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Overall Thesis Abstract/Summary

Among the primary drivers of cellular ageing is the loss of epigenetic information that
governs a cell’s gene expression pattern and overall identity. Multiple generations of healthy
animals can be serially cloned by epigenetically reprogramming one adult somatic cell from
each generation back to a pluripotent state, demonstrating that ageing is largely an epigenetic
phenomenon that can be reset. Pluripotency factors (e.g. the Yamanaka factors Oct4, Sox2,
Klf4 and Myc), other transcription factors and even small molecules have been shown to
molecularly and functionally rejuvenate many aged cell types and tissues. Importantly,
partial reprogramming through transient or cyclical exposure to pluripotency reprogramming
factors aims to prevent the loss of cell identity while still retaining some rejuvenating aspects
of full pluripotency induction. Furthermore, other transcription factors may have cell
rejuvenating properties without any transformation towards pluripotency.

The immune system plays a major role in maintaining tissue homeostasis through
clearance of senescent cells, pathogens and cancer cells. However, aged immune cells show
a multitude of age-associated alterations that lead to changes in blood composition and
immune dysfunction. Hematopoietic stem cells (HSCs) are at the apex of the blood cell
hierarchy and display an age-associated expansion of clonally related cells with a myeloid
bias and reduced ability to reconstitute the blood. Transplantation assays using aged human
or murine HSCs into young mice has revealed intrinsic proliferative and differentiation
defects not restored by the young bone marrow environment. However, aged HSCs
reprogrammed to induced pluripotent stem cells (iPSCs) using Yamanaka factors, then
redifferentiated back to HSCs, appear to be molecularly and functionally rejuvenated.
Despite this promising ability, reprogramming to pluripotency comes with complications and
risks (e.g. teratomas) and rejuvenation of blood progenitors by partial reprogramming or by
other non-pluripotency factors has not been demonstrated.

This thesis describes experiments which explore the feasibility of partial reprogramming
of murine HSCs, then describes the use of multi-omic integration and network analysis to
generate Hi-C informed gene regulatory networks (GRNs) for aged and young HSCs. These
GRNs were then used to identify non-pluripotency transcription factors predicted to

epigenetically reprogram age HSCs to a more youthful state.
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Chapter 1: Introduction

1.1 Background

The majority of global diseases and deaths are now due to non-communicable, age-
associated diseases with the top age-associated diseases being cardiovascular disease,
chronic respiratory diseases and degenerative neurological diseases (R. Li et al., 2023;
Naghavi et al., 2025). Modern medicines and improvements in nutrition and hygiene have
all increased the average human lifespan, yet human maximum lifespan remains capped at
around 120 years of age (Fulton et al., 2026; Olshansky et al., 2024). However, lifespan
among mammals is extremely diverse with the Bowhead whale living more than 200 years,
while the forest shrew lives to a mere 2.1 years (Mayne et al., 2019). Among vertebrates, the
Greenland shark is thought to live for over 400 years (Nielsen et al., 2016). While this
variation in lifespan among animals indicates a strong genetic component, there are also
epigenetic mechanisms that modify lifespan. For example, the lifespan of a queen bee is 10
times longer than her worker sisters, even though they are genetically identical (Corona et
al., 2005), demonstrating that the epigenetic regulation of DNA can have a dramatic effect
on the longevity of an organism.

Humans and other animals accumulate somatic mutations, i.e. random non-germline
mutations in individual cells acquired over time as a side effect of normal cell biology or by
exposure to everyday genotoxic chemicals or radiation (Cagan et al., 2022). Somatic
mutations can give rise to cancer (Anandakrishnan et al., 2019; Martincorena et al., 2017)
but can also lead to expansion of clonal populations with phenotypes that are linked to ageing
(Bernstein et al., 2024; Cagan et al., 2022; Lawson et al., 2025; Revechon et al., 2025; Zhang
et al., 2019). However, serial cloning using somatic cell nuclear transfer (SCNT),
demonstrates that somatic cells from adult animals (even very old ones) can be repeatedly
reprogrammed back to an embryonic state and give rise to multiple generations of clones
with normal lifespans (Malin et al., 2022; Wakayama et al., 2026; Wakayama et al., 2013).
These SCNT experiments demonstrate that background somatic mutations are by and large
not the major cause of cellular dysfunction during a normal lifespan. Moreover, recent reports

have revealed that certain ageing phenotypes can be both accelerated by perturbations to the



epigenome (J.-H. Yang et al., 2023a), but also “rejuvenated” by overexpression of the
embryonic transcription factors Oct4, Sox2, K1f4 and Myc (Browder et al., 2022; Gill et al.,
2022; Ocampo et al., 2016), thus demonstrating that reversible epigenetic changes are likely
the cause of many cellular ageing phenotypes.

Epigenetic regulation of genes is heavily governed by transcription factors (TFs) which
act in concert to orchestrate modifications to DNA and histone proteins to coordinate gene
expression in different cell types. Construction and analysis of gene regulatory networks
(GRNs) and cell-cell communication networks (CCNs) have become important tools to
predict the extracellular and intracellular factors that drive cellular behaviours in different
cell-types, or in the same cell-type in different conditions. Furthermore, construction of
GRNs using 3D chromatin organisation data from Hi-C experiments is an emerging and
uniquely useful aspect to GRN inference, as it can provide information about gene regulation
that occurs at a distance.

This introductory chapter is broken into 3 sections. The first section will outline the
evidence for the effects of epigenetic changes on the ageing of hematopoietic stem cells
(HSCs) in the bone marrow compartment. The second section will outline evidence for
restoration of youthful function using epigenetic reprogramming in other cell types and why
this may be a strategy for restoring function to aged HSCs. The third section will outline the
usefulness of Hi-C and 3D genome organisation in GRN construction and analysis. Finally,
I will describe the aims and significance of this PhD project and highlight how Hi-C informed

GRN analysis can guide future blood rejuvenation strategies.

1.2 The ageing of hematopoietic stem cells (HSCs)

HSCs are multipotent stem cell that give rise to all the mature blood cell types and are
found in the bone marrow. In mice and humans, they are rare and represent only 0.005% to
0.01% of all nucleated bone marrow (BM) cells (Mayer et al., 2022). In aged mice or humans,
there is an expansion of long-term HSCs (LT-HSCs) due to increased self-renewal, but a
skewing of lineage committed progenitors to a myeloid lineage (Karagiannis et al., 2023;
Sawen et al., 2018; Sun et al., 2014). In mice, transplantation of aged HSCs into young mice
does not appear to correct the repopulating abilities of the stem cells, suggesting a cell-

intrinsic component to HSC ageing (Dykstra et al., 2011; Liang et al., 2005; Rossi et al.,



2005). However, other studies have found that transcriptional signatures and some function
is partially restored by transplantation into young congenic mice, even non-irradiated ones,
while DNA methylation profiles remain unchanged (Kuribayashi et al., 2021), suggesting
both a cell-extrinsic and intrinsic dysfunction. Additionally, the commonly observed partial
restoration of function after transplantation of aged HSCs into young mice (Ergen et al.,
2012; Kuribayashi et al., 2021; Montecino-Rodriguez et al., 2019; Yamamoto et al., 2018),
especially after secondary transplantation (Yamamoto et al., 2018), suggests extrinsic
components of HSC ageing can modify the intrinsic components. This makes sense if one
considers that epigenetic age-related changes, which are perhaps heritable during cell
division, remain plastic and malleable depending on the environment. However, the blood
cells of recipients of donor bone-marrow during cancer treatment have the epigenetic age of
the donor (Seraas et al., 2019; Weidner et al., 2015), reinforcing the observation that
epigenetic aspects of blood progenitor aging (namely DNA methylation) are less modifiable
by the young bone-marrow environment. In this section of the introductory chapter, I will
outline the general traits of HSC ageing, but also define the experimentally validated extrinsic
and intrinsic aspects of HSC ageing as follows:

The cell extrinsic aspects of HSC ageing are the external factors and signals in the bone-
marrow microenvironment capable of altering the aged HSC phenotype after transplant.
Conversely, the cell-intrinsic aspects of HSC ageing are the traits not readily altered after
transplantation and exposure to the young microenvironment. However, it should be noted
that this is a slight false dichotomy since extrinsic factors shape intrinsic epigenetic memory
over time. Thus, HSC ageing is really the interplay of external and internal factors that shapes

cell identity and behaviour.

1.2.1 General features of HSC ageing

1.2.1.1 Human features of HSC ageing

Many studies have found that HSCs increase in frequency with age, while common
lymphoid progenitor frequencies decrease (Amoah et al., 2022; Kuranda et al., 2011; Pang
et al., 2011; Rundberg Nilsson et al., 2016; Woolthuis et al., 2014), although there is actually
a decrease in circulating CD34" progenitors (Fali et al., 2018). More recently, Amoah et al.

(2022) demonstrated that HSCs (Lin- CD34" SSc'*" CD38- CD90" CD45RA") from people



between 58-82 years of age (median age 66 years old) increased in frequency, as did the
overall population of hematopoietic progenitor cells (HPCs) (Lin" CD34" SSc'*" CD38"), but
not the overall frequency of Lin- CD34" SSc'*% cells within the BM. The same study
demonstrated that the increase in HSC & HPC frequencies correlated with an increase in the
activity of the Rho-GTPase, Cdc42 and that aged HSCs had a delayed time to first division
(Amoabh et al., 2022). There is also a report of an age-associate loss of PIDD1, a protein that
promotes caspase-2 mediated cell-cycle arrest and apoptosis, which may encourage the aged-
associated over-proliferation of HSC (Schwab et al., 2021).

By using single cell multi-omic analysis on PBMCs from people 20-106 years old,
Karagiannis et al (2023) were able to confirm the shift to a higher myeloid ratio, but also
identified increased expression of certain protective genes in centenarians, including apotosis
regulator STK17A and inflammation regulator S100A4 (Karagiannis et al., 2023). While
there is a consistent age-associated increase in the frequency of CD34" HSCs in humans and
a decrease in the frequency of lymphoid biased progenitors, it is noteworthy that most studies
mentioned do not examine people over the age of 85 and most look at people under 80 years
old. So, the question of whether human HSCs reach a proliferation limit and begin to decline
in normally aged humans over 85 is still up for debate.

Recently, it was also demonstrated that, in humans and mice, age-related loss of
A20/TNFAIP3, a protein with deubiquitinating protease and E3 ligase activity that responds
to DAMP and PAMP signals by negatively regulating excessive NF-«kB signalling, leads to
HSC expansion and increased myeloid-biased differentiation (Smith et al., 2020). What
causes the age-related loss of TNFAIP3 is unclear, but the answer could be cell intrinsic or

cell extrinsic.

1.2.1.2 Murine features of HSC ageing

H2B-GFP-based lineage tracing shows that only severe radiation or chemotherapy-
induced myeloablation could stimulate murine HSCs to divide (Munz et al., 2023). Similarly,
lineage tracing by genetically labelling murine HSCs with tdTomato at 2, 6 and 12 months
of age, then monitoring PB at 4 week intervals, demonstrated that aged HSCs contribute less
to mature blood cell types and myeloid-bias can be explained by the gradual loss of a

lymphoid-biased MPP population (Konturek-Ciesla et al., 2023).



Many studies have discovered specific changes in aged HSCs, particularly murine HSCs,
including loss of PU.1, increase in Taz and concomitant increase in Clca3al surface
expression (Kim et al., 2022), gradual build up and switching to Ezh2 (over Ezh1), possibly
used as a molecular memory of divisions (Bernitz et al., 2020), loss of Igfl (Young et al.,
2021; Young et al., 2024) and decrease in the histone acetyltransferase Kat6b (also known
as MORF) (Khokhar et al., 2020).

Aged murine HSCs also become more transcriptionally active and express many non-HSC
membrane proteins, most notably Selp (CD62p), which codes for a P-selectin transmembrane
adhesion protein (Flohr Svendsen et al., 2021). scRNA-seq data of HSCs from young (10-
week-old), middle-aged (12-month-old) and aged (20-month-old) mice confirms
upregulation of age-related genes previously reported, such as Selp, Mt1, and V'wf, but also
showed that Clusterin (Clu), a secreted chaperone protein, may be a marker of myeloid biased
HSCs (Koide et al., 2021). Aged HSCs also show a loss of miR-146a, which is associated
with higher sensitivity to IL6 stimulation and thus inflammatory signalling (Grants et al.,
2020) and increased expression of miR-132, possibly to enhance survival (Mehta et al., 2015).
Cryptic transcription, aberrant transcription initiation from non-promoter regions within the
gene body is also elevated in aged mouse HSCs, consistent with an age-related opening of
the chromatin (McCauley et al., 2021).

Single-cell expression analysis of young and aged murine hematopoietic stem and
progenitor cells (HSPCs) revealed within the primitive HSC cluster a downregulation of
differentiation genes Cd34 and Cd48, upregulation of platelet-lineage genes Vwf and Clu,
delayed differentiation pseudotime and upregulated cell cycle arrest genes, which explains
the delayed differentiation and myeloid skewing observed in transplantation studies (Hérault
et al., 2021). Additionally, differentiation trajectories suggested that myeloid bias is a result
of increased erythroid/megakaryocyte development driven partly by increased Gfilb
transcription factor activity (Hérault et al., 2021).

Many markers of aged myeloid-biased HSCs have been discovered including, CD150
level (Young et al., 2021), the a-integrin CD41 (Gekas & Graf, 2013), NEO1 (Gulati et al.,
2019), Vwf (Koide et al., 2021) and CD49b negativity (Su et al., 2024). Interestingly,
functional differences and fate decisions in these HSCs may be epigenetic since CD49b~ and

CD49b" HSCs, which are myeloid and lymphoid biased, respectively, are transcriptionally



similar but have distinct chromatin accessibility profiles (Su et al., 2024). Also, it should also
be noted that while the CD150" CD48 CD41" lineage negative Sca-1" cKit" cells (LSKs) are
expanded in aged mice (Gekas & Graf, 2013), there is a CD41" “latent-HSC” which is
initially myeloid-biased but that become multipotent upon secondary transplantation
(Yamamoto et al., 2018). However, the antibody used to identify CD41 (MWReg30 clone)
is a blocking antibody that might interfere with bone marrow engraftment as it is a receptor
for several ECM proteins (Purton, 2022). Interestingly, another o-integrin, CD61 is
upregulated in aged LT-HSCs and appears to mark myeloid-biased HSCs (Mann et al., 2018),
but these CD61" HSCs appear functionally superior, i.e. capable of more long-term
engraftment when transplanted (Skinder et al., 2024). On the other hand, the decrease in
repopulation potential in LT-HSCs (but not myeloid bias) is associated with the level of
surface expression of the P-selectin Selp (CD62p) (Yang et al., 2025).

1.2.2 Lab mice versus wild mice

Aside from mice and humans having species specific differences in their immune systems,
most of our knowledge about mouse hematopoiesis is a result of studying lab mice in
controlled sterile conditions. However, humans live in the wild, exposed to sundry pathogens
and non-pathogenic substances that our immune systems react to, thus findings from lab
raised mice in sterile conditions may not reflect real world biology. For example, wild mice
have different blood composition to lab mice (Muir et al., 2023), partially attributable to
differences in gut flora complexity (Y. H. Chen et al., 2023; Oh et al., 2025). Therefore, if
mouse ageing is to be a good model for human immune ageing, comparison of aged versus
young HSCs from wild or rewilded mice may be an important area of research that needs to

be addressed.

1.2.3 Mitochondrial changes in aged HSCs

In aged mice, there is a fraction of HSCs that have low levels of autophagy and accumulate
mitochondria, while also having high metabolic activity (Ho et al., 2017). HSCs lower their
expression of Drpl, a regulator of mitochondrial fission, after several rounds of division and
lower Drpl levels are associated with larger, but less distributed mitochrondria that are

located more polarly within the cell (Hinge et al., 2020). The same study showed that the



mitochondria are asymmetrically segregated, whereby the altered mitochrondria are
preferentially retained by the daughter HSC that returns to quiescence, thus indicating
another possible mechanism of divisional memory in HSCs (Hinge et al., 2020).

Quiescent HSCs also have low mitochondrial membrane potential (MMPot), low reliance
on glycolysis, and DRPI1-mediated mitochondrial fragmentation partly mediates the
suppression of mitochondrial activity in MMPot low HSCs (Liang et al., 2020). Furthermore,
MMPot low HSCs sequester mitochondria, thus suppressing mitochondrial function, and do
not degrade them, while MMPot high HSCs, which are more activated, turnover
mitochondria more readily (Liang et al., 2020). Human HSCs with the lowest MMPot also
have the highest engraftment potential (Qiu et al., 2021). Additionally, mitochondria in aged
murine HSCs have low MMPot which correlated with myeloid bias, and pharmacological
enhancement of mitochondrial membrane potential using mitoquinol increased engraftment
and reduced the myeloid skewing of transplanted HSCs (Mansell et al., 2021). As will be
discussed in Chapter 4, I used Hi-C to examine whether MMPot status in HSCs is reflected

within the 3D chromatin architecture.

1.2.4 Cell extrinsic factors and signals associated with HSC ageing

1.2.4.1 Immune cell activation in the niche

The stem cell niche in the bone marrow plays a major role in dictating the activation state,
transcriptional profile and fate determination of HSCs. For example, analysis of ligand-
receptor interactions in single-cell data from human bone marrow have revealed that ageing
is accompanied by a systematic decrease in supportive niche interactions, followed by the
emergence of maladaptive, inflammation-associated communication networks in the bone
marrow (Feng et al., 2024). Furthermore, there is also a remodelling of the arteriole network
in the aged mouse bone-marrow niche, which is associated with altered HSC positioning and
clustering of HSCs closer to sinusoids (Sagma et al., 2019). Interestingly, the most quiescent,
slowest dividing HSC subpopulation reside predominantly in perisinusoidal niches and
appear the most protected from ageing (Sagma et al., 2019).

Analysis of the aged murine BM microenvironment also found increased II-1p levels
produced by cells of the endosteum (Mitchell et al., 2023). Increased 11-1p is associated with

loss of efferocytosis in aged murine bone-marrow resident macrophages and increased

10



caspase-1 activity in phagocytes, which is sufficient to cause myeloid/megakaryocyte-biased
skewing of the neighbouring HSCs (Frisch et al., 2019). In addition, plasma cells are
increased in the bone marrow of aged mice and exhibit high expression of inflammatory
cytokines that likely influence the skewing of HSC differentiation (Pioli et al., 2019).
Similarly, age-related loss of the extracellular matrix glycoprotein, osteopontin, is associated
with HSC expansion and other ageing phenotypes of mouse HSCs (Guidi et al., 2017). Loss
of Netrin-1, a protein expressed mainly by arteriolar endothelial cells and periarteriolar
smooth muscle cells in the BM niche which protects HSCs from exhaustion by increasing
NF-kB activation, is associated with age-related denervation of the BM leading to HSC

exhaustion and eventual depletion (Renders et al., 2021).

1.2.4.2 Mesenchymal stromal/stem cells (MSCs) ageing

Age associated changes to HSC supporting mesenchymal stromal/stem cells (MSCs) also
influence HSC ageing phenotypes. For example, it has been demonstrated that aged mouse
HSCs have a loss of mTor signalling due to loss of upstream Igf1 signalling specifically from
aged MSCs in the bone marrow niche (Young et al., 2021). Furthermore, the myeloid bias of
transplanted aged mouse HSCs can be rescued by Igfl overexpression whereby Igfl
selectively expands lymphoid biased HSCs and restores mitochondrial function (Young et
al., 2021). Later reports show that even by middle age murine MSCs in bone marrow
downregulate stem cell factor and Igfl, which was associated with reduced lymphoid output
in surrounding HSCs (Young et al., 2024). Reduced expression of CXCR4 on aged MSCs in
the bone-marrow is also associated with reduced hematopoiesis and myeloid skewing (Singh
etal., 2020). SPP1 from human bone marrow MSCs and MMP9 from macrophages have also
been identified as ligands driving the upregulation of myeloid-bias inducing AP-1 factors in
human HSCs (Feng et al., 2024).

A more recently described kind of pluripotent-like mesenchymal progenitor known as
multilineage-differentiating stress-enduring (MUSE) cells (Kuroda et al., 2010) likely has a
role in supporting HSCs during ageing. Muse cells express the mesenchymal markers such
as CD105, but also the pluripotency marker SSEA-3, and support HSCs in the bone marrow
in times of stress (Alessio et al., 2017; Jeong et al., 2018). For example, it has been shown

that after 5-FU depletion of immune cells and subsequent stimulation of HSC activity, there
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is an increase in SSEA-3 positive mesenchymal cells that also upregulate Jagl, possibly to
stimulate HSC self-renewal and replenish the HSC pool (Jeong et al., 2018). How muse cell
populations change with age and whether they contribute to changes in the supporting HSC

niche is still a major gap that warrants further exploration.

1.2.4.3 Advanced glycation end products (AGEs)

Advanced glycation end products (AGEs) are random sugar-protein crosslinking events
that form non-enzymatically over time and have been shown to build up in the extracellular
matrix of human bone during ageing (Arakawa et al., 2020; Miyata et al., 1996; Yang et al.,
2015). Receptors that detect AGEs (RAGEs) are found on animal cells, including humans
(Neeper et al., 1992) and activation of RAGE receptors triggers a robust inflammatory state
in monocytes and macrophages, stimulating the secretion of pro-inflammatory cytokines IL-
1B and Tumor Necrosis Factor-alpha (TNF-a)) (Hofmann et al., 1999). Interestingly, RAGE
receptors are significantly upregulated in human bone-marrow MSCs with age (Stolzing et
al., 2008) and AGEs likely skew the osteogenic potential of MSCs (Zheng et al., 2024).
Despite the seemingly important contribution of AGEs to increased inflammatory signalling,
MSC dysfunction and loss of bone structure, no studies have yet explored how increased

AGEs might impact the ageing of HSCs.

1.2.4.4 Chronic infection of bone marrow niche cells

A survey of viruses found in human bone marrow from people aged 36 to 85 years old
demonstrated that bone marrow cells can be chronically infected with a number of different
viruses, including high prevalence of Parvovirus B19 (B19V), Torque teno virus (TTV), but
also medium level prevalence of Epstein-Barr virus (EBV), Merkel cell polyomavirus
(MCPyV) and human herpesvirus 7 (HHV-7) (Toppinen et al., 2021). TTV establishes a
chronic, high-level replication cycle in mature lymphoid and erythroid lineages and is
associated with chronic inflammatory signalling known to affect HSCs (Cianfruglia et al.,
2026). B19V has high tropism for a number of cell types, including MSCs, where chronic
infection causes increase in expression levels of IL-11 and thrombopoietin (TPO) to alter

HSC behaviour (Fard et al.,, 2021). Furthermore, chronic infection with murine

12



cytomegalovirus (MCMYV) increases system wide inflammatory signalling in mice, which

caused reduced reconstitution capacity in HSCs (Hirche et al., 2017).

1.2.5 Cell intrinsic age-related changes in HSCs

Heterochronic transplantation is often used to isolate the cell intrinsic age-related changes
of HSCs from changes that may be due to the aged environment of the HSC niche. For
example, early studies showed that aged LT-HSCs transplanted into young lethally irradiated
congenic mice retained the characteristic increase in frequency and bias towards granulocyte-
macrophage progenitor (GMP) differentiation, indicating a cell intrinsic fault in HSC
turnover and differentiation potential (Rossi et al., 2005). More recent studies have also found
similar reduced engraftment capacity and impaired lymphoid output leading to myeloid-
biased reconstitution after transplantation, but also that certain molecular characteristics of
the chromatin are also refractory to exposure to the young bone-marrow environment. For
example, 3 to 4 months after transplantation, old murine HSCs showed only partial
restoration of chromatin accessibility and retained age-associated YH2AX and fibrillarin

(FBL) foci (Ho et al., 2021).

1.2.5.1 DNA methylation changes in aged HSCs

Other intrinsic aspects of HSC ageing include the accumulation of somatic mutations,
telomere attrition, but also refractory epigenetic changes, such as DNA hyper- or
hypomethylation. For example, a 5% reduction in global DNA methylation was found in
mouse HSCs, but certain genes (Kiss/r, Nav2 and Hsf4) which are normally unmethylated
but kept repressed by polycomb repressive complex-2 (PRC2) were found to be
hypermethylated in older HSCs (Taiwo et al., 2013). Furthermore, aged HSCs transplanted
into young mice have a restored youthful pattern of transcription but not restored DNA
methylation (Kuribayashi et al., 2021), suggesting epigenetic memory of the aged state is
more difficult to restore. Interestingly, it has been found that DNA methylation at CpG sites
fluctuate in a circadian rhythm, and it is hypothesized that this continual demethylation and
methylation could allow for the observed age-related epigenetic drift (Oh et al., 2018; Oh et
al., 2019).
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Measurement of DNA methylation age by use of the Horvath clock (Horvath, 2013) has
revealed that the reconstituted blood of recipients of transplanted bone marrow is the same
DNA methylation age as the original donor blood (Seraas et al., 2019), suggesting that HSC
ageing is a cell-intrinsic property. This result was also found in a previous study using a
different DNA methylation clock which noted that replicative stress during blood
reconstitution in recipients likely aged the donor cells both in terms of telomere length and
epigenetic ageing (Weidner et al., 2015). DNA methylation clocks that measure mitotic age
of blood cells indicate that accelerated methylation age (mitotic age) is strongly associated
with Parkinson’s disease and immune system ageing (Paul et al., 2021). In terms of post-
transplant age-acceleration, blood reconstituted from cord blood whose age is effectively
zero undergoes DNA methylation age-acceleration ageing twice as fast as chronological age
progression due to rapid expansion of cell numbers (Onizuka et al., 2023).

Despite the fact that epigenetic clocks reveal DNA methylation age patterns are preserved
in donor blood cells, albeit with some age acceleration after transplant, it is still unclear
whether quiescent human LT-HSCs that remain dormant undergo some epigenetic ageing,
as do other non-dividing cells like neurons and cardiomyocytes. Unlike neurons and
cardiomyocytes which are post-mitotic but still have a high metabolic load, quiescent LT-
HSCs have low levels of metabolic activity and so may be somewhat protected from ageing.
However, recent experiments using a mouse specific DNA methylation clock suggest murine
LT-HSCs do in fact age epigenetically, although more slowly than average (Bogeska et al.,
2022). Furthermore, the same study demonstrated that intermittent stimulation with the TLR3
agonist polyinosinic:polycytidylic acid (pl:pC) resulted in an accelerated DNA methylation

age, approximately doubling their epigenetic age.

1.2.5.2 Transcription Factor activity in aged HSCs

As mentioned, DNA methylation patterns are not restored after transplanting aged HSCs
into young mice (Kuribayashi et al., 2021). TF activity, inferred from the combined
enrichment of the TF’s binding motifs within accessible chromatin and the TF’s target gene
expression, plays a role in shaping cell identity by establishing and maintaining epigenetic
patterns during differentiation and cell division. For example, single-cell analysis shows that

certain subsets of lymphoid-biased HSCs have high Zbtb1 TF activity (Elias et al., 2025).
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Examination of aged HSCs exposed to young blood factors showed that while cytokine
receptor-ligand networks are restored, the TF activity of a certain set of TFs was not restored,
indicating further epigenetic mechanisms that make aged HSCs refractory to young
environments (Ma et al., 2022). Furthermore, there is a characteristic decrease in TF activity
of PU.1 in aged HSCs which is not rescued upon transplant into young recipients (Kim et al.,
2022). TF activity evidently plays a strong role in mediating the intrinsic epigenetic
component of HSC ageing. However, an assessment and ranking of which TFs have the most
influence on the transcriptional changes in aged HSCs has not yet been reported and will be

discussed in Chapter 4 of this thesis.

1.2.5.3 Clonal hematopoiesis of indeterminate potential (CHIP)

A special case of an intrinsic aspect of human HSC ageing is clonal hematopoiesis of
indeterminate potential (CHIP) characterised by the gradual expansion of blood cell clones
harbouring specific acquired somatic mutations. CHIP increases the risk of developing blood
cancer (Gu et al., 2023; Weeks et al., 2023), and has been implicated in stroke (Bhattacharya
etal., 2022), heart failure (Yu et al., 2021) and atherosclerotic cardiovascular disease (Jaiswal
et al., 2017), primarily due to inflammasome-mediated innate immune activation (Khetarpal
et al.,, 2019). Human CHIP mutation carriers also have a strong association with age-
acceleration, all-cause mortality and heart disease, based on DNA methylation clocks trained
on health parameters, morbidity and mortality (Nachun et al., 2021).

CHIP is associated with mutated genes, including mutations in 7TET2, DNMT3A, SF3B1,
SF3B2, ASXL1, JAK2 and IDH1 (Genovese et al., 2014; Jaiswal et al., 2014; Xie et al., 2014).
For example, scRNA-seq of HSPCs from patients undergoing hip joint replacement surgery
showed that progenitors with mutations in both DNMT3A and TET2 or with biallelic TET2
mutations have an enhanced clonal advantage than other types of single mutations
(Nakagawa et al., 2021). Interestingly, the different mutational patterns were associated with
different clonal expansions. For example, compound TET2/DNMT3A mutations were
significantly enriched in the erythroid cluster, while another clone with double TET2
mutations were more enriched in the HSC-like cluster (Nakagawa et al., 2021). Intriguingly,
even surrounding non-mutated cells acquired altered gene expression patterns that favour

clonal expansion, suggesting non-genetically encoded factors contributing to clonal
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hematopoiesis (Nakagawa et al., 2021). As another CHIP example, certain mutations in
ASXLI appear to give HSCs a disadvantage in competitive transplantations assays but an
advantage with physiological ageing, likely due to deubiquitination of H2AK119Ub and
subsequent overactivation of AKT and mTOR signalling, which promotes myeloid
leukemogenesis (Fujino et al., 2021).

Some studies report a mild CHIP-like phenotype in mouse HSCs, but the rate of mutation
appears to depend on the method used to calculate them. For example, Chin et al. (2022)
found the mutation rate is 8.5 fold higher than in humans but due to the shorter lifespan of
mice, the number of mutations in the HSCs of aged mice is actually 5 fold lower than in
human HSCs and clonal hematopoiesis was not apparent unless the HSCs that harboured the
CHIP mutations were transplanted and allowed to age even further (Chin et al., 2022). On
the other hand, Kapadia et al. (2025) used a more sensitive method but found that the
mutation rate in murine HSCs was only ~2—3-fold higher than the human rate and clones
only become dominant if the mouse is subjected to chronic inflammatory stimulation,
chemotherapy, or transplantation (Kapadia et al., 2025).

Clonal hematopoiesis could confound attempts to study the epigenetics of ageing, since a
small population of clones may have large changes in their epigenome which skew the overall
results. However, clonal populations are usually a very small proportion of the overall
population of blood cells, even in people aged 70 years and older (Steensma et al., 2015).
Despite the low frequency of mutated clones, CHIP may be a major limiting factor for any
therapy or intervention that proposes to epigenetically restore the blood, since CHIP
mutations may actively oppose the intervention and genetically aberrant clones may come to
dominate the population. Clearance of clonally expanded HSPCs which harbour potentially
malignant mutations using as yet undeveloped targeted therapies will likely be a parallel

strategy to restore youthful function to the blood.

1.2.5.4 Age-associated bone marrow failure

The flip-side to age-associated expansion of myeloid-biased HSCs is age-associated loss
of HSCs leading to cytopenias and possible bone-marrow failure. Loss of HSCs in ageing
could be due to genetic or epigenetic changes that lead to alterations in the homeostasis of

HSC quiescence, differentiation and self-renewal. For example, some CHIP mutations have
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been associated with aplastic anemia (Q. Liu et al., 2026). In severe aplastic anemia,
depletion of HSCs and HSPCs leads to peripheral cytopenia (Young, 2018), and has been
associated with insufficiency of FZR1 (also known as CHD1) which is associated with a loss
of quiescence of HSCs, but also a loss of self-renewal (Zhou et al., 2022). Whether the FZR 1
insufficiency is caused by somatic mutations or epigenetic silencing is still unclear.

Myelodysplastic syndromes (MDS) are common in ageing and lead to both multilineage
cytological dysplasias but also cytopenias (Aoyagi et al., 2022; Cheng et al., 2019). For
example, MDS has been associated with expansion of myeloid-derived suppressor cells
(MDSC), which secrete S100A9, a pro-inflammatory signal which can cause death of
HSPCs, but also express PD-L1, which also leads to suppression and death of PD-1
expressing HSPCs (Cheng et al., 2019).

1.2.5.5 Chronic infection of HSCs in ageing

Aside from the extrinsic effects of chronic infection of HSC-supporting niche cells in the
bone marrow, HSCs themselves can harbour long-term and latent infections which likely
skew lineages fates and cause cytopenias in the elderly. For example, it has been well
established that 90% of the global population has been infected with EBV, that it often exists
for life in latent form and that EBV has a high tropism for B cells (Damania et al., 2022), but
recent evidence indicates EBV can also infect HSCs themselves (Wang et al., 2024). In
humanized mouse models receiving human CD34" HSCs, granulocyte-biased skewed
differentiation of donor HSCs was observed only in mice infected with EBV (Katahira et al.,
2019). It has also been shown in B cells that the EBV nuclear antigen 2 (EBNA2) protein can
bind host DNA acting like a transcription factor to reprogram B cells (even autoreactive ones)
to promote survival an immune evasion (Younis et al., 2025). It is therefore conceivable that
some ageing phenotypes of HSCs stem from EBV infected HSCs, but this has not yet been
studied in the context of ageing.

Surprisingly, human parvovirus B19 has also recently been found to infect HSCs
themselves and was a driver of pancytopenia in transplant patients (Pei et al., 2026).
Considering the high prevalence of B19V found in the BM of elderly humans (Toppinen et
al., 2021), the link between B19V and age-associated lineage skewing or cytopenias with

eventual bone marrow failure also warrants further investigation.

17



1.2.5.6 Telomere attrition in HSCs

Of all the human blood progenitors, HSCs express the most telomerase (Chiu et al., 1996);
Morrison et al., 1996) and telomerase activity decreases in later progenitors, particularly in
myeloid progenitors (Hohaus et al., 1997). Despite this basal level of telomerase expression,
the telomeres of human HSCs still shorten over the lifespan (Vaziri et al., 1994), suggesting
that telomere shortening may be preserved in HSCs to limit the number of divisions they
undergo. Modelling of this telomere attrition suggests HSCs divide on average 56 times over
a normal human lifespan, mostly in the first 24 years of life, after which they divide less than
once every two years (Boyle et al., 2023). Therefore, telomere attrition is likely a major cell
intrinsic component to HSC ageing. Interestingly, mature lymphocyte subsets have the
unique ability to re-lengthen their telomeres. For example, memory B cells have longer
telomeres than naive B cells (Martens et al., 2002). Furthermore, antigen presenting cells
(APCs) can re-lengthen the telomeres of activated CD4 T cells by conveying telomere loaded
vesicles across the immunological synapse (Lanna et al., 2022). Thus, the gradual telomere
attrition in HSCs may not affect downstream memory lymphocytes established early in life,
but may impact the development of new naive lymphocytes, and may be a mechanism to
limit the proliferative lifespan of autoreactive and pro-inflammatory immune cells.

Quiescent HSCs acquire DNA damage upon activation during infection or blood loss
(Walter etal., 2015). Compared to more differentiated HSPCs, LT-HSCs in mice (both young
and old) actively suppress the G1 to S phase checkpoint during the DNA damage response,
and may have a higher tendency to apoptose after DNA damage, a finding that suggests a
LT-HSC-specific mechanism that ensures genomic integrity (Moehrle et al., 2015). The same
preference of HSCs for apoptosis over repair mechanisms is also seen in human CD34"
CD38 HSPCs compared to CD34" CD38" linage committed progenitors (Biechonski et al.,
2018). Moreover, the study by Moehrle et al. (2015) also showed that levels of oxidized
guanosine (8-0xo0-dG), an indicator of oxidative DNA damage due to an increase in the
oxidant/antioxidant ratio, were similar between young and old LT-HSCs, likely indicating
that LT-HSCs are spared from 8-oxo-dG-induced senescence that affects other cell types.
However, senescence can likely be induced by a sudden increase in ROS whereby oxidation

of guanine in telomeric 5'-TTAGGG-3' arrays to form 8-oxo-guanine rapidly activates ATM
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and ATR kinases and downstream effectors p53 and p21 to induce non-replicative

senescence (Barnes et al., 2022).

1.2.6 Infection history, replication stress as a link between extrinsic and intrinsic
drivers of HSC ageing

The increase in extrinsic inflammatory signalling and structural changes in the BM lead
to increased HSC activation and division, while the intrinsic telomere attrition, somatic
mutations and epigenetic changes in aged HSCs are predominantly a result of this replicative
history. Thus, infection and replicative history likely connect the extrinsic and intrinsic
aspects of HSC ageing. For example, early lineage tracing of genetically labelled HSCs
suggested a model in which LT-HSCs with full lineage and reconstitution potential
symmetrically divide only four times over the lifespan of a mouse, after which they move
into a permanent state of dormancy, while HSPCs continue cycling and replenishing blood
cells as needed (Bernitz et al., 2016). Interestingly, only green fluorescent protein (GFP) label
retaining HSCs with low replicative history from old mice could fully reconstitute the blood
in primary and secondary transplants, while GFP-low cells could only reconstitute the blood
of primary transplants (Bernitz et al., 2016). As dormant label retaining LT-HSCs divide,
there is also a progressive enrichment of transcription factors E2F1, E2F4, FOXM1, and
MYC near the promoters of upregulated genes involved in lineage priming (not cell-cycle
genes), suggesting that HSC division inherently prime future lineage decisions of HSPCs
(Bernitz et al., 2020).

In other scenarios where the HSPC pool is diminished, such as after blood loss or during
chemotherapy, LT-HSCs become active to replace the lost multipotent progenitor pool,
whereby the Pip3-AKT-mTorc1-ROS pathway and a parallel Mekl phosphorylation
pathway create an essential feedback loop to take the activated HSC back to quiescence
(Baumgartner et al., 2018). In another study in mice, lineage tracing of HSCs using GFP-
conjugated histone H2B showed that HSCs do not contribute to blood reconstitution after
infection or blood loss and only severe radiation or chemotherapy-induced myeloablation
could stimulate HSCs to divide (Munz et al., 2023). Hinge et al. (2020) also demonstrated

mitochondrial morphology and position dictate a kind of divisional memory in HSCs
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whereby the altered mitochondria are preferentially retained by the daughter HSC that returns
to quiescence (Hinge et al., 2020).

Chronic viral infection has been shown to stimulate HSC out of quiescence leading to an
accelerated ageing phenotype characterised by LT-HSCs with reduced engraftment potential,
myeloid bias and DNA damage (Walter et al., 2015). Furthermore, experiments in mice
mimicking chronic infection demonstrate that chronic interleukin-1 exposure (once daily for
up to 70 days) does not deplete the HSCs, but causes exhaustion, as exhibited by poor
reconstitution potential and hyperactivation of the transcription factor PU.1 (Pietras et al.,
2016). In addition, chronic elevation of IFN-y causes myeloid-biased differentiation
(Matatall et al., 2016). Conversely, despite the expansion of HSCs in aged lab mice, mice
exposed to repeated acute infections actually display a decrease in LT-HSCs (Bogeska et al.,
2022; Matatall et al., 2016), indicating timing and recovery period may be a factor in HSC
dynamics.

Single-cell studies of human blood progenitors have shown that quiescent HSCs generally
do not contribute to the cycling HSC pool (Varesi et al., 2026). Among the heterogenous
human LT-HSC population, other studies show that INKA1 through direct interaction with
PAK4 and SIRT1 was shown to downregulate CD112, which generates a CD112 low subset
of LT-HSCs with higher self-renewal and regenerative capacity (Boutzen et al., 2024;
Kaufmann et al., 2021). The presence of these CD112 low HSCs indicates a mechanism by
which blood stem cells ensure both blood cell replacement during stress but also preservation
of the stem cell pool.

While it is difficult to replicate findings of replicative stress and infection from mouse
studies, human patients with inborn errors that lead to recurrent infections and inflammatory
events show upregulation of interferon pathways in HSCs leading to dysfunction and
accelerated ageing phenotypes (Sobrino et al., 2023). Furthermore, human donor cord blood
ages twice as fast as chronological age, according to DNA methylation clocks, due to the
required rapid expansion of cell numbers (Onizuka et al., 2023). Serially transplanting young
human cord-blood HSPCs into immunodeficient mice mimics replication stress and causes
the young cord blood CD34" HSCs to phenotypically resemble the aged HSCs by the 2™
transplant, highlighting replication stress as a contributor to HSC ageing (Lettera et al., 2026).

20



In summary, while the most quiescent HSCs attempt to minimize their rate of
proliferation, repeated activation through chronic infection, systemic and local inflammation,
blood loss and cytotoxic cell death, appears to directly contribute to intrinsic aspects of HSCs
ageing (somatic mutations and epigenetic changes) that alter cell fate, leading to expansion
of myeloid-biased clones and depletion of lymphoid-biased clones. Furthermore, due to the
limits of replicative lifespan, repeated activation may also ultimately lead to HSC depletion

and eventual bone marrow failure.

1.2.7 Epigenetics of HSC ageing

Epigenetics refers to the mechanisms that regulate which genes are expressed in a cell,
mechanisms which include DNA methylation, histone modification, chromatin organisation
and TF-based gene regulation. Chronic inflammation, telomere attrition and replicative stress
over the lifespan all likely contribute to a gradual expansion of dysfunctional HSCs with
permanently altered epigenetic modifications that render aged HSCs refractory to restoration
upon transplant to a young BM environment. Broadly speaking, there is a loss of
trimethylation of lysine 9 on histone-H3 (H3K9me3) in aged murine and human HSCs due
to reduced expression of the histone methyltransferase SUV39H1 (which catalyses the
methylation of H3K9) leading to altered heterochromatin and derepression of endogenous
retroviruses and transposable elements (Djeghloul et al., 2016). Furthermore, aged HSPCs
exhibit a significant spatial redistribution and loss of DNA methylation at heterochromatin
regions marked by H3K9me3, a phenotype that appears to be driven by the DNA demethylase
TET2 (Hong et al., 2023).

As previously mentioned, there is a 5% reduction in global DNA methylation in aged
mouse HSCs, but hypermethylation of genes normally repressed by PRC2 (Taiwo et al.,
2013). Other groups have also shown increased DNA methylation at genes regulated by
PRC2 in aged HSCs (Beerman et al., 2013). In fact, the hypermethylation of PRC2 targets
is a general finding in many other aged cell types (Dozmorov, 2015) and is so consistent that
highly accurate biological ageing clocks can be constructed from PRC2 target methylation
alone (Lu et al., 2023; Mogqri et al., 2024).

Aged murine HSCs display loss of DNA methylation and opening of chromatin regions

around regulatory elements and genes involved with stress response pathways, indicating an
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epigenetic memory of previous infection or stress that primes the HSCs towards a particular
fate (Itokawa et al., 2022). Aged human HSCs display loss of H3K27ac, H3K4mel and
H3K4me3 activating marks particularly at enhancers involved in activating genes for
transcription factors with tumour suppressor function and genes involved in epigenetic
modification (Adelman et al., 2019). Aged human HSCs also have elevated levels of cryptic
transcription (transcription from non-promoter regions within the gene body), which is
consistent with age-related opening of the chromatin and changes to histone modifications
(McCauley et al., 2021).

Loss of asymmetrical division in aged HSCs is associated with loss of polarity of tubulin
and certain histone marks due to overactivation of Cdc42 and is not restored by
transplantation into young mice (Florian et al., 2012). Aged HSCs also display increased
volume, loss of nuclear invaginations, increased distance between homologs of chromosome
11, decreased H4Kl6ac and loss of H4Kl6ac polarity (as it associates mainly with
chromosome 11) (Grigoryan et al., 2018). These changes in chromatin structure and histone
mark polarity were associated with a Cdc42-mediated loss of Lamin A/C, and were rescued
by Cdc42 inhibition using the small molecule CASIN (Grigoryan et al., 2018). In HSCs from
female mice, age-associated loss of Lamin A/C also leads to derepression of the inactivated
X-chromosome (Grigoryan et al., 2021). The importance of Cdc42-mediated ageing is
demonstrated by the fact that CASIN injections also increased the remaining lifespan of
already aged mice (Florian et al., 2020). However, questions remain as to what causes the
age-associated upregulation of Cdc42 that leads to loss of LaminA/C and polarity.

Transcription factors likely dictate much of the epigenetic changes seen in aged HSCs.
For example, aged human HSCs show both a loss of H3K27ac at the upstream enhancer of
KLF6 and downregulation of KLF6, which was subsequently linked to loss of reconstitution
capacity after KLF6 was knocked out in young donor HSCs (Roisman et al., 2019). In
addition, EGR1 expression progressively increases with age in human HSCs and is linked to
age-related changes in cell cycle progression (Desterke et al., 2021). AP-1 factors have been
implicated in HSC ageing in several papers (Feng et al., 2024; Itokawa et al., 2022; Patrick
et al., 2024). Interestingly, in 22 different murine cell types (including HSCs) regions of
chromatin that significantly close with age are enriched with TF motifs for known cell

identity defining TFs while chromatin regions that significantly open with age are enriched
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with AP-1 motifs, suggesting a mechanism of ageing common to many tissues (Patrick et al.,
2024).

As previously mentioned, TF activity may be a better measure of a TFs role in biological
processes. For example, high Zbtb1 TF activity in certain HSC subsets is associated with
lymphoid-biased output (Elias et al., 2025), while the decrease in PU.1 activity in aged HSCs
is not rescued upon transplant into young recipients (Kim et al., 2022). TF activity is usually
calculated using the magnitude of differential expression of the TF’s target genes, and the
number of targets, to gauge how influential the TF is within the GRN. Interestingly, analysis
of HSCs from old mice that had been exposed to young plasma via heterochronic parabiosis
showed a set of age-associated DEGs that were not rescued by young plasma (Ma et al.,
2022). The TFs in the GRN associated with these non-rescued DEGs included Yy1, which
was then overexpressed in aged HSC using a lentiviral system to demonstrate some
restoration of the refractory elements of the aged HSCs (Ma et al., 2022). However, it has
been shown by other groups that plasma does not adequately access the HSCs in the bone-
marrow microenvironment (Ho et al., 2021), which casts doubt on the use of heterochronic
parabiosis to study HSCs.

Hi-C is a technique to look at both the broad changes in chromatin architecture and the
more specific interactions between regulatory elements and gene promotors. However, it has
only recently been used to study the biology of ageing. For example, in mouse skeletal muscle
stem cells (MuSCs), ageing leads to loss of interactions between TF binding sites and genes
associated with maintenance of quiescence (B. A. Yang et al., 2023; Zhao et al., 2023). Hi-
C analysis has also highlighted the decay of heterochromatin domains and activation of
transposable elements in aged neurons (Kriukov et al., 2024; Zhang et al., 2022). In mouse
B cell precursors, early Hi-C studies demonstrated chromatin remodelling and a shift from
active A to repressive B compartment of the Irsl gene, a component of the Igf signalling
pathway (Koohy et al., 2018). In aged pro-B cells, a similar repressive compartment switch
from A to B was found for the B cell identity TF, Ebfl (Ma et al., 2024).

In summary, TFs play a role in maintaining cellular identify and the changes in TF activity
in aged HSCs, along with the DNA methylation changes, likely explain much of why aged

HSCs remain refractory to exposure to the young BM environment. Rejuvenation of the
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intrinsic epigenetic aspects of HSCs ageing will likely require reprogramming interventions

to loosen the refractory GRNs and promote a shift to a more youthful GRN state.

1.2.8 Current attempts to rejuvenate aged HSCs

1.2.8.1 Addressing the extrinsic aspects of HSC ageing

As discussed in previous sections, extrinsic inflammatory signalling plays a substantial
role in HSC ageing. For example, in mice, age-associated intestinal permeability and
microbiome changes increase systemic innate immune signalling, including I1-1f signalling,
which contribute to LT-HSCs ageing phenotypes (Kovtonyuk et al., 2022). II-1p receptor
knockout mice show a much reduced myeloid bias (Mitchell et al., 2023) and long-term
pharmacological inhibition of II-1p appears to somewhat restore LT-HSC reconstitution
ability (Kovtonyuk et al., 2022; Mitchell et al., 2023). Similar results have been found using
inhibition of I1-6 (Valletta et al., 2020) and TNFa (Rundberg Nilsson et al., 2023). However,
long-term immunosuppression may pose significant risks and pharmacological inhibition of
II-1B, 1I-6, TNFa, etc., does not address the root cause of the chronic inflammation.

Successful restoration of function of aged HSCs by addressing the extrinsic aspects of
HSC ageing have also been demonstrated by exogenous delivery of Igf1 (Young et al., 2021),
Osteopontin (Guidi et al., 2017) and Netrin-1 (Ramalingam et al., 2023; Renders et al., 2021).
However, long-term systemic delivery of these growth-promoting signalling molecules
comes with risks and does not address the root cause of why they are diminished with age.
Furthermore, extracellular vesicles derived from young MSCs or aged AKT-inhibited MSCs
(but not normally aged MSCs) were shown to functionally restore aged HSCs (Kulkarni et
al., 2018). All in all, addressing intestinal permeability, systemic inflammation, chronic
infection of BM niche cells and niche cell senescence may prove to be essential approaches

to restore the niche’s ability to properly support aged HSCs.

1.2.8.2 Mitochondrial restoration to rescue aged HSCs

Mitoquinol increases mitochondrial membrane potential (MMPot) in aged myeloid-biased
MMPot low HSCs restoring youthful gene expression and engraftment potential (Mansell et
al., 2021). Additional strategies to increase mitochondrial health have been attempted. For

example, one study claimed that supplementation of aged mice with nicotinamide riboside
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increases NAD™ levels in HSCs and causes enhanced lymphoid potential (Zong et al., 2021).
NR supplementation also improves mitochondrial function but, while it partially restores
myeloid skewing at the progenitor level (LMPPs increased GMP reduced), the percentages
of differentiated lymphoid and myeloid lineage cells was not altered (Sun et al., 2021).

1.2.8.3 Telomere restoration to rescue the replication effects of HSCs ageing

Transient transfection of fibroblast and myoblasts with modified telomerase reverse
transcriptase (TERT) RNA lengthens telomeres, allowing for an increase in proliferative
capacity without immortalization (Ramunas et al., 2015). However, TERT overexpression in
human HSCs does not prevent telomere shortening (Wang et al., 2005), suggesting alternate
mechanisms that HSCs use to ensure telomere attrition. Patients with a genetic mutation in
PARN have a deficiency in the proper maturation of the long non-coding RNA component
of the telomere lengthening ribonucleoprotein called TERC, leading to accelerated telomere
attrition. Inhibition of PAPDS5, an enzyme in the pathway that degrades TERC, restores
telomere length in PARN-deficient human CD34" HSCs and improves engraftment
dysfunction causes by telomere attrition (Nagpal et al., 2020). Similarly, exogenous delivery
of an engineered form of TERC also improves the TERT-mediated telomere lengthening in
PARN-deficient human CD34" HSPCs, which in turn improves differentiation output in vitro
(Nagpal & Agarwal, 2025). However, TERC overexpression or PAPDS inhibition in
physiologically aged human HSCs has not been reported. Interestingly, in both mouse and
human HSCs, overexpression of Potla, a telomere protecting shelterin complex that
diminishes with age, prevents the DNA damage response (DDR) and lowers production of
reactive oxygen species and maintains self-renewal, thus highlighting an alternative way

replicative stress in HSCs could be reduced (Hosokawa et al., 2017).

1.2.8.4 Restoring polarity to rescue aged HSCs

Remarkably, systemic inhibition of Cdc42 with only a 4 day treatment of CASIN in 20-
month-old mice was enough to restore the tubulin and H4K 16ac polarity of HSCs to youthful
levels and restore their ability to better reconstitute the blood of immunodeficient NBSGW
mice, thereby increasing the recipient mice’s health-span and lifespan (Montserrat-Vazquez

et al., 2022). CASIN restores polarity and asymmetrical division (Grigoryan et al., 2018),

25



restores youthful levels of X chromosome inactivation (Grigoryan et al., 2021) and increases

lifespan of aged female mice (Florian et al., 2020).

1.2.8.5 Transcription factor-based reprogramming of aged HSCs

It has been demonstrated that replication also causes the downregulation of particular HSC
identity genes are targets of PRC2, whereby there is a gradual switch from Ezhl to Ezh2,
indicating that Ezh1 activates HSC identity genes, while the gradual switch to Ezh2 likely
suppresses them and acts as a marker of proliferative history (Bernitz et al., 2020).
Furthermore, pharmacological inhibition of Ezh2 increases the regenerative capacity of the
HSCs with higher proliferative history (Bernitz et al., 2020). This indicates a mechanism that
links proliferation history to epigenetic changes in aged HSCs that would naturally have a
longer proliferative history. However, whether overexpression of HSC identity TFs can also
restore the regenerative capacity of aged HSCs is an open question. However, some clues are
emerging. For example, overexpression of Zbtbl can improve aged-HSC lymphoid
reconstitution (Elias et al., 2025). Furthermore, overexpression of Yyl, a TF whose activity
in HSCs was not restored upon exposure to young plasma during heterochronic parabiosis,
was also demonstrated to partially restore long-term engraftment of aged HSCs transplanted
into young, irradiated mice (Ma et al., 2022).

As will be discussed in the next section, overexpression of the Yamanaka factors Oct4,
Sox2, Klf4 and Myc (OSKM) is often used to rejuvenate cells in vitro and in vivo. As an
example of an indirect effect of Yamanaka factor reprogramming on aged HSCs, targeted
epigenetic reprogramming of stressed and senescent cells in mice using viral delivery of OSK
(without M) in an accelerated ageing mouse model, resulted in a systemic reduction in
proinflammatory cytokines, including Il-1a, II-1$, and I1-6, which then led to partial rescue
of the myeloid biased LT-HSCs (Sahu et al., 2024). Interestingly, direct epigenetic
reprogramming of aged myeloid-biased HSCs using Yamanaka factors has not been reported

and this will be discussed in the next section.
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1.3 Restoration of youthful function using epigenetic reprogramming

1.3.1 Loss of epigenetic cell identity as a driver of ageing

A cell’s specific pattern of gene transcription is largely determined by the highly organised
way the DNA is folded, coiled and packaged in the nucleus of the cell. The ability of a cell
to “remember” its identity-specific pattern of DNA structure after mitosis, despite the
immense changes to DNA structure during cell replication, is testament to the primacy of
DNA methylation, cell-type-specific transcription factors (TFs) and cell-type-specific non-
coding RNAs (ncRNAs) that remain relatively stable during division (Liotti et al., 2022). For
example, the DNA methyltransferase enzyme DNMT]1 can read the hemi-methylated strand
of DNA during DNA replication and apply the methylation to the newly synthesized strand
to ensure that daughter cells will carry the same DNA methylation pattern (Jurkowska et al.,
2011). Hemi-methylated DNA may also be stably inherited (Xu & Corces, 2018), although
the mechanism and function is less well understood.

Cell type-specific TFs and ncRNAs that recognize and bind specific sequences on the
DNA to give the cell its particular transcriptional identity, are stochastically partitioned into
the daughter cell during symmetrical cell division, thus ensuring that, on average, the cell
retains its parent’s transcriptional identity (Fuchs & Chen, 2013). However, even small
differences in random partitioning of low copy number TFs and RNAs, which creates a
heterogeneity among the progeny, can also result in a divergence of cell fate (Huh &
Paulsson, 2011). Indeed, cell-identity needs to be somewhat malleable, to allow, for example,
the differentiation of stem cells into fully differentiated cells. Active asymmetrical
partitioning of organelles, transcription factors and non-coding RNAs can facilitate this
process (Loeffler et al., 2022; Sunchu & Cabernard, 2020). Furthermore, the expression of
different transcription factors and non-coding RNAs, perhaps due to external signals in the
tissue niche, can influence the redirection of the cell’s transcriptional identity (Chacén-
Martinez et al., 2018; Mannino et al., 2022). These transcription factors and non-coding
RNAs can also influence the downstream expression and activity of DNA methylation
enzymes, such as DNMT1, DNMT3A/B and TET1/2, which can alter the DNA methylation
pattern of the cell to further preserve the cell’s new identity (de la Rica et al., 2013; Parry et
al., 2021; Yang et al., 2022).
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The transcriptional and functional dysregulation of aged cells is associated with epigenetic
changes within the cell, including both loss and gain of DNA methylation, changes in histone
modifications and levels of histone modifying proteins (Lee et al., 2019; Liu et al., 2022b;
Mogqri et al., 2024; Zhang et al., 2015). An emerging idea in ageing research is the progressive
age-associated loss of distinction between heterochromatin and euchromatin, which has also
been coined “convergent alteration of the epigenomic landscape during ageing” (CAEA) (Liu
etal., 2022b). This CAEA phenomenon is interpreted as an increase in informational entropy,
or Shannon entropy, which has been shown to increase in DNA methylation data from aged
skin and blood (Jenkinson et al., 2017). In chromatin accessibility data, for example, CAEA
manifests as a general reduction in the height of strong peaks and an increase in height of
weak peaks, or emergence of weak new peaks (Liu et al., 2022a). A similar “smoothening”
or convergence of frequencies (peak heights) between active marks and inactive marks can
be seen in ChIP-seq data during accelerated ageing (J.-H. Yang et al., 2023a).

In Hi-C data, which examines the frequency of chromatin interactions, this loss of
distinction between active and inactive chromatin may manifest as a general convergence of
interaction frequencies between different parts of the chromosomes, leading to erosion of
TAD boundaries and shifts in A/B compartments, commonly observed in many ageing
studies (Koohy et al., 2018; Kriukov et al., 2024; Ma et al., 2024; B. A. Yang et al., 2023;
Zhang et al., 2022; Zhao et al., 2023). However, increases in Shannon entropy have also been
noted in late-passage senescent human mesenchymal progenitor cells (MPCs), an in vitro
model for ageing (Liu et al., 2022b).

It is hypothesized that continual demethylation and methylation during circadian rhythm
could allow for the slow degradation of DNA methylation patterns (Oh et al., 2018; Oh et al.,
2019). However, other models to explain the “smoothening” of the epigenetic landscape have
been proposed, including the relocalization of chromatin modifiers (RCM) hypothesis
(Oberdoerffer et al., 2008). The RCM hypothesis proposes that proteins such as SIRTI,
SIRT6, HDACI1, and PARPI1 have a dual role in both chromatin stabilization and DNA
repair, but during DNA repair, particularly after DNA double-stranded breaks (DSBs), these
chromatin stabilizers must be relocated to the site of the DSBs, leaving the abandoned
chromatin susceptible to alteration until the DSB is repaired and the chromatin stabilizers are

homeostatically returned to their positions on the chromatin (Oberdoerffer et al., 2008). For
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example, SIRT6 has a dual role deacetylating histones to promote formation of
heterochromatin (Ghosh et al., 2015; Liu et al., 2012; Michishita et al., 2008; Tasselli et al.,
2016), silencing LINEI1 elements (Simon et al., 2019; Van Meter et al., 2014), but during
the DNA damage response, is recruited to DNA breaks to promote formation of yH2AX foci
(Meng et al., 2020; Rasti et al., 2022) and catalysing the mono-ADP ribosylation of and
recruitment of PARP1 (Mao et al., 2011; Van Meter et al., 2016). Similarly, HDACI is
required for silencing of genes at the nuclear lamina (Milon et al., 2012), but is recruited to
break sites during DSB repair to suppress transcription (Miller et al., 2010) and activate
SIRT1 (Dobbin et al., 2013). Similar dual roles can be found for PARP1 (Ciccarone et al.,
2017; Giansanti et al., 2022; Maya-Mendoza et al., 2018).

This shuffling of DNA binding proteins during DNA repair is hypothesised to result in a
very slow but incremental epigenetic drift, generating increasing amounts of transcriptional
noise and an averaging, or smoothening, of the epigenetic landscape where, for example,
hypomethylated regions become increasingly methylated, while hypermethylated regions
become increasingly demethylated, leading to eventual loss of cellular identity. In support of
the RCM hypothesis of ageing, a tamoxifen-inducible Cre system was use to introduce “non-
mutational” double stranded DNA breaks in mice, in vivo (J.-H. Yang et al., 2023a). These
so-called ‘ICE-mice’ harbour an inducible expression cassette for I-Ppol, an endonuclease
from Physarum polycephalum, that introduces double-stranded DNA breaks with sticky
overhangs in 20 known locations in the mouse genome which could be monitored for
mutational burden. Brief in vivo induction of I-Ppol resulted in accelerated ageing by several
measures including frailty phenotypes, multi-omics analysis and DNA methylation clocks
with no increase in mutational burden (J.-H. Yang et al., 2023a). In the same study, artificially
aged cells from these ICE-mice were then subjected to partial reprogramming using
Yamanaka factors and many of the molecular phenotypes of ageing such as DNA methylation

and transcriptional output were restored to youthful levels (J.-H. Yang et al., 2023a).

1.3.2 Age “reversal” using Yamanaka factors
Adult cells can be reprogrammed to a pluripotent state resembling that of an embryo by
overexpression of the embryonic transcription factors Oct4, Sox2, K14 and Myc (OSKM),

otherwise known as the Yamanaka factors (Takahashi & Yamanaka, 2006). As mentioned
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above, normal healthy animals can be generated using SCNT-based serial cloning
(Wakayama et al., 2013); Wakayama et al., 2026), but also by the transfer of the nucleus of
an adult cell that has undergone induced pluripotency induction by genetic overexpression
of the Yamanaka factors (Kim et al., 2019; Zhao et al., 2010). This demonstrates not only
that the average somatic mutational burden in many mammalian species is insufficient to
impede the normal epigenetic and transcriptional patterns required for multiples rounds of
development, but also that the age of the cloned cell can be reset to zero. Analysis of
senescent fibroblast from centenarians that underwent full reprogramming to pluripotency
showed that their telomere lengths were reset, senescent markers were removed and
transcriptional programs restored (Lapasset et al., 2011). Furthermore, the epigenetic “age”
of reprogrammed cells, as measured by DNA methylation clocks, is reset to zero (Gill et al.,
2022; Petkovich et al., 2017).

Reprogramming cells to full pluripotency to achieve rejuvenation has limited in vivo
applications because these pluripotent cells rapidly proliferate and can form a type of tumour
called a teratoma (Abad et al., 2013). However, a single round of transient expression of these
factors, sometimes called partial reprogramming, was performed in aged mice in vivo, and
improved functional indicators such as muscle regeneration and pancreatic function without
any sign of teratoma formation (Ocampo et al., 2016). Transient expression of the OSKM
factors has, since then, been used in vitro to restore youthful gene expression to aged
adipocytes and muscle derived mesenchymal stromal cells (Roux et al., 2022), and to reduce
the epigenetic age of aged human fibroblasts, endothelial cells, chondrocytes and skeletal
muscle stem cells (Sarkar et al., 2020). Additionally, OSKM factors have been expressed
systemically in vivo to restore function to multiple organs (Browder et al., 2022) and in a cell
type-specific manner to restore function in cardiomyocytes (Chen et al., 2021; Kisby et al.,
2021), retinal ganglion cells (Y. Lu et al., 2020) and skin (Doeser et al., 2018). The Belmonte
group examined 40 tissues and found a preponderance of what they term mesenchymal drift
(MD), which was reversed with OSK (Lu et al., 2025). Finally, whole body transient
expression of OSK in aged mice increases their remaining lifespan (Macip et al., 2024).

Other examples of OSK(M) reprogramming demonstrate the clinical potential. For
example, in vivo treatment of mice with OSK in a mouse model of hypertension involving

endothelial-to-mesenchymal transition (EndMT), also reversed the EndMT and promoted a
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normotensive response (Pernomian et al., 2025). OSK packaged into adeno-associated virus
(AAV) particles have been injected directly into knee joints of mice in a model of
osteoarthritis and led to cartilage regeneration (Y. W. Liu et al., 2026). Finally, AAV delivery
of OSK is currently being developed as a treatment for various age-related eye diseases (Karg
et al.,, 2023; Y. Lu et al., 2020) and has completed early clinical testing in non-human
primates (Ksander et al., 2023).

1.3.3 Epigenetic memory of a youthful state

The kinetics and mechanisms of partial reprogramming are an ongoing subject of study.
For example, Olova et al. used OSKM to induce pluripotency in human dermal fibroblasts
and used the original Horvath clock (Horvath, 2013) to show that epigenetic age decreases
linearly between day 3 and 20 of OSKM expression, while pluripotency genes increase in a
non-linear fashion (Olova et al., 2019). Furthermore, genes associated with fibroblast identity
remained fairly stable until day 15, after which a sharp drop indicated a point of no return
(Olova et al., 2019).

Similarly, Gill et al. (2022) also used time-course analysis of OSKM reprogrammed
fibroblasts, but transiently expressed OSKM so the stability of the epigenetic rejuvenation
could be measured (Gill et al., 2022). In this case, fibroblasts were subjected to OSKM
expressed for 10, 13, 15, or 17 days, SSEA4" cells were isolated by FACS, then cultured
without OSKM for a further 4-5 weeks. Results showed that day 13 was the “sweet spot”
between reprogramming and loss of identity which reduced the DNA methylation age of aged
human fibroblasts by 30 years without inducing a pluripotent state (Gill et al., 2022).
Crucially, the Gill et al. (2022) study showed that a set of 2351 out of 4204 fibroblast specific
enhancers, which usually become methylated during full reprogramming to pluripotency,
remained unmethylated, so it was hypothesized that these unmethylated enhancers may act
as an epigenetic memory that retains the cells’ fibroblast identity. This is important since it
has been demonstrated that reprogramming likely works by repression of cellular identity
and cells must undergo a “secondary differentiation” process that allows them to restore their
original identity (Roux et al., 2022). Therefore, TFs and non-coding RNAs likely play a
major role in re-establishing cell identity. Furthermore, it was also demonstrated by Roux et

al. (2022) that different cell types lose their cellular identity to different degrees during
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reprogramming and that using only the factors Oct4 and Sox2 (OS) as a cocktail could give
a similar reduction in the ageing score of mesenchymal cells, while suppressing their cell
identity 54% less. This kind of analysis of reprogramming kinetics is an important component
in determining the mechanism, dose and efficacy of each reprogramming strategy.
Reprogramming efficiency is also tissue specific and dosage of Yamanaka factor
expression is related to the kind of expression cassette used, the regulatory elements that
control its expression and how plastic the host cell type already is (Chondronasiou et al.,
2022; Parras et al., 2023; Pico6 et al., 2025). For example, in vivo transient expression of a
dox inducible OSKM cassette inserted into an intron of the Pparg gene demonstrated that
pancreatic acinar cells are particularly susceptible to reprogramming, inducing loss of cell
identity that is similar to oncogenic transformation (Chondronasiou et al., 2022). Similarly,
long-term cyclical in vivo expression of OSKM results in hepatic and intestinal failure and
death in strains where the cassette is in Pparg or Collal (Parras et al., 2023). Subsequent
strains in which the OSKM cassette is selectivity removed from liver and intestinal cells
allowed for safe long-term cyclical induction of OSKM in aged mice resulting in a reduction
of epigenetic age in the heart, spleen, brain and kidneys (Parras et al., 2023). Other attempts
at expressing the OSKM cassette only in post-mitotic cells (Pico et al., 2025) or only in
senescent or stressed cells that express cyclin-dependent kinase inhibitor 2a (Cdkn2a) (Sahu

et al., 2024) have been successful in reducing the negative side effects of reprogramming.

1.3.4 Potential dangers of pluriopotency factors

The main concerns with reprogramming using pluripotency factors are the promotion of
stemness, epigentic silencing of cell identity and the pushing of precancerous cells into a
cancerous state. It has been shown, for example, that Oct4 and Sox2 are overexpressed in
glioblastoma, enhancing stemness and immune evasion in stem-like glioblastoma
propagating cells (Ma et al., 2021). Even partial reprogramming (transient expression of
OSKM) can produce tumours through epigenetic dysregulation without requiring full iPSC
formation (Ohnishi et al., 2014). Reprogramming and oncogenic transformation pass through
overlapping early plasticity states before diverging, supporting the idea that reprogramming

can expose or share transformation-prone intermediate states (Huyghe et al., 2022).
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Before widespread clinical adoption of OSK(M)-based reprogramming, it will be
necessary to examine the effect of transient OSKM or OSK expression in cells harbouring
precancerous mutations. For example, some forms of pancreatic cancer develop after a 4-hit
series of mutations, usually KRAS, CDKN2A4, TP53, and SMAD4, where mutations in only
Kras and Tp53 were shown to be insufficent to drive ERK mediated hyperplasia (Shibata et
al., 2018). However, a transient three-day expression of OSKM caused reversible acinar to
ductal metaplasia (ADM), an early event of pancreatic cancer development, even in non-
mutated cells, while cells harboring a single Kras mutatation developed ERK mediated
hyperplasia, which was exacerbated even more with the presence of an additional Tp53
mutation (Shibata et al., 2018). Even without Myc, transient OSK expression produces a
stable, heritable pro-metastatic epigenetic state in already malignant colon cancer cells
(Singovski et al., 2016), suggesting it may worsen malignant behaviour in genetically
abnormal cells.

Despite the evidence that pluripotency factors like OSKM, or even OSK, promote
tumourogenesis, there is also some evidence that targeted reprogramming can actually inhibit
tumour progression. For example, transient OSKM expression in lung cancer cells
harbouring a Kras mutation promoted cancer cell apotosis and senescence after
transplantation, with OCT4 and KLF4 contributing strongly to this effect (Pedrosa et al.,
2024). A similar result was found in an earlier study in pancreatic ductal adenocarcinoma
cells (Khoshchehreh et al., 2019) and in various cancer cell lines (Wang et al., 2019).
However, the ability of OSKM reprogramming to reactivate apotosis or senescence pathways
appears to be cell-type specific.

Clinical application of OSK(M)-based reprogramming will likely require targeted
avoidance of delivery to cells that are prone to extreme dysplasia and oncogenic
transformation (e.g. active healthy intestinal and pancreatic cells). Furthermore, the whole
idea of partial reprogramming rests on the idea that, despite the erasure of some epigenetic
marks through overexpression of the Yamanaka factors, there remains enough epigenetic
information to allow the cell to complete a secondary round of differentiation and return to
its original identity. Further analysis of transcription factor networks, the non-coding RNAs
present and DNA regulatory elements accessible during reprogramming may reveal

strategies that can uncouple the rejuvenating aspects of reprogramming from the cell identity
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changes. These strategies may include, for example, the identification of alternate TFs that

reaffirm youthful cellular identity with minimal step-change towards pluripotency.

1.4 3D genome organisation in GRN construction and analysis
Transcription factor inhibition and overexpression are the basis for most epigenetic
reprogramming, although chemical reprogramming with small molecules is also an emerging
field (Mitchell et al., 2024; Schoenfeldt et al., 2025; J.-H. Yang et al., 2023b). Identification
of TFs that promote and establish cell identity is traditionally achieved through large screens
of differentially expressed TFs in the target cell type. The discovery of the pluripotency
factors, for example, was achieved by identifying the genes most differentially expressed in
embryonic stem cells (ESCs) then eliminating them one by one until the final minimal set
was found (Takahashi & Yamanaka, 2006; Yu et al., 2007). Additionally, by screening genes
highly expressed in brain tissue, the cocktail of transcription factors Brn2, Ascll and Mytll
was discovered to transdifferentiate fibroblasts into neurons, bypassing the pluripotency
phase altogether (Vierbuchen et al., 2010). Interestingly, transdifferentiation of fibroblasts to
HSCs has proven to be more difficult. In this case, overexpressing a large pool of factors
known to be highly upregulated in HSCs only made mature blood cells, whereas HSC-like
cells could only be produced after going through an endothelial intermediate using the factors
Gata2, Gfilb, cFos, and Etv6 and culturing the cells in media containing HSC supporting
cytokines (Pereira et al., 2013). These experimental results highlight the fact that not all
differentially upregulated factors identified in the target cell were necessary for
reprogramming and raises the question of how best to predict the factors that actually drive
reprogramming. More recently, analysis of GRNs has been used to identify TFs for

reprogramming and will be discussed next.

1.4.1 Gene regulatory networks (GRNs) for studying ageing

Construction of GRNs from multi-omic data and databases of motif binding or protein
interactions is a relatively recent technique for exploring drivers of disease and ageing. GRNs
give specialized information beyond principal component analysis and differential analysis.
While principal component analysis applied to genomics tells you which features explain the

major variance in the data, and differential analysis identifies statistically significant
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differences in the data, network analysis attempts to infer the mechanistic interactions of
regulatory proteins and DNA regulatory elements that explain patterns of gene expression
(Jiang et al., 2025; Loers & Vermeirssen, 2024). Predicting causal TF drivers of gene
expression and cell identity from the differential expression of the TFs themselves is prone
to false negatives because it misses the regulatory flow and directionality that network
analysis provides (Kamimoto et al., 2023). Indeed, TF activity has been demonstrated to be
a better predictor of each TFs role in cell identification than expression level or motif
enrichment within DEG promotors (Aibar et al., 2017; Wlodarczyk et al., 2025).
Furthermore, comparison of GRNs from different conditions can help identify transcription
factors that drive the changes in gene expression and, thus, which factors can be used to
change cell state or identity (Morris, 2026; Xu et al., 2021).

Many different computational tools have been invented to construct and compare GRNs.
Broadly speaking, GRNs can be inferred using databases of protein interaction data or
databases of TF binding motifs. For example, by constructing a network prior from known
protein-protein interactions (PPI) to obtain a starting network of all biologically known TF-
gene relationships, the nodes and weights of this starting network can then be pruned based
on measured gene expression data. GRN inference tools that use PPIs are tools like iDREM
(B. Mishra et al., 2021), PANDA and LIONESS from the NetZoo suite (Ben Guebila et al.,
2023) and the tool agingXAI (Li et al., 2025) which uses deep learning and explainable
artificial intelligence (XAI). Alternatively, GRNs can be inferred by examining TF binding
motifs in gene promotors of expressed genes and/or accessible chromatin regions that contain
putative regulatory elements. GRN inference tools that use TF binding motif databases
include SCENIC (Aibar et al., 2017), SCENIC+ (Bravo Gonzalez-Blas et al., 2023), several
packages in the NetZoo suite (Ben Guebila et al., 2023), CellOracle (Kamimoto et al., 2023),
DeepMAPS (Ma et al., 2023), ANANSE (Xu et al., 2021) and scANANSE (Smits et al.,
2023), scREMOTE (Tran et al., 2022), scTFBridge (Wang et al., 2025), Dictys (Wang et al.,
2023), Epiregulon (Wlodarczyk et al., 2025). Conversely, some tools such as weighted gene
co-expression network analysis (WGCNA) (Zhang & Horvath, 2005), or sophisticated non-
linear analysis tools like ANNI (Tong et al., 2014) and VIPER (Alvarez et al., 2016) use
neither PPI nor TF binding motif data for GRN inference, using only co-expression patterns

or hierarchical organization to infer GRN modules. Therefore, an important consideration in
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GRN inference is that reliance on PPI databases and/or TF binding motif databases means
the inferred GRNSs are only as biologically complete as the databases used to construct them.

Some tools have already been used to study ageing (Brase et al., 2023; He et al., 2025;
Leeetal., 2021; Ma et al., 2022; Macarie et al., 2026; Millet et al., 2024; Mishra et al., 2021;
Saha et al., 2025; Sengstack et al., 2026; Tarum et al., 2024; Yucel et al., 2025). For example,
SCENIC uses RNA-seq data to integrate co-expression analysis with motif enrichment then
identify modules of TFs and their target genes, known as “regulons”. This tool was used to
identify multiple age-associated TFs, including EOMES, TBX21, RUNX3 and NFATC2,
that govern the gene expression and signalling dynamics of aged and exhausted terminally
differentiated effector memory T (Temra) cells (He et al., 2025). The SCENIC tool was also
used in conjunction with CRISPR-based perturbations in senescent skin fibroblasts to
identify the overexpression of E2F3 and EZH2, or the inhibition of STAT3 and ZFX as ways
to reverse or inhibit cellular senescence (Sengstack et al., 2026).

Remarkably, cell-cell communication networks (CCNs) can be combined with GRNs to
link cell surface signalling to downstream gene regulatory outcomes (Browaeys et al., 2020;
Du et al., 2025; Jin et al., 2025; Kyaw et al., 2023; Ma et al., 2022; Raghavan et al., 2025).
For example, NicheNet was used to identify SPP1 from human bone marrow MSCs and
MMP9 from macrophages as ligands driving the upregulation of myeloid-bias inducing AP-
1 factors in human HSCs (Feng et al., 2024). Additionally, Ma et al. (2022) used the
CellPhoneDB ligand-receptor database and GRN analysis on aged HSPCs exposed to young
blood during heterochronic parabiosis to show that cytokine networks dysregulated in the
aged HSPCs are restored when exposed to young blood (Ma et al., 2022). However, the same
group also showed that much of the TF activity was not restored in the aged HSPCs exposed
to young blood and overexpression of some of these young-blood resistant TFs, including
Yyl1, could be used to rejuvenate the molecular signature and restore some function to the
aged HSPCs (Ma et al., 2022).

There are also many GRN inference and comparison tools specifically designed to predict
TFs for direct cell reprogramming (also known as transdifferentiation). For example,
Mogrify uses RNA-seq data from source and target cell types to predict TFs that will
transdifferentiate the source cell type into the target cell type (Rackham et al., 2016) and was

recently used to discover novel TFs to reprogram fibroblasts into cardiomyocytes (Romero-
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Tejeda et al., 2023). While Mogrify predicts TF cocktails for identity conversion, EpiMogrify
identifies the specific signalling molecules and growth factors (external environment)
required to maintain that identity or enhance differentiation efficiency (Kamaraj et al., 2020)
and has been used to identify novel factors to maintain human astrocytes in vitro.

Another tool called NETISCE uses gene expression data and signal flow analysis to
estimate TF activity attractor landscapes and predict TF reprogramming candidates (Marazzi
et al., 2022). NETISCE was used to identify factors for inhibition to overcome resistance to
MAPK inhibitor therapy in different cancers (Marazzi et al., 2022). On the other hand,
ANANSE integrates gene expression and chromatin accessibility data to generate GRNs
based on TF activity, then specifically compares two GRNs to identify key TFs governing
cellular identity (Xu et al., 2021). ANANSE was used, for example, to identify transcription
factors required for neuronal cell fate determination (Cirnaru et al., 2021). ANANSE was
also adapted to work with cap analysis gene expression sequencing (CAGE-seq) (Heuts et
al., 2022). Furthermore, another incarnation of ANANSE uses single-cell data (Smits et al.,
2023) and was used to identify novel TF targets for differentiation of iPSCs into
cardiomyocytes (Snabel et al., 2025) and corneal organoids (Arts et al., 2025).

If we assume that aged GRN cell states are distinct from young GRN cell states, then these
tools normally used to identify TFs for transdifferentiation should be able to identify TFs that
drive the aged state or restore the young state. A central question in this PhD project is: which

TFs drive the aged or young states of HSCs?

1.4.2 Hi-C informed gene regulatory networks

Integration of Hi-C data into the construction of GRNs for the identification of state-
defining TFs is an emerging concept being adopted by many tools. For example, the
scMultiMap tool primarily uses paired scATAC-seq and scRNA-seq to map cell-type-
specific enhancers to their target genes but still uses Hi-C data to validate enhancer-gene
pairings (Su et al., 2025). So why not incorporate the Hi-C data directly into the enhancer-
gene mappings and GRN construction? A recent preprint describes the development of a
machine learning pipeline SCEG-HiC that uses Hi-C data as a prior to penalize the
correlation matrix made from integration of scRNA-seq and scATAC-seq in order to

prioritise enhancer-gene links that align with known physical interactions found in the bulk
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Hi-C (Liang et al., 2025). Similarly, DeepMAPS is a GRN inference tool that uses a graph
neural network (GNN) to integrate scRNA-seq and scATAC-seq while using Hi-C or
promotor capture Hi-C as the graph's backbone by setting enhancer promotor spatial
constraints (Ma et al., 2023).

For GRN inference, Hi-C chromatin interaction data has been used as a starting point to
constrain the linkage of putative enhancers to their target genes. For example, scGRNom (Jin
et al., 2021) starts with Hi-C interaction data and identifies potential enhancer-promotor
interactions within TADs then maps TF motifs to these regions to create a large reference
GRN. This reference GRN is then refined to a final GRN by selecting and weighting regions
that show open chromatin in accompanying ATAC-seq data and associated gene expression
from RNA-seq data. The scGRNom pipeline has been used to prioritize risk genes in
Alzheimer’s disease (Gupta et al., 2022) and risk SNPs in covid-19 severity (Khullar &
Wang, 2023) that potentially interrupt TF binding sites. Similarly, scREMOTE uses
databases of Hi-C data to simply remove or penalize regulatory elements that have a low
probability of being able to physically interact with the target gene’s promotor (Tran et al.,
2022). GRaNIE (Kamal et al., 2023) which also builds GRNs by integrating ATAC-seq and
RNA-seq data takes TAD domains as input so that only peak-gene pairs within a TAD are
tested. The MAGICAL pipeline does a similar thing, selecting enhancer gene connections
within user-supplied TAD domains, but this pipeline is specifically designed to compare
conditions and uses differential accessibility and differential expression from single-cell data
as the input to build the differential GRN (X. Chen et al., 2023).

In addition, Hi-C, DNAase-seq/ATAC-seq & ChIP-seq data have been previously
integrated using a method known as activity-by-contact (ABC), in which an ABC score is
calculated for each enhancer-gene pair by multiplying the candidate enhancer accessibility
value by the Hi-C contact value, then normalizing this by dividing it by the sum of the ABC
scores of other enhancers within 5 Mb distance (Fulco et al., 2019). This normalization step
gives the relative fractional contribution of each enhancer to the regulation of the target gene
to reflect the fact that each enhancer’s regulatory power is modulated by competing
enhancers. The enhancer-gene predictions from ABC scores performed better than distance-
based co-accessibility predictions or Hi-C contacts alone (Fulco et al., 2019). A related

method called IVEA (Kimura et al., 2024), combines ABC with a metric for transcriptional
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bursting, i.e. the burst size (number of transcripts) multiplied by the burst frequency
(frequency of transitions to the active state). The IVEA method claims to predict more eQTL-
supported enhancer-gene pairs than ABC alone in some evaluations (Kimura et al., 2024).

The ABC method was further refined to a generalized ABC score (gABC), by also
considering all competing target genes and all TSSs, and also allowing for single-cell ATAC-
seq to be used as input (Hecker et al., 2023). Using single-cell cardiac cell data to validate
the method, Hi-C informed gABC enhancer-gene pairings recovered more eQTL-linked gene
pairs than ATAC-seq-based co-accessibility alone, and the gABC-derived TF affinity matrix
showed better correlation with gene expression than regular ABC or co-accessibility (Hecker
et al., 2023). This gABC method was recently used to identify TF-gene networks in 45 cell
types related to coronary artery disease (CAD) and was combined with GWAS results to
highlight specific transcription factors whose binding affinities are perturbed by the CAD-
associated risk SNPs (Hecker et al., 2026).

All in all, incorporation of Hi-C chromatin contact data, even at relatively low resolution,
consistently improves GRN inference by augmenting enhancer-gene network wiring
confidence and is thus an important component of identifying TFs for cell reprogramming.
As will be discussed in Chapter 4, I opted to use the gABC method in this PhD project
because this method uses Hi-C interaction frequencies to modulate the enhancer activity
value from the chromatin accessibility data rather than just using the Hi-C TAD boundaries
as a distance constrainer. I then used the ANANSE method of GRN construction and TF
scoring because it can take TF activity scores as input and is specifically designed for

differential analysis of two GRNs to identify TF drivers of cell states.

1.5 Significance and scope of the PhD project

As discussed above, cellular ageing is predominantly caused by a loss of epigenetically
controlled cell identity and gene regulatory states that results from the combination of:
1. Entropic (random) and programmed changes to the ECM (e.g. irreversible cross-
linking, fibrosis, etc.);
2. Deleterious autocrine, paracrine and long-distance (often inflammatory) signalling
from senescent cells, inflammation promoting cells reacting to increased damage

signalling and stressed cells that harbour latent viral and bacterial infections; and
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3. Cell intrinsic epigenetic changes due to deficiencies in the molecular machinery that
copies and maintains epigenetic marks during cell division, telomere attrition and
DNA repair (e.g. after double-stranded DNA breaks).

Cell reprogramming using Yamanaka factors or other identified factors presents an
opportunity to restore the molecular and epigenetic aspects of aged LT-HSCs, including
restoration of molecular cell identity, myeloid-lymphoid balance and differentiation capacity.
However, this comes with the caveat that the other extrinsic and intrinsic aspects of ageing
(loss of ECM structure, aberrant signalling, latent infections, etc.) would also need to be

addressed for the restored LT-HSC function to persist.

1.6 Aims and Hypothesis of the PhD project

Aged murine bone marrow is characterised by an expansion of HSC clones that display
increased self-renewal, reduced output and myeloid-bias. These features of ageing are largely
epigenetically encoded, allowing for the ageing phenotypes to be retained in downstream
progeny even after transplantation into young recipients, but crucially, can be restored after
reprogramming via a pluripotent intermediate. Additionally, partial reprogramming can
rejuvenate molecular and functional features of many aged cell types yet reprogramming of
aged LT-HSCs using transient expression of Yamanaka factors has not been reported.
However, even partial reprogramming comes with the risk of activation of oncogenic
programs, or teratoma formation if some cells attain pluripotency, so alternate
reprogramming strategies that either restore molecular and functional phenotypes without
transition towards a pluripotent state, or reinforce cellular identity, are being explored by
various groups.

The aims of this PhD project were to:

1) Assess the practicalities of exogenous delivery of Yamanaka factors for partial
reprogramming of the relatively rare HSC population;

2) Explore the epigenetic differences in aged vs young murine HSCs compared to mature
blood cell types using Hi-C, chromatin accessibility and gene expression data; and

3) Use Hi-C informed gene-regulatory networks to identify potential factors that could
reprogram aged myeloid-biased LT-HSCs back to a high output, lineage-balanced (i.e.
youthful) phenotype.
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Since aged LT-HSCs have a clear phenotype that is carried into downstream progenitors
(even after transplant into young recipients), I have hypothesised that there would be clear
differences in the 3D genome organisation between aged and young LT-HSCs and that these
differences could be aligned with gene expression and chromatin accessibility data to
generate GRN maps. These GRN maps could then be compared and used to identify TFs that
govern the aged and young states of LT-HSCs, TFs that could possibly be used in
reprogramming experiments that reaffirm youthful cell identity without transition towards a

pluripotent state.
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Chapter 2: Reprogramming of murine HSCs with Yamanaka

factors

2.1 Introduction

Blood progenitors, including HSCs that give rise to all the different blood cell types, can
be manipulated ex vivo and transplanted back into various mouse models (wild-type,
immunodeficient, etc) and so represent a promising testing ground for the reprogramming
and rejuvenation of aged HSCs. In transplantation experiments, HSC ageing is characterised
by myeloid bias and reduced reconstitution ability, which is not rescued by exposure to a
young BM environment (Amoah et al., 2022; Gekas & Graf, 2013; Mann et al., 2018; Pang
et al., 2011; Yamamoto et al., 2013). HSC ageing is also characterised by increases
symmetrical division and decreased asymmetrical division (Florian et al., 2018; Kawahigashi
et al., 2024). Molecularly, aged murine HSCs undergo transcriptional changes (Flohr
Svendsen et al., 2021), DNA hypermethylation of PRC2 targets (Beerman et al., 2013; Taiwo
et al.,, 2013), changes to chromatin accessibility (Itokawa et al., 2022), repositioning of
heterochromatin leading to derepression of transposable elements (Hidaoui et al., 2024; Hong
et al., 2023), loss of polarity of cytoskeletal proteins (e.g. tubulin) and histone marks,
particularly H3K16ac (Amoah et al., 2022; Florian et al., 2018).

In 2006, the factors Oct4, Sox2, KIf4 and Myc (OSKM) were shown to reprogram
fibroblasts into pluripotent stem cells (Takahashi & Yamanaka, 2006). Later, fibroblasts from
human centenarians were shown to be transcriptionally rejuvenated with fully restored
telomeres by reprogramming with an OSKM cocktail that included NANOG and LIN28A
(Lapasset et al., 2011). Transient or cyclic expression of OSKM (also known as partial
reprogramming), or just OSK factors, can epigenetically, transcriptionally and functionally
rejuvenate cells without causing pluripotency (Berdugo-Vega et al., 2026; Gill et al., 2022;
Y. W. Liu et al., 2026; Lu et al., 2025; Y. Lu et al., 2020; Pernomian et al., 2025; Sarkar et
al., 2020). Moreover, whole body transient expression of OSK via an adeno-associated virus
(AAV9) vector in already aged (124-week old) mice increases their remaining lifespan
(Macip et al., 2024). However, in vivo expression of OSK(M) in mice is currently marred by

problems with dose control and variability of reprogramming of different organs, with major
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risks being organ-specific loss of cell identity and dysplasia in certain susceptible tissues
(Chondronasiou et al., 2022; Parras et al., 2023; Pico et al., 2025), but also oncogenic
transformation of cells harbouring key pre-cancerous somatic mutations (Huyghe et al.,
2022; Ohnishi et al., 2014; Shibata et al., 2018; Singovski et al., 2016).

Considering the strong role of the aged immune system on ageing pathologies (Jang et al.,
2026; Khan et al., 2026), it is surprising that there are currently no published reports of the
effect of transient Yamanaka factor over-expression on the rejuvenation of blood and blood
progenitors and only one report of an indirect effect (Sahu et al., 2024). For example, using
an accelerated ageing mouse model characterized in the blood by an ageing-like myeloid
bias, Sahu and colleagues observed that selective overexpression of OSK (no Myc) using
AAV-DJ delivery and OSK under the control of the cyclin-dependent kinase inhibitor 2a
(Cdkn2a) promoter, to specifically target stressed and senescent cells, led to a reduction of
myeloid-biased HSCs in the bone marrow and restoration of mature blood cell ratios (Sahu
et al., 2024). Crucially, this restoration of HSC function was likely the side-effect of
pCdkn2a-OSK overexpression in non-bone marrow cells, due to the low tropism of AAV-DJ
for bone-marrow, which resulted in a systemic reduction in proinflammatory cytokines,
including Il-1a, II-1B, and 11-6 (Sahu et al., 2024). Long-term reduction in inflammatory
cytokine signalling, like I1-1P, using receptor knockout or inhibitors, has also shown some
restoration of HSC function in aged mice (Mitchell et al., 2023).

Cyclic or transient reprogramming of aged HSCs or other early blood progenitors using
OSKM factors has not yet been reported. However, Klf4 overexpression in HSCs induces
monocyte differentiation away from granulocyte differentiation (Feinberg et al., 2007) and
Klf4 is naturally upregulated in aged LT-HSCs (Itokawa et al., 2022), so it is an open question
as to whether OSK(M) overexpression in aged HSCs would restore HSCs to a youthful
phenotype or exacerbate Klf4-driven myeloid bias. To begin to address this question,
different transduction/transfection strategies (PiggyBac, Lentiviral, mRNA and DNA
nucleofection) were tested with the hope of examining how overexpression of the Yamanaka

factors affects the expression of lineage defining markers of HSCs.
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2.2 Results

2.2.1 OSKM PiggyBac vector does not provide sufficient transfection of HSCs

The PiggyBac system uses a hyperactive transposase to insert an expression cassette
(Yusaetal., 2011) and has been used by others to generate transgene free induced pluripotent
stem cells (iPSCs), although this involves re-expressing the transposase and selection of iPSC
colonies (Yusa et al., 2009). To test the transfection efficiency of an inducible OSKM
cassette, [ constructed a PiggyBac compatible vector (which I called Q02) carrying OSKM
separated by 2A self-cleaving peptides and followed by an IRES2 controlled mNeonGreen
reporter then amplified it using NEB’s high-fidelity DNA assembly (an enhanced Gibson
assembly) cloning in competent E. coli (see Methods and Fig. 2.1).

Transfected together in the PiggyBac transposase system
CMV ]
enhancer

Hyper
PiggyBac
transposase

QO02_PB-Ef1a-TetOn3G_mCMV-0OSK+9M-mNeonGreen

pCMV-hyPBase

12,639 bp 6354 bp
HIFI DNA T
ASSEMBLY Insert between DNA ends Overlap and insert ]Overlap and insert
1..7572 1..2181 1..2935
1 7572 1 2181 1 2935
I D) ¢4 [Pousti > Soxz > [Kifars Sy >
IRES2 | | ori | | T2A |
mMNEONGREEN ~ AmpR  P2A Tet-On® 3G P2A E2A
Linearized Vector Fragment 1 Fragment 2
7572 bp 2181 bp 2935 bp

Amplify 851 .. 366 using:
PCR | Q02_vector.FOR
Q02_Vector.REV
Q02_Vector.REV
Q02_Vector.FOR

PB-CT3G-CERP2-MG-IRES2-mNeonGreen
(addgene, 175508)

8040 bp

Amplify 2863 .. 5024 using:

PCR | Q02_Fragment 1.FOR
Q02_Fragment 1.REV

QO02_Fragment 1.REV

TetO-FUW-OSKM
(addgene, 20321)

13,462 bp

—— Q02_Fragment 1.FOR

Amplify 2791 .. 5709 using:

PCR | Q02_Fragment 2.FOR
Q02_Fragment 2.REV

+~—— Q02_Fragment 2.FOR

Q02_Fragment 2.REV

PB-TAC-OK+9MS
(addgene, 80482)

11,405 bp

Figure 2.1. Construction of PiggyBac plasmid Q02_PB-Efla-TetOn3G_mCMV-OSK+9M-

mNeonGreen (12,639 bp)
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The Q02 plasmid was purified and sequenced confirmed using a diagnostic digest (Fig.
2.2) and subsequent nanopore longread sequencing (WEHI genomics), then colony 2 (Col2)
was selected for further experiments. For integration of the Q02 expression cassette into
HEK293T cells, the Q02 plasmid was combined with the hyperactive piggyBac (hyPBase)
transposase plasmid, pCMV-hyPBase (a gift from Wellcome Trust Sanger Institute,
Cambridge, UK) during nucleofection of HEK293T cells.

Predicted bands Actual bands

Col1 Col2 Col1 Col2
HindTll BspMI Hindlll BspMI Hindlll BspMI Hindlll BspMI

Figure 2.2. Diagnostic digest for Q02 DNA plasmids

purified from two colonies, Coll and Col2.
Red rectangle shows a large unexpected large fragment
indicating a possible mixed population of plasmids in the

Coll pellet.

Fig. 2.3 shows the general nucleofection protocol used and the nucleofection efficiency
48 hours post nucleofection (24 hours post-doxycycline induction of the OSKM cassette).
Expression in HEK293T cells, read out by mNeonGreen expression and flow cytometry, only
reached 5.39%, which for this cell line, is low. Transfection of rare, harder to transfect cell
types such as primary hematopoietic stem and progenitor cells (HSPCs) would require higher
transfection rates, therefore the low transfection efficiency in the HEK293T cells indicated

that it would be unlikely to work in HSPCs.
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Figure 2.3. OSKM PiggyBac vector efficiency too low in HEK293T cells. A. Schematic of transfection
of HEK293T cells with Q02 (Q02_ PB-Efla-TetOn3G_mCMV-OSK+9M-mNeonGreen) PiggyBac vector
harbouring a dox inducible OSKM expression cassette. B. FACS analysis results showing negative control (No

DNA + dox) and treatment (Q02 + HyPBase + dox).

2.2.2 Dox-inducible lentiviral OSKM or OS2-17K vectors do not provide sufficient
transduction of LT-HSCs

To test the transfection efficiency of a doxycycline inducible lentiviral OSKM vector in
murine LSKs and HSCs, two lentiviruses were made: 1) the first called Q03-TRE-OSKM-
mNeonGreen, or just Q03, containing the tetracycline response element (TRE) followed by
a minimal CMV promoter and the OSKM genes separated by 2A peptide sequences and
followed by an IRES2 controlled mNeonGreen reporter (see Fig. 2.4); and 2) Another
lentivirus called pHAGE2 EFla TetOn IRES mCherry (addgene, 204155) containing the
constitutively expressed Tet-On-3G transactivator protein (i.e. an enhanced rtTA protein)
under the control of EF-1a promoter. Once expressed, the Tet-On-3G protein is activated by
doxycycline causing it to bind to the TRE to activate transcription of the minCMV-OKSM-

mNeonQGreen cassette.
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QO03_LV-pHAGE-TRE-OSK+9M-IRES2-mNeonGreen
12,068 bp

HIFI DNA Insert between DNA ends
ASSEMBLY |1 .. 5452

5452

m»[} IIZI] 0|\

5' LTR (truncated) AmpR ori | RRE
3'LTR HIV 1y

Linearized Vector
5452 bp

Amplify 7238 .. 2552 using:

PCR | Qo3_vector.FOR
QO03_Vector.REV

QO03_Vector.REV

-
QO03_Vector.FOR

pHAGE2-TetOminiCMV-Oct4-p2a-Sox2-17-t2a-KlIf4
(addgene, 193345)
10,097 bp

Overlap and insert
1..6696

6696

DDQDEI}H

| KIf4+9| Myc
P0u5f1 Sox2 E2A IRESZ mNEONGREEN

Fragment
6696 bp

Amplify 252 .. 6907 using:

PCR | Q03_Fragment.FOR
QO03_Fragment.REV

QO03_Fragment.FOR

QO03_Fragment.REV

Q02_PB-Efla-TetOn3G_mCMV-0SK+9M-mNeonGreen

12,639 bp

Figure 2.4. Construction of Q03 lentiviral vector with cassette for Oct4, Sox2, Kilf4+9 and Myc

(OSK+9M)

As this setup required a double transduction (see the Fig. 2.5B schematic below) it was

anticipated that higher transduction efficiency of each individual vector would be required

and so virus was concentrated from 20 mL to 2 mL using Amicon centrifugal filtration tubes

(see Methods and Fig. 2.5A).
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Figure 2.5. Lentiviral production and transduction of sorted LSKs blood progenitors. A. Lentivirus
production schematic; B. Schematic of dual transduction of murine LSKs (bone marrow blood progenitors)
with lentiviruses harbouring either OSKM or OS2-17K expression cassettes, plus simultaneous additional

transduction with the lentivirus harbouring the TetOn-3G expression cassette.

Transduction of HEK293T cells with both Q03-TRE-OSKM-mNeonGreen and the Tet-
On-3G-mCherry plasmids was achieved using 100 pL of both concentrated viruses
(including polybrene) resulting in a 15.6% double transduction efficiency (Fig. 2.6A). For
transduction of flow cytometry sorted primary murine LSKs, three doses of each
concentrated virus were used: 50 uL, 100 pL and 150 pL. Transduction was achieved by
adding both viruses to retronectin coated 12 well plates, then adding sorted LSKs followed
by a 2 hour spinfection at 32°C. As shown in Fig. 2.6B, single transduction efficiency of the
Tet-On-3G-mCherry vector (x-axis) did not increase substantially with increasing volume of
virus added, and achieved a maximum of only 3.90% in LSKs and 3.47% in HSCs. Double

transfection achieved near zero percent transduction (Fig. 2.6B).
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Figure 2.6. Lentiviral transduction of HEK293T cells then LSKs at 3 different doses. A. Lentiviral
double transduction of HEK293T cells with Q03-TRE-OSKM-mNeonGreen + Tet-On-3G-mCherry and Q04-
TRE-OS2-17K-mNeonGreen + Tet-On-3G-mCherry; B. Lentiviral double transduction of sorted lineage
negative Sca-1" cKit" cells (LSKs) with Q03-TRE-OSKM-mNeonGreen + Tet-On-3G-mCherry lentiviruses;
C. Double transduction of sorted LSKs with Q04-TRE-OS2-17K-mNeonGreen + Tet-On-3G-mCherry

lentiviruses. Both yield insufficient transduction (double positive cells) at all 3 doses.

A cassette containing an engineered version of Sox2 called Sox2-17 that has been

previously reported to enhance reprogramming to pluripotency (MacCarthy et al., 2024) was
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also constructed with the same backbone as Q03 (Fig. 2.7). This vector (known as Q04-TRE-
0S2-17K-mNeonGreen, or just Q04) was also used to produce concentrated virus and
transduce first HEK293T cells, then LSKSs on retronectin coated plates at doses of 50 puL, 100
pL and 150 pL (as in the schematic in Fig. 2.5A & B).

QO04_LV-pHAGE2-TRE-OSox2-17K-IRES2-mNeonGreen

10,978 bp
HIFI DNA Insert between DNA ends Overlap and insert
ASSEMBLY |1 .. 9548 1..1510
—
1 9548 0 5T
IE)D) 100 11 mpmp i) —
5' LTR (truncated) ori | mKIf4 .
AmpR‘ 3'LTR  mPouSfl JSox2»17 IRES2 mNEONGREEN SV40 poly(A) signal
Linearized Vector Frla Sglnael-)r;t
9548 bp

Amplify 7128 .. 6538 using:

PCR | Qo4_vector.FOR
QO04_Vector.REV

Q04_Vector.FOR -

QO04_Vector.REV

pHAGE2-TetOminiCMV-Oct4-p2a-Sox2-17-t2a-KIf4
(addgene, 193345)
10,097 bp

Amplify 839 .. 2308 using:

PCR QO04_Fragment.FOR
QO04_Fragment.REV

Q04_Fragment.FOR

1

PR

attR7

%
%
N

Q04_Fragment.REV

PB-CT3G-CERP2-MG-IRES2-mNeonGreen

(addgene, 175508)
8040 bp

Figure 2.7. Construction of Q04 lentiviral vector with cassette for Oct4, Sox2-17 and Klf4 (OS2-17K).

As shown in Fig. 2.6A, double transduction of HEK293T cells with Q04-TRE-OS2-17K-

mNeonGreen and Tet-On-3G-mCherry resulted in an encouraging 45.8% double

transduction efficiency (Fig. 2.6A). However, in primary LSKs, even single transduction

with the Tet-On-3G-mCherry vector (x-axis) only achieved a maximum efficiency of 10.6%



and 8.91% in HSCs at the 100 pL dose and did not increase at the 150 puL dose (Fig. 2.6C).
Double-transduction with both Q04-TRE-OS2-17K-mNeonGreen and Tet-On-3G-mCherry
vectors achieved a maximum of 0.31% at the 150 puL dose (Fig. 2.6C). However, there was
also a substantial number of mNeonGreen positive mCherry negative cells (Fig. 2.6C, y-axis)
which increased with increasing dose, indicating leaky expression of the Q04-TRE-OS2-
17K-mNeonGreen cassette even without detectable Tet-On-3G-mCherry expression. Thus,

transduction efficiency was deemed too low to proceed with lentiviral-based transduction.

2.2.3 In vitro transcription (IVT) and transfection with polycistronic Yamanaka
factor mRNA depends on mRNA size and gene content

Nucleofection with mRNA is an attractive option for reprogramming because it is only
transiently expressed (Warren et al., 2010), can yield equivalent or better transfection
efficiencies than lentiviral systems (Dullaers et al., 2004), depending on the cell type; and
has the added benefit of being less immunogenic than viral or DNA transgene delivery,
especially when the modified bases 5-methyl cytidine and pseudouridine are used (Kariko et
al., 2008; Papaioannou et al., 2023). High efficiencies of HSC transfection have also been
achieved using nucleofection with mRNA (Papaioannou et al., 2023), but transfection with
polycistronic mRNA for OSKM reprogramming has not been reported. To this end, I
designed an OSKM plasmid that could be used as a template for in vitro transcription (IVT)
called Q08 cleancap pT7-OSKM-mNeonGreen polyA 148 (Fig. 2.8).
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cleancap
T7 promotor

(pT7)

QO08_cleancap_pT7-OSKM-mNeonGreen_polyA_148

9430 bp
HIFI DNAT
Insert between DNA ends Overlap and insert
ASSEMBLY 1 3062 ]1..6448
R— —
1 3062 6448
Iy ]
Not-I| Spel pT7 5 UTR PouS5fl | |KIf4+9| Myc | mNEONGREEN
Xbal Sox2 T2A E2A  IRES2
Linearized Vector Fragment

bp

Amplify 3281 .. 2560 using:

PCR QO08_Vector.FOR
QO08_Vector.REV

6448 bp

Amplify 365 .. 6772 using:

PCR QO08_Fragment.FOR
QO08_Fragment.REV

QO08_Fragment.FOR

Q08_Vector.FOR

Q08_Vector.REV

cleancap_p70 pGEMs_eGFP_4_UTR_IVaxT_Poly_A_148_CLEAN_CAP

3742 bp QO08_Fragment.REV

Q02_PB-Efla-TetOn3G_mCMV-OSK+9M-mNeonGreen
12,639 bp

Figure 2.8. Construction of Q08 in vitro transcription template with cassette for Oct4-Sox2-KIf4-Myc-

mNeonGreen (OSKM-mNeonGreen) under the control of a T7 promotor.

This template was designed to be used with the HiScribe T7 mRNA Kit with CleanCap
Reagent AG (NEB #E2080) which utilizes linear templates containing a T7 promoter
followed by an AG initiation sequence that incorporates a 5’-m7G Cap-1 structure to improve
mRNA yield and stability (Henderson et al., 2021). The mRNA also contains modified
cytidine and pseudouridine to improve stability and reduce immunogenicity. To test the
transfection efficiency in a cell line, Q08 mRNA was used to transfect HEK293T cells at 3

different doses (see protocol schematic in Fig. 2.9).
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Figure 2.9. In vitro transcription mRNA production and nucleofection protocol. A. In vitro
transcription of Q08, Q09 and Q10 involving linearization of the IVT plasmid using Sapl, followed by
transcription using the T7 polymerase and dNTPs (including modified dNTPs); B. Nucleofection of HEK293T
cells with mRNA for Q08, Q09 and Q10 at different doses.

As shown in Fig. 2.10 below (first row), nucleofection of HEK293T cells with Q08
OSKM-mNeonGreen mRNA resulted in zero transfection compared to the GFP mRNA

positive control (17% efficiency).
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Figure 2.10. Transfection efficiencies in HEK293T cells of mRNA expression cassettes Q08_Oct4-
Sox2-KlIf4-Myc-mNeonGreen, Q09_Oct4-Sox2-mNeonGreen and Q10_ Kif4-Myc-mNeonGreen

Reasoning that QO8 cleancap pT7-OSKM-mNeonGreen polyA 148 mRNA was
perhaps too large for efficient nucleofection, I split expression cassette into two smaller DNA
templates each harbouring either Oct4 and Sox2 or KlIf4 and Myc. These were called
Q09 cleancap pT7-OS-mNeonGreen polyA 148 Q10 _cleancap pT7-KM-
mTagBFP2 polyA 148 (Figs. 11 & 12). As shown in Fig. 2.10, 2™ and 3™ rows,

nucleofection of HEK293T cells with Q09 and Q10 mRNA in separate experiments yielded

and

a maximum of 69.3% transfection efficiency for Q09 OS-mNeonGreen mRNA but
effectively zero transfection with Q10 KM-mTagBFP2 mRNA.
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cleancap
T7 promotor
(pT7

QO09_cleancap_pT7-0S-mNeonGreen_polyA_148

5899 bp

HIFI DNA

ASSEMBLY Insert between DNA ends

1..3062

——
LI 1
Not-I| Spel pT7 5' UTR
Xbal
Linearized Vector

3062 bp

Amplify 3281 .. 2560 using:

PCR | Qo9_vector.FOR
QO09_Vector.REV

QO09_Vector.FOR

Q09_VectorREV

cleancap_p70 pGEMs_eGFP_4_UTR_
IVaxT_Poly_A_148_CLEAN_CAP

3742 bp

s

Overlap and insert
1..2206

2206

T2A
P2A

Fragment 1
2206 bp

Amplify 365 .. 2530 using:
PCR | Q09_Fragment 1.FOR
QO09_Fragment 1.REV

Q09_Fragment 1.FOR

QO09_Fragment 1.REV

Q02_PB-Efla-TetOn3G_mCMV-0SK+9M-mNeonGreen

12,639 bp

Overlap and insert
1..751

Fragment 2
751 bp

Amplify 1446 .. 2156 using:

PCR | Q09_Fragment 2.FOR
QO09_Fragment 2.REV

QO09_Fragment 2.FOR

Wy

attRy
2

QO9_Fragment 2.REV

PB-CT3G-CERP2-MG-IRES2-mNeonGreen

(addgene, 175508)
8040 bp

Figure 2.11. Construction of Q09 in vitro transcription template with cassette for Oct4-Sox2-

mNeonGreen (OS-mNeonGreen) under the control of a T7 promotor.

55



cleancap
T7 promotor
(PT7)

Q10_cleancap_pT7-KM-mTagBFP2_polyA_148

6691 bp
HIFIDNATI rt bet DNA end Overl d insert overl d insert
nsei etween ends veriap and inse veriap and inse
ASSEMBLY | 3062 1..2959 ]1..790
1 3062 1 2959 ﬂ
] _I MI-M’ T mmeerez >
Not-I | Spel pT7 5'UTR |
Poly(A) E2A P2A
Linearized Vector Fragment 1 Fra7ggn(1)el;1t 2
3062 bp 2959 bp p
Amplify 3281 .. 2560 using: Amplify 2791 .. 5709 using: Amplify 4862 .. 5611 using:
PCR |Q10_vector.FOR PCR | Q10_Fragment 1.FOR PCR |Q10_Fragment 2.FOR
Q10_Vector.REV Q10_Fragment 1.REV Q10_Fragment 2.REV

Q10_Vector.FOR

~— Q10_Fragment 1.FOR

Q10_Vector.REV

Q10_Fragment 2.REV

cleancap_p70 pGEMs_eGFP_4_UTR_
IVaxT_Poly_A_148_CLEAN_CAP

Q10_Fragment 2.FOR

Q10_Fragment 1.REV

3742 bp PB-TAC-OK+9MS pCF525-mTagBFP2_EF1a-Hygro-P2A-mTagBFP2_lenti
(addgene, 138315)
(addgene, 80482) b
11,405 bp 8805 bp

Figure 2.12. Construction of Q10 in vitro transcription template with cassette for KIf4-Myec-
mTagBFP2 (KM-mTagBFP2) under the control of a T7 promotor.

2.2.4 Nucleofection with DNA plasmids bearing OSK fails to transfect primary
murine blood stem cells

I also reasoned that perhaps the easiest way to demonstrate ex-vivo partial reprogramming
of blood-progenitors would be one that did not require a lot of double handling and replating
of cells, as is the case for lentiviral transduction, or one that requires expensive IVT reagents.
Additionally, the ideal method would not require random integration of a cassette into the
cell’s genome as is the case for both PiggyBac and lentiviral systems, which risks
upregulation of the DNA damage response or random mutations in the genome that might
influence the results. Since DNA plasmids are non-integrating and degrade and dilute over

time and cell divisions (thus ensuring only transient expression), I designed DNA plasmids
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harbouring an expression cassette of OSK-mNeonGreen under the control of an EF-la
promotor to ensure robust yet transient expression of the reprogramming factors. In addition,
Myc was excluded since recent papers have shown this might further prevent pluripotency
without much loss of the rejuvenating aspects (Y. Lu et al., 2020; Macip et al., 2024;
Nakagawa et al., 2008). This plasmid was called Q23-OSK-mNeonGreen and the positive
control was Q25-mNeonGreen, the latter of which was made using the same backbone and

promoter as Q23 (Fig. 2.13 & 2.14).

Q23_Ef1a-OSK-mNeonGreen-WPRE

8931 bp
HIFI DNAT
Insert between DNA ends Overlap and insert Overlap and insert Overlap and insert
ASSEMBLY 1..2593 1..1240 1..4468 ]1“ 790
- — e
,:> o> e I:>'::>.:>E> e ——0
E I' EF-1a promoter l WPRE
AmpR promoter  AmpR | M13 rev > Pousf1 (mouse) mKIf4+9 mNEONGREEN
lac promoter Sox2 (rat) P2A Fragment 3
Linearized Vector Fr?%TOer;t 1 Fragment 2 7g90 bp
2593 bp P 4468 bp
Amplify 6385 .. 8937 using: Amplify 2212 .. 3411 using: Amplify 2561 .. 6988 using: Amplify 5454 .. 6203 using:
PCR |Q23_vector.FOR PCR |Q23_Fragment 1.FOR PCR | Q23_Fragment 2.FOR PCR |Q23_Fragment 3.FOR
Q23_Vector.REV Q23_Fragment 1.REV Q23_Fragment 2.REV Q23_Fragment 3.REV

Q23_VectorREV

Q23_Fragment 2.REV

Q23_Fragment 3.REV

Q23_Vector.FOR

Q23_Fragment 1.REV

pHAGE2_EF1a_TetOn_IRES_mCherry

Q23_Fragment 2.FOR Q23_Fragment 3.FOR

(addgene, #204155) Q15_cleancap_p70pGEMs- pHAGE2_EF1a_TetOn_IRES_mCherry
pHAGE2_EF1a_TetOn_IRES_mCherry 9026 bp OSK-mNeonGreen_polyA_148 (addgene, #204155)
(addgene, #204155) 7467 bp 9026 bp
9026 bp

Figure 2.13. Construction of Q23 DNA plasmid harbouring the expression cassette for Oct4-Sox2-

Kif4-mNeonGreen (OSK-mNeonGreen) under the control of the constitutive EF-1a promotor.
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Q25_pHAGE2_Efia-mNeonGreen-WPRE

7695 bp
HIFI DNAT - p overt s
Insert between DNA ends verlap and insert
ASSEMBLY 1..7024 ]1..751

—
7024

ONE> L) 101 0l g T
WPRE | ori | | | EF-1a promoter _}

AmpR 3'LTR RRE gp41 peptide

. . Fragmen
Linearized Vector r?gl spt
7024 bp
Amplify 8241 .. 8951 using:
Amplify 5454 .. 3411 using: PCR Q25_Fragment.FOR
PCR | Q25_vector.FOR Q25_Fragment.REV

Q25_Vector.REV
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Q25_Fragment.FOR

Q25_Vector.FOR Q25_Vector.REV

pHAGE2_EF1a_TetOn_IRES_mCherry QO08_cleancap_p70pGEMs-OSK+9M-mNeonGreen_4_UTR_IVaxT_polyA_148
(addgene, #204155) 9430 bp
9026 bp

Figure 2.14. Construction of Q25 DNA positive control plasmid harbouring the expression cassette

for mNeonGreen under the control of the constitutive EF-1a promotor.

Q23-OSK-mNeonGreen was able to nucleofect HEK293T cells with an efficiency of
40.3% (Fig. 2.15), thus demonstrating that the polycistronic cassette can be successfully

translated.
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Figure 2.15. Transfection efficiencies in HEK293T cells using DNA plasmid vectors Q23_Oct4-Sox2-

Kif4-mNeonGreen and the Q25_mNeonGreen empty vector positive control.

Nucleofection efficiency is cell type specific and depends on the nucleofector program
used. A literature search for nucleofection programs ideal for primary murine HSCs revealed
a small selection of programs (as well as those recommended by the Lonza company itself)
as shown in Table 2.1. After some preliminary testing of different nucleofection programs
for transfection of lineage marker depleted murine bone marrow cells (Lin- BM cells)
transfected with the Q25-mNeonGreen reporter (Fig. 2.16), I chose the 3 best programs
which had a good balance of high cell viability and transfection of LT-HSCs, i.e. the
programs EH-100, DN-107, and EO-100.

Table 2.1. Nucleofection programs for HSC and HSPCs from the literature

Program Citation Reported Reported
Efficiency (%) Viability (%)

DS-113 (Wang et al., 2021) 99 81.7
DS-112 (Wang et al., 2021) 86.4 89.1
CG-104 (Wang et al., 2021) 90.9 92.8
DN-107 (Wang et al., 2021) 99.2 22.9
EH-100 (Wang et al., 2021) 99.4 11.6
DN-100 (Wang et al., 2021) 99.6 30.4
EO-100 (Dambhofer et al., 2021) NA NA
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Figure 2.16. Screen of nucleofection programs
for optimal LSK and LT-HSC transfection. Error
bars are SD.

In addition, even though the CG-104 and DS-113 programs showed relatively poor ability
to transfect LSKs and LT-HSCs in my preliminary experiment, they have been reported to
give very high transfection efficiency in HSCs (Wang et al., 2021), so I included these in
further tests and nucleofected flow cytometry sorted LSKs with Q23-OSK-mNeonGreen,
using Q25-mNeonGreen as a positive control and nucleofection without DNA as a negative
control. Unfortunately, in this experiment the sytox blue viability stain did not work, nor did
the Flt3 (CD135) dye, so I was unable to distinguish MPP3s and MPP4s. However, this was
moot because, although the Q25-mNeonGreen positive control was able to transfect LSKs
with an efficiency of 29.3%, the polycistronic Q23-OSK-mNeonGreen showed zero

transfection (Fig. 2.17), likely due to its larger size or effect on cell viability.
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Figure 2.17. Screen for suitable nucleofection program for optimal transfection of lineage negative
Sca-1+ cKit+ cells (LSKs) and long-term hematopoietic stem cells (LT-HSCs). First 5 rows show
nucleofection with Q23-OSK-mNeonGreen DNA vector, last two row shows nucleofection with Q25-
mNeonGreen empty vector as a positive control and nucleofection without a DNA vector (No DNA) as a

negative control.
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2.3 Discussion and conclusions

In this chapter, I have demonstrated that five-gene polysistronic expression cassettes
harbouring Oct4, Sox2, KlIf4, Myc plus a fluorescent reporter are likely too large for use in
PiggyBac and lentiviral delivery systems. Both systems failed to sufficiently transfect or
transduce even the HEK293T cell line. This was also the case for the long polysistronic
OSKM-mNeonGreen mRNA which failed to sufficiently transfect HEK293T cells. Reducing
the mRNA to two separate three-gene polycistronic cassettes rendered HEK293T cells
capable of being transfected only in the case of Oct4-Sox2-mNeonGreen mRNA (Q09),
while the Klf4-Myc-mTagBFP2 mRNA (Q10) failed. This difference of successful versus
failed transfection could be due to different secondary structures that form in the single-
stranded mRNA preventing its successful translation. Transfection with mRNA is thought to
be less toxic to HSCs than DNA (Papaioannou et al., 2023), but transfection with
polycistronic mRNA molecules containing three or more genes has not been well studied.
Here, I have shown that transfection success appears to be sequence dependent, whereby the
three gene mRNA Oct4-Sox2-mNeonGreen can transfect HEK293T cells while KIf4-Myc-
mTagBFP2 cannot.

In addition, nucleofection with a DNA plasmid harbouring a reduced size four-gene
polycistronic cassette containing only Oct4, Sox2, Klf4 and reporter (Q23-OSK-
mNeonGreen) successfully transfected HEK293T cells, but failed to transfect primary
murine LSKs. HEK293T cells have an innate immune defect that makes them less susceptible
to foreign DNA (Reus et al., 2020; Warga et al., 2023), while primary murine hematopoietic
progenitors are known to activate apoptosis more easily (Levetzow et al., 2006; Li et al.,
2001). In addition, HSPCs are smaller with different membrane potentials and are more
sensitive to standard electroporation buffers (C. P. Zhang et al., 2023) and so are generally
more difficult to transfect. The inability of the Q23-OSK-mNeonGreen to transfect primary
LSKs could be due to either the size of the plasmid or the effect of the Oct4, Sox2 or Klf4
transcription factors on the viability of the cells.

All in all, smaller single-gene-plus-reporter mRNA strands with modified nucleotides may

be the best candidate going forward and warrant more thorough testing. However, obtaining
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dose-controllable expression with a mixture of multiple different mRNA molecules is
challenging. Furthermore, staining of LT-HSCs and other hematopoietic progenitors requires
a minimal 8 colour antibody panel, so including an additional three or four colours for
reporting of mRNA translation would require careful redesign of the flow cytometry panel,
or upgrading to a high-parameter spectral flow cytometry panel. Despite these challenges, in
vivo delivery of cocktails of mRNA for reprogramming factors is conceivable. For example,
in mice, mRNA can be packaged into lipid nanoparticles and the nanoparticles covalently
coated with anti-c-Kit (CD117) antibodies to specifically target hematopoietic progenitors,
even in vivo (Breda et al., 2023; Shi et al., 2023). Finding the optimal delivery method and
the most favourable reprogramming factors for restoration of aged HSCs (and LSKs) is an

ongoing challenge.

2.4 Methods

2.4.1 Plasmids for reprogramming
Primers were designed with homologous 5’ overhangs for HiFi DNA assembly using the

NEBuilder HiFi DNA Assembly Master Mix (NEB, #E2621).

Table 2.2. Primers used for plasmid DNA vector and fragment amplification.

Length
Primer name Sequence, 5' to 3' Target
(nt)

PB-CT3G-CERP2-MG-IRES2-
Q02_Vector.FOR tcgctecttgagatcteecctctecctec 29 mNeonGreen (addgene,

#175508)

PB-CT3G-CERP2-MG-IRES2-
Q02_Vector.REV ccatggtggcaggctggatcggtccc 26 mNeonGreen (addgene,

#175508)

TetO-FUW-OSKM (addgene,
Q02_Fragment 1.FOR ccagcctgecaccatggetggacacc 26

#20321)

TetO-FUW-OSKM (addgene,
Q02_Fragment 1.REV tgcctcattgggecgggattttect 25

#20321)
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Length

Primer name Sequence, 5' to 3' Target
(nt)
PB-TAC-OK+9MS (addgene,
Q02_Fragment 2.FOR cggcccaatgaggcagcecacct 22
#80482)
PB-TAC-OK+9MS (addgene,
Q02_Fragment 2.REV gagatctcaaggagcgacaattttgagatccect 34
#80482)
pHAGE2-TetOminiCMV-
QO03_Vector.FOR taagctgcaataaacaagttcctgcaggacaggegce 36 Oct4-p2a-Sox2-17-t2a-KIf4
(addgene, #193345)
pHAGE2-TetOminiCMV-
QO03_Vector.REV atataggcaagcttatacgtctcgaccegggtaccg 36 Oct4-p2a-Sox2-17-t2a-KIf4
(addgene, #193345)
Q02_PB-Efla-
agctcggtacccgggtcgagacgtataagettgectatataag
QO03_Fragment.FOR 48 TetOn3G_MCMV-OSK+9M-
cagag
mNeonGreen
Q02_PB-Efla-
gggcegegectgtectgcaggaacttgtttattgcagettataat
QO03_Fragment.REV 58 TetOn3G_MCMV-OSK+9M-
ggttacaaataagg
mNeonGreen
pHAGE2-TetOminiCMV-
taagctgcaataaacaagttctggtacctttaagaccaatgac
Q04 _Vector.FOR 51 Oct4-p2a-Sox2-17-t2a-KIf4
ttacaagg
(addgene, #193345)
pHAGE2-TetOminiCMV-
agatctcattcatagttcttaggatctatcgatttaaaagtgect
Q04 _Vector.REV 52 Oct4-p2a-Sox2-17-t2a-KIf4
cttcatg
(addgene, #193345)
PB-CT3G-CERP2-MG-IRES2-
cttttaaatcgatagatcctaagaactatgaatgagatctcccc
QO04_Fragment.FOR 49 mNeonGreen (addgene,
tctec
#175508)
PB-CT3G-CERP2-MG-IRES2-
attggtcttaaaggtaccagaacttgtttattgcagcttataatg
QO04_Fragment.REV 58 mNeonGreen (addgene,
gttacaaataagg
#175508)
cleancap_p70
QO08_Vector.FOR taagcggccgctttcteegegeggeegetegagge 35 pGEMs_eGFP_4_UTR_IVaxT
_Poly_A_148_CLEAN_CAP
cleancap_p70
aggtgtccagccatggtggeggtgtcgaatggacgegttatttt
QO08_Vector.REV 46 pGEMs_eGFP_4_UTR_IVaxT

gC

_Poly_A_148_CLEAN_CAP
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Primer name

Sequence, 5' to 3'

Length
(nt)

Target

QO08_Fragment.FOR

taacgcgtccattcgacaccgecaccatggetggacacc

39

Q02_PB-Efla-
TetOn3G_mCMV-OSK+9M-

mNeonGreen

QO08_Fragment.REV

agcgagcctcgageggeegegeggagaaageggee

35

Q02_PB-Efla-
TetOn3G_mCMV-OSK+9M-

mNeonGreen

Q09_Vector.FOR

tggacgaactctataagtaagcggcegctcgagg

34

cleancap_p70
pGEMs_eGFP_4_UTR_IVaxT
_Poly_A_148_CLEAN_CAP

QO09_Vector.REV

aggtgtccagccatggtggceggtgtegaatggacgeg

37

cleancap_p70
pGEMs_eGFP_4_UTR_IVaxT
_Poly_A_148_CLEAN_CAP

Q09_Fragment 1.FOR

taacgcgtccattcgacaccgecaccatggetggacac

38

Q02_PB-Efla-
TetOn3G_mCMV-OSK+9M-

mNeonGreen

QO09_Fragment 1.REV

tcttegectttgetgaccattgggecgggattttectecacgt

43

Q02_PB-Efla-
TetOn3G_mCMV-OSK+9M-

mNeonGreen

Q09_Fragment 2.FOR

tggaggaaaatcccggcccaatggtcagcaaaggegaagaa

gataacatgg

51

PB-CT3G-CERP2-MG-IRES2-
mNeonGreen (addgene,

#175508)

QO09_Fragment 2.REV

agcgagcctcgageggecegcttacttatagagttc

35

PB-CT3G-CERP2-MG-IRES2-
mNeonGreen (addgene,

#175508)

Q10_Vector.FOR

tcgggcacaaattgaactaageggeegctcgagg

34

cleancap_p70
pGEMs_eGFP_4_UTR_IVaxT
_Poly_A_148_CLEAN_CAP

Q10_Vector.REV

tcgccaggtggctgectcatggtgtcgaatggacgeg

37

cleancap_p70
pGEMs_eGFP_4_UTR_IVaxT
_Poly_A_148_CLEAN_CAP

Q10_Fragment 1.FOR

taacgcgtccattcgacaccatgaggcagccacctgg

37

PB-TAC-OK+9MS (addgene,
#80482)

Q10_Fragment 1.REV

agcagagagaagtttgttgcaggagcgacaattttgagatccc

ct

45

PB-TAC-OK+9MS (addgene,
#80482)
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Length

Primer name Sequence, 5' to 3' Target
(nt)
pCF525-mTagBFP2_Efla-
atctcaaaattgtcgctectgcaacaaacttctctctgetgaaa
Q10_Fragment 2.FOR 45 Hygro-P2A-mTagBFP2_lenti
c
(addgene, #138315)
pCF525-mTagBFP2_Efla-
agcgagcctcgageggeegcttagttcaatttgtgecegagett
Q10_Fragment 2.REV 49 Hygro-P2A-mTagBFP2_lenti
actcg
(addgene, #138315)
pHAGE2_EFla_TetOn_IRES_
Q23_Vector.FOR ccctgctttttgettgtactcccgggegattaaggaaagg 40 mCherry (addgene,
#204155)
pHAGE2_EFla_TetOn_IRES_
accggagectcacgactagtccacaggtaattggeagtggtaa
Q23_Vector.REV 50 mCherry (addgene,
tagggta
#204155)
pHAGE2_EFla_TetOn_IRES_
Q23_Fragment 1.FOR ccactgccaattacctgtggactagtcgtgaggetecg 38 mCherry (addgene,
#204155)
pHAGE2_EFla_TetOn_IRES_
Q23_Fragment 1.REV aggtgtccagccatggtggeggeggecgcttcac 34 mCherry (addgene,
#204155)
Q15_cleancap_p70pGEMs-
Q23_Fragment 2.FOR ggtgtcgtgaagceggecgecgecaccatggetgg 34 OSK-
mNeonGreen_polyA_148
Q15_cleancap_p70pGEMs-
ttgattaggatctatcgattttacttatagagttcgtccatgeec
Q23_Fragment 2.REV 47 OSK-
at
mNeonGreen_polyA_148
pHAGE2_EFla_TetOn_IRES_
tggacgaactctataagtaaaatcgatagatcctaatcaacct
Q23_Fragment 3.FOR 56 mCherry (addgene,
ctggattacaaaa
#204155)
pHAGE2_EFla_TetOn_IRES_
Q23_Fragment 3.REV cctttecttaatcgeccgggagtacaagcaaaaageagggc 41 mCherry (addgene,
#204155)
pHAGE2_EFla_TetOn_IRES_
tggacgaactctataagtaaaatcgatagatcctaatcaacct
Q25_Vector.FOR 56 mCherry (addgene,
ctggattacaaaa
#204155)
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Length
Primer name Sequence, 5' to 3' Target
(nt)

pHAGE2_EFla_TetOn_IRES_
Q25_Vector.REV tcttegectttgetgaccatggeggecegcettcac 34 mCherry (addgene,
#204155)

QO08_cleancap_p70pGEMs-

OSK+9M-
Q25_Fragment.FOR ggtgtcgtgaageggecgecatggtcagcaaaggegaagaag|| 42
mNeonGreen_4_UTR_IVaxT
_polyA_148
QO08_cleancap_p70pGEMs-
ttgattaggatctatcgattttacttatagagttcgtccatgccc OSK+9M-
Q25_Fragment.REV 47
at mNeonGreen_4_UTR_IVaxT

_polyA_148

2.4.1.1 PiggyBac plasmid design construction & cloning
The Q02 PiggyBac plasmid, Q02 PB-Efla-TetOn3G_mCMV-OSK+9M-mNeonGreen
(12,639 bp), was generated by NEBuilder HiFi DNA Assembly (an improved Gibson

assembly) from a PCR-linearized vector backbone and two PCR-amplified inserts (Fig. 2.1).
The linearized vector backbone, 7,572 bp, was amplified from PB-CT3G-CERP2-MG-
IRES2-mNeonGreen (addgene, #175508) wusing primers Q02 Vector.FOR and
Q02 Vector.REV. Fragment 1, 2,181 bp, was amplified from TetO-FUW-OSKM (addgene,
#20321) using primers Q02 Fragment 1.FOR and Q02 Fragment 1.REV. Fragment 2, 2,935
bp, was amplified from PB-TAC-OK+9MS (addgene, #80482), which contains the necessary
full length K1f4 (Kim et al., 2015), using primers Q02 Fragment 2.FOR and Q02 Fragment
2.REV. Primer sequences are listed in Table 1.

PCR amplification was performed using NEBNext Ultra II Q5 Master Mix (NEB,
#MO0544) in 50 pL reactions containing 25 pL 2x master mix, 2.5 pL of 10 uM forward
primer, 2.5 pL of 10 puM reverse primer, template DNA, and nuclease-free water to volume.
Thermocycling consisted of an initial denaturation at 98°C for 30 s, followed by 35 cycles of
98°C for 10 s, primer-specific annealing at the temperature recommended by the NEB Tm
Calculator for 30 s, and extension at 72°C for 30 s per kb, with a final extension at 72°C for

5 min and hold at 12°C.
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Assembly was performed using the NEBuilder HiFi DNA Assembly Master Mix (NEB,
#E2621). Vector and insert DNA were combined at a molar ratio of 1:2, with a total DNA
input of approximately 0.1 pmol, in a final reaction volume of 20 pL, according to the
manufacturer’s recommendations. Reactions were incubated at 50°C for 15 min and then
placed on ice prior to transformation.

Transformation was carried out using the chemically competent E. coli cells supplied with
the NEBuilder kit. Briefly, 2 uLL of assembly reaction was added to thawed competent cells,
incubated on ice for 30 min, heat shocked at 42°C for 30 s, and returned to ice for 2 min.
SOC medium (950 puL) was then added and cells were recovered at 37°C for 60 min with
shaking at 250 rpm. A 100 pL aliquot was plated onto pre-warmed selective agar plates and
incubated overnight at 37°C.

Colonies were picked and expanded in S broth. Plasmid DNA was purified using the
QIAprep Spin Miniprep Kit (Qiagen, #27106), quantified by NanoDrop on a DeNovix
instrument, and screened by diagnostic restriction digest using HindIII and BspMI (Fig. 2.2).

In addition to Q02, a plasmid encoding the hyperactive piggyBac (hyPBase) transposase
pCMV-hyPBase (Yusa et al., 2011) was obtained (a gift from Allan Bradley of the Wellcome
Trust Sanger Institute, Cambridge CB10 1SA, United Kingdom) and used in conjunction
with Q02 to transfect cells (see later Methods section “Nucleofection of HEK293T cells with

PiggyBac vector”).

2.4.1.2 Lentiviral plasmid design & cloning
Two lentiviral expression constructs, Q03 LV-pHAGE-TRE-OSK+9M-IRES2-
mNeonGreen and Q04 LV-pHAGE2-TRE-OSox2-17K-IRES2-mNeonGreen, the 2nd of

which expresses a modified Sox2 protein called Sox2-17 (MacCarthy et al., 2024), were
generated by NEBuilder HiFi DNA Assembly from PCR-amplified backbone and insert
fragments.

For Q03 LV-pHAGE-TRE-OSK+9M-IRES2-mNeonGreen (12,068 bp), a 5,452 bp
linearized backbone was amplified from pHAGE2-TetOminiCMV-Oct4-p2a-Sox2-17-t2a-
Klf4 (Addgene, #193345) using primers Q03 Vector.FOR and Q03 Vector.REV. This
backbone retained the lentiviral vector elements including the truncated 5" LTR, bacterial

origin of replication, ampicillin resistance cassette, 3' LTR, RRE, and HIV-1 packaging
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signal. A 6,696 bp insert fragment was amplified from Q02 PB-Efla-TetOn3G_mCMV-
OSK+9M-mNeonGreen using primers Q03 Fragment.FOR and Q03 Fragment.REV. This
insert contained the reprogramming cassette comprising mPou5fl, Sox2, KIf4+9, Myc,
IRES2, and mNeonGreen. The backbone and insert were joined by overlap assembly to
generate the final Q03 lentiviral construct.

For Q04 LV-pHAGE2-TRE-OSo0x2-17K-IRES2-mNeonGreen (10,978 bp), a 9,548 bp
linearized backbone was amplified from pHAGE2-TetOminiCMV-Oct4-p2a-Sox2-17-t2a-
Klf4 (Addgene, #193345) using primers Q04 Vector.FOR and Q04 Vector.REV. This
backbone retained the lentiviral backbone elements including the truncated 5’ LTR,
ampicillin resistance cassette, origin of replication, 3' LTR, RRE, WPRE, and the coding
sequences for mPou5fl, Sox2-17, and mKlf4. A 1,510 bp fragment was amplified from PB-
CT3G-CERP2-MG-IRES2-mNeonGreen  (Addgene,  #175508)  using  primers
Q04 Fragment.FOR and Q04 Fragment.REV. This insert contained IRES2, mNeonGreen,
and the SV40 poly(A) signal. These PCR products were assembled by overlap cloning to
generate the final Q04 lentiviral construct, in which the engineered Sox2-17 sequence was
retained as part of the reprogramming cassette.

PCR amplification was performed using NEBNext Ultra II Q5 Master Mix (NEB,
#MO0544) in 50 pL reactions containing 25 pL 2x master mix, 2.5 pL of 10 uM forward
primer, 2.5 pL of 10 pM reverse primer, template DNA, and nuclease-free water to volume.
Thermocycling consisted of an initial denaturation at 98°C for 30 s, followed by 35 cycles of
98°C for 10 s, primer-specific annealing at the temperature recommended by the NEB Tm
Calculator for 10 to 30 s, and extension at 72°C for 30 s per kb, with a final extension at 72°C
for 2 min.

Assembly reactions were performed using NEBuilder HiFi DNA Assembly Master Mix
(NEB, #E2621) according to the manufacturer’s instructions. Vector and insert fragments
were combined in a final reaction volume of 20 pL and incubated at 50°C for 15 min.
Reactions were then placed on ice before transformation.

Transformation was performed using the chemically competent E. coli cells supplied with
the NEBuilder kit. Briefly, 2 pL of assembly reaction was added to competent cells,
incubated on ice for 30 min, heat shocked at 42°C for 30 s, and returned to ice for 2 min.

SOC medium (950 puL) was then added and cells were recovered at 37°C for 60 min with
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shaking at 250 rpm. Cells were plated onto selective agar plates and incubated overnight at
37°C.

Picked colonies were expanded in S broth, plasmid DNA was purified using the QIAprep
Spin Miniprep Kit (Qiagen, #27106), and DNA concentration was measured on a DeNovix

NanoDrop instrument. Sequences were confirmed by Nanopore longread sequencing.

2.4.1.3 pT7 mRNA plasmid design & cloning

Three plasmid DNA templates for in vitro transcription, Q08 cleancap pT7-OSKM-
mNeonGreen polyA 148, Q09 cleancap pT7-OS-mNeonGreen polyA 148, and
Q10 cleancap pT7-KM-mTagBFP2 polyA 148, were assembled for use with the HiScribe
T7 mRNA Kit with CleanCap Reagent AG (NEB #E2080). In all three constructs, a 3062 bp
backbone was PCR amplified from cleancap p70
pGEMs eGFP 4 UTR IVaxT Poly A 148 CLEAN CAP. This backbone provided the
CleanCap-compatible T7 promoter, the 5’ UTR, and the 148 bp poly(A) sequence, while the
original eGFP coding region was replaced by the coding sequences of interest through
NEBuilder HiFi DNA Assembly (Figs 8, 9 & 10).

For Q08 (Fig. 2.8), a single 6448 bp insert amplified from Q02 PB-Efla-
TetOn3G_mCMV-OSK+9M-mNeonGreen was assembled into the backbone. This insert
contained the coding sequence for Oct4, Sox2, K1f4+9, and Myec, together with the linked
expression architecture present in the donor plasmid, followed by IRES2 and mNeonGreen,
thereby generating an OSKM-mNeonGreen IVT template. For Q09 (Fig. 2.11), two inserts
were assembled into the same backbone, a 2206 bp fragment from Q02 PB-Efla-
TetOn3G_mCMV-OSK+9M-mNeonGreen containing Oct4 and Sox2 with the associated
P2A and T2A junctions, and a 751 bp fragment from PB-CT3G-CERP2-MG-IRES2-
mNeonGreen (addgene, #175508), containing mNeonGreen, generating an OS-mNeonGreen
IVT template. For Q10 (Fig. 2.12), two inserts were assembled into the same backbone, a
2959 bp fragment from PB-TAC-OK+9MS (addgene, #80482), containing K1f4+9 and Myc
with the E2A junction, and a 790 bp fragment from pCF525-mTagBFP2 Efla-Hygro-P2A-
mTagBFP2 lenti, (addgene, #138315), containing P2A-mTagBFP2, generating a KM-
mTagBFP2 IVT template.
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PCR amplification of vector backbones and inserts was performed with NEBNext Ultra
IT Q5 Master Mix (NEB #M0544), in 50 pL reactions containing 25 pL. master mix, 2.5 pL
of 10 uM forward primer, 2.5 pL of 10 uM reverse primer, template DNA, and nuclease-free
water to volume. Thermocycling conditions were 98°C for 30 s, followed by 35 cycles of
98°C for 10 s, primer-specific annealing at 50 to 72°C for 10 to 30 s, with annealing
temperature selected using the NEB Tm Calculator, and extension at 72°C for 30 s per kb
based on the longest expected amplicon, followed by 72°C for 5 min and hold at 12°C. Primer
sequences are listed in Table 1.

HiFi assembly reactions were prepared using NEBuilder HiFi DNA Assembly Master Mix
(NEB #E2621), with the recommended vector:insert molar ratios and a total vector plus insert
amount of approximately 0.1 pmol. Reactions were incubated at 50°C for 15 min, then kept
on ice before transformation. Chemically competent E. coli supplied with the NEBuilder kit
were transformed with 2 pL of assembly reaction by heat shock, incubated on ice for 30 min,
heat shocked at 42°C for 30 s, returned to ice for 2 min, recovered in 950 pL SOC medium
at 37°C for 60 min with shaking at 250 rpm, and plated by spreading 100 pL of the culture
onto selection plates followed by overnight incubation at 37°C. Colonies were picked,
expanded in S broth, and plasmid DNA was purified using the QIAprep Spin Miniprep Kit
(QIAGEN #27106). DNA concentration was measured on a DeNovix spectrophotometer,

and final plasmid sequences were confirmed by Nanopore long-read sequencing.

2.4.1.4 DNA plasmid design & cloning

To test whether DNA plasmid delivery would result in robust but transient expression of
Yamanaka factor cassettes, two plasmids were assembled by NEBuilder HiFi DNA
Assembly. Firstly, Q23 Efla-OSK-mNeonGreen-WPRE was designed as an EF-1a-driven
OSK reporter plasmid and was assembled from four PCR products. A 2593 bp vector
backbone fragment amplified from pHAGE2 EFla TetOn IRES mCherry (addgene,
#204155) provided the bacterial propagation elements, including the AmpR promoter,
AmpR, origin of replication, lac promoter and M13 reverse priming region. A 1240 bp
fragment from the same plasmid provided the EF-1a promoter. A 4468 bp insert amplified
from Q15 cleancap p70pGEMs-OSK-mNeonGreen polyA 148 provided the coding

cassette containing Oct4, Sox2, KIf4 and mNeonGreen genes separated by P2A sequences.
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A 790 bp fragment from pHAGE2 EFla TetOn IRES mCherry provided the WPRE
sequence. Together, these fragments generated a plasmid in which the EF-1a promoter drives
OSK and mNeonGreen expression, with WPRE positioned downstream of the expression
cassette.

Q25_Efla-mNeonGreen-WPRE was generated as an EF-1a-driven mNeonGreen positive
control. This plasmid was assembled from a 7024 bp vector fragment amplified from
pHAGE2 EFla TetOn IRES mCherry (addgene, #204155) and a 751 bp mNeonGreen
fragment amplified from Q08 cleancap p70pGEMs-OSK+9M-
mNeonGreen 4 UTR IVaxT polyA 148.

Vector backbones and inserts were amplified using NEBNext Ultra II Q5 Master Mix
(NEB #M0544) in 50 pL reactions containing 25 pL. master mix, 2.5 pL of 10 uM forward
primer, 2.5 pL of 10 pM reverse primer, template DNA, and nuclease-free water to volume.
Thermocycling conditions were 98°C for 30 s, followed by 35 cycles of 98°C for 10 s,
primer-specific annealing at 50 to 72°C for 10 to 30 s, with annealing temperature selected
using the NEB Tm Calculator, and extension at 72°C for 30 s per kb based on the longest
expected amplicon, followed by 72°C for 2 min and hold at 4 to 10°C. Primer sequences are
listed in Table 1.

HiFi assembly reactions were prepared using NEBuilder HiFi DNA Assembly Master Mix
( NEB #E2621) using the recommended vector:insert molar ratios a total vector plus insert
amount of approximately 0.1 pmol. Reactions were incubated at 50°C for 15 min, then kept
on ice or stored at —20°C before transformation. Chemically competent E. coli supplied with
the NEBuilder kit were transformed with 2 pL of assembly reaction by heat shock, incubated
on ice for 30 min, heat shocked at 42°C for 30 s, returned to ice for 2 min, recovered in 950
pL SOC medium at 37°C for 60 min with shaking at 250 rpm, and plated by spreading 100
uL of the culture onto selection plates followed by overnight incubation at 37°C. Colonies
were picked, expanded in S broth, and plasmid DNA was purified using the QIAprep Spin
Miniprep Kit (QIAGEN #27106). DNA concentration was measured on a DeNovix
spectrophotometer, and final plasmid sequences were confirmed by Nanopore long-read

sequencing.
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2.4.2 Nucleofection of HEK293T cells and primary murine bone marrow cells

In all cases, nucleofection of HEK293T cells was performed using the 4D-Nucleofector
system with 20 puL nucleocuvettes and SF Cell Line reagents for HEK293T cells. For each
reaction, nucleofection solution was prepared by mixing 16.4 pL. SF solution with 3.6 pL
Supplement 1. Cells were counted, washed once in PBS, pelleted at 90 x g for 10 min at room
temperature, and resuspended at 200,000 cells per 20 pL of nucleofection solution per well.

HEK293T cells were nucleofected using program CM-130.

2.4.2.1 Nucleofection with PigeyBac vectors

For PiggyBac-based nucleofection of HEK293T cells, samples received pCMV-hyPBase
together with either Q02 PB-Efla-TetOn3G_mCMV-OSK+9M-mNeonGreen or PB-
CT3G-CERP2-MG-IRES2-mNeonGreen at a 1:5 HyPBase:vector mass ratio, with a total
DNA input of 1.0 pg per well, comprising 0.20 pg HyPBase and 0.80 pg vector. A positive
control received 0.4 pg pMaxGFP and a no-DNA control was included. Following
nucleofection, 80 pL pre-warmed medium was added, cells were gently resuspended,
incubated at 37°C for 10 min, and then transferred to 120 pL pre-warmed DMEM
supplemented with 10% FCS for a final volume of 200 pL. Cells were cultured for 24 hours
and then treated with doxycycline at a final concentration of 2 pg/mL by adding 2 puL of a
100x working solution to each well. Cells were analysed by flow cytometry 48 h after
nucleofection (24 hours after addition of doxycycline).
2.4.2.2 Nucleofection with mRNA vectors

For mRNA nucleofection of HEK293T cells, 200,000 cells per well were nucleofected
with in vitro transcribed mRNA products Q08 OSKM-mNeonGreen at 1, 3, or 5 pg,
Q09 OS-mNeonGreen at 3 or 5 pg, or Q10 KM-mTagBFP2 at 2, 4, or 8 nug. Reporter

expression was assessed by flow cytometry 24 h after nucleofection.

2.4.2.3 Nucleofection with DNA vectors

In separate DNA plasmid nucleofection experiments, HEK293T cells were nucleofected
with 1 pg of either Q23 Efla-OSK-mNeonGreen-WPRE or Q25 Efla-mNeonGreen-
WPRE. Lineage-depleted murine bone marrow cells were also nucleofected with DNA
plasmids to assess delivery into primary LSKs and LT-HSCs. Q23 Efla-OSK-mNeonGreen-
WPRE was tested at 1 pug per reaction using the programs DS-113, DS-112, CG-104, DN-
107, EH-100, DN-100, and EO-100. Q25 Efla-mNeonGreen-WPRE was used as a positive

73



control and no-DNA samples were used as negative controls, both controls using the program
EH-100. Cells were analysed by flow cytometry 24 h after nucleofection to assess reporter
expression and viability.

The three best-performing programs from the lineage-depleted bone marrow experiment,
based on a balance of cell viability and transfection of LT-HSCs, were EH-100, DN-107, and
EO-100. These were subsequently tested in flow cytometry-sorted murine LSK cells together
with CG-104 and DS-113, which were included because they had been reported among the
best-performing programs in the literature for HSCs (Wang et al., 2021). Cells were analysed
by flow cytometry 24 h after nucleofection.

2.4.3 Lentiviral production and transduction (spin infection) of sorted LSKs

Lentiviral particles encoding Q03 LV-pHAGE-TRE-OSK+9M-IRES2-mNeonGreen or
Q04 LV-pHAGE2-TRE-OSox2-17K-IRES2-mNeonGreen were produced in HEK293T
packaging cells using Lipofectamine 3000 transfection. HEK293T cells were seeded in 10
cm culture plates at 6 x 10° cells/ml, 10 mL per plate, in packaging medium consisting of
Opti-MEM I with GlutaMAX, 1 mM sodium pyruvate, and 5% FBS. The following day,
plasmid transfection complexes were prepared in two tubes. Tube 1 contained 1.25 mL Opti-
MEM I and 35 pL Lipofectamine 3000. Tube 2 contained 1.25 mL Opti-MEM 1, the transfer
plasmids QO03-TRE-OSKM-mNeonGreen or Q04-TRE-OS2-17K-mNeonGreen, psPAX2
packaging plasmid, and pCMV-VSV-g envelope plasmid at a 1.35:1:1 molar ratio, plus 30
pL P3000 reagent. Tube 1 was added to Tube 2, mixed, and incubated for 20 min at room
temperature. 5 mL of medium was removed from each plate and transfection mixture was
added dropwise per well. Cells were incubated for 6 h at 37°C, 5% CO2, after which the
medium was removed and replaced with 10 mL fresh packaging medium per well. Viral
supernatant was collected at 24 h post-transfection, media replaced, then supernatant was
collected again at 48 h, giving a total of 20 mL unconcentrated virus. Combined supernatant
was centrifuged at 2,000 rpm for 10 min, filtered through a 0.45 um filter, and then
concentrated to 2 mL using Amicon Ultra centrifugal filters, 100 kDa MWCO, 15 mL
capacity (Sigma-Aldrich, UFC9100). Virus was then aliquoted and stored at —80°C.

To assess lentiviral transduction efficiency in HEK293T cells, a spin infection assay was

performed. Cells were seeded at 5 x 10° cells per well in 12-well plates and incubated
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overnight. The following day, medium was removed and wells were supplemented with the
indicated volume of viral supernatant together with 0.8 pL polybrene from a 10 mg/ml stock,
corresponding to a final concentration of 8 pg/ml, and topped up to 1 mL total volume with
culture medium. Plates were centrifuged at 2,500 rpm for 90 min at 32°C, then returned to
37°C. At 24 h post-infection, medium was replaced with 500 pL fresh culture medium
lacking polybrene. At 48 h post-infection, cells were washed twice with 500 pL PBS,
dissociated with 250 pL trypsin for 5 min at 37°C, quenched with 0.75 mL DMEM
containing 10% FCS, and transferred to tubes. Residual cells were recovered with 1 mL PBS,
pooled, pelleted, and resuspended in 250 pL. FACS buffer. Propidium iodide was added and
transduction efficiency was assessed by flow cytometry using non-transduced cells as the
negative gating control.

For transduction of primary hematopoietic stem and progenitor cells, 2 x 10> murine LSK
cells were used per sample. Retronectin-assisted spin infection was used to improve lentiviral
delivery to sorted LSK cells as follows. Wells of a 12 well plate were first coated with 1 mL
retronectin at 32 pg/ml and incubated for 2 h at 37°C. The retronectin solution was then
removed, wells washed with PBS, then different volumes (50 pL, 100 puL or 150 pL) of Q03-
TRE-OSKM-mNeonGreen & Tet-On-3G-mCherry or Q04-TRE-OS2-17K-mNeonGreen &
Tet-On-3G-mCherry of concentrated lentiviruses (or controls) were combined, topped up to
500 pL with PVA-based F12 media (see the Cell culture section of Methods) then added to
the appropriate retronectin coated wells. The plate was centrifuged at 2000 x g for 1 hour at
32°C to adhere the viral particles to the retronectin. Next, for each well 2 x 10° murine LSK
cells were pelleted and resuspended in 500 pL pre-warmed PVA-based F12 media which
was then added directly to the coated wells containing viral particles for a total volume of 1
mL per well. The plate was then centrifuged at 1500 rpm for a further 1 hour at 32°C then
the plate was placed in 5% COz at 37°C overnight. The next day the media was replaced with
fresh pre-warmed PV A-based F12 media. While the treatment samples received Q03 + Tet-
On-3G or Q04 + Tet-On-3G lentiviruses, the negative control well received no virus, and the
positive control well received GFP lentivirus that had been produced previously in the lab,
which contained a GFP reporter under the control of an Efla promotor. To activate

expression of the Q03 and Q04 cassettes, doxycycline (2ug/mL) was added 48 hours after
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transduction in fresh pre-warmed PVA-based F12 media. Transduction efficiency was

assesssed by FACs analysis 48 hours after doxycycline administration.

2.4.4 In vitro transcription

Plasmid DNA templates for in vitro transcription (Q08, Q09 and Q10) were first linearized
with Sapl (NEB #R0569), downstream of the transcription unit to generate run-off templates
containing the CleanCap-compatible T7 promoter, the required AG initiation sequence, the
coding region of interest, and the encoded 148 bp poly(A) tail. Linearized plasmids were then
used as templates for co-transcriptional capping with the HiScribe T7 mRNA Kit with
CleanCap Reagent AG (NEB #E2080), following the manufacturer’s framework for 20 puL
reactions, with modified nucleotide substitution. The kit is designed for linear templates
containing a T7 promoter followed by an AG initiation sequence, and standard 20 pL
reactions include 10X reaction buffer, ATP, GTP, CleanCap Reagent AG, template DNA
and T7 RNA polymerase mix, with modified nucleotides optionally substituted for standard
NTPs.

Each 20 pL transcription reaction contained 2 uL 10X T7 CleanCap Reagent AG Reaction
Buffer, 2 uL ATP (60 mM), 2 uL GTP (50 mM), 1 pL Pseudo-UTP (100 mM, Jena
Bioscience NU-1139S), 1 pL 5-Methyl-CTP (100 mM, Jena Bioscience NU-1138S), 2 uLL
CleanCap Reagent AG (40 mM), 2 uL. T7 RNA Polymerase Mix, 1 pg linearized plasmid
DNA template, and nuclease-free water to 20 pL total volume. These reagent volumes gave
final concentrations of 6 mM ATP, 5 mM GTP, 5 mM Pseudo-UTP, 5 mM 5-Methyl-CTP,
and 4 mM CleanCap Reagent AG. Reactions were assembled in nuclease-free tubes, mixed,
pulse-spun, and incubated at 37°C for 2 h in a thermocycler with heated lid.

RNA was purified using the Monarch RNA Cleanup Kit (NEB #T2040). After
transcription, 30 pL nuclease-free water was added to each 20 pL reaction to give a final
volume of 50 puL. Then, 100 pL RNA Cleanup Binding Buffer was added followed by 150
pL ethanol and the sample was mixed by gentle pipetting. The mixture was applied to the
cleanup column and centrifuged at 16,000 x g for 1 min at room temperature. The column
was washed twice with 500 pL RNA Cleanup Wash Buffer, with centrifugation at 16,000 x

g for 1 min after each wash. The column was then transferred to an RNase-free 1.5 mL tube
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and RNA was eluted in 20 pL nuclease-free water. Purified RNA was stored at —80°C until

use.

2.4.5 Cell culture

HEK?293 T cells were cultured in DMEM with 10% FBS until confluent, then detached
from T75 flasks by incubating with 0.5% w/v trypsin (Sigma Aldrich, # T4174) for 5 mins
before washing and replating at the appropriate cell density for each experiment.

Primary lineage depleted murine bone marrow cells and sorted murine lineage negative,
Sca-1 positive, c-Kit positive (LSK) cells were cultured in an the albumin-free polyvinyl
alcohol (PVA)-based F12 media reported to maintain LT-HSC cells (Wilkinson et al., 2020).
The protocol, as detailed by Wilkinson et al., involves dissolving the PVA in a 10% w/v stock
before final formulation. The media consists of a base of Ham’s F12 with 1 mg/mL (0.1%
w/v) PVA (87-90% hydrolyzed), 10 mM HEPES (Thermofisher, #15630080), 1X ITS-X
(Thermofisher, #51500056), 1X glutamax (Thermofisher, #35050061), 100 U/mL penicillin,
100 pg/mL streptomycin, 100 ng/mL mTPO (Peprotech) and 10 ng/mL mSCF (Peprotech).
All cells were incubated in 5% CO; at 37°C.

2.4.6 Flow cytometry

Bone marrow (BM) was extracted from the femur, tibia and pelvic bones of adult female
C57BL/6 mice, whereby bones were crushed with mortar and pestle in PBS with 2% FBS
(FACS bufter) and BM cells filtered through a 45 um filter. Filtered bone marrow cells were
then incubated with RCRB for 1 minute to remove red blood cells, pelleted at 1500 rpm,
washed with FACS buffer, then lineage positive cells were depleted using the EasySep™
Mouse Hematopoietic Progenitor Isolation Kit (Stem Cell Technologies #19856) according
to the manufacturer’s instructions. Thes lineage depleted BM cells were used in screens for
optimal nucleofection programs (see Table 1 and Fig. 2.16).

For sorting of LSKs, the lineage-depleted BM cells cells were stained with:

Scal-BUV395 (Ms Ly-6A/E BUV395 D7 Becton Dickinson #563990),

c-Kit-BV711 (Ms CD117 BV711 2B8 Becton Dickinson #563160),

Lineage-biotin (Miltenyi Biotec Australia Pty. Ltd. #130-092-613).
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Cells were incubated with antibodies for 30mins on ice, before washing and staining with
Streptavidin-BV650 (SAV BV650, Becton Dickinson #563855) for a further 15 mins. Cells
were then washed and incubated with the sytox blue viability stain for 30 mins on ice. Finally,

cells were washed then subjected to flow cytometry based analysis.

For assessing transduction/transfection efficiency, lentiviral transduced LSKs or
nucelofected LSKs were pelletted, then resuspended in an antibody master mix which
included:

CD34-BV421 (Brilliant Violet 421™ anti-mouse CD34, BioLegend #152208),

FIt3-APC (Ms CD135 APC A2F10.1, Becton Dickinson #560718),

Scal-BUV395 (Ms Ly-6A/E BUV395 D7 Becton Dickinson #563990),

c-Kit-BV711 (Ms CD117 BV711 2B8 Becton Dickinson #563160),

CD150-PE-Cy7 (PE/Cyanine7 anti-mouse CD150, TC15-12F12.2, BioLegend #115914),

CD48-APC-Cy7 (APC/Cyanine7 anti-mouse CD150, HM48-1, BioLegend #103432),

Lineage-biotin (Miltenyi Biotec Australia Pty. Ltd. #130-092-613).

Cells were incubated with antibodies for 30mins on ice, before washing and staining with
Streptavidin-BV650 (SAV BV650, Becton Dickinson #563855) for a further 15 mins. Cells
were then washed and incubated with the Sytox blue (Thermo fisher #S34857) viability stain
for 30 mins on ice. Finally, cells were washed then subjected to flow cytometry based

analysis.
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Chapter 3: In Situ Hi-C benefits from extended crosslinking with
a double fixation method prior to DNA digestion

3.1 Introduction

Chromatin conformation capture experiments such as in sifu Hi-C start with a fixation
step to crosslink proteins and DNA, followed by cell lysis, DNA digestion with a restriction
enzyme of choice, proximity ligation to covalently ligate together pieces of digested DNA
that are in close proximity, crosslink reversal by heating, then purification and sequencing of
the chimeric DNA fragments (Johanson & Allan, 2022). The fixation step during the in situ
Hi-C protocol is traditionally achieved with formaldehyde (FA) (Diaz et al., 2018; Johanson
& Allan, 2022; Rao et al., 2014), which forms a methylene bridge (-CH2-) between amino
groups on protein amino acid residues, most often lysine residues (Lu et al., 2010), or
between amino acid residues and amino groups on DNA bases (Hoffman et al., 2015; Lu et
al., 2010). FA is small, can penetrate cell membranes and, due to its size and chemical nature,
only links molecules that are in direct contact or in extremely close proximity (Hoffman et
al., 2015). In addition, the propensity for positively charged lysine residues to be in close
proximity to negatively charged DNA means that FA preferentially forms crosslinks between
the proteins and DNA, primarily the nucleotide deoxyguanisine (Lu et al.,, 2010).
Importantly, FA mediated crosslinks are also reversible upon heating to 65 °C so that DNA
can be sheared and sequenced (Hoffman et al., 2015).

Disuccinimidyl glutarate (DSG) is another fixation chemical sometimes used in ChIP-seq
(Bao et al., 2025; Tian et al., 2012) and chromatin conformation capture experiments such as
Hi-C 3.0 (Akgol Oksuz et al., 2021; Lafontaine et al., 2021), micro-C (Ahmed et al., 2024;
Hsieh et al., 2016; D. Li et al., 2023) and Omni-C (Ahmed et al., 2024). Unlike FA, which
preferentially crosslinks protein residues to DNA bases, DSG is almost exclusively a protein-
protein crosslinker and is irreversible (Bao et al., 2025; Tian et al., 2012). DSG is larger and
forms two amide bonds separated by a large 5 carbon linker (Bao et al., 2025; Tian et al.,
2012). It has previously been shown that double fixation with FA then DSG reduces genomic-

mitochondrial contacts (i.e. mitochondrial contamination) and spurious trans-chromosomal
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interactions and improves resolution of finer detail contacts (Akgol Oksuz et al., 2021;
Lafontaine et al., 2021).

The choice of DNA digestion enzyme after fixation also affects Hi-C resolution. For
example, the restriction enzyme HindIIl, which recognizes AAGCTT and gives an average
fragment length of ~4 kbp (Lieberman-Aiden et al., 2009), while Mbol & Dpnll, both of
which recognize the same GATC sequence, gives an average length of ~500 bp (Rao et al.,
2014). Ddel, which recognizes the sequence CTNAG also gives an average length of ~500
bp and has been used in conjunction with DpnlI for dual cutting (Akgol Oksuz et al., 2021).
Micrococcal nuclease, which is sequence independent but is sterically hindered by
nucleosomes generally cuts DNA into smaller fragments depending on the incubation time
(Hsieh et al., 2016). Notably, the Hi-C 2.0 protocol published in 2017 stated that they “prefer
the use of Dpnll for eukaryotes, because unlike Mbol it is insensitive to CpG methylation”
(Belaghzal et al., 2017). However, there is no reference given for Mbol sensitivity to CpG
methylation and the preference for Dpnll over Mbol has been carried over into the Hi-C 3.0
protocol despite this lack of evidence. Mbol is 280 amino acids long while Dpnll is 288
amino acids and each have slightly different structures and active sites. Despite recognizing
the same site, Dpnll and Mbol could conceivably be differently affected by the endogenous
protein network and 3 dimensional mesh created by crosslinking. The Allan lab at WEHI
uses Mbol for in situ Hi-C (Johanson & Allan, 2022; Johanson et al., 2018; Keenan et al.,
2020) as have many other labs (Feng et al., 2022; Rao et al., 2014; Tomas-Daza et al., 2023)
leading to many published findings. However, the question of whether differences in
sensitivity between Mbol and DpnlI results in major differences in contact mapping remains
to be answered.

This chapter describes the optimization of the in situ Hi-C protocol and is inspired by the
experimental results by Akgol Oksuz et al. (2021) in which DSG is applied as a 2nd fixation
step (Akgol Oksuz et al., 2021), but also by the open question regarding the choice of Dpnll
over Mbol. The experiments described here seek to explore whether FA followed by DSG
double fixation would improve results in a low-input setting (< 500 k cells) and whether there

is a difference between using Dpnll versus Mbol.
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3.2 Results

3.2.1 Double fixation shifts library composition toward shorter-range cis contacts and

reduces trans-associated signal

To examine whether FA followed by DSG double fixation would improve results in a
low-input setting and whether the choice of Dpnll or Mbol would affect the resulting contact
maps, we performed in situ Hi-C on ~200,000 murine B220" splenocytes (B cells) using four
different Hi-C experimental protocols, as follows:

Group 1: FA + Mbol

Group 2: FA + DSG + Mbol

Group 3: FA + Dpnll

Group 4: FA + DSG + Dpnll

Valid reads were calculated as mapped reads minus dangling ends and self-circles.
Unfortunately, the number and proportion of valid reads was quite variable and the
proportion unmapped reads was quite high (Fig. 3.1A), the latter likely due to either problems
during the size selection step leading to sequencing adapter/short fragment contamination, or
low quality base calling during sequencing. As is shown in the dot plot of the median length
of duplicate free reads (Fig. 3.1B), double fixation with FA followed by DSG consistently
gave smaller median fragment length, regardless of restriction enzyme used, indicating either
that more efficient DNA digestion could be occurring after double fixation, or that the smaller
library size (and lower library complexity) of both Rep 2 FA + DSG samples (Fig. 3.1A) led
to biased PCR amplification of shorter fragments.

To determine whether the differences between Hi-C protocols resulted in differences in
overall interaction frequencies, interaction distance decay curves of the deduplicated mapped
reads were plotted. Comparison of the interaction distance decay plots by replicate revealed
that most libraries showed broadly similar profiles (Fig. 3.1C), although replicate 1 of FA +
Dpnll seems to be an outlier having less interactions across all distances (Fig. 3.1D), likely

due to the large amount of dangling end reads (see Fig. 3.1A). Despite this, double fixation
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with FA followed by DSG, particularly if we compare replicate 2 decay curves, shows a

consistently higher proportion of interactions across spans of 103 - 10° bp (Fig. 3.1E).
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Figure 3.1. Library yield, detection of short-range interactions and trans-chromosomal interactions

differ across fixation and enzyme conditions. A, Library size and proportion showing unmapped reads,

dangling ends and valid reads obtained for each library; B, Median raw fragment length for the replicates of

each library; C, Interaction distance decay plots of the deduplicated mapped reads for all libraries; D, Interaction

distance decay plots of the deduplicated mapped reads for replicate 1 (Rep 1) libraries showing the FA + Dpnll

Rep 1 library outlier (pink curve) which has a broad-range drop in the average interaction frequency detected;

E, Interaction distance decay plots for replicate 2 (Rep 2) with pop-out zoomed in view showing that addition

of DSG (blue and green curves) leads to consistently higher proportions of interactions across spans of 10° -

10° bp.
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Looking at the median proportion of cis-interactions spanning either 0-1 kbp (Fig. 3.2A),
1-10 kbps (Fig. 3.2B), >10 kbp (Fig. 3.2C), or the proportion of trans-chromosomal
interactions (Fig. 3.2D) shows that addition of DSG to FA fixation was associated with a
higher proportion of cis interactions in the 1-10 kbp range (Fig. 3.2B) and perhaps a lower
proportion of trans interactions for both enzyme backgrounds (Fig. 3.2D), although this is
more variable. While trans-chromosomal interactions are biologically real, a high proportion
can indicate increased non-biologically relevant proximity ligation events due to excess
crosslinking. Furthermore, there is no evidence that genomic nuclear DNA normally interacts
with mitochondrial DNA, but contamination of nuclear DNA with mitochondrial DNA can
occur during the fixation and proximity ligation steps of Hi-C. In our results, the ratio of
trans-mitochondrial reads (reads that map to nuclear DNA and mitochondrial DNA) to cis-
mitochondrial reads is consistently reduced with FA + DSG fixation regardless of which
restriction enzyme was used, suggesting double fixation also reduces mitochondrial

contamination (Fig. 3.2E).
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Figure 3.2. Double fixation reduces trans-associated signal and enriches short-range cis contacts. A,
Scatter plot summarizing the proportions of cis interactions in the 0-1 kb range; B, Scatter plot summarizing
the proportion cis interactions in the 1-10 kb rang; C, Scatter plot summarizing the proportion cis interactions
in the >10 kb range; D, Scatter plot summarizing the proportion trans-chromosomal interactions; E, Bar plot
showing the ratio of inter- to intra-mitochondrial interactions for each library, used as an additional library-
quality metric. Collectively, the panels show that additional DSG crosslinking reduced trans-associated signal,
increased the proportion of 1-10 kb cis interactions and reduced mitochondrial contamination, particularly in

the cases where Mbol digestion was used.
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3.2.2 Differential contact analysis reveals scale-dependent protocol effects

To test whether the different protocols altered the resulting chromatin contact maps
beyond library-level quality metrics, differential interactions (DIs) were quantified at 100 kb
and 2 Mb resolution on quality filtered. At 100 kb resolution there were minimal differences
between the libraries; however, the largest local differences were observed in the comparison
FA + Dpnll vs FA + Mbol (Fig. 3.3A), suggesting the two restriction enzymes do likely cut
the DNA differently resulting in differences in the detected interactions. Additionally, use of
FA + Dpnll vs FA + Mbol comparison shows more trans-chromosomal interactions being
detected when Dpnll is used (Fig. 3.3A). Interestingly, the addition of DSG may equalize the
ability of the two enzymes to digest the DNA since comparison of the two enzymes in the
context of double fixation (FA + DSG + Dpnll vs FA + DSG + Mbol) showed no significant

differences in interactions (Fig. 3.3A).
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Figure 3.3. Differential interaction analysis identifies protocol-dependent differences in interaction
detection at local and large genomic scales. A, Numbers of significant differential interactions detected at
100 kb resolution for each protocol comparison showing that the use of Dpnll compared to Mbol in the FA
fixation setting (FA + Dpnll vs FA + Mbol) predominantly increases the frequency of interactions detected but
also likely increases the number of spurious trans-chromosomal interactions detected; B, Numbers of significant
differential interactions detected at 2 Mbp (2000 kbp) resolution showing that the addition of DSG in the context
of Mbol digestion (FA + DSG Mbol vs FA + Mbol) increases the frequency of interactions detected without
much increase in trans-interactions detected. Overall, these results suggest that detection of interactions is
slightly sensitive to enzyme choice under FA fixation and this sensitivity is reduced by the addition of DSG,
and addition of DSG results in an increase in the long-range interactions that can be detected when Mbol is

used.
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Comparisons that differed only by addition of DSG but used the same enzyme (FA + DSG
+ Dpnll vs FA + Dpnll, or FA + DSG + Mbol vs FA + Mbol) produced a few DIs at the 100
kbp scale (Fig. 3.2A), but the FA + DSG + Mbol vs FA + Mbol comparison showed a sudden
jump in differences at the 2 Mbp scale (Fig. 3.2B). Overall, these results suggest that
detection of interactions is mildly sensitive to enzyme choice (Mbol use reduces potentially
spurious trans-chromosomal interactions) under FA fixation and this sensitivity is reduced
by the addition of DSG. When keeping the enzyme the same and comparing only what
happens with the addition of DSG, the differences were smaller when Dpnll was used but
use of Mbol with double fixation resulted in an increase in the long-range interactions that
could be detected without much increase in the trans-chromosomal interactions detected,

suggesting Mbol might be superior.

3.3 Discussion and conclusions

Overall, this chapter demonstrates that addition of DSG as a second fixation step had the
most consistent beneficial effect on library behaviour, chiefly by reducing potentially
spurious trans-chromosomal interaction signals, reducing mitochondrial contamination of the
library and increasing the number of short range cis-interactions detected, particularly in the
Mbol condition. The double fixation method used in this experiment was inspired by the
papers describing the Hi-C 3.0 protocol, which also showed a reduction in trans-interactions
and increased detection of cis-interactions across all enzymes tested (Akgol Oksuz et al.,
2021; Lafontaine et al., 2021), although they did not compare Mbol vs Dpnll and claim Mbol
is inferior due to being sensitive to CpG methylation. Although our DI results suggest small
differences in the cutting ability of Dpnll and Mbol, our results do not justify switching from
Mbol to Dpnll and future experiments in this project will continue to use Mbol for single-
restriction enzyme in situ Hi-C. The library comparisons were also based on two replicate B
cell libraries per condition, prepared in batches six days apart. Limited replication and
variable library quality constrain confidence in our resulting library protocol differences and
their generalisation from B cells to LT-HSCs.

The Hi-C 3.0 protocol also stipulates FA crosslinking should occur first, although no
reason is given. Interestingly, many ChIP-seq protocols recommend a DSG + FA double

fixation process, but stipulate that DSG crosslinking should be performed first in order to
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first stabilize protein complexes that have short-lived binding to DNA or have other binding
partners, then perform FA crosslinking second to crosslink the protein complexes to the DNA
(Bao et al., 2025; Nowak et al., 2005). However, there are some reports of Hi-C or Micro-C
experiments using DSG as a first crosslinking step, followed by FA as a second crosslinking
step (Ahmed et al., 2024; D. Li et al., 2023). Although there are no published reports of a
comparison of the crosslinking order, there are arguments for applying DSG first. For
example, one could argue that better Hi-C results may be obtained by applying DSG first
because you are stabilizing native protein structures first and then applying the much smaller
FA molecule second to allow for reversible linking of these crosslinked proteins to the
proximal DNA. Further, by applying FA first this creates a crosslinked proteinaceous mesh
that could sterically hinder the DSG from diffusing properly, thus creating cell-specific biases
in the results. Future work could benefit from experiments comparing other restriction
enzyme combinations for higher resolution DNA digestion and comparing the order of

crosslinking with FA then DSG or DSG then FA.

3.4 Methods

3.4.1 Low-input Hi-C library preparation

A low-input in situ Hi-C experiment was performed to compare fixation chemistry and
restriction enzyme choice in murine splenic B cells. The four Hi-C groups consisted of either
single fixation with formaldehyde (FA), double fixation with FA and disuccinimidyl
glutamate (DSG) and then those two groups with either DNA digestion with Dpnll or Mbol.
For each treatment group, 2 x 10° B220" splenocytes were isolated from female C57BL/6
mouse spleens by mechanical dissociation in ice-cold PBS, filtration through a 45 um nylon
mesh, incubation in 500 uL. RCRB for 45 s to remove red blood cells, and two washes in ice-
cold PBS. Centrifugation steps during red blood cell lysis and washing were performed at
1500 rpm at 4°C. Cell pellets were then processed in four groups: 1. FA + Mbol, 2. FA +
DSG + Mbol, 3. FA + Dpnll, and 4. FA + DSG + Dpnll.

For single fixation, cell pellets were resuspended in 500 pL of 1% formaldehyde in FCS-
free cell culture medium and incubated for 10 min at room temperature with rotation, then

quenched with 300 pL of 1 M Tris-HCI, pH 7.5, to a final concentration of 375 mM for 5
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min. Cells were pelleted and washed twice in cold 1x PBS. For double fixation,
formaldehyde-fixed cells were additionally resuspended in 500 pL of 3 mM disuccinimidyl
glutamate, DSG, in PBS, prepared from a 300 mM stock in DMSO, incubated for 45 min at
room temperature with rotation, quenched with 300 uL of 1 M Tris-HCI, pH 7.5, and washed
once in cold 1x PBS. Crosslinked pellets were then collected for Hi-C processing.

Pellets were lysed in 300 pL ice-cold Hi-C lysis buffer, consisting of 10 mM Tris-HCI pH
8.0, 10 mM NacCl and 0.2% Igepal CA-630, supplemented with 50 puL protease inhibitor
cocktail, Sigma P8340, and incubated on ice for 20 min. Nuclei were pelleted at 2500 x g for
5 min, washed once in 500 pL lysis buffer, then permeabilized in 50 uL 0.5% SDS at 62°C
for 5 to 10 min. SDS was quenched by adding 145 pL water and 25 uL 10% Triton X-100,
followed by incubation at 37°C for 15 min. Chromatin was digested overnight at 37°C with
slow rotation on an Intellimixer at 6 rpm in 1x NEBuffer 2, using either 100 U Mbol, New
England Biolabs, R0147, or 100 U Dpnll, substituted at the same step for the corresponding
treatment groups. After digestion, restriction enzymes were heat-inactivated at 62°C for 20
min.

DNA ends were filled in and biotinylated by adding 18.75 uL biotin-14-dATP, 0.4 mM
stock, 0.75 pL each of 10 mM dCTP, dGTP and dTTP, and 8 pL DNA Polymerase I Klenow,
5 U/uL, New England Biolabs, M0210, followed by incubation at 37°C for 45 to 90 min with
rotation. Proximity ligation was performed by adding 900 pL ligation mix containing 669 uL.
water, 120 pL 10x T4 DNA ligase buffer, New England Biolabs, B0202, 100 uL 10% Triton
X-100, 6 pL 20 mg/mL bovine serum albumin and 5 pL T4 DNA ligase, 400 U/uL, New
England Biolabs, M0202, giving a final ligation reaction in 1x ligase buffer. Samples were
incubated for 4 h at room temperature with slow rotation. Nuclei were then pelleted and
resuspended in 984 pnL water, 120 pL 10x ligase buffer, 100 pL 10% Triton X-100 and 6 pL
20 mg/mL bovine serum albumin. Crosslinks were reversed by adding 50 pL proteinase K,
20 mg/mL, New England Biolabs, P8102 or P8107, and 120 uL 10% SDS, incubating at
55°C for 30 min, then adding 130 pL 5 M NaCl and incubating at 68°C overnight.

DNA was precipitated by splitting each sample into three 500 puL aliquots and adding 800
pL absolute ethanol and 130 pL 3 M sodium acetate, pH 5.2, to each tube, followed by
incubation at -80°C for 15 min and centrifugation at maximum speed for 15 min at 4°C.

Pellets were combined, washed twice in 70% ethanol, and dissolved in 130 pL. 10 mM Tris-
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HCI, pH 8.0. DNA was sheared to 300 to 500 bp in Covaris microTUBEs using a Covaris
S220 instrument with fill level 10, duty cycle 10, peak incident power 175, 200 cycles per
burst, and 58 s treatment time. Sheared DNA was transferred to a fresh tube, the Covaris tube
was rinsed with 70 pL water, and the sample volume was adjusted to 300 pL.

Biotinylated DNA was captured using 150 uL. Dynabeads MyOne Streptavidin C1 beads,
10 mg/mL, Thermo Fisher, after washing in 400 pL 1x Tween wash buffer, 5 mM Tris-HCl
pH 7.5, 0.5 mM EDTA, 1 M NacCl, 0.05% Tween 20. Beads were resuspended in 300 pL 2x
binding buffer, 10 mM Tris-HCI pH 7.5, 1 mM EDTA, 2 M NaCl, mixed with the DNA
sample and incubated for 15 min at room temperature with rotation. Beads were washed
twice in 600 pL 1x Tween wash buffer at 55°C for 2 min with mixing at 1200 rpm, washed
in 10 mM Tris-HCI pH 8.0, and resuspended in 50 pL 10 mM Tris-HCI pH 8.0.

Sequencing libraries were prepared on-bead using the NEBNext Ultra DNA Library Prep
Kit for [llumina, New England Biolabs, E7645. End repair was performed by adding 3 pL
Ultra II End Prep Enzyme Mix, E7646, and 6.5 uL End Prep Reaction Buffer, E7647,
followed by incubation at 20°C for 30 min and 65°C for 30 min. Adapter ligation was
performed with 15 pL Blunt/TA Ligase Master Mix, E7648, 2.5 puL barcoded Illumina
adaptor, and 1 puL ligation enhancer, E7374, at 20°C for 15 min, followed by treatment with
3 uL USER enzyme, M5505, at 37°C for 15 min. After washing, DNA was released from the
beads by heating at 98°C for 10 min and recovering the supernatant on a magnetic rack.
Libraries were amplified with 4 to 12 PCR cycles using Phusion polymerase and Illumina
P5/P7 primers in a 50 puL reaction containing 34.1 uL DNA, 10 uL 5% Phusion HF buffer,
0.4 uL 25 mM dNTPs, 2.5 uL primer mix, 0.5 pL polymerase and 2.5 pL water. PCR cycling
comprised 98°C for 30 s, followed by cycles of 98°C for 10 s, 60°C for 30 s and 72°C for 30
s, with a final extension at 72°C for 5 min.

Amplified libraries were purified by AMPure XP bead size selection, Beckman Coulter,
A63881, using 0.7x beads, followed by a second cleanup after elution in 100 pL Tris buffer
with an additional 70 pL beads. Final libraries were eluted in 25 pL. water and assessed on a
TapeStation D1000 using 1 pL library and 3 uL D1000 sample buffer. Each condition was
prepared in duplicate, with replicate batches prepared six days apart. Libraries were

sequenced on an Illumina NextSeq 2000 as 66 bp paired-end reads.
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3.4.2 Hi-C analysis

Read quality was assessed with FastQC v0.11.x (Andrews, 2010). FASTQ files were
mapped to the mm39 genome with Bowtie2 v2.5.0 (Langmead & Salzberg, 2012) using the
diffHic v1.42.0 presplit map.py tool (A. T. Lun & G. K. Smyth, 2015) and the ligation
signature GATCGATC. BAM files were processed with Picard v3.30 (Broad Institute, 2023)
FixMatelnformation and MarkDuplicates commands, retaining duplicate-marked reads, and
name-sorted with SAMtools v1.21 (Li et al., 2009).

Restriction fragments were generated from the mm39 reference genome using diffHic
cutGenome with the shared Mbol and DpnllI recognition motif GATC, then converted to a
pairParam object. Aligned reads were assigned to restriction fragments with diffHic
preparePairs, using duplicate removal, dedup = TRUE, minimum mapping quality minq =
10, and chim.dist = 1000. This produced HDFS5 interaction files and diagnostic summaries
including total pairs, duplicate-marked pairs, filtered pairs, mapped pairs, dangling ends, self-
circles and invalid chimeras. Hi-C artefacts were removed with diffHic prunePairs. Fragment
length and strand-orientation profiles were inspected for each library, and reads were filtered
using max.frag = 800, min.inward = 1000 and min.outward = 1000, removing short
fragments, dangling ends and self-circularised products. Cis and trans interaction
proportions, short-range interaction frequency bins, interaction decay curves and
mitochondrial interaction ratios were calculated from the HDFS5 files with custom R scripts.

For differential interaction analysis, trimmed read pairs were counted into genomic bins
using diffHic squareCounts, restricted to chromosomes chrl to chrl9, chrX and chrY.
Interaction matrices were generated at 2 Mbp and 100 kbp resolution. For 100 kb analysis,
interactions containing zero counts in any library were removed. Low-abundance interactions
were filtered with filterDirect using a 2 Mb background reference and a threshold of
direct$threshold + log2(4). Diagonal bin pairs were removed with filterDiag(data, by.diag =
1L). For the 2 Mb analysis, low-abundance interactions were filtered using direct$threshold
+ log2(2).

Filtered interaction counts were normalised using nonlinear loess offsets calculated with
csaw v1.44.0 (Lun & Smyth, 2016) normOffsets. Near-diagonal and off-diagonal interactions
were normalised separately, using filterDiag(data, by.dist = 400e3) for 100 kb matrices and
filterDiag(data, by.dist = 4000e3) for 2 Mb matrices. Offset matrices were added to the
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interaction object and converted to edgeR (Robinson et al., 2010) v4.8.0 DGEList objects.
Differential interactions were modelled with edgeR quasi-likelihood negative binomial
generalized linear models. The design matrix included group and replicate batch, ~0 + group
+ batch. Dispersion was estimated with estimateDisp(..., robust = TRUE), and quasi-
likelihood models were fitted with glmQLFit(..., robust = TRUE). Contrasts tested the effects
of restriction enzyme within fixation condition, fixation within restriction enzyme condition,
and combined fixation and enzyme comparisons. Differential interactions were identified

with glmQLFTest, adjusted using edgeR topTags, and retained at FDR < 0.1.
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Chapter 4: Publication in review: “Multi-omic gene regulatory
networks informed by 3D chromatin architecture reveal insights

into hematopoietic stem cell ageing”
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4.1 Abstract

During ageing, hematopoietic stem cells (HSCs) have reduced regenerative potential,
skewed differentiation toward the myeloid lineage, and heightened susceptibility to clonal
expansion and malignancy. While epigenetic alterations are well documented, the impact of
aging on higher-order 3D chromatin architecture remains poorly understood. Here, we
examined the 3D genome organisation of aged murine HSCs using in-situ Hi-C then
integrated this with gene expression and chromatin accessibility data to build HiC-informed
gene regulatory networks (GRNs). Aged HSCs display erosion of topologically associating
domain (TAD) boundaries, A/B compartment switching, and reorganised enhancer-promoter
loops associated with lineage-inappropriate gene expression. Our GRN analysis identifies a
hierarchy of transcription factors, including a c-Maf-Lyll1-Mnt axis that orchestrates the
transition from a youthful to aged state and a Gfil-Sox4 axis in young HSCs that regulates
Bachl. This study provides a structural blueprint for aging HSCs and defines specific
regulatory targets for potential reprogramming interventions to restore hematopoietic

youthfulness.
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4.2 Introduction

Hematopoietic stem cells (HSCs) are responsible for continually replenishing the blood
system with mature cells, ensuring immune competence and tissue homeostasis (Osawa et
al., 1996; Spangrude et al., 1988; Thomas et al., 1957). However, during the ageing process
in mice and humans, HSCs expand due to increased self-renewal (Sun et al., 2014), decline
in regenerative potential (Kuribayashi et al., 2021), shift toward myeloid-biased
differentiation (Dykstra et al., 2011; Pang et al., 2011) and display increased genomic
instability (Rossi et al., 2007; Rube et al., 2011), all of which contribute to reduced immune
function and a higher risk of hematological malignancies in the elderly.

Studies have found that transplantation of aged murine HSCs into young mice can restore
some function (Ergen et al., 2012; Montecino-Rodriguez et al., 2019; Yamamoto et al.,
2018), especially after secondary transplantation (Yamamoto et al., 2018), but in many
experiments transplantation of old HSCs into young mice does not correct the repopulating
abilities of the stem cells (Dykstra et al., 2011; Liang et al., 2005; Rossi et al., 2005),
suggesting an intrinsic dysfunction. HSCs accumulate epigenetic alterations with age, such
as changes to chromatin accessibility (Itokawa et al., 2022) and DNA methylation (Bogeska
et al., 2022) both of which alter gene expression in ways that reflect myeloid bias and a
cellular reaction to an inflammatory bone marrow environment. However, whether these
alterations in epigenetics and gene expression are primarily due to downstream effects of
somatic mutations (Kapadia et al., 2025) or an independent reversable process of epigenetic
alteration is still unclear since iPSCs derived from aged HSCs that are then redifferentiated
to HSCs are functionally indistinguishable from young HSCs (Wahlestedt et al., 2017).
Additionally, recent clonal tracing reveals that aged HSCs are likely an expanded population
of epigenetically altered clones (Scherer et al., 2025).

A key driving factor in cell identity and gene regulation are the interactions between
enhancers and promoters that are mediated via transcription factor (TF) binding (Martin et
al., 2023), this is more broadly described as the 3 dimensional (3D) folding of the genome
(Lafontaine et al., 2021; Tomas-Daza et al., 2023) and few studies have examined how the
3D genome of stem cells changes with age. Hi-C, a genome-wide chromatin conformation
capture technique, has provided critical insights into the spatial organization of chromatin in

mature immune cells (Bediaga et al., 2021; Chan et al., 2021; Johanson et al., 2018) and
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blood stem cells (Chen et al., 2019; Zhang et al., 2020). In addition to high resolution
enhancer promoter interactions, Hi-C data allow for the identification of the large-scale
hierarchical features of the 3D genome such as chromatin compartments (active A and
inactive B compartments), topologically associating domains (TADs). Differential style
analysis allows us to identity differences in the 3D genomes of conditions i.e. young and
aged, and determine which regulatory elements and TFs are involved in the ageing of
chromatin organisation (Lafontaine et al., 2021; Tomas-Daza et al., 2023). Studies in other
cell types have revealed significant age-associated changes in chromatin organization. Age-
related chromatin changes are often cell type-specific but share common features such as loss
of TAD integrity, altered enhancer-promoter interactions, and redistribution of chromatin
between A and B compartments (Kriukov et al., 2024; Ma et al., 2024). In muscle stem cells,
ageing is accompanied by a gain in long-range chromatin contacts and a loss of short-range
interactions, impairing the transcription of regeneration-associated genes (B. A. Yang et al.,
2023; Zhao et al., 2023). Neuronal ageing, on the other hand, is characterized by the decay
of heterochromatin domains, activation of transposable elements, and nuclear expansion
(Kriukov et al., 2024; Zhang et al., 2022). Furthermore, Liu et al. demonstrated increased
Shannon entropy in the B compartments of late-passage mesenchymal stromal cells (MSCs),
indicating an increase in disorder with replicative age (Liu et al., 2022b). Importantly,
environmental and genetic interventions such as exercise and epigenetic reprogramming have
been shown to mitigate some of these chromatin changes, emphasizing their potential
reversibility (J.-H. Yang et al., 2023a).

Often gene regulation is examined by correlating gene expression with the closest open
chromatin region to infer gene regulatory elements. However, Hi-C allows us to directly link
gene regulatory elements (often distal) to target genes (Javierre et al., 2016; Milevskiy et al.,
2023). TF activity (i.e. the extent to which it is exerting its regulatory potential on its target
genes through motif binding) has been shown to be a better predictor of cell-defining gene
regulation than expression alone (Wlodarczyk et al., 2025). Even at low resolution, Hi-C data
can add an additional layer during multi-omic integration for mapping gene regulatory
mechanisms and identifying TFs that govern gene regulatory networks (GRNs) (Fulco et al.,
2019; Hecker et al., 2023). For example, integration of Hi-C, ATAC-seq and RNA-seq is one

method of constructing GRNs, where TFs and genes are nodes and the strength of their
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interaction and activity are the edges (Fulco et al., 2019; Hecker et al., 2023). Furthermore,
the differential analysis of network weights between conditions (e.g. cell type 1 vs cell type
2, or young vs aged) can provide additional information beyond differential expression or
differential chromatin accessibility alone, since genes may change their connectivity through
the 3D genome in the network with little change in their expression, allowing for the
identification of TFs that drive network state changes (Hecker et al., 2023; Wlodarczyk et
al., 2025; Xu et al., 2021). While the use of differential network analysis to identify TFs that
drive trans-differentiation of one cell type to another is relatively common, its use to identify
TFs that define aged states in the same cell type is a growing area of research (Lee et al.,
2021; Randhawa & Kumar, 2021; Wang et al., 2023). However, none have yet used Hi-C
derived genome organisation to inform the construction of TF-gene networks.

Investigations into the chromatin architecture of HSCs, let alone aged HSCs, are scarce,
but in blood progenitors such as aged pro-B cells, alterations in enhancer-promoter
interactions and shifts in chromatin compartmentalization have been linked to impaired B
cell development (Ma et al., 2024). These findings imply that changes in chromatin
architecture could play a role in HSC ageing, yet the specific changes occurring in HSCs
remain to be elucidated. Here, we examine the 3D genome organisation of young and aged
murine long-term (LT-) HSCs using Hi-C to gain further insights into the molecular drivers
of their functional decline and potentially identify novel strategies to reprogram aged HSCs
back to a more youthful state. We find that ageing appears to cause a loss of TAD boundary
strength and an increase in disorder in the 3D chromatin contacts of murine LT-HSCs.
Additionally, differentially expressed genes (DEGs) are enriched in the differentially
interacting (DI) regions (i.e. regions that gain or lose chromatin interactions with age) and a
small set of upregulated genes appear to be lineage inappropriate, as they are not normally
expressed in any young blood progenitors, but are expressed in aged LT-HSCs and are
particularly enriched in the DI regions. Furthermore, while differential TF-gene networks are
often used to identify TFs for direct cell reprogramming (Xu et al., 2021), we used similar
methods to identify TFs that govern the TF-gene regulatory network states of aged and young
LT-HSCs and our analysis predicts a potential role for c-Maf, Cebpd and Atf3 as top drivers
of the aged state, while Gfil, Hif3a, Sox4 and Hesl are top TFs predicted to govern the
youthful state.
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4.3 Results

4.3.1 Mitochondrial membrane potential status does not confer differences in 3D
genome architecture, but age does

To tackle potential heterogeneity of the aged LT-HSC pool we leveraged knowledge from
a previous study that demonstrated that mitochondrial membrane potential (MMPot) status
could discriminate between young-like LT-HSCs in old mouse bone marrow (Mansell et al.,
2021). To this end, aged and young LT-HSCs (CD34- CD48 Flt3- CD150" LSKs) were
sorted based on MMPot status (low and high) (see Methods and Fig. 4.1A) and subjected to
Hi-C. We processed the data and performed differential analysis using diffHic (A. T. Lun &
G. K. Smyth, 2015) between old and young then high and low MMPot groups. While aged
mice had a higher proportion of MMPot low LT-HSCs than young mice, as previously
reported (Mansell et al., 2021) (Supplementary Fig. 4.1B-C), there were no significant
differential interactions (DIs) between MMPot High and MMPot Low LT-HSCs from either
young or aged mice (Supplementary Fig. 4.1D). However, when contrasted according to age,
both MMPot high and low LT-HSCs groups each displayed differences in chromatin contacts
(Supplementary Fig. 4.1D), suggesting ageing has a much stronger effect on chromatin
structure than MMPot status. Therefore, all further analysis was performed on LT-HSCs in

which MMPot high and low groups were pooled to compare LT-HSCs by age only.

4.3.2 Changes in higher order chromatin structures indicate an age-associated
increase in disorder

To understand the higher order genomic structures, we assessed the number and strength
of TADs using HiCExplorer (Ramirez et al., 2018) in which TAD boundary “separation
scores” are calculated to call TADs. In our data, TAD separation scores are increased in aged
LT-HSCs (Fig. 4.1B & C; Supplementary Table 1), indicating that there are more interactions
across TAD boundaries, i.e. a loss of TAD boundary strength. Segments of the genome can
also be classified into A or B compartments depending on how the large-scale interactions
segregate within principal component analysis. Calculation of A/B compartments in our LT-

HSCs using HICDOC (Kurylo et al., 2023) reveals an age-associated increase in the
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proportion of B compartments and decrease in the proportion of A compartments (Fig. 4.1D;

Supplementary Table 1).
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Figure 4.1. Age-associated changes in 3D chromatin architecture in LT-HSCs reveals increased
disorder and a preponderance of gained interactions. A. Schematic of Hi-C experiment on LT-HSCs from
young and aged C57B16 mice (MMPot = mitochondrial membrane potential, HSC = hematopoietic stem cell,
Form = formaldehyde, DSG = disuccinimidyl glutarate); B. Violin plots of TAD separation scores in Young vs
Aged LT-HSCs (difference assessed by Mann-Whitney U-test); C. Diagram depicting how an increase in TAD-
separation score translates to overall reduced TAD boundary strength with more interactions occurring across
TAD boundaries; D. A/B compartment proportions for Aged & Young LT-HSCs; E. Violin plots of Shannon
entropy values for all 2 Mbp genomic spans in Young vs Aged LT-HSCs (difference assessed by Mann-Whitney
U-test).

We wondered if the age-associated loss of TAD boundary strength reflects a general

increase in disorder in the LT-HSC chromatin structure. To address this, we calculated
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Shannon entropy for young and aged LT-HSCs by calculating the probability distribution of
contact frequencies for every 2 Mbp genomic span tiled along the mm39 genome, a method
previously used in other models of ageing (Jenkinson et al., 2017; Liu et al., 2022b). Aged
LT-HSCs have a higher median Shannon entropy across all 2Mbp spans than young LT-
HSCs (Fig. 4.1E; Supplementary Table 1), indicating a subtle erosion of the contact
frequency landscape with ageing. Altogether, the changes in TAD boundary strength,
changes to compartments and the overall increase in Shannon entropy suggest an increase in

the disorder of the chromatin architecture in aged LT-HSCs.

4.3.3 Aged LT-HSCs develop chromatin interactions associated with differentially
expressed genes

DI analysis was performed on aged versus young LT-HSCs using, which revealed that
1353 cis-interactions decrease in interactivity and 3448 increase in interactivity during
ageing in murine LT-HSCs (Fig. 4.2B, Supplementary Table 2). The highest ranked region
(by false discovery rate (FDR)) in the analysis, was a gain in interactions on chromosome 5
between a 100 kbp region near Gabra2 and a 100 kbp region upstream near Guf1 (Fig. 4.2A
& C, left panel). Interestingly, many chromosomes 5 regions near other GABA receptor ion-
channel components Gabrbl and Gabra4 also gained interactions (Fig. 4.2G, middle panel).
The highest ranked lost interaction was on chromosome 15 near Nipbl/ and Wdr70,
respectively (Fig. 4.2C, right panel). To compliment this analysis, we reanalysed previously
published RNA-seq data from Itokawa et al 2022 data (see Methods) to determine
differentially expressed genes (DEGs) between young and old HSCs. We observed that
DEGs are significantly enriched in the DI regions (Fig. 4.2E). Furthermore, the DEGs
B3galtl, Gabra4, Gabral and Terfl all overlap with the top 20 DI regions that alter
interaction frequency with age (Fig. 4.2G and Supplementary Fig. 4.2A). Interestingly,
comparison of aged versus young murine monocytes or natural killer (NK) cells showed a
negligible number of DIs at 100 kbp resolution (Supplementary Fig. 4.1F), suggesting that
either mature blood cells correct their 3D genome as they differentiate, or that the myeloid
and lymphoid progenitors that go on to differentiate to maturity already have chromatin

architecture similar to that of young progenitors.
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Figure 4.2. Genes overlapping regions which alter their interactions with age in murine LT-HSCs
reveals biological processes associated with signalling, activation, migration and differentiation. A. Hi-C
Contact maps (bin size = 100 kbp) of the region 69.1 — 73.2 Mbp on chromosome 5 for Young and Aged LT-
HSCs, which includes the most significant differential interaction (DI) that occurs between regions around Gufl
and Gabra2; B. The number of differential intra-chromosomal (cis) interactions in Aged/Young LT-HSCs (red
bar = interactions gained with age, blue bar = interactions lost with age); C. Arc plots of the most significant
(FDR < 0.1) gained (left panel) and lost (right panel) DIs at 100 kbp resolution; D. GO term enrichment for all
genes that overlap Hi-C aged vs young LT-HSC DIs; E. Enrichment of differentially expressed genes (DEGs)
in aged vs young DIs using the fry test where “mixed” false discovery rate (FDR) is the FDR value for
enrichment in the combined gained and lost DIs; F. GO term enrichment for DEGs overlapping aged vs young
LT-HSC DIs; G. Arc plots of the most significant gained and lost DIs at 100 kbp resolution and the upregulated
DEGs they overlap (upregulated DEGs shown in red). H. Age-associated loss of interactions between a region

near myeloid-associated gene Myb and a region ~2 Mbp downstream of Myb’s promotor (1st panel) and age-
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associated loss of interactions between a region overlapping myeloid-associated gene /tgam and a region over

800 kbp upstream (2nd panel).

Gene Ontology (GO) term enrichment analysis of genes near regions that change
chromatin architecture with age in LT-HSCs revealed an enrichment of genes involved in the
regulation of membrane potential, cell junction assembly and many genes involved in
neurogenesis (Fig. 4.2D; Supplementary Table 3), likely reflecting share processes. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis revealed many
genes involved in cancer (especially miRNAs), as well as glutamatergic and serotonergic
synapses (Supplementary Fig. 4.2B; Supplementary Table 3). When GO term analysis is
restricted to only genes that are both differentially expressed (from the Itokawa et al 2022
dataset) and that also overlap with regions of differential interactions, many genes appear to
be involved in leukocyte migration (especially myeloid cell migration) and neuron-related
processes (Fig. 4.2F; Supplementary Table 3), while efferocytosis pathway genes were the
most significantly enriched in Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
(Supplementary Fig. 4.2C; Supplementary Table 3). As expected, many prominent genes
involved in LT-HSC activation and myeloid differentiation appear in the GO term
enrichment and show both age-associated chromatin contact changes and changes in gene
expression (Supplementary Table 3). For example, Myb (aka c-Myb) and ltgam (among
others) appears in GO terms such as “myeloid cell homeostasis”, “myeloid leukocyte
migration” and “negative regulation of myeloid cell differentiation” to name a few
(Supplementary Table 3). The expression of Myb decreases with age in LT-HSCs as does the
frequency of interactions between a region near Myb and a region ~2 Mbp upstream of Myb’s
promotor (Fig. 4.2H, 1% panel). Similarly, /zgam (Cd11b) is upregulated in aged LT-HSCs
and a region overlapping its promotor shows a decreased frequency of interactions with a

region over 800 kbp upstream (Fig. 4.2H, 2™ panel).

4.3.4 Genes that have age-related inappropriate lineage expression overlap with
changes in genome organisation
We reasoned that the observed increase in disorder within the chromatin contacts might

result in the expression of genes that are not usually expressed in the blood-cell progenitor
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lineage. To test this, we used the raw counts from the Itokawa et al. (2022) RNA-seq data,
which contains expression data for young (8 week old) and aged (20 month old) blood
progenitors, including LT-HSCs, multipotent progenitors 1-4 (MPP1-4s), megakaryocyte-
erythroid progenitors (MEPs), granulocyte-monocyte progenitors (GMPs) and common
lymphoid progenitors (CLPs). We defined a set of genes that have low or negligible
expression in young LT-HSCs, MPP1-4s, GMPs, MEPs or CLP and significantly higher
expression in aged LT-HSCs (Supplementary Fig. 4.3B), which resulted in a list of 85 genes
(Supplementary Fig. 4.3A). GO term enrichment of these DEGs that are very lowly or absent
in young progenitors highlighted groups of genes such as Tmem?215, Kdr, Bmp4, Myo6, Ror2,
Tbx1 and Rorb being involved in sensory organ morphogenesis and Kdr, Bmprla, Bmp4 and
Thx1 involved regulation of mesenchymal cell proliferation (Supplementary Fig. 4.3D and
E). Restricting our definition again to genes that have very low expression in young blood
progenitors (Supplementary Fig. 4.3C) defined a list of genes we term “lineage inappropriate
genes” (LIGs) which refined our list to 8 genes: Revrn, Ntf3, Syt15, Mab2112, Rorb, Aldh3al,
Chrm3 and Tdrd9 (Fig. 4.3A & C). Interestingly, 7 out of 8 strict LIGs (which are also DEGs)
also overlap with and are significantly enriched within regions of differential interactions in
our Hi-C data compared to other randomly selected sets of upregulated DEGs (Fig. 4.3B),
likely indicating that age-related 3D chromatin changes lead to expression of these lineage

inappropriate genes.
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Figure 4.3. Genes not normally expressed in any young murine blood progenitors are upregulated
with age, especially in LT-HSCs, and 7/8 overlap aged vs young LT-HSC Hi-C DIs (genes in red). A.
Heatmap of expression (logGeTMM-+1) across all blood progenitors for the 8 strictly defined lineage
inappropriate genes (LIGs) identified in the Itokawa et al 2022 dataset (genes in green and columns marked
with a green bar also overlap aged vs young LT-HSC differential interactions (DIs); B. Density plot of how
often genes within sets of 8 randomly chosen upregulated genes (testing 10000 sets of 8 genes) overlap DI
regions as determined by a random sampling Monte Carlo permutation test (the p value of the likelihood of 7
upregulated genes overlapping DIs is 0.0024 as determined by the Monte Carlo empirical test); C. Interaction
arc plots for gained and lost interactions for aged vs young LT-HSC DIs (100 kbp resolution) that overlap 5 of
the LIGs: Revrn, Ntf3, Sytl5, Mab2112 and Rorb.

4.3.5 AP-1 factor binding motifs are enriched in chromatin that opens and gain
interactions during ageing

We wondered if regions that change in interaction frequency are enriched for particular

TF motifs. To answer this question, we used ATAC-seq data to determine differentially

accessible regions (DARs) between young and aged LT-HSCs using the Itokawa et al 2022

data, then performed motif enrichment analysis within DARs that overlap our Hi-C DI
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regions (Fig. 4.4A). Strikingly, motifs for AP-1 factors Jun, Jund and Fosl2, as well as the
common AP-1 binding partner Ets1, are enriched in age-opening peaks that overlap regions
that gain interactions (Fig. 4.4B, age-opening/age-gained columns). There is also a mild
enrichment of PPARG and NR1H3 motifs in age-closing peaks that overlap regions that lose

interactions with age (Fig. 4.4B, age-closing columns).
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Figure 4.4. Differentially accessible regions (DARs) overlapping DIs with the same logFC direction
show strong enrichment for AP-1 factor motifs. A. Schematic of motif enrichment analysis whereby
transcription factor (TF) binding motif enrichment was assessed in age-opening and age-closing DARs that
overlap Hi-C differential interactions with the same log fold change sign (e.g. logFC > 0 means age-opening
DARs in gained DIs, logFC < 0 means age-closing DARs in lost DIs); B. MonaLisa TF motif enrichment
results showing the top HOCOMOCO v13 motifs enriched in age-closing DARs that overlap age-lost
differential interactions (Log2FC score < 0) and in age-opening DARs that overlap age-gained differential
interactions (Log2FC score > 0) — red highlighted TFs are upregulated in aged LT-HSCs, blue highlighted TFs

are downregulated.

4.3.6 Integrated multi-omic analysis predicts TFs that drive the aged and youthful
states of LT-HSCs

To further explore how transcription factor binding influences age-related changes in

epigenetics and gene regulation we used differential GRN analysis. While our motif

enrichment analysis highlighted the DEGs Jun, Jund and Fosl2, TFs regulate genes in a

network and can change network connectivity with little change in expression (Wlodarczyk
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et al., 2025). As such, changes in network connectivity can reveal TF drivers of network state

change. Moreover, analysis of differential GRNs can rank TFs based on the strength of the

change in connectivity to predict which TFs to use for cell reprogramming (Kamaraj et al.,

2020; Rackham et al., 2016; Xu et al., 2021). Therefore, we constructed GRNs using our Hi-

C data and publicly available ATAC-seq and RNA-seq data using a combined workflow of
STARE (Hecker et al., 2023) and a modified pipeline similar to ANANSE (Xu et al., 2021)

(Fig. 4.5A).
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Figure 4.5. Integrated differential network analysis predicts transcription factors (TFs) that drive the
aged and young states of murine LT-HSCs. A. Schematic of the combined STARE and ANANSE-style

pipeline that integrates Hi-C, ATAC-seq and RNA-seq data: purple arcs represent ICE-normalized Hi-C

interaction frequencies that overlap candidate enhancers (E1-E4), and genes (G1-G3) 2.5 kbp either side of the
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gene's TSS, which are combined with ATAC-seq loess offset normalized peak values to generate an activity by
contact (ABC) matrix, which is combined with a TF binding matrix to generate a TF-gene affinity matrix, which
is then used by the ANANSE-style pipeline to generate differential gene regulatory networks (GRNs) and rank
the TFs that drive the GRN changes; B. TF ranking results using the HOCOMOCO v13 TF motif database
showing the expression (log2 TPM+1) and fold-change (log2FC) heatmaps of the top 10 ranked TFs predicted
to either (i) drive the gene regulatory network towards the aged state (left 3 “Drive Ageing” columns) or (ii)
drive the network towards the young state (right 3 “Promotes Youth” columns); C. Simplified network diagram
of the top ranked age driving TF, c-Maf, which is predicted to regulate 213 direct targets in this GRN; D.
Simplified network diagram of the top ranked youth promoting TF, Gfil, which is predicted to regulate 79
direct targets, including Sox4; E. Simplified network diagram of the 2™ top ranked youth promoting TF, Hif3a,

which is predicted to regulate 189 direct targets, including Sox4

The top 10 ranked TFs predicted to drive each condition are shown in Fig. 4.5B and
Supplementary Table 4; c-Maf (aka Maf), Cebpd, Atf3, Ar, Pgr, Tbx1, Rorb, KIf2, Jund and
Bhlhe40 are predicted to drive the gene regulatory network changes during LT-HSC ageing,
while Gfil, Hif3a, Sox4, Hes1, Zfta, Nfic, Satb1, Lyll, Hinfp and Vesfl are predicted to be
candidates to restore the youthful LT-HSC gene regulatory network state.

Inspection of these Hi-C informed differential GRNs (Supplementary Table 4) predicts
that c-Maf regulates the TFs Lyll and Mnt to influence Flt3 downregulation in aged LT-
HSCs (Fig. 4.5 C) as does Cebpd via Myc (Supplementary Fig. 4.4A). Both c-Mafl via Mnt
(Fig. 4.5C) and Cebpd via Myc (Supplementary Fig. 4.4A) are also predicted to drive the
upregulation of Gadd45g, a driver of differentiation (Thalheimer et al., 2014). Furthermore,
both Cebpd and Atf3 are predicted in our differential GRN to directly downregulate the TF
Bachl (Supplementary Figs. 4A and B), a known suppressor of myelopoiesis (Itoh-Nakadai
et al., 2014; Kato et al., 2018). The LIG Rorb is ranked 7" as a driver of LT-HSC ageing
(Fig. 4.5B) and is predicted in the ageing-specific differential GRN to drive the
downregulation of the TFs Dbp & Nr4al (Supplementary Fig. 4.4C).

Inspection of the Hi-C informed differential GRNs driving the youthful LT-HSC state
predicts that Gfil & Hif3a both target Sox4 to upregulate Bachl (Fig. 4.5D & E;
Supplementary Fig. 4.4D), previously mentioned as a suppressor of myelopoiesis, and
therefore Gfil & Hif3a have the opposite role of Cebpd and Atf3, which were predicted to
downregulate Bachl. The 4" ranked TF predicted to drive the young LT-HSC GRN is Hesl
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(Fig. 4.5B) and inspection of its immediate targets shows it is predicted to suppress the
expression of the sphingosine-1-phosphate transporter gene, Mfsd2b, and upregulate the
suppressor of cholesterol synthesis gene, Insigl (Supplementary Fig. 4.4E).

It is expected that many DEGs in the networks would overlap our Hi-C DIs and inspection
of the target DEGs of the top ranked age-driving TF, c-Maf (Fig. 4.5A), show that many do,
including the DEGs Glyr, Plcll, Tent5c, Zbtb18, Jam2 and Fry (Supplementary Fig. 4.4F).

4.4 Discussion

Our results are, to our knowledge, the first to show that the 3D chromatin architecture of
aged murine LT-HSCs is altered and demonstrates that aged LT-HSCs display a loss, albeit
subtle, of overall TAD boundary strength and an increase in chromatin interaction Shannon
entropy, which indicates that there is a general increase in disorder within the 3D chromatin
structures. This increase in chromatin interaction Shannon entropy is in line with in vitro
studies looking at late passage mesenchymal stem cells which show an increase in Shannon
entropy in B compartments (Liu et al., 2022b). We found negligible differences in chromatin
architecture in aged vs young monocytes and NK cells. Since myeloid-biased LT-HSCs with
low differentiation capacity are clonally expanded from a small set of original stem cells
(Scherer et al., 2025), we hypothesise that LT-HSC fate is epigenetically set early in the
mouse lifespan and that the aged monocytes and NK cells mostly derive from the remaining
young-like LT-HSCs with youthful genome architecture.

Obtaining sufficient numbers of LT-HSCs is difficult and a limitation of our Hi-C data is
the low resolution due to low cell input. Although we did not find any differences in
chromatin architecture between LT-HSCs with high and low mitochondrial membrane
potential, this does not exclude this possibility. Increased cell input, and thus higher
resolution, may reveal more subtle differences in chromatin architecture between MMPot
high and low LT-HSCs and other LT-HSC sub-populations such as CD150 high and low LT-
HSCs which have been shown to be functionally distinct (Wang et al., 2025). Despite these
caveats, our analysis was able to detect clear age-related 3D genome changes suggesting that
MPPot status does not correlate with overt epigenetic alterations.

Since aged phenotypic LT-HSCs (CD34- CD48" Flt3- CD150" LSKs) contain a higher

proportion of myeloid-primed LT-HSCs, locus-specific differences in chromatin are likely
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to reflect this myeloid priming. For example, our results show a region near the gene Niph!/
has a strong loss of interactions with a region near Wdr70 and a gain in interactions with a
region near Osmr (Fig. 4.2C). Nipbl encodes a protein, Nipped B-like, a cohesin complex
chromatin loading protein that is more abundant in aged LT-HSCs (Zaro et al., 2020) and
likely upregulates RunxI and increases myeloid cell differentiation (Mazzola et al., 2020),
thus supporting the observed increase in myeloid-biased LT-HSCs. Osmr, encodes a subunit
of the oncostatin M (OSM) receptor and that is significantly upregulated in aged murine
HSCs (Flohr Svendsen et al., 2021; Itokawa et al., 2022) and promotes inflammatory
signalling (Jakob et al., 2021) and HSC mobilization (Bisht et al., 2022). The observed
downregulation of Myb and upregulation of Itgam (Cdl1b) are also known to be important
for myeloid differentiation and these DEGs overlap differentially interacting regions in our
aged vs young LT-HSCs (Fig. 4.2H). Myb is likely a target of the Runx1 transcription factor
during differentiation of megakaryocyte-biased LT-HSCs (C. Wang et al., 2023) and its
downregulation is important for differentiation of LT-HSCs into downstream lineages
(Bianchi et al., 2010; Garcia et al., 2009; Sakamoto et al., 2012). ltgam upregulation in LT-
HSCs is associated with both enhanced regenerative potential and myeloid cell
differentiation (Rydstrom et al., 2023; Trento et al., 2017).

It is also interesting to note that regions near GABA receptor ion-channel genes Gabra2,
Gabrbl and Gabra4 show many gained interactions and Gabrbl and Gabra4 are both
upregulated. In addition, the top two terms in our DI GO term enrichment analysis were
“regulation of membrane potential” and “cell junction assembly” and there were many other
gene sets associated with ion transport and neurogenesis (Fig. 4.2 and Supplementary Fig.
4.2). A recent proposed model of ageing proposes ageing as a loss of the collective goal of
cells mediated by changes in the bioelectric network, which is governed primarily by
regulation of ion-channels (Pio-Lopez & Levin, 2024). A promising avenue of further
research would be to determine if there is a difference in bioelectric patterns in young vs old
bone marrow and whether the manipulation of ion-channels could restore old bioelectrical
patterns in the bone-marrow to a younger state.

We determined so-called lineage inappropriate genes (LIGs) which are not expressed in
young blood lineages but are upregulated in aged LT-HSCs, genes which are normally

expressed in other lineages. For example, Rcvrn (coding for Recoverin) is normally
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expressed in retinal cells and yet is expressed in aged LT-HSCs but not in any young blood
progenitors (Fig. 4.3A and 4.3C panel 1). Our finding that LIGs (which are also DEGs) show
a disproportionate overlap with DI regions in the Hi-C data compared to other upregulated
DEGs, suggests that the regions of chromatin around the LIGs are susceptible to age-
associated 3D chromatin changes that lead to expression of these genes. We speculate that
the expression of lineage inappropriate genes is a consequence of an overall increase in
disorder of the chromatin interactions (TF mediated low-frequency enhancer-promoter
interactions), which could allow for the selection of LT-HSCs in which these changes are
advantageous for survival and proliferation. Examination of the mutational burden of aged
murine LT-HSCs would be required to assess whether mutations linked to clonal
hematopoiesis are also involved.

We also report a strong enrichment of AP-1 binding motifs in the DARs that overlap
regions of age-gained interactions, in line with a recent paper demonstrating in 22 different
murine cell types that regions that increase in chromatin accessibility during ageing show
enrichment for AP-1 binding motifs (Patrick et al., 2024). Our novel multi-omic integration
pipeline uniquely integrates Hi-C interaction data with ATAC-seq and RNA-seq using a
hybrid workflow of STARE (Hecker et al., 2023) and the TF prediction tool ANANSE (Xu
et al., 2021). ANASE is normally used to predict TFs for direct cell reprogramming of one
cell type to another, but which we have adapted to predict TFs that govern different states of
LT-HSCs ageing. Wahlestedt and colleagues demonstrated that aged myeloid-biased LT-
HSCs can be epigenetically reset to have a balanced output via reprogramming to a
pluripotent state (Wahlestedt et al., 2017). However, there is a growing use of direct
reprogramming factors to reinforce the cell identity lost with age (Roux et al., 2022) or other
factors that promote youthful gene expression (Sengstack et al., 2026) or epigenetic patterns
(de Lima Camillo et al., 2025) without any transition through a pluripotent state. From our
Hi-C informed GRN analysis in LT-HSCs, the TFs most strongly predicted to drive the aged
state are c-Maf, Cebpd & Atf3 and thus would be candidates for inhibition. On the other
hand, Gfil, Hif3a, Sox4 and Hesl overexpression are predicted to be candidates to restore
the youthful LT-HSC gene regulatory network state.

The results of our differential GRN analysis are strongly supported by the literature. For

example, c-Maf family proteins have known roles in LT-HSC proliferation and maintenance
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(Asano et al., 2025; Hurt et al., 2004). As shown by us and others (Itokawa et al., 2022;
Mooney et al., 2017), FIt3 mRNA expression is detectable in LT-HSCs (even though the
protein is not present on the surface of during sorting) and is downregulated in aged LT-
HSC:s. Interestingly, our Hi-C informed differential GRN predicts that c-Maf regulates the
TFs Lyll and Mnt which both induce FIt3 downregulation in aged LT-HSCs (Fig. 4.4 C),
although the role of Flt3 in LT-HSCs, where it is lowly expressed and not present on the cell
surface, is still relatively unexplored. Meanwhile, the 2°¢ most highly ranked age-driving TF,
Cebpd, is known to promote myeloid differentiation (Pawar et al., 2014) and both c-Maf1
and Cebpd are predicted to drive the upregulation of Gadd45g (Fig. 4.4C and Supplementary
Fig. 4.4C), which has known roles in driving HSCs out of quiescence toward differentiation
(Thalheimer et al., 2014). Furthermore, Atf3 (next in the ranked list) is known to prevent
stem cell exhaustion (Liu et al., 2020), promote myeloid cell differentiation (Perrone et al.,
2023) and both Cebpd and Atf3 are predicted in our differential GRN to directly
downregulate the TF Bachl (Supplementary Fig. 4.4A and B), which is known to suppress
myelopoiesis (Itoh-Nakadai et al., 2014; Kato et al., 2018). Thus, inhibition of one or more
of these TFs could potentially prevent the myeloid-biased output of aged murine LT-HSCs.
It is also worth noting that the most highly ageing-upregulated TF is Rorb (which is also a
LIG) and is predicted in the ageing-specific differential GRN to drive the downregulation of
the TFs Dbp & Nr4al (Supplementary Fig. 4.4C), which have known roles associated with
neuronal excitability, connectivity, and circadian rhythms in the brain (Kunst et al., 2015).
Thus, our results predict a role for these neuron related TFs in LT-HSC ageing.

The TFs predicted to reprogram cells back to a youthful state in our analysis also have
good evidence from the literature linking them to LT-HSC maintenance. For example, Gfil
has roles in regulating differentiation and proliferation of LT-HSCs (Hock et al., 2004;
Khandanpour et al., 2011), Hes1 is required to prevent stem cell exhaustion (Ma et al., 2020),
while the role of Hif3a is less understood. In addition, Sox4 downregulation is thought to
enable myeloid differentiation (Aue et al., 2011) and has known pioneer factor abilities
(Katsuda et al., 2024). Our young LT-HSC-specific differential GRN predicts that Gfil &
Hif3a both target Sox4 which upregulates the TF, Bachl (Fig. 4.5D & E), which is known to
supress myelopoiesis (Itoh-Nakadai et al., 2014; Kato et al., 2018). This appears to be the
opposite role of Cebpd and Atf3, which are predicted to downregulate it, suggesting an
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antagonistic role of Gfil & Hif3a via Sox4 in combating age-associated gene expression
changes driven by Cebpd and Atf3.

In summary, we have described epigenetic changes in aged murine LT-HSCs associated
with the degradation of cell identity and expansion of myeloid-primed LT-HSCs. AP-1
factors and factors such as c-Maf, Cebpd and Atf3 are top age-driving factors, while Gfil,
Hif3a, Sox4 and Hes1 are strong candidates for restoring the youthful LT-HSC state. While
the roles of these individual factors have been previously studied, often in the context of
oncogenesis and blood cancers (Binod et al., 2024; Foronda et al., 2014; Hones et al., 2017;
Tian et al., 2013), TFs for cellular reprogramming are usually described as collections or
cocktails of TFs due to their combined effect on the overall GRN, effects that are generally
difficult to predict with single knockout or overexpression experiments. Future
reprogramming experiments would likely benefit from assessing knockdown or
overexpression of various combinations of our top ranked TFs to see if balanced and robust

differentiation can be restored to aged murine LT-HSCs.

4.5 Methods

4.5.1 HSC, monocyte and NK cell isolation

For isolation of LT-HSCs, bone marrow from young (8-12 weeks old) and aged (100-130
weeks old) C57BL/6 female mice was harvested by extracting femur, tibia and pelvic bones,
crushing with mortar and pestle in PBS with 2% FBS (FACS buffer) and filtering through 45
um filter. Filtered bone marrow cells were then incubated with red cell removal buffer
[RCRB; 156 mM NHA4Cl (Sigma Aldrich), 11.9 mM, NaHCO3 (Sigma Aldrich) and
0.097 mM, EDTA, made in-house at WEHI] for 1 minute at room temperature (RT), pelleted
at 1500 rpm, washed with FACS buffer, then lineage positive cells were depleted using the
EasySep™ Mouse Hematopoietic Progenitor Isolation Kit (Stem Cell Technologies #19856)
according to the manufacturer’s instructions. The bone marrow of approximately 12 young
mice and 6 aged mice was pooled per experiment with 3 experimental (biological) replicates
performed.

For isolation of monocytes and NK cells, spleens from young (8-13 weeks old) and aged

(100-104 weeks) C57BL/6 female mice were harvested, placed in ice-cold PBS,

112



mechanically dissociated using a 3 mL syringe plunger end, filtered through a 45 um nylon
mesh filter, incubated in 500 pL RCRB for 1 min at RT to remove red blood cells, then
washed twice in ice-cold PBS. Centrifugation steps during red blood cell lysis and washing

were performed at 1500 rpm at 4°C.

4.5.2 LT-HSCs antibody staining and FACS
Lineage depleted cells were incubated with the following antibodies on ice for 30 mins:
CD34-BV421 (Brilliant Violet 421™ anti-mouse CD34, BioLegend #152208)
FIt3-APC (Ms CD135 APC A2F10.1, Becton Dickinson #560718)
Scal-BUV395 (Ms Ly-6A/E BUV395 D7 Becton Dickinson #563990)
c-Kit-BV711 (Ms CD117 BV711 2B8 Becton Dickinson #563160)
CD150-PE-Cy7 (PE/Cyanine7 anti-mouse CD150, TC15-12F12.2, BioLegend #115914)
CD48-APC-Cy7 (APC/Cyanine7 anti-mouse CD150, HM48-1, BioLegend #103432)
Lineage-biotin (Miltenyi Biotec Australia Pty. Ltd. #130-092-613)

Cells were then washed and incubated with Streptavidin-BV650 (SAV BV650, Becton
Dickinson #563855) on ice for a further 15 mins. For staining of mitochrondrial membrane
potential (MMPot), the lineage depleted cells were then incubated with TMRM (Image-iT
TMRM Reagent, ThermoFisher #134361) and 50 mM Verapamil hydrochloride (99%,
Merck, #V4629-1G) for 30 mins at 37°C before staining with SYTOX Blue (Thermo fisher
#S34857) on ice for 20 mins. MMPot High LT-HSCs (CD34  CD48 FIt3- CD150"
TMRMHigh [ SKs) and MMPot Low LT-HSCs (CD34" CD48 Fit3- CD150" TMRMMv
LSKs) were FACS sorted (Supplementary Fig. 4.1A, B and C), yielding approximately
400,000 aged and 60,000 young LT-HSCs per experiment.

4.5.3 Monocyte & NK cell antibody staining and FACS

Splenocyte cell suspensions were incubated for 30 minutes on ice with the following
antibodies:

CD44-FITC (IM7.81, in-house, WEHI, Vic, Australia)

B220-BUV395 (RA3-6B2, Becton Dickinson #563793)

TCRB-APC-eFluor 780 (H57-597, eBioscience #47-5961-82)
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Ly6C-eFluor 450 (HK1.4, eBioscience #48-5932-82)
CD115-BV605 (T38-320, Becton Dickinson #743640)
Ly6G-PE (1A8, Becton Dickinson #551461)
CD4-APC (GK1.5-7, in-house, WEHI, Vic, Australia)
NKI1.1-PE-Cy7 (PK136, Becton Dickinson #552878)
CD62L-biotin (MEL-14, Becton Dickinson # 553149)

Cells were washed and stained for a further 15 mins with Streptavidin-Alexa594 (Thermo
fisher #S32356), washed again and stained with Sytox blue (Thermo fisher #S34857) for 30
mins on ice. Monocytes (B220- TCRB CD115" Ly6C") and NK cells (B220" TCRf" NK1.1%)
were FACS sorted (Supplementary Fig. 4.1E) yielding approximately 320,000-540,000 aged
and 200,000 young monocytes per experiment; and yielding approximately 360,000-640000
aged and 770,000 young NK cells per experiment with 2 experimental (biological) replicates

in total.

4.5.4 Insitu Hi-C

Immediately following FACS, sorted MMPot High and Low LT-HSCs, or sorted
monocytes and NK cells, were double fixed with 1% formaldhyde (10 mins) & 3mM
disuccinimidyl glutarate (45 mins), pelleted at 850 x g at 4 °C, then snap frozen and stored
at -80°C. Cells were then lysed in lysis buffer (10mM Tris-HCI pH8.0, 10mM NacCl, 0.2%
Igepal CA630) with 50ul of protease inhibitors (Sigma, #P8340), washed with lysis buffer
without protease inhibitors, then nuclei were placed in 0.5% sodium dodecyl sulfate (SDS)
and incubated at 62°C for 10 minutes. The SDS was then quenched with 10% Triton X-100
(Sigma, #93443) for 15 mins at 37°C, then 100U of Mbol restriction enzyme (NEB, #R0147)
was added and the mixture incubated at 37°C overnight. The Mbol enzyme was inactivated
by heating to 62°C for 20 minutes, DNA fragment ends were biotinylated by incubating
nuclei with biotin-14-ATP, dCTP, dGTP and dTTP and 5 U/uL DNA polymerase I Klenow
(NEB, #M0210), then incubating at 37°C for 90 minutes with rotation. Proximity ligation
was performed using 2000 U of T4 DNA Ligase (NEB, #M0202), incubating at room
temperature for 4 hours with slow mixing on a rotator. Nuclei were lysed and crosslinked

proteins were degraded by adding 50ul of 20mg/ml proteinase K (NEB, #P8107) and 120ul
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of 10% SDS, incubating at 55°C for 30 minutes, then 130ul of 5M sodium chloride was

added and the mixture incubated at 68°C overnight with rotation.

4.5.5 Hi-C DNA library preparation and sequencing

Hi-C DNA libraries were prepared by first purifying the biotinylated DNA: 1.6X volumes
of pure ethanol and 0.1X volumes of 3M sodium acetate, pH 5.2, was added to each tube,
mixed by inverting and incubated at -80°C for 15 minutes. DNA solutions were centrifuged
at maximum speed for 15 minutes at 4°C, supernatant discarded, then precipitated DNA
pellets washed twice with 70% ethanol, then resuspended in Tris buffer (10 mM Tris-HCI,
pH 8) and incubated at 37°C for 15 minutes to fully dissolve the DNA. The purified
biotinylated DNA was placed in 130ul Covaris microTUBEs (TrendBio, #520045) and
sheared using the Covaris S220 (fill level: 10, duty cycle: 10, PIP: 175, cycles/burst: 200,
time: 58 s). Sheared biotinylated DNA was purified using Dynabeads MyOne Streptavidin
C1 beads (10mg/ml, ThermoFisher #65002) in Tween washing buffer (SmM Tris-HCI pH
7.5; 0.5mM EDTA; 1M NaCl; 0.05% Tween 20), DNA separated using a magnet, washed
twice with buffer, then resuspended in 10 mM Tris-Cl pH 8.0. DNA libraries were end-
repaired and Illumina sequencing barcodes added using the NEBNext Ultra DNA Library
Prep Kit for [llumina (NEB, #E7645). The Hi-C libraries were then PCR amplified using the
Phusion Taq polymerase (NEB, #M0530S) with P5+P7 primer cocktail (in-house, WEHI)
and 9 cycles of PCR. Amplified DNA was then size-selected and purified using AMPure XP
beads (Beckman Coulter, #A63881) and magnetic separation, then final libraries resuspended
in 10mM TrisHCI pH 8. Libraries were prepared for 3 separate Hi-C experiments for LT-
HSCs and 2 separate Hi-C experiments for monocytes and NK cells, then barcoded libraries
were pooled. Pooled Hi-C libraries for LT-HSCs, or pooled monocytes and NK cells, were
sequenced using the Illumina NextSeq 2000 sequencer on a P3 100 flow cell, using 66 bp

paired-end reads.

4.5.6 Hi-C analysis
Reads were aligned using Bowtie2 v.2.5.3 (Langmead & Salzberg, 2012), duplicates were
marked using Picard tools v.3.3.0 (Broad Institute, 2023), files sorted using Samtools v. 1.21

(Li et al., 2009). Differential analysis was performed on three replicates per condition for
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LT-HSC (combined low and high MMpot) and two replicates per condition for monocytes
and NK cells, in two separate analysis using diffHic v.1.36.1 (A. T. Lun & G. K. Smyth,
2015). In brief, pairwise interactions were quantified at 100 kbp resolution using the
squareCounts function. Genomic fragments were defined using an mm39 reference, and
analyses were restricted to canonical chromosomes. Low-abundance and artifactual
interactions were removed by applying filterDirect, which estimated non-specific ligation
rates from inter-chromosomal pairs, and filterDiag to eliminate short-range (diagonal)
contacts. For differential interaction analysis, systematic non-linear biases (including
distance-dependent trends) were corrected by calculating offsets using the normOffsets
function with method="loess" from the csaw (Lun & Smyth, 2016) package. These offsets
were calculated separately for near-diagonal (<500 kbp) and far-diagonal/inter-chromosomal
interactions to account for distinct noise profiles. Differential interactions were then
identified using the edgeR v.4.2.2 (Chen et al., 2025; Robinson et al., 2010) quasi-likelihood
(QL) framework. Interaction data were converted into a DGEList, and biological variability
was modelled through dispersion estimation with estimateDisp and glmQLFit. Differential
interaction analysis between aged and young samples was then performed using glmQLFTest
with subsequent multiple testing correction (FDR <0.1), and significant interactions were
annotated with genomic coordinates using GenomicRanges (Lawrence et al., 2013) and
visualized using custom ggplot2 v.4.0.1 (Wickham, 2016) plots and using Integrative
Genomics Viewer (IGV) v3.0.0 (Thorvaldsdéttir et al., 2013). Additional Hi-C heatmap and
multitrack plots were made using the plotgardener v1.14.0 R package (Kramer et al., 2022),
but for this the Hi-C data had blacklisted sites removed, replicate merged and counts
normalized using Iterative Correction and Eigenvector decomposition (see the Methods

section “Topologically associated domains (TAD) analysis” for details).

4.5.7 Gene biological pathway enrichment analysis

Genes or DEGs that overlap regions of age-increased and age-decreased interactions were
analysed using the R package clusterProfiler (Yu et al., 2012) by running the goenrich and
enrichPathway functions with the default settings recommended in the documentation (p
value 0.05, q value 0.2, with BH correction for the adjusted p value), and the results plotted
using the dotplot and heatplot functions from the enrichplot v1.28.4 (Yu, 2025) package.
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4.5.8 Topologically associated domains (TAD) analysis

Hi-C data were processed using HiCExplorer v3.6 (Ramirez et al., 2018) for TAD
analysis. Initially, mm39 aligned BAM files were coordinate-sorted using SAMtools v1.22.1
(Li et al., 2009) and reads overlapping mm39 blacklisted regions were removed via bedtools
intersect. The filtered BAMs were then name-sorted and converted to pairs format using
pairtools v1.1.3 (Open2C et al., 2024) with a minimum mapping quality of 30, a unique
walks-policy, and a maximum inter-align gap of 20 bp. Subsequent steps included sorting,
deduplication (allowing up to three mismatches), and filtering to retain valid intra- and inter-
chromosomal interactions (with a minimum distance of 1 kb), thereby generating high-
confidence interaction pairs. These pairs were converted into contact matrices in the .cool
format, and replicates were merged using cooler merge. Finally, the merged .cool files were
transformed into the HDF5 (.h5) format with hicConvertFormat.

The resulting Hi-C contact matrices were normalized using hicNormalize with the
‘smallest’ normalization method across multiple resolutions (ranging from 10 kb to 2 Mb) to
ensure data comparability. Diagnostic plots were generated using hicCorrectMatrix, and
matrices were further corrected using Iterative Correction and Eigenvector decomposition
(ICE) normalization, with threshold values determined from the diagnostic plots. These ICE
normalized, merged Hi-C files were for all Hi-C heatmap plots using the plotgardener v1.14.0
R package (Kramer et al., 2022). TADs were subsequently identified at 100kbp resolution
using hicFindTADs, where the step size was set to the resolution and the minimum and
maximum depths were defined as three- and ten-fold the resolution, respectively. TAD
separation scores from hicFindTADs were then plotted for each condition (aged and young)
and the significance of the difference in distribution determined using a Mann Whitney U

test.

4.5.9 Compartment analysis

Compartment analysis was performed using HICDOC v.1.6.0 (Kurylo et al., 2023). Raw
data stored in .cool files were first organized into HICDOCDataSet objects by extracting
resolution-specific replicates and conditions (aged vs. young) via the function

HiCDOCDataSetFromCool. To ensure data quality, matrices were filtered using a series of
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functions: filterSmallChromosomes removed chromosomes below a set length threshold,
filterSparseReplicates excluded replicates with fewer than 5% non-zero interactions, and
filterWeakPositions eliminated bins with average interactions below 1/6th of the overall
signal.

Normalization was performed in three sequential steps to correct for technical, biological,
and distance-dependent  biases. Technical biases were normalized using
normalizeTechnicalBiases (employing cyclic loess normalization), followed by
normalizeBiologicalBiases to adjust for sample-specific effects, and finally,
normalizeDistanceEffect was applied with resolution-specific loess sample sizes to correct
for the decay of interaction frequency with genomic distance. A/B compartments were then
detected using detectCompartments and compartment differences between conditions were
identified using the differences function (threshold = 0.05). For the final analyses, only the
200 kbp resolution data were used to generate compartment assignments, differential calls,

and corresponding visualizations with plotCompartmentChanges.

4.5.10 Shannon entropy analysis

Shannon entropy was calculated using a method similar to Jenkinson et al. (Jenkinson et
al., 2017) by calculating the probability distribution of interactions of all 100 kbp bins within
each 2 Mbp span. Entropy value distributions in young vs aged were then compared using a
Mann Whitney U-test. In brief, MMPot high and low merged Hi-C BAM files (3 aged, 3
young) were initially processed using custom bash scripts to downsample the coordinate-
sorted BAM files to a common depth: Unique read counts for each sample were determined
and the minimum unique read count was used as a reference to calculate a downsampling
fraction. BAM files were then subsampled using the SAMtools v1.22.1 (Li et al., 2009) view
command with a fixed random seed (42) to ensure reproducibility, then a name-sorting step
was performed to prepare the files for downstream analysis.

Downsampled Hi-C interaction matrices were imported into R as InteractionSet (Lun et
al., 2016) objects. Bins were first filtered based on their size (e.g., retaining those within 90—
110 kb) to maintain a consistent resolution. Genomic spans of 2 Mbp were then generated
using the GenomicRanges tileGenome function (Lawrence et al., 2013), and bins were

mapped to these spans via findOverlaps. Within each span, the interaction counts for each
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sample in each condition were aggregated by unique bin-pair identifiers so only aged and
young samples were compared. Probabilities were computed from these counts, and Shannon
entropy was calculated as the negative sum of the probability multiplied by the log. of the
probability. This step was adapted from established protocols (Jenkinson et al., 2017; Liu et
al., 2022) to capture the local interaction variability within defined genomic spans.
Distribution of entropy values were compared between aged and young LT-HSCs using a

non-parametric Mann Whitney U-test.

4.5.11 RNA-seq analysis

RNA-seq data for aged and young LT-HSCs from Itokawa et al., 2022 (GSE162607) were
analysed for differential expression as follows: Raw sequencing reads were subjected to
quality control and adapter trimming. Adapters were removed and reads were filtered for a
minimum length of 20 bp and a quality score of 20 using Cutadapt 4.9 (Martin, 2011). The
quality of trimmed reads was further assessed using FastQC v0.11.x (Andrews, 2010).
Cleaned reads were then aligned to the GRCm39 reference genome (Ensembl release 113)
using STAR 2.7.11b (Dobin et al., 2013). Alignment was performed in two-pass mode, and
output was sorted by coordinate into BAM format.

Gene-level read counts were quantified from the aligned BAM files using featureCounts
from Subread v2.0.6 (Liao et al., 2013), with annotations provided by the Mus musculus_
GRCm39.113 GTF file. Downstream differential expression analysis was conducted in R
using the edgeR package 4.2.2 (Chen et al., 2025; Robinson et al., 2010). Gene annotation
information, including Entrez Gene IDs and MGI symbols, was retrieved from Ensembl
(mmusculus_gene ensembl dataset) using the biomaRt R package (Durinck et al., 2009). A
design matrix was constructed using the model.matrix function so that groups of the same
age and cell type were compared (aged vs young LT-HSCs), then lowly expressed genes
were filtered using filterByExpr, followed by Trimmed Mean of M-values (TMM)
normalization to account for library size and compositional biases. A Quasi-Likelihood
Negative Binomial Generalized Linear Model (GLM) was fitted, and differential expression
was determined using Quasi-Likelihood F-tests. Genes with a false discovery rate (FDR)
adjusted p-value of less than 0.05 were considered statistically significant. Genomic ranges

for differentially expressed genes were subsequently incorporated using the rtracklayer
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v.1.68.0 R package (Lawrence et al., 2009), based on the same Ensembl GTF annotation.
Importantly, LT-HSCs surface markers used for sorting cells in the GSE162607 dataset, i.e.
I1-7- CD34" CD48 FIt3- CD150" LSKs, are similar to those used for our Hi-C experiments,
where Itokawa et al. use IL-7 to also isolate I1-77* later progenitors CLPs, MEPs and GMPs
(See (Itokawa et al., 2022)).

The differential expression values used to build gene regulatory networks were generated
in R using DESeq2 v.1.48.2 (Love et al., 2014) on the STAR count matrices for LT-HSCs
only. DESeqDataSet objects were constructed using DESeqDataSetFromMatrix, library size
normalization was performed by estimating size factors with estimateSizeFactors and
differential expression testing was then carried out using DESeq using alt hypothesis =
'greaterAbs', independent filtering = TRUE, p adjust method = 'BH' and minmu = 0.5.
Pairwise contrasts were performed for aged/young or young/aged depending on whether the

target condition was aged LT-HSCs or young LT-HSCs, respectively.

4.5.12 Determination of lineage inappropriate expression

Raw RNA-seq expression counts for LT-HSCs, MPP1-4s, MEPs, GMPs and CLPs from
the [tokawa et al. 2022 data (GSE162607) were normalized by a recently described technique
called gene length corrected trimmed mean of M-values (GeTMM) (Smid et al., 2018), which
uses edgeR’s TMM normalization on read counts that have been adjusted by gene length. By
filtering for only genes that were significantly differentially expressed and setting upper and
lower log2GeTMM expression thresholds we defined a set of genes lowly expressed or
absent in young blood progenitors, which have low or negligible expression [log:(GeTMM)
< 2.71] in young LT-HSCs, MPP1-4s, GMPs, MEPs or CLP and significantly higher
expression [logo(GeTMM) > 2.88] in aged LT-HSCs. Restricting our definition again to
genes that have near zero expression [log2(GeTMM) < 1] in young blood progenitors further

defined genes we term “lineage inappropriate genes” (LIGs).

4.5.13 ATAC-seq analysis
ATAC-seq FASTQ files from the Itokawa et al (2022) dataset (GSE162551) were quality-
checked with FastQC v0.11.x (Andrews, 2010) and reads aligned to the GRCm39 mouse

reference genome using Bowtie2 v2.5.3 (Langmead & Salzberg, 2012) and converted to
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BAM with SAMtools v1.22.1 (Li et al., 2009); alignments were coordinate-sorted and PCR
duplicates were removed with Picard v3.1.1 (Broad Institute, 2023) using MarkDuplicates
(REMOVE_DUPLICATES=true). Deduplicated alignments were filtered to retain mapped
reads with mapping quality >10, and mitochondrial reads were excluded; filtered BAMs were
then indexed. To remove artefactual signal, reads overlapping genomic exclusion regions
from mm39.excluderanges (Ogata et al., 2023) were removed with BEDTools v2.31.1
(Quinlan & Hall, 2010) and the remaining reads were re-sorted and indexed. Peaks were
called per sample using MACS3 v3.0.1 (Y. Zhang et al., 2008) with an effective genome size
0f2,654,621,783 using the arguments --nomodel --shift -100 --extsize 200 with a significance
threshold of q<0.05.

Differential chromatin accessibility analysis was performed in R using DiffBind v3.18.0
(Stark & Brown, 2011) on blacklist-filtered ATAC-seq BAM files and MACS3 narrowPeak
calls and analyses were restricted to primary autosomes (1-19) and chromosome X. A
DiffBind sample sheet was constructed from the study metadata, and a consensus peakset
was generated with minOverlap=2 to harmonize peak coordinates across samples. Read
counts over consensus peaks were obtained with = SummarizeOverlaps
(bUseSummarizeOverlaps=TRUE) and, to reduce between-lineage variability, differential
accessibility was performed separately for each hematopoietic cell type (LT-HSC, MPP1-4,
GMP, MEP, CLP). For each cell type, an offset-based loess normalization was performed
and differential testing was run as aged versus young using edgeR within DiffBind.

Differentially accessible regions (DARs) were defined at FDR < 0.05.

4.5.14 Motif enrichment analysis

Transcription factor (TF) binding motif enrichment analysis was performed on regions of
differential interactions (DIs) identified in Hi-C data from aged versus young LT-HSCs at
100 kbp resolution. Briefly, DI regions were intersected with differentially accessible regions
(DARs) determined from analysis of the Itokawa et al (2022) ATAC-seq dataset. Mouse TF
binding motifs were retrieved from the HOCOMOCO v13 (Vorontsov et al., 2024) and
database and filtered to only include TFs with a TPM > 0.1 in the Itokawa et al (2022) RNA-
seq dataset, then converted to position weight matrices lists using the universalmotif v1.26.2

(Tremblay, 2024) and TFBSTools v1.46.0 (Tan & Lenhard, 2016) R packages. Enrichment
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of filtered TF motifs in DARs overlapping DIs was then performed using the monaLisa R
package (Machlab et al., 2022). For enrichment of TF motifs in DARs overlapping DIs, only
DARs and DIs that change in the same direction (age-opening DARs with gained DIs, or
age-closing DARs with lost DIs) were analysed. To enable binning, a combined DAR-DI
“logFC score” was calculated by multiplying together the logoFoldChange values for the
DARs and the DIs they overlap, then making the age-closing/lost interaction scores negative
by multiplying it by -1. The logFC scores were then binned into 4 bins and the DARs were
analysed using the monaLisa calcBinnedMotifEnrR function. Results were filtered for motifs
that were significantly enriched (enrichment adj.p < 0.05) then plotted using the
plotMotifHeatmaps function.

4.5.15 Network analysis and transcription factor ranking

In summary, TF-gene affinities were calculated using the STARE pipeline (Hecker et al.,
2023) in gABC mode by combining Hi-C data and ATAC-seq data then mapping TF motifs
to the ATAC-seq peaks and aggregating TF binding scores from different peaks assigned to
the same gene. TF-gene affinities were then combined with RNA-seq expression values to
generate GRNs. Differential GRNs were generated by subtracting the network weights of
one condition from another and TFs were ranked, following the ANANSE pipeline (Xu et
al., 2021), according to their strength of influence on the overall changes in network weights.

Firstly, Hi-C contact matrices that had previously been blacklist-filtered and ICE
normalized were converted to STARE-compatible contact files. For each condition (young
and aged LT-HSCs), Hi-C contact matrices at 100 kb in .h5 format were converted to a
genome-wide Glnteractions-style TSV using hicConvertFormat from HiCExplorer v3.6
(Ramirez et al., 2018) and then split by chromosome. For each chromosome, intra-
chromosomal contacts were kept and written as a three-column STARE contact files (binl,
bin2, contact) at the chosen bin size (100 kb). ATAC-seq peak summits from all young and
aged LT-HSC replicates were mereged, reduced to 1 bp summit positions, and expanded
symmetrically by +250 bp using the BEDTools v2.31.1 (Quinlan & Hall, 2010) slop
command with mm39 chrom sizes to create a union set of fixed 500 bp windows. Windows
overlapping mm39 blacklist regions were removed (bedtools subtract). Per-peak activity was

quantified by counting overlaps of each union window with filtered ATAC-seq BAM files
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using bedtools coverage -counts. The resulting peak-by-sample count matrix was imported
into R and normalized with the csaw v1.42.0 (Aaron TL Lun & Gordon K Smyth, 2015)
normOffsets function. Condition-specific chromatin accessibility was then summarized as
offset normalized counts per million (CPM) for each replicate and as the mean CPM per
condition, and written back to a BED-like table (chr, start, end, peak id, per-replicate CPMs
and Young/Old mean CPM).

These accessibility peak windows, together with the normalized Hi-C contacts and
genome annotations, were then used as input to STARE in ABC mode to compute enhancer-
gene ABC scores and TF-gene affinities. STARE was run via the provided STARE.sh driver
script with the union ATAC-seq peak windows as -b, the Ensembl GRCm39 (mm39) primary
assembly FASTA as -g, and the corresponding Ensembl GTF annotation as -a. For the ABC
model we supplied the per-chromosome Hi-C contact files (-f), the Hi-C bin size (-k 100000),
the column number for the mean ATAC-seq CPM value for each condition from per-peak
activity table (-n), a gene-centred window of 5 Mb around TSSs (-w 5000000), an enhancer
window of 5 Mb for the adapted ABC adjustment (-m 5000000), an ABC score cutoff of 0.02
(-t 0.02), and enabled both pseudocounts and the adapted ABC scoring (-d True, -q True)
with tss_mode set to all tss. Position-specific energy matrices (PSEMs) were generated from
transfac-format PSCMs using the built-in PSCM-to-PSEM conversion. STARE was run
using the HOCOMOCO-derived H13 CORE (Vorontsov et al., 2024) TF motif set. STARE
first extracted open-chromatin sequences from the reference genome (bedtools getfasta),
cleaned non-canonical bases, and then computed TF-DNA affinities for each peak using
TRAP, which sums the per-position binding probabilities for each peak region, followed by
integration of TRAP scores, ABC enhancer-gene scores and TSS annotations to produce TF-
gene affinity matrices for each condition (young and old LT-HSCs). To make the STARE
output compatible with ANANSE influence, the TF-gene affinity matrix values were scaled
to a value of between 0 and 1. Mean TPM expression for target genes and TFs was then
computed, rescaled to between 0 and 1, then these scaled expression values were used to
modulate the scaled TF-gene affinity matrix scores (affinityjo,1;) such that each TF-gene edge

weight becomes probre,gene using the following:
pProbre gene = affinity[oll](O.S +05- TF_expr[O,l])(O.S +0.5- target_expr[o,l])
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These expression-weighted affinity (prob) values were then used by the ANANSE
influence command to rank the TFs in several steps using the DEG logFC values. First a
differential network (Old - Young or Young - Old) was built by subtracting the source GRN
from the target GRN (i.e. the modified STARE networks with the “prob” values as network
edges), where only edges with positive differences (higher values in the target condition)
were kept. For each TF, a Target score was then computed by summing, over all DEGs
reachable within two steps in this differential network, the product of each TF’s target gene

connection weights and the target gene expression-change score (i.e. the [log2FC)):
Target score = z network weight x |target gene logFC|

(for all DEGs within 2 steps of the TF)

A G_score equal to the TF’s own expression-change score (|log:FC]| if upregulated and
padj < 0.05) was also assigned:
G score = |logFC of TF itself|

Finally, ANANSE influence ranked TFs by an Influence score, whereby the rank is
equivalent to:

Rank (Influence) = Target score + G score

The TF Rank (Influence score) is derived by summing the Target score and G score then
scaling to a value between 0 and 1. A TF is thus highly ranked if it is strongly connected to
multiple target DEGs (1 or 2 steps away in the network) that have high changes in expression
and if the TF itself is strongly upregulated, but whereby the connectivity to multiple DEGs
generally has more influence in the final ranking.

Differential GRN plots were generated in R by importing the TF influence table and
differential network (source, target, weight) with readr v 2.1.5 (Wickham et al., 2024) and
dplyr v 1.1.4 (Wickham et al., 2023), constructing directed graphs with igraph v 2.2.1 (Csardi
& Nepusz, 2006), then visualising them with ggraph v 2.2.2 (Pedersen, 2025) and ggplot2
v4.0.1 (Wickham, 2016). For each TF of interest, a TF-centered network was extracted to a

maximum path length of two steps (max steps = 2) to reflect ANANSE’s influence
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neighbourhood, and edges were restricted to outward connections only to emphasise
TF—TF—gene cascades. To limit visual complexity, the differential network was filtered to
the strongest edges (weight > 1x10™*) and plotted subnetworks retained TF nodes plus
differentially expressed target genes defined from DESeq2 results (padj < 0.05 and
llog2FoldChange| > 0.2). The networks weights are shown in Supplementary Table 4.
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4.6 Supplementary Figures for the paper in review “Multi-omic gene
regulatory networks informed by 3D chromatin architecture reveal

insights into hematopoietic stem cell ageing”

A Aged bone marrow cells B Young LT-HSCs

~
>
9
= u
; o
o °
- 2 Old & Young LT-HSCs
g o h
© 8] 100 5
CD34-Flt3-
51.2 10 g =-
e gy e
Scat - BUV395 FIt3 - APC CD48 - APC-Cy7 e =7
B
Young bone marrow cells 2 MMPot MMPot
| E I !
s ] s s LTHSCs ] f\ S w- Low High
©°1 303 41.2 = wd Al I / "
. s 5-] | ° P
& ° e & 3 8 MMPot | | MMPot ° et
- sl L] 1 =3 Low | | High TMRM
AR Q3 wd 743) | 169
S i Oy g 1 i
=
m e Py o - ! oy
" s R o o e TMRM
Scat - BUV395 Fit3 - APC CD48 - APC-Cy7
(o Numbers of DlIs at 100 kbp (FDR<0.1)
Frequency of MMP events D @
80 o
70 B 100 Gained Cis Interactions
% 60 o Gained Trans Interactions
@ 50 2 Lost Cis Interactions
2 40 WOId LT-HSCs E Lost Trans Interactions
T % Young LT-HSCs © 50,
O 20 e
2= g
L E
MMPpot high  MMPpot low z, _ e _..
E MMPot High  MMPot Low Aged Young
Aged splenocytes Aged Aged  MMPotHigh MMPot High
i Vonocytes 250k 3 vs Vs Vs Vs
___ 13.8% i Young Young MMPot Low  MMPot Low
2 A b 200K NK cells
14 ~— 226%
E i 5 oo * F Numbers of Dls at 100 kbp (FDR<0.1)
3
N e 3000 [ | Gained with age
S - M Lost with age
0 0 1w 0% 0 10 w0t 10° ]
CD115-BV605 NK1.1-PE Cy7 -E'
9]
Young splenocytes 3 & 2000
€0 20
1054 Monocytes 0k E © 4
k| B 7.31% o E 15
° P 2 =) 200K NK cells = O
H A Aty N S5 10007 10
§ : 8 ol iﬂ £ N7 g
a L Tes 0 i R - z 5
1220° gﬁzm "f ﬁ sk 0
0T ] Old/Young Old/Young Old/Young
w020 10° 10t w0® 0% o 10° 00 10°  w0* 10 LT-HSCs Monocytes  NK cells
TCRB-APC Cy7 CD115-BV605 NK1.1-PE Cy7

Supplementary figure 4.1. Sorting strategy and differential interaction results for murine (C57Bl/6)
aged and young mitochondrial membrane potential (MMPot) high and low long-term hematopoietic
stem cells (LT-HSCs), monocytes and NK cells. A. Fluoresence associtated cell sorting (FACS) plots for
the isolation of aged and young LT-HSCs; B. FACS plots for isolation of aged (old) and young MMPot high
and low LT-HSCs; C. Bar plot of the typical frequency (%) of MMPot high and MMPot low LT-HSCs
obtained from each age condition; D. Differential interaction (DI) numbers for the four different contrasts
tested, comparing either age or MMPot status, showing that ageing has a stronger effect than MMPot status;
E. FACS plots for the isolation of murine (C57Bl/6) aged and young monocytes and NK cells; F. DI numbers
for aggregated aged (old) versus young MMPot combined LT-HSCs (left) compared to old versus young
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monocytes or NK cells, showing that these mature cell types acquire far less chromatin architecteral

differences than LT-HSCs during ageing.
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Supplementary figure 4.2. Fry test and KEGG pathway enrichment analysis results. A. Fry test
showing that differentially expressed genes (DEGs) are enriched in the top 20 differentially interacting (DI)
regions that alter interaction frequency with age and that the upregulated DEGs B3galtl, Gabra4, Gabral and
Terfl are particularly enriched in these top DI regions; B. Kyoto Encyclopedia of Genes and Genomes
(KEGGQG) pathway enrichment analysis results for all genes that overlap HI-C DI regions that change with age
in long-term hematopoietic stem cells (LT-HSCs); C. KEGG pathway enrichment analysis results for all
DEGs that overlap HI-C DI regions that change with age in long-term hematopoietic stem cells (LT-HSCs).
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Supplementary figure 4.3. Significantly upregulated genes in aged long-term hematopoietic stem
cells (LT-HSCs) that are absent or lowly expressed in young blood progenitors. A. Heatmap of log:
transformed gene-length corrected trimmed mean of M-values (GeTMM) expression values for 85 genes that
appear to be lowly expressed or not-expressed in young blood progenitors (GeTMM expression value < 2.71)
but that are significantly upregulated in aged LT-HSCs (GeTMM expression value > 2.88); B. Distribution of
log> transformed GeTMM expression values to determine express value thresholds that define actual
expression versus noise where genes defined as “expressed” were above the 2.88 threshold (green dashed
line) and genes defined as “not expressed” or “very lowly expressed” were below the 2.71 threshold (red
dashed line); C. Distribution of log: transformed GeTMM expression thresholds for lineage inapproriate
genes (LIGs) whereby the upper threshold of 2.88 remained the same (green dashed line) but the lower
threshold for the “not expressed” genes was lowered to the logz GeTMM value of 1 (pink dashed line); D.
Gene ontology (GO) term enrichment results for the genes shown in panel A; E. GO terms and the gene sets

that that are enriched in each term.

129



A [Gmat8g) TF: Cebpd B

Direct targets (1-step, total): 139

Tgift Secondary targets (2-step, total): 475 TF: Atf3
T Targets within 2 steps (total): 614 Direct targets (1-step, total): 391
\- [Ddit3)] target_score_scaled: 0.6783 Secondary targets (2-step, total): 2021
G_score_scaled: 0.88 Targets within 2 steps (total): 2412 Edge weight
) influence_score (scaled): 0.9932 target_score_scaled: 0.6294 9e welg
G_score_scaled: 0.84 —» 0005
[(Aacs) Edge weight :
ige weig| influence_score (scaled): 0.9863 - 0.010
—» oot =P 0.015
> ooz > oo
. Cwsi= 2veds o Ddis]  [Gmats:
-/ /' — log2FC
= 005 (Old vs Young)
[Bacn1) ko] o 4
g2FC
(Smad3] \ AIS06816) Sid vs Young) Hsd17b7
4 2
Zbtbad Gadddsg [ | R
0
(Nrtd1) - 4
Fit3 ) S5 )
; Pbx1 P
-2
c D TF:Sox4 E  TF:Hes1
TF: Rorb Direct targets (1-step, total): 60 Direct targets (1-step, total): 125
Edge weight .
Direct targets (1-step, total): 10 > oo Secondary targets (2-step, total): 183 Secondary targets (2-step, total): 60
Secondary targets (2-step, total): 11 7 " :’:":;‘Z“g:“;:::ﬁ;‘;;‘; A3 Targets within 2 steps (total): 185
Targets within 2 steps (total): 21 - 0006 G_m‘,e_sca‘led. 0.6667 target_score_scaled: 0.4493 _
target_score_scaled: 0.1818 o> 00 influence_score (scaled): 0.9903 ‘ G_score_scaled: 0.7222 Edge weight
G_score_scaled: 1 - 000 Edge weight influence_score (scaled): 0.9855 - o0t
influence_score (scaled): 0.9589 T - oot
oqarc 2o 5 > o
(Old vs Young) -» 003
B \ 7 -» 003 Mfsd2b - 00
-» 004
Rorb [Dbp) Nrdal 2 =P 005
; [Dbp) (Nrda1] Bach1 \L/‘ =P 005 -m log2FC
o . log2FC (Young vs Old)
! Soxq ~Gatad2a]  (Young vs OId) [Ena3) s g
2 R —
[Retreg1]
Zik1 Ptprk| -/ \- 0
[Ptork] . 1
; Abcb1b :
. 1 [zfp526 . 2
-2
F [54.9 Mbp Chr1 57.2Mbp! 1176 Mbp Chr 1 177.5 Mbp! /99.0 Mbp Chr3 100.8Mbp' '81.8Mbp Chr16 85.0Mbp' 124.5Mbp Chr5 151.5 Mbp!
ICE
N normalized
Youn -~ . interaction
LT-HSC s < counts
o > 74 500+
\ a PN PO -
—n ' ' '
'
Plci1 Zbtb18 Tentsc Jam2 Fry
Old 0
LT-HSC ®
> -
< 4 y
PN s addbad
H t ‘ Jam2 .
Plci1 Zbtb18 Tent5¢c ) Fry
Gained_ / \
interactions N/ DA
N\
Plc1 i 1300500 1g8H 3%, F]
Genes - — H R RN A, A T
- o ot Zoth18 W ot e ogen 4o

—
Lost . =
interactions

Supplementary figure 4.4. A. Simplified network diagram of the 2nd ranked age-driving TF, Cebpd,
which is predicted to regulate 139 direct targets in this differential gene regulatory network (GRN), including
the downregulation of the myeloid supressing TF Bach1 and regulation of Myc which in turn regulates FIt3
downregulation and Gadd45g upregulation (shown in green circles); B. Simplified network diagram of the 3rd
ranked age-driving TF, Atf3, which is predicted to regulate 391 direct targets in this differential GRN,
including the downregulation of Bachl (shown in green circles) and upregulation of AP-1 factors such as
Jund; C. Simplified network diagram of the 7th ranked age-driving TF, Rorb, which is predicted to regulate
10 direct targets in this differential GRN, including the downregulation of the TFs Dbp and Nr4al; D.
Simplified network diagram of the 3rd ranked youth-promoting TF, Sox4, which is predicted to regulate 60
direct targets in the young vs aged differential GRN, including the upregulation of the myeloid supressing TF
Bachl (shown in green circle); E. Simplified network diagram of the 4rd ranked youth-promoting TF, Hesl,
which is predicted to regulate 125 direct targets in the young vs aged differential GRN, including the
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downregulation of the sphingosine-1-phosphate transporter gene, Mfsd2b, and upregulation of the suppressor
of cholesterol synthesis gene, /nsig/; F. Hi-C heatmaps and arc-plots for Young and Aged LT-HSCs showing
region interactivity that changes with age near the differentially expressed genes (DEGs) targeted by highest
ranked age-driving TF, c-Maf, including the DEGs Plcll, Zbtb18, Tent5c, Jam2 and Fry (DEGs in red are
upregulated, DEGs in blue are downregulated).
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Chapter 5: Overall discussion, conclusions and future

perspectives

As previously discussed, partial reprogramming with transient expression of the
Yamanaka factors may be a viable way to restore some function to aged cells; yet partial
reprogramming of aged HSCs using Yamanaka factors has not yet been reported. In chapter
2, I presented my attempts to optimise the expression of Yamanaka factors in HSCs and more
broadly LSKs. My attempts to transfect LSKs with polycistronic expression cassettes
harbouring OSKM, then later OSK, all failed to reach sufficient levels, despite successful
expression in the hardier HEK293T cell line. For example, transfection of HEK293T cells
with OSK-mNeonGreen DNA plasmid led to ~40% transfection efficiency. While
transfection of LSKs with OSK-mNeonGreen DNA plasmids failed (0% transfection),
transfection with the single gene positive control (Q25-mNeonGreen) DNA plasmid resulted
in ~30% transfected LSKs (and 43% of the LT-HSC subpopulation) using the EH-100
nucleofection program, indicating that smaller plasmids are likely required. However,
exogenous DNA is known to activate c-gas sting pathways (Langereis et al., 2015) making
DNA plasmids imperfect for sensitive cell-types (e.g. HSCs).

There is evidence that modified mRNA containing 5-methyl cytidine and pseudouridine
is less immunogenic (Alessio et al., 2017; Andries et al., 2015; Kariko et al., 2005;
Papaioannou et al., 2023) and transfection of HEK293T cells with OS-mNeonGreen mRNA
led to an impressive 69% transfection efficiency. Unfortunately, transfection of LSKs with
modified mRNA such as OS-mNeonGreen was not attempted due to time constraints and the
high cost of IVT reagents. However, transfection of LSKs with mRNA seems like a
promising avenue and it is likely that splitting the cassettes into separate smaller cassettes
made up of one transcription factor and one reporter could be the best option going forward.
In addition, encasing each mRNA molecule within lipid nanoparticles (LNPs) may further
increase transfection efficiency with reduced immunogenicity. For example, it has already
been demonstrated by others that LNPs coated with CD117 (c-Kit) antibodies can be targeted
to HSPCs with very high efficiency to deliver Cre recombinase mRNA (Shi et al., 2023) and
Cas9 adenine base editor mRNA (Breda et al., 2023). In human HSPCs, virus like particles
targeted to CD133 were able to specifically target and edit the genomes of CD34" human



HSCs in a humanized mouse model (Botchkarev et al., 2025). Furthermore, antibody-free
LNPs made from certain ionizable lipids were demonstrated to specifically target human
bone marrow progenitors in vivo (Xu et al., 2026). These examples demonstrate the high
potential of targeting reprogramming factor encoding mRNA to aged HSCs.

Epigenetic reprogramming may be particularly necessary for cells that do not show
restoration of function when transplanted into younger recipients, which is an intrinsic ageing
phenotype of LT-HSCs. To circumvent the practical and translational difficulties of
transcription factor-based reprogramming, chemical reprogramming is being explored, using
molecules that either interact with cell surface receptors or permeate the cell membrane to
activate or inhibit gene regulatory programs. For example, a screen of chemicals identified
compounds such as valproic acid, CHIR-99021, E-616452 (RepSox), tranylcypromine and
forskolin as able to reduce age-associated and senescence-associated leakage of nuclear
proteins into the cytoplasm and transcriptomic signatures (J.-H. Yang et al., 2023b).
Similarly, aged human fibroblasts treated with a cocktail of RepSox, trans-2-
phenylcyclopropylamine (tranylcypromine), DZNep, TTNPB, CHIR99021, forskolin, and
valproic acid displayed reduced DNA methylation clock age and transcriptomic clock age
(Mitchell et al., 2024). A dual molecule reprogramming cocktail also restored molecular
signatures of aged human cells in vifro and extended the lifespan of nematode worms
(Schoenfeldt et al., 2025). Furthermore, a recent preprint showed that both overexpression of
OSKM or chemical reprogramming with a cocktail consisting of tranylcypromine + RepSox
ameliorates cellular senescence (Nufiez-Quintela et al., 2026).

While individual -omics have been used to assess the effects of chemical reprogramming,
multi-omic GRN analysis is also being used. For example, GRN analysis has been used to
identify novel compounds that change cell fate (Xiao et al., 2025) and identify molecular
targets to rejuvenate aged cells (Lee et al., 2021). GRN analysis to identify novel compounds
that change the aged GRN state, or to molecularly confirm the rejuvenating effects of known
or newly devised chemical reprogramming cocktails is a promising area of future research.

Reprogramming aged cells to a more youthful state using transcription factors that do not
push cells towards a pluripotent state has also begun to be explored. Reinforcing cell identity
with TFs whose activity is more dominant in the young cell GRN could represent an

alternative approach to using pluripotency factors. Determining these TFs can be achieved
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through multi-omic integration and comparison of GRNs. Furthermore, construction of
GRNs using Hi-C data provides additional information regarding the way genes are
regulated, particularly by distal regulatory elements. Here, Hi-C-informed GRNs were used
to investigate the hypothesis that TFs associated with a youthful LT-HSC state may be
candidate rejuvenation factors. These predictions require functional validation.

In chapter 3, I presented results of an experiment to optimise the Hi-C protocol in a low-
input setting such as is the case when dealing with LT-HSCs. Double fixation with FA and
DSG resulted in an increased detection of short range (1-10 kbp) interactions and a reduction
in potentially spurious trans-chromosomal interactions and mitochondrial contamination, so
this was incorporated into subsequent in situ Hi-C experiments. Furthermore, choice of
restriction enzyme digestion with Mbol or Dpnll (which have the same recognition site but
possibly different kinetics due to size and active site differences) did not significantly affect
the median length of digested DNA fragments or the proportion of interactions in each
category of interaction distance. However, as was shown by differential interaction analysis,
choice of restriction enzyme did seem to result in small differences in which interactions
were detected, but likely not enough to justify switching from Mbol to DpnlI.

Ultimately, it was decided that addition of DSG to the in situ Hi-C protocol was justified,
while switching from Mbol to Dpnll was not. However, the Hi-C 3.0 paper (Lafontaine et
al., 2021) recommends using a cocktail of two restriction enzymes (Dpnll + Ddel), which
purportedly further increased the ability to detect more short range 1-10 kbp interactions
without loss of long range interactions (Akgol Oksuz et al., 2021; Lafontaine et al., 2021).
The use of restriction enzyme cocktails is also one of the claimed benefits of commercial Hi-
C kits such as the Arima kit (Kadota et al., 2020), although this complicates computational
analysis somewhat because it no longer uses a single ligation site sequence to split reads and
align to the genome and instead uses restriction site independent alignment (Akgol Oksuz et
al., 2021).

LT-HSCs are known to consist of lineage-biased subpopulations. For these rare cell types,
specialized low-input Hi-C may be the best option for mapping their 3D genomes and
building GRNs. For example, tagHi-C, which uses Tn5-based tagmentation to insert
sequencing adapters post-ligation, claims to achieve 100 kbp resolution with only 1000 cells

(Zhang et al., 2020), although there are still many washing and resuspending steps where
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cells can be lost. Easy Hi-C (eHi-C) claims to achieve the same resolution as in sifu Hi-C
with 100 times less input (L. Lu et al., 2020). The eHi-C protocol uses biotin-free enzymatic
digestion after proximity ligation, followed by circularization of chimeric fragments, then
exonuclease digestion of non-chimeric fragments and finally relinearization of circular
chimeric fragments, so that only chimeric fragments are retained and sequenced (L. Lu et al.,
2020). Alternatively, the small-scale in situ Hi-C (sis-Hi-C) method attempts to reduce
material loss by fixing cells in droplets on plastic culture dishes and later uses Alul digestion
instead of sonication, claiming good results at 40 kbp resolution (Song et al., 2025; Zhang et
al., 2025). Plate-C and Easy Dip-C use dual restriction digestion of DNA after fixation and
Tn5 transposase insertion of sequencing adaptors (Parasar et al., 2026). For extremely low
input cases, Easy Dip-C performs DNA digestion and proximity ligation on bulk cell
populations prior to nuclear staining and sorting into 384 well plates where the remainder of
the Hi-C library prep can be performed on single nuclei or minibulk quantities of nuclei
(Parasar et al., 2026). Finally, HiChew (Chen et al., 2026) allows for deeper sequencing by
enriching the chimeric fragment library using dam methyltransferases to mark the GATC
(Mbol) or AGCT (Alul) ligation sites, then uses an anti-N6-methyladenosine antibody or
anti-5-methylcytosine antibody to enrich for the labelled chimeric fragments.

While all these alternative options would require extensive testing to replicate published
results, it seems likely that aspects of these low-input/single-cell Hi-C methods could be
combined to further improve Hi-C coverage and resolution for rare subpopulations of LT-
HSCs and other rare supporting cells in the bone marrow compartment. This Hi-C data could
then be used to construct and compare Hi-C informed GRNs from these subpopulations.

In chapter 4, 1 presented a published bioRxiv preprint describing my extensive
investigation into the epigenetic comparison of aged versus young LT-HSCs. Prediction of
reprogramming factors from GRNs is a growing trend, and Hi-C-informed GRNs can
incorporate measured chromatin contacts when linking distal regulatory elements to genes.
However, Hi-C is only valuable when it is sufficiently cell-type and condition matched and
Hi-C informed GRNs become biologically informative only when Hi-C contact information
is properly integrated with chromatin accessibility and gene expression. It is expected that as
Hi-C methods become further optimized for low-input rare cell types, for example using the

methods discussed in this chapter, that predictions from Hi-C informed GRNs will become
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more reflective of real biology. Furthermore, these predictions should be validated with TF
binding evidence and enhancer perturbations.

Two aspects not discussed in the preprint are the construction of GRNs using chromatin
accessibility with higher coverage and using expression data that includes expression of non-
coding RNAs not captured by conventional RNA-seq protocols. For example, DAF-seq and
single-cell DAF-seq (scDAF-seq) uses a double-stranded cytidine deaminase toxin A (DddA)
to convert cytidines to uridines only within regions accessible to the enzyme, and the uridines
are then converted to thymidine during PCR amplification (Swanson et al., 2025). Due to the
specific chemistry of the DddA enzyme, DAF-seq is reported to give higher resolution and
more coverage allowing TF footprinting to be accomplished on less cell input and less
sequencing (Swanson et al., 2025). Furthermore, building GRNs with non-coding RNA
expression data is an extremely interesting avenue. For example, Razavi-Mohseni & Beer
(2024) used machine learning to build a GRN model using miRNA expression data,
chromatin accessibility and regular gene expression data, demonstrating that miRNAs
inactivate cell lineage determining TFs during embryonic stem cell to definitive endoderm
(ESC-DE) transition (Razavi-Mohseni & Beer, 2024). Altogether, integration of higher
quality Hi-C, chromatin accessibility and total RNA expression (including non-coding
RNAs) represents a future goal for generating better and more biologically informative
GRNe .

A large component of the functional and molecular aspects of HSC ageing is due to the
changes in structure within the bone marrow, chronic inflammation and changes to signalling
from HSC supporting cells (Peters et al., 2025) such as bone cells (H. Zhang et al., 2023),
macrophages (Feng et al., 2024; Frisch et al., 2019), vascular cells (Maryanovich et al., 2019;
Poulos et al., 2017), plasma cells (Pioli et al., 2019) and MSCs (Massaro et al., 2023; Peters
et al., 2025). For example, while young MSCs maintain high proliferative capacity and clear
lineage commitment, old MSCs display senescence markers and shift toward a pro-
inflammatory state losing their niche-supporting abilities (Gao et al., 2023; Massaro et al.,
2023; Peters et al., 2025; Yamada et al., 2022; W. Zhang et al., 2008; Zhou et al., 2008). In
addition, multilineage-differentiating stress-enduring (MUSE) cells, which can differentiate
into many lineages in the bone marrow, including bone, neural, endothelial and stromal cells

(Dezawa, 2025; Kuroda et al., 2010), likely support HSCs in times of stress (Alessio et al.,
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2017; Jeong et al., 2018), but the effect of ageing on MUSE cell numbers and function has
yet to be explored (Rudnitsky et al., 2025). Co-culture and co-transplant of HSCs with MSCs
has been shown to improve survival and reconstitution ability of gene-edited HSCs (Crippa
et al., 2023), so future experiments with reprogrammed HSCs may benefit from co-culture
and co-transplant with MSCs or the more potent MUSE cells. Bone-marrow organoids, such
as the combined bone and bone-marrow organoids (Shen et al., 2026) and bone-marrow-on-
a-chip technologies (Chou et al., 2020; Rosalem et al., 2026), may also facilitate the study of
the reprogramming of aged human HSCs and MSCs.

Reversal of organismal ageing is a formidable goal that will almost certainly require
multiple interventions. Even if epigenetic patterns could be restored, telomeres lengthened,
chronic inflammation prevented, senescent cells removed or reprogrammed, stem cells
replenished, etc., there is still the problem of the accumulation of somatic mutations,
irreversible extracellular matrix crosslinks (i.e. AGEs) and tissue fibrosis. Therefore,
technologies that prevent or repair somatic mutations, or simply eliminate mutated cells, will
be required. In addition, engineered enzymes that reverse AGEs and persistent fibrosis will
also be required. Furthermore, organisms that show remarkable rejuvenation and
undetectable ageing exhibit massive reductions in morphological mass and size then
extensive regeneration. This is the case for the seemingly ageless Turritopsis dohrnii jellyfish
which can revert to a polyp then regenerate (Piraino et al., 1996; Velasco-Muiioz et al., 2025)
and certain species of planaria flat worms, which physically tear themselves into smaller
pieces in order to regenerate afresh (Dai et al., 2025). Whether humans and other mammals
need to somehow replicate this cycle of reduction and regeneration remains to be determined.
Periodic removal of senescent cells, mutated cells, chronically infected cells, AGEs and
fibrosis may prove to be sufficient to provide a suitable environment for the homeostatic
replenishment of lost cells. Moreover, periodic epigenetic reprogramming of aged cells will
likely be required to resolve the problem of intrinsic epigenetic drift and loss of cell identity.
Experimental efforts should address exactly which and how many interventions are required

to significantly reverse or halt ageing in mammalian species.
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