decreased H3K9me3 enrichment at their
promoters, which is prevented by TPO. These results
where further confirmed by ChIPseq experiments that
showed that a vast majority of L1Md loci showed a
reduced H3K9me3 enrichment upon IR compared to
the non-irradiated condition, and that this was
prevented by TPO. This was not the case for older
retroelement subfamilies, such as the Lx5, or for
endogenous retroviruses (ERV). RNA-seq data showed
that IR strongly deregulates the HSC transcriptome.
These effects are prevented by TPO injection 1h prior to
IR. We also show that genes repressed upon IR, and not
in the IR+TPO condition, are significantly more prone to
contain an L1Md in their introns than by chance
(p<0.05). This is specific for the L1Md family and for
genes that are downregulated upon IR. Some of these
genes are involved in oncogenesis or HSC function. IR
induces a loss of the HSC signature. Interestingly, 55%
of the genes belonging to the HSC signature and that
are repressed upon IR contain an L1Md in their introns.
The human orthologous of 75% of the genes repressed
upon IR and hosting an L1Md, also host young human
and primate L1, suggesting a conserved functional role
of young L1 in regulating hematopoietic gene
expression.

We have analyzed in more details several target genes,
and validated a decreased expression upon IR that is
accompanied by a loss of H3K9me3 at their respective
intronic L1Md.

These results show for the first time a link between IR
and HSC epigenetics, and suggest a role for L1Md in
regulating hematopoietic gene expression.
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