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Abstract

This thesis set out to explore HIF-1a:cofactor complexes in the context of a model of
JAK2V617F haematological malignancy. This was interrogated by statistical analysis of
HIF-1a RIME data, immunoprecipitation, Western blotting, and phospho-flow cytometry.
The work presented here indicates that HSPAZ2 is a specifically non-hypoxic interactor of
HIF-1a, whose association with HIF-1a may be induced by TPO and JAK2V617F
signalling. Furthermore, experimentation indicates that the hypoxically-induced HIF-
1a:NPM1 complex is inhibited by JAK2V617F, and this inhibition may be mediated by
JAK2V617F/ERK signalling in normoxia. Aptamer oligonucleotides were investigated as
potential modulators of HIF-1a posttranslational modification. Here, an anti-phospho-
ERKZ1 aptamer is shown to bind its target in the nucleus in-vivo by confocal microscopy.
The potential of this aptamer as a modulator of ERK function was investigated by flow
cytometry, but was not found to modulate ERK1/2 or HIF-1a phosphorylation. In summary,
this thesis leaves open the possibility of aptamer-mediated modulation of HIF-1a
complexes, indicates HSPA2 as a novel JAK2/JAK2V617F induced HIF-1a interactor in
normoxia, and demonstrates the inhibition of the HIF-1a:NPM1 complex by TPO and
JAK2V617F signalling and its possible stabilisation by ERK1/2 inhibition in normoxia.
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1.Introduction

1.1.HIF-1a stabilisation in response to hypoxia

Hypoxia-inducible Factors (HIFs) are transcription factors formed of an a and 8 subunit,
that mediate the cellular response to low partial pressures of oxygen - hypoxia. “Hypoxia”,
here, generally refers to oxygen concentrations around 1%, where as an atmospheric
concentration of oxygen (of around 20%) is referred to as “normoxia" and the lower
concentration of oxygen concentration of around 5% oxygen, such as is found in tissues,
being referred to as “physoxia” (McKeown, 2014).The binding of protein factors in cell
extracts, which bound upstream of the erythropoietin (EPO) gene locus (as demonstrated
by EMSA and DNAse protection assay), was an early inkling of hypoxia-inducible
transcription (Semenza et al., 1991) With later characterisation by use of reporter
constructs, this nuclear factor was characterised as binding specifically to the EPO
enhancer in hypoxia (Semenza and Wang, 1992) and was termed HIF-1. Further similar
experimentation demonstrated that HIF-1 induced activation of EPO-enhancer-reporter
constructs was induced by hypoxia in cells of differing lineages, and that reporter
expression was dependent specifically upon HIF-1 binding the gene enhancer (Wang and
Semenza, 1993). HIF-1 was demonstrated, by analysis of the HIF-1a monomer’s co-
precipitates to be a heterodimer of an a and a  component (Jiang et al., 1996) Functions
of these monomers differ. Both HIF-1a and -1 mRNA expression are unaffected by
hypoxia. However, both the protein expression and DNA-binding capacity of HIF-1a are
hypoxia-inducible (Eric Huang et al., 1996). Additionally, recombinant expression of
chimaeric proteins expressing HIF-1a or -1 -derived protein sequences demonstrated
that HIF-1a, and not -183 is the oxygen-sensitive component of the HIF-1 complex (Pugh et
al., 1997). Further experimentation supported this theory in demonstrating that HIF-1a is
ubiquitinated and targeted to the proteasome for degradation under normoxic conditions.
Hence, the importance of post-translational modification in modulation of the hypoxic

response was elucidated (Salceda and Caro, 1997; Kallio et al., 1999).

1.2.HIF-1a is a protein whose stability is modulated by posttranslational
modification

Of particular interest in regard to HIF posttranslational modification is the hydroxylation of
proline residues within HIF-1a. In Normoxic conditions, the proline residues Pro564 and
Pro402 of HIF-1a are hydroxylated. This post-translational modification facilitates the
binding of the E3-ubiquitylation complex component Von Hippel Lindau (pVHL) to HIF-1a.
The binding of this recognition component facilitates HIF-1a’s ubiquitylation and
subsequent degradation (Ivan et al., 2001; Jaakkola et al., 2001; Masson et al., 2001;
Foxler et al., 2012). Destabilisation of HIF-1a by proline hydroxylation is carried out by
prolyl 4-hydroxylases (Berra et al., 2003; Hirsila et al., 2003; Appelhoff et al., 2004). PHD
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proteins require oxygen as a substrate, meaning they act as oxygen sensors (Hirsila et al.,
2003).0f the three PHD proteins identified (PHD1-3), PHDZ2 is implicated in the cellular
response to hypoxia. Upon siRNA mediated knockout of PHD2 protein expression, HIF-1a
is accumulated - suggesting that PHD?2 is essential for HIF-1a degradation. The same
accumulation was not observed for PHD1 or 3 (Berra et al., 2003; Appelhoff et al., 2004).
Interestingly, the phd2 gene is transcribed in response to HIF binding, implying that HIF-
1a negatively regulates its own stability (Metzen et al., 2005). PHD proteins hydroxylate
proline residues within HIF-1a’s oxygen-dependent degradation domain (ODD). However
Hydroxylation of an asparagine residue within this domain by the enzyme FIH (factor
inhibiting HIF), inhibits the ability of HIF to bind the transcriptional co-activator p300 in a
normoxia-dependent manner, meaning that HIF-induced transcription is repressed,
providing another form of hypoxia-dependent HIF regulation (Hewitson et al., 2002; Lando
et al., 2002). In summary, Hypoxia inducible factors are a-B heterodimeric transcription
factors whose a component is sensitive to post-translational modification by a number of

oxygen-dependent enzymes.

1.3. Haematopoiesis and haematopoietic stem cells

Haematopoiesis is the process by which all blood cells are produced from haematopoietic
stem cells (HSCs), which can entirely recapitulate the blood system of a mouse upon
transplantation (Spangrude et al. 1988; Jordan and Lemischka 1990) even if just one is
transplanted (Osawa et al. 1996). Though HSCs (Gekas et al. 2005), and potential HSC
precursors (Gordon-Keylock et al. 2013) have been found in extraembryonic tissues
during development , HSCs are thought to be derived from tissues of the embryo proper
(Ganuza et al. 2018; Cumano et al. 2001; Tavian et al. 2001) - specifically, cells from the
ventral region (Taoudi and Medvinsky 2007; Ivanovs et al. 2014) of the dorsal aorta (in
mice (de Bruijn et al. 2000; de Bruijn et al. 2002; Taoudi and Medvinsky 2007) and
humans (Ilvanovs et al. 2011; lvanovs et al. 2014)) - of the aorta-gonad-mesonephros
(AGM) (Medvinsky and Dzierzak 1996; de Bruijn et al. 2000; de Bruijn et al. 2002; Taoudi
and Medvinsky 2007). Here, epithelial cells undergo an epithelial to haematopoietic
transition (EHT) to become HSCs (Kissa and Herbomel 2010) in a process that requires
expression of the gene Runx1 (Chen et al. 2009). These HSCs then migrate to the liver,

before coming to reside in the bone marrow (Zovein et al. 2008).

HSCs are the primary source of blood cells in adults (Sawai et al. 2016),and can be
divided into two categories: short-term (ST-HSC) and long-term (LT); LT-HSCs can self-
renew, but a ST-HSC can only transiently produce all blood lineages (Christensen and
Weissman 2001). LT-HSCs tend to be quiescent - only dividing around 4 times throughout
the life of a mouse (Bernitz et al. 2016). HSCs can self-renew in response to injury to the

bone marrow (Wilson et al. 2008), and differentiate (Mossadegh-Keller et al. 2013; Pietras
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et al. 2016) or proliferate (Baldridge et al. 2010) in response to inflammatory cytokines.
ST-HSCs are thought to differentiate into haematopoietic progenitors (Akashi et al. 2000),
which are committed to either the myeloid or lymphoid lineages (Kondo et al. 1997; Akashi
et al. 2000) (see Fig.1). In myeloproliferative neoplasm (MPN), this hierarchy changes,
mutant JAK2, JAK2V617F (for example) can bias HSCs to differentiate down the myeloid
lineage into megakaryocytes (Rao et al. 2021), (see Fig.1). In the bone marrow, HSCs
have been found to be closely associated with interior bone surfaces (including the
trabecular bone and endosteum (Zhang et al. 2003)), osteoblasts (Calvi et al. 2003) and
blood vessels (Kiel et al. 2005; Kubota et al. 2008). The endothelia of blood vessels of the
endosteum are thought to maintain stem cell quiescence (Kunisaki et al. 2013; Itkin et al.
2016). In addition TPO secreted by osteoblasts near the endosteum secrete TPO, to
maintain LT-HSC quiescence (Yoshihara et al. 2007). On the other hand, around the
sinusoids, stem cell factor (SCF) is secreted by endothelial cells to maintain HSCs, and
from leptin-receptor expressing cells to maintain both HSCs and progenitors (Comazzetto
et al. 2019). Bone marrow stromal cells have also been implicated in expressing the
chemokine CXCL12 to maintain HSCs (Greenbaum et al. 2013). From this non-exhaustive
review, it is clear that haematopoiesis is modulated by the relationship of HSCs to their
niche.

Physiological JAK2VF+ MPN
Haematopoiesis

2

HSC
Myelo- J & ,
erythroid Lymphc?;d
progenitor . O progenitor
o
o
o
=
5
=
‘® .@ /
Myeloid . Lymphoid
Daughters  Erythroid payghters
Daughters Myeloid
Daughters ->
Megakaryocytes

Figure 1: Haematopoiesis in physiological conditions and JAK2V617F+
myeloproliferative neoplasia

A simplified diagram showing the hierarchy of self-renewing HSCs (Christensen and
Weissman 2001), and committed Myelo-erythroid/lymphoid progenitors (Kondo et al. 1997;
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Akashi et al. 2000), and how this hierarchy is changed in JAK2VF+ myeloproliferative
neoplasia (Rao et al. 2021).

1.4.The role of hypoxiain the physiological haematopoietic system

Hypoxia may play a role in haematopoietic stem cell biology. Injection of Hoechst33342
dye into mice has allowed for the stratification of haematopoietic stem cells (HSCs) by
their distance from blood vessels in the bone marrow. Such experimentation revealed that
cells in regions further from blood vessels (i.e more hypoxic (See Fig.2)) more efficiently
repopulated the bone marrow of irradiated mice, suggesting that such cells were long-
term HSCs (Parmar et al., 2007; Winkler et al., 2010). Specifically, microscopic analysis
has demonstrated that transplanted haematopoietic stem cells (HSCs) hone to the
endosteal bone region (Lo Celso et al., 2009; Xie et al., 2009) Of note is that, though the
whole bone marrow is hypoxic, local oxygen tension actually increases inverse to distance
from the endosteum, but these regions further from the endosteum tend to express nestin
protein (Spencer et al., 2014), whose expression on arterial bone-marrow vessels is
associated with LT-HSC maintenance (lItkin et al., 2016). And relevantly, nestin
expression is associated with HIF-1a stabilisation (Shentu et al., 2020) Furthermore,
HSCs maintain HIF-1a stabilisation in normoxic conditions when they migrate from the
bone marrow to the peripheral blood (Piccoli et al., 2007). In summary, though hypoxia is
important in HSC function, it is also modulated by other factors, and hence, there is
disagreement as to the exact role of hypoxia in physiological HSC biology.

Figure 2: Haematopoietic stem cells are associated with hypoxic regions of the bone
marrow:

A schematic to illustrate HSC localisation to a hypoxic niche in the bone marrow (BM)
(Parmar et al., 2007; Winkler et al., 2010).

1.5.HIF-1a is implicated in HSC function

Although, as discussed above, the exact function of local oxygen tension in HSC
maintenance remains to be elucidated, hypoxia is an established mediator of HSC
potential in ex-vivo expansion. Culturing bone marrow extracts in hypoxia better maintains

11


https://paperpile.com/c/AGyL9N/ywjRH+sDoMi
https://paperpile.com/c/AGyL9N/ywjRH+sDoMi
https://paperpile.com/c/AGyL9N/ywjRH+sDoMi
https://paperpile.com/c/AGyL9N/ywjRH+sDoMi
https://paperpile.com/c/AGyL9N/ywjRH+sDoMi
https://paperpile.com/c/AGyL9N/3Z06U+l4lCG
https://paperpile.com/c/AGyL9N/3Z06U+l4lCG
https://paperpile.com/c/AGyL9N/3Z06U+l4lCG
https://paperpile.com/c/AGyL9N/3Z06U+l4lCG
https://paperpile.com/c/AGyL9N/3Z06U+l4lCG
https://paperpile.com/c/AGyL9N/zBKzD
https://paperpile.com/c/AGyL9N/zBKzD
https://paperpile.com/c/AGyL9N/zBKzD
https://paperpile.com/c/AGyL9N/6JbDy
https://paperpile.com/c/AGyL9N/6JbDy
https://paperpile.com/c/AGyL9N/6JbDy
https://paperpile.com/c/AGyL9N/Xea8T
https://paperpile.com/c/AGyL9N/Xea8T
https://paperpile.com/c/AGyL9N/Xea8T
https://paperpile.com/c/AGyL9N/rB0b9
https://paperpile.com/c/AGyL9N/rB0b9
https://paperpile.com/c/AGyL9N/rB0b9
https://paperpile.com/c/AGyL9N/ywjRH+sDoMi
https://paperpile.com/c/AGyL9N/ywjRH+sDoMi
https://paperpile.com/c/AGyL9N/ywjRH+sDoMi
https://paperpile.com/c/AGyL9N/ywjRH+sDoMi
https://paperpile.com/c/AGyL9N/ywjRH+sDoMi

HSCs in cell culture (Ivanovic et al., 2002; Hermitte et al., 2006; Kovacevic¢-Filipovi¢ et al.,
2007; Hammoud et al., 2012), and increases the efficiency of HSC transplant in mice
(Ivanovic et al., 2000; Ivanovic et al., 2004; Shima et al., 2009; Eliasson et al., 2010) by
promoting a quiescent LT-HSC phenotype (Shima et al., 2009; Eliasson et al., 2010). A
number of studies have implicated HIFs in the maintenance of HSC stemness: Early work
on this topic found that Hif-1B-null mice show significantly decreased numbers of
haematopoietic progenitors (Adelman, Maltepe and Simon, 1999). In addition, HSCs not
expressing pVHL are more quiescent, and show greater transplantation efficiency,
suggesting that HIF-1a stabilisation induces HSC quiescence (Takubo et al., 2010). And,
that stem cell factor (SCF) signalling, was later found to stabilise HIF in normoxia
(Pedersen et al., 2008), Further work has concluded that HIF-1a can protect HSCs from
differentiating under oxidative stress, as restoring HIF-1a expression in cells with knocked
out Id2 (whose expression protects from oxidative stress) did just that (Jakubison et al.,
2022), but others find that HIF-1a is dispensable for this protective effect (Halvarsson et
al., 2019). In conclusion, it appears that there is disagreement as to the role played by
hypoxia-inducible factors in the regulation of HSC quiescence.

1.6.Implication of HIF-1a in haematological malignancy

As well as physiological haematopoiesis, HIFs have been implicated as participating in
multiple haematological malignancies, including myelodysplastic syndrome (Tong et al.,
2012; Hayashi et al., 2018), acute lymphoblastic leukaemia (Benito et al., 2011). And
erythroleukaemia (Giuntoli et al., 2007). Furthermore, deletion of HIF-1a has been inhibit
the self-maintaining division of leukaemic stem cells (LSCs) in chronic myeloid leukaemia
(Zhang et al., 2012) and hypoxia has been implicated in protecting chronic myeloid
leukaemic (CML) LSCs from chemotherapy (Giuntoli et al., 2011), and maintenance of
stemness in culture (Desplat et al., 2002). In fact, HIF-1a inhibition has been found to
induce apoptosis in CML LSCs (Cheloni et al., 2017). Hence, HIFs appear to play an
important role in LSC maintenance in CML. There is disagreement, however, as to the
role of HIF-1a in acute myeloid leukaemia (AML). On one hand, HIF-1a stabilisation is
associated with worse survival in AML patients (Deeb et al., 2011), and AML cells show
increased cell cycle arrest under hypoxia (Matsunaga et al., 2012; Drolle et al., 2015), and
are more resistant to 12ymptom12rapyy (Drolle et al., 2015). In AML mouse models, HIF
inhibition has been associated with improved survival of mice transplanted with AML
(Wang et al., 2011) relapsed AML (Y. Wang et al., 2014) and pre-leukaemic AML
(Coltella et al., 2015). However, knockout of HIF-1a alone has been found not to affect
leukaemogenesis in primarily-transplanted with induced AML cells (Velasco-Hernandez et
al., 2014; Vukovic et al., 2015). Furthermore, HIF-1a knockout has been found to quicken
the progression of AML symptoms in mice treated with tamoxifen chemotherapy (Velasco-

Hernandez et al., 2019). In summary, HIF-1a may have various roles in haematological
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malignancies, and there is disagreement as to the role of HIF-1a within some specific

malignancies.

JAK2V617F, or JAKVF from here on is a constitutively active mutant of the JAK2 receptor
which drives signalling by downstream JAK2 mediator, that is sufficient to cause
myeloproliferative disease in mice (James et al., 2005; Sangkhae, Etheridge, et al., 2014),
and is found in a large proportion of patients with myeloproliferative neoplasms (Kralovics
et al., 2005; Almedal et al., 2016). JAK2VF is relevant to the purpose of this thesis
because HIF-1a is stabilised by reactive oxygen species produced as a result of JAK2VF,
and drug inhibition of HIF-1a induces apoptosis in JAK2VF-positive cells, suggesting that
HIF-1a is a driver of JAK2VF-positive haematological malignancy (Baumeister et al.,
2020). In addition, the cytokine thrombopoietin (TPO) can induce HIF-1a stabilisation
(Yoshida et al., 2008), and the TPO receptor (MPL) cooperates with JAK2VF, driving
haematological malignancy (Sangkhae, Etheridge, et al., 2014). Given that JAK2V617F
can drive myeloproliferative neoplasms (James et al., 2005; Sangkhae, Etheridge, et al.,
2014) and JAK2VF may stabilise HIF-1a as part of its oncogenic function (Baumeister et
al., 2020), JAK2VF provides an ideal model for the study of the function of HIF-1a in
haematological malignancy.

1.7.Cofactor-induced modulation of HIF-1a function

HIF-1a function is modulated by cofactors, for example: HIF-1a is directly stabilised by
phosphorylation by PIM-1, which promotes angiogenesis in tumours, increasing their
growth (Casillas et al., 2021). Of greater significance to the present project, however, is
the phosphorylation of HIF-1a by ERK1/2 (Richard et al., 1999). Recent work has
demonstrated that HIF-1a’s phosphorylation by ERK1/2 induces its association with
NPML1, and that that this interaction is required for the nuclear sequestration of HIF-1aq,
and can affect expression of its target genes (Koukoulas et al., 2021). Given this, it is
highly pertinent that ERK1/2 activation is induced by JAK2VF (Wolf et al., 2013; Stivala et
al., 2019), as this might suggest that JAK2VF signalling could modulate the formation of
the HIF-1a:NPM1 complex, which is induced by ERK1/2’s phosphorylation of HIF-1a
(Koukoulas et al., 2021). Hence, the possible oncologically-specific modulation of the HIF-
1a:NPM1 complex will be investigated in a model JAK2VF-driven haematological

malignancy.

The function of HIF-1a cofactors affect HIF-1a function in a context dependent manner: as
stated, post-translational modifications as a result of cell signalling can induce HIF-1a
transcriptional activity (Casillas et al., 2021; Koukoulas et al., 2021), and more, the heat-
shock protein (HSP) HSP90 is required HIF-1a in response to hypoxia (Minet et al., 1999)

(but is also a target for the treatment of JAKVF-positive haematological malignancy
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(Marubayashi et al., 2010)), whereas the proteins HSP70 and CHIP induce HIF-1a
degradation in response to chronic hypoxia (Luo et al., 2010). From these, we can see
that HIF-1a activity is highly dependent on cofactors whose activity is itself dependent
upon the cellular environment. Hence, it follows that to explore what specific cofactors
bind HIF-1a in a specific oncogenic context might reveal mediators of oncogenic HIF-1a
function, such as is found in JAKVF-positive haematological malignancies (Baumeister et
al., 2020). A molecular biological approach that facilitates such experimentation is RIME
(Rapid immunoprecipitation Mass spectrometry of Endogenous proteins). By crosslinking
of transcription factors in their active, chromatin-binding conformation with bound proteins,
RIME can reveal novel transcription factor cofactors (Mohammed et al., 2013, 2015;
Jozwik et al., 2016). Previous (unpublished) work in the Dr Katherine Bridge Lab has
applied this technique to HIF-1a in WT JAK2 and JAKVF cell lines in an attempt to
elucidate potential oncogenic-specific cofactors in JAKVF-positive haematological
malignancies (David Kealy, 2021). Therefore, using statistical analyses, this data will be
mined for potential HIF-1a-interactors that are specific to the function of HIF-1a in a model
JAKVF-positive haematological malignancy.

1.8.HIF-1a:cofactor interactions as potential mediators of JAK2VF function
JAK2VF-driven haematological malignancies occur when a single HSC acquires a
JAK2V617F mutation (Van Egeren et al., 2021) leading to the clonal expansion JAK2VF-
positive cells, which can occur for over a decade before diagnosis (McKerrell et al., 2017,
Van Egeren et al., 2021). JAKVF-positive haematological malignancies can be targeted
using JAK2 inhibitors such as Ruxolitinib and Pacritinib (Center for Drug Evaluation and
Research, no date; Verstovsek et al., 2010; Raedler, 2015; Singer et al., 2016). Taking
the example of Ruxolitinib, the drug improves the symptoms of JAKVF-induced disease in
patients, however, it does so whether or not a patient has a haematological malignancy
expressing WT JAK2 or JAKVF (Verstovsek et al., 2010). In the case of Pacritinib, the
percentage of haematopoietic cells that are JAKVF-positive does not affect a patient’s
response to treatment with the drug (Verstovsek et al., 2019). Therefore, it follows that
researchers have suggested the use of other inhibitors in combination with JAK-targeted
therapy to target the aberrant signalling that occurs downstream of JAK2VF (MEK/ERK,
JAK/STAT, PIBK/AKT) as an avenue to eradicate the JAKVF-positive clone of cells
(Barrio et al., 2013; Khan et al., 2013; Stivala et al., 2019; Brkic et al., 2021) As a whole,
and taken together with the possible interactions between JAK2VF, its downstream
effects, and HIF-interaction (Wolf et al., 2013; Stivala et al., 2019; Baumeister et al., 2020;
Koukoulas et al., 2021) the present research demonstrates that there is a precedent for
exploring the therapeutic potential of HIF-1a:cofactor interaction modulation in
JAK2V617F haematological malignancies (potential relevant interactions summarised in
Fig.3).
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Figure 3: JAK2VF induced signalling could potentially modulate NPM1:HIF-1a
complexes

A Schematic representation of relevant mechanisms modulating HIF-1a activity/protein
complexes in hypoxia (]O2) ( Semenza and Wang, 1992, Ilvan et al., 2001; Jaakkola et al.,
2001; Masson et al., 2001; Foxler et al., 2012, McKeown, 2014, Jiang et al., 1996, Pugh et
al., 1997, Hewitson et al., 2002; Lando et al., 2002, Salceda and Caro, 1997; Kallio et al.,
1999, Berra et al., 2003; Hirsila et al., 2003; Appelhoff et al., 2004) and in JAK2VF+ MPN
The regulation of ERK1/2 by JAK2VF (Wolf et al., 2013; Stivala et al., 2019) is presented as
a possible link between known a JAK2VF:HIF-1 interaction (Baumeister et al., 2020) and
HIF-1a complex regulation (Koukoulas et al. 2021), marked here as a grey dividing line with
question marks (?) within to indicate a hypothetical mechanistic link.

1.9.Aptamer oligonucleotides as potential therapeutic modulators of HIF-cofactor
interactions

An avenue for the ablation of oncogenic HIF-1a:cofactor interaction may be
oligonucleotide aptamers. Oligonucleotide aptamers are artificially selected to bind to
proteins of interest via a process known as SELEX (“Systematic Evolution of Ligands by
Exponential Enrichment”) (Tuerk and Gold, 1990). Pegaptanib is an oligonucleotide
aptamer therapy (FDA approved in 2004 (US Department of Health and Human Services,
23/March/2005) that functions by binding to vascular epithelial growth factor to the
vascular-epithelial growth factor isoform VEGF-165. This aptamer is hypothesised to
sterically-inhibit the binding of this disease causing isoform of VEGF to its receptor (Lee et

al., 2005), and was used to treat ocular vascular disease (Ng et al., 2006). Pegaptanib
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was found to be non-immunogenic (did not induce an antibody response) in a preclinical
trial in monkeys (Drolet et al., 2000), whereas a (though note: small) number of cases
where anti-VEGF protein-based therapies have been applied have been found to result in
inflammation (Souied et al., 2016; Kiss et al., 2018). Therefore, this data suggests that an
advantage of aptamers is their non-immunogenicity. In addition, aptamers can be taken
up by cells via macropinocytosis or endocytosis (Reyes-Reyes, Teng and Bates, 2010; Yu
et al., 2013). Therefore, another advantage of aptamer therapies is their ability to access
intracellular targets. Given the avenue for modulating the downstream effects of JAK2VF
that HIF-1a provides (Wolf et al., 2013; Stivala et al., 2019; Baumeister et al., 2020;
Koukoulas et al., 2021), and that HIF-1a function is endogenously modulated by long
non-coding RNA binding in cancer (Shih et al., 2017), it would be biologically informative
to study the effects of an anti-HIF-1a aptamer upon the formation of JAK2VF-induced
oncogenic complexes and/or resulting post-translational modifications. Unfortunately,
there are no known commercially available anti-HIF-1a aptamers at the time of writing.
However, there does exist an anti-phospho-ERK1 aptamer (Base Pair, ATW0092).
ERK1/2 is relevant to both JAK2VF (Wolf et al., 2013; Stivala et al., 2019) and HIF-1a
biology (Richard et al., 1999; Koukoulas et al., 2021). Therefore, the effects of this
oligonucleotide upon the potential downstream effects of JAK2VF signalling upon the
interaction of ERK1/2 and HIF-1a will be investigated here as proof of principle.

1.10 Aims and Objectives

To summarise, HIF-1a function is modulated by cofactor interactions (Minet et al., 1999;
Luo et al., 2010; Casillas et al., 2021; Koukoulas et al., 2021), and may play a role in
JAK2VF driven haematological malignancy (Baumeister et al., 2020). JAK2VF can induce
signalling (Wolf et al., 2013; Stivala et al., 2019) via known posttranslational modifiers of
HIF-1a (Richard et al., 1999; Koukoulas et al., 2021). Specifically, phosphorylation of
HIF-1a by ERK1/2 has been shown to modulate HIF-1a interaction with NPM1 via
phosphorylation of ERK1/2 (Koukoulas et al., 2021) (see graphical summary, Fig.4).
These findings imply the following hypothesis: Oncogenic JAK2V617F/ERK1/2 signalling
may induce phosphorylation of HIF-1a, and modulate its interaction with NPM1.
Therefore, this project will utilise phospho flow cytometry to assay HIF-1a and ERK1/2
phosphorylation in a JAK2V617F+ background, and apply immunoprecipitation Western
blotting to identify whether oncogenic JAK2V617F/ERK1/2 signalling modulates the HIF-
1a:NPM1 complex. Additionally, given that a signalling molecule known to be activated by
JAK2V617F (Wolf et al., 2013; Stivala et al., 2019) has been shown to modulate HIF-
1a:co-factor interactions (Koukoulas et al. 2021) implies another hypothesis: JAKV617F
signalling may induce HIF-1a to form complexes with cofactor proteins in an oncogenic-
specific manner. For this reason, previously unpublished RIME data (David Kealy, 2021)

will be mined to identify a candidate oncogenic-specific HIF-1alpha cofactor. Furthermore,
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whether this cofactor is an oncogenic signalling (JAK2V617F) specific cofactor will be
investigated by immunoprecipitation Western blotting. In addition, ligonucleotide
aptamers have been utilised to disrupt protein:protein interactions as therapy (Lee et al.,
2005). For this reason, it could be hypothesised that anti-HIF aptamers could target
oncogenic HIF:cofactor interactions. Therefore, the ability of a commercially available anti-
phospho-ERK1 aptamer (Base Pair, ATW0092) to bind its target in situ in vivo will be
assessed by microscopy, and effects on ERK1/2 and HIF phosphorylation, which are
thought to induce HIF-1a:NPM1 complex formation (Koukoulas et al. 2021), will be
investigated by phospho flow cytometry. In addition, a DuoLink proximity ligation assay of
HIF-1a: HIF-18 interactions will be carried out as proof of principle of a method for
investigating the effect of aptamers on intracellular complex formation. The aim of these
latter experiments is to serve as proof of principle for the investigation of aptamers as

oncogenic HIF-complex targeted therapeutics in JAK2V617F+ MPNs.

HYPOXIA

o

® ROS P
Figure 4: lllustration of relevant HIF-1a modulation mechanisms

Horizontal line marks cell membrane, with components below being intracellular. HIF-1a
is stabilised in hypoxia (Salceda and Caro, 1997; Kallio et al., 1999).

and is marked for degradation by PHD2 (Berra et al., 2003; Appelhoff et al., 2004),
JAK2VF signalling can stabilise HIF-1a by inducing ROS accumulation (Baumeister et al.,
2020) and can activate ERK1/2 signalling (Wolf et al., 2013; Stivala et al., 2019), and

ERK1/2 can phosphorylate HIF-1a, inducing its interaction with NPM1 (Koukoulas et al.,
2021)
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2.Methods

2.1.Culture of hLMPL BaF3 and hMPL UT7 cells

Ba/F3-hMPL (referred to simply as Ba/F3) wildtype and JAK2V617F (JAK2VF) cells, as
well as WT and VF UT-7/TPO (UT7) cells (cell lines were provided by the lab of Professor
lan Hitchcock) were cultured in R10 medium: RPMI 1640 medium (ThermoFisher
21870076) supplemented with 10% FBS (ThermoFisher A4766), 100 units mL  penicillin,
100 ug mL 1 streptomycin (Gibco 15140130) and 2mM L-glutamine (ThermoFisher
25030081). Ba/F3 cells were also supplemented with 0.5% IL-3 (PeproTech 200-03) and
UT-7/TPO cells were supplemented with 10 ng mL* TPO (Thrombopoietin) (PeproTech
300-18). For starvation, cells were incubated overnight in the same media but with only
2% FBS and no cytokines (herein referred to as R2). For hypoxic treatment, pre-starved
cells were placed into a hypoxic chamber (Biospherix, ProOx Oxygen Single Chamber
P110) at 1% O2 for 4 hours unless stated otherwise.

2.2.Statistical analysis of RIME data

A Microsoft Excel spreadsheet of mean spectral counts from 3 biological replicates of a
RIME experiment previously carried out upon hMPL UT7/TPO cells was acquired from Dr
Katherine Bridge (David Kealy, 2021). These cells had been starved overnight in R2
medium. JAK2V617F cells +/- 100 ng mL* TPO, then incubated +/- 1% O? hypoxia for 4
hours before RIME was carried out. These data were imported as a dataframe into R
studio for the calculation of per-condition mean counts, fold-changes between treatment
groups, and statistical tests to determine the significance of differences between spectral
counts of treatments were analysed in Rstudio (R Core Team, 2021) with additional
software packages (Wickham and Bryan, no date; Wickham and Henry, no date; Wickham
et al., no date; Henry and Wickham, 2020; Kassambara, 2020; Slowikowski, 2021). Data

were organised in Excel (Microsoft, 2011) for analysis and presentation.

2.3.Querying AML data using cBioPortal

Fisher’s exact test was carried out by making the following selections in a CbioPortal
(Cerami et al., 2012; Gao et al., 2013) query: the Acute Myeloid Leukaemia OHSU 2018
dataset (Tyner et al., 2018) was selected and queried for “Mutations” in the “genomic
profiles” section, selecting the 622 “samples with mutation data”, and inputting a gene list
consisting of “JAK2, NPM1”, and copying the table generated in the “Mutual Exclusivity”
tab.
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2.4 Ilmmunoprecipitations

Cells were starved for 16 hours overnight in 30 mL R2 medium +/- 100 ng/mL TPO (if
included) and were incubated +/- 1% O, hypoxia for an additional 4 hours, and then lysed
in RIPA buffer + 1:100 100x protease inhibitor (Roche 04693159001) and 1uM MG132
(Calbiochem CAS133407-82-6). The day before, Rabbit anti-HIF-1a D1S7W antibody
(Cell Signalling #36169) or Rabbit IgG DALE isotype control (Cell Signalling #3900) were
conjugated to streptavidin M-270 Dynabeads (ThermoFisher #65305) at 2 ug mL™*
overnight as per the manufacturer’s instructions. After washing beads as per the
manufacturer’s instructions, they were equilibrated in 900 uL of RIPA lysis buffer (150 mN
MgCl,, 50 mM Tris-HCL (1M, pH 8.0), 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
SDS in ddH20) and RIPA lysates were added. Lysates and conjugated beads were
incubated overnight for 16 hours on a rotary shaker at 30 RPM in 2mL Eppendorf tubes at
4 °C in the dark. Reserves of inputs were left in a 4°C fridge overnight. Following
overnight incubation, cells were washed and left in RIPA, then precipitated with a
magnetic bar (ThermoFisher 12321D) a total of 7 times. Inputs and lysates were then
made up to the appropriate concentrations in denaturing (lysis) buffer (Stewart et al.,
2019) (referred to as CLB) with 6.8% B-mercaptoethanol, denatured at 95°C on a heat
block in a fume hood before analysis by SDS-PAGE

2.5.Western blot analysis and rapid cell lysate preparation

For rapid lysis followed by western blotting, cell suspensions (2x10° cells in 2 mL) were
aspirated to in 2 mL Eppendorf tubes, spun to a pellet at 4 °C in a microcentrifuge at
2000xg, and the supernatant aspirated and discarded. The pellet was then resuspended
in 2 mL PBS+ Protease Inhibitor (Roche 04693159001 - 1 tablet dissolved in 10 mL PBS)
and microfuged the same way again. The supernatant was aspirated and the pellet
resuspended in 200 uL denaturing (lysis) buffer (Stewart et al., 2019) plus 0.1% MG132,
1% 100x Phosphatase and Protease (Thermo Scientific™ 78441) inhibitor before
incubating for 5 minutes on ice. Lysates were briefly mixed by vortexing then heated at 95

°C for ten minutes on a heat block in a fume hood. Lysates were analysed by SDS-PAGE.

40 uL of each sample was loaded into a well of a 10-well 4-20% precast gel (BioRad
#4568094) and resolved for ~75 minutes at 120V or until the dye neared the bottom of the
gel. Proteins were transferred to PVDF membranes using a Semi-Dry Trans-Blot Turbo
system (BioRad 1704150). PVDF membranes were blocked for 10 minutes in EveryBlot
blocking buffer (BioRad 12010020) for 10 minutes and incubated with primary antibody
(Table 1) in 5% BSA/TBS in a 4 °C cold room with rotation overnight. Membranes were
washed the next day 2x 5 minutes and 2x 10 minutes in TBS-T (TBS + 0.05% Tween-20
(Millipore Sigma 9005-64-5)). PVDF membranes were incubated in secondary antibody
(Table 2) + 0.02% SDS at room temperature (RT) for 1 hour with rocking. Membranes
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were then washed 6x 5 mins with TBS-T and imaged on a ChemiDoc MP imaging system
(BioRad 17001402).

Table 1: Primary antibodies used in western blotting:

Primary Antibody Host Supplier Product name/code Dilution for
Target Species blotting

| | | | I
HIF-1a Rabbit Cell Signalling D1SW/#36169 1/1000

| | | | |
HIF-18 Rabbit Abcam ab239366 1/1000

| | | | I
HSPA2 Rabbit Abcam ab108416 1/1000

| | | | |
NPM1 Mouse Fisher Scientific MA3086/#4TOU-1B2  1/1000

| | | | |
Phospho-ERK Rabbit Cell Signaling 9101 1/1000
(T202/Y204)

| | | | |
Phospho-HIF1A Rabbit Antibodies.com  A254482 1/1000
(S641/ S643)

Table 2: Secondary antibodies used in western blotting:

Secondary antibody Product code Dilution for
blotting
| Starbright 520 anti-mouse | BioRad 12005867 | 1/2500
| Starbright 700 anti-rabbit | BioRad 12004162 I 1/2500
| Starbright 520 anti-rabbit | BioRad 12005870 I 1/2500
| Starbright 700 anti-mouse | BioRad 12004159 | 1/2500
| hFAB Rhodamine Anti-Actin Antibody | BioRad 12004164 I 1/5000

2.6.Microscopy to assess subcellular aptamer localisation

Reconstituted Cy5-tagged Aptamer (ATW0092, Base Pair Technologies) was stored at a
concentration of 100 uM in aliquots at -20 °C. Due to small volumes used, aptamer was
diluted 1:5 in aptamer resuspension (Base Pair #RTWO0001) buffer directly before use
before further diluting 1:40 in aptamer resuspension buffer (Base Pair #RTWO0003) to a 10x
working concentration of 500 nM before boiling for 5 minutes at 95 °C and cooling to room
temperature for 15 minutes. Aptamer was then diluted to a final concentration of 50nM in
R2 medium supplemented with 1 mM MgCl,. 4.8x10* cells were seeded in 200uL of R2 + 1
mM MgCI2. +/- aptamer for 16 hours overnight in a 96-well v-bottomed flow cytometry plate.
The next day, cells were spun down at 300xg for 5 minutes before resuspension in 1 mM
MgC; PBS pre-warmed to 37 °C before spinning down again and then resuspended in 5uM
CFSE (ThermoFisher C34554) and 20 nM Hoechst 33342 (Bio-Rad #1351304) in serum
free RPMI 1640 + 1 mM MgCl,. The plate was then placed on a plate shaker in the dark at
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room temperature for 5 minutes at 200 RPM for 5 minutes before incubating for a further 15
minutes in a 37 °C incubator. Cells were washed again in PBS then resuspended in 180 uL
R2 medium. Each 180 uL was split into 90 uL each of an 18 well plate (81817, ibidi) whose
wells were pre-washed with PBS to remove any debris. The samples were then moved to
an LSM980 microscope (Zeiss) and imaged using an oil immersion lens, with four images
being taken per well, for at least 30 minutes total, with each position imaged every 2.5
minutes. After the first 4 time points, 10 uL R2 + MgCI2 +/- 100 ng mL* TPO was added.
Hoechst, CFSE, and Cy5-aptamer were imaged with the H33342, Fcein-T2, and Cy5-T2

channels.

Analysis of aptamer fluorescence was performed in FlJl/imageJ (Schindelin et al., 2012)
using macros generated with the macro recorder tool in imageJ and with reference to
acquired from online code resources (Romain Guiet, no date; imagej.nih.gov, 2018,
Automate stack splitter frame numbers, 2020). Timecourse images were split into individual
channels using a macro (Romain Guiet, no date), Hoechst and CFSE channels were
contrast-enhanced (saturated=90) and normalising and equalising image histograms. Then
images were and thresholded to produce masks by running the “Smooth” process x3, then
enhancing contrast again (saturated=90, normalise and equalise histogram), then running
the “Despeckle” process, and thresholding using the “Otsu dark” method, before converting
to a mask by using “Convert to Mask”, using the "method=0tsu background=Dark” options,
and running “Fill Holes”. Hoechst33342 masks were used as nuclear masks, and
subtracted from CFSE masks to create cytoplasmic masks using the Image Calculator tool.
Time Series stacks were then converted to individual images using a macro adapted from
code found online (Automate stack splitter frame numbers, 2020). Original CFSE masks
were inverted to create background masks. Each of the three masks were used to create
regions of interest (ROIs) within which the mean grey fluorescence of the Cy5 (aptamer)
channel (in raw single images) over time in the nucleus cytoplasm and background. These
data were then manually collated in Excel (Microsoft, 2011) and analysed in Rstudio
(RStudio Team, 2016) using publicly available code libraries (Wickham and Bryan, no date;
Wickham and Henry, no date; Wickham et al., no date; Slowikowski, 2021). For analysis,
the mean grey fluorescence intensity was calculated per image in the cytoplasm and
nucleus, then mean averages calculated per condition. nuclear/cytoplasmic (N/C) ratios
were then calculated (Kelley and Paschal, 2019). The data were then further normalised by
subtraction of the initial 4 timepoints (pre +/-TPO treatment) from all timepoints displayed
(Goedhart, 2019). Each condition presented was imaged at least 4 times in duplicate

(technical repeat wells imaged 4 times in different positions).
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2.7.Flow cytometry:
Flow cytometry experiments were performed on a CytoFLEX 355 or CytoFLEX 375 flow
cytometer (Beckman Coulter)

2.8.Live cell Flow cytometry

For live cell flow cytometry to assess aptamer uptake Reconstituted Cy5-tagged anti-p202-
ERK1) ATW0092 Aptamer (#D5A4Z Base Pair) was prepared as per the manufacturer’s
instructions to the desired concentration and made up to working concentrations in R2
medium. Cells were incubated in this aptamer-containing medium overnight in stated
densities In 200 uL in 96-well v-bottom plates in a 37°C tissue culture incubator. After
16/24hrs, cells were spun down at 300xg in a centrifuge and washed in 37°C PBS. If a live-
dead stain was used, Live/Dead Violet (L34958 ThermoFisher) was applied at 1/1000
concentration in 100uL of PBS on ice in the dark for 30 minutes, then the wells were topped
up to 200uL with FACS buffer (1% FCS, 2mM EDTA, in PBS), spun down, washed again,
and run on the flow cytometer. Compensation and generation of plots was carried out in
FlowJo (FlowJo™ Software - for Windows, no date).

2.9.Phospho Flow Cytometry

2x10° cells were seeded per well in R2 medium or R2 containing drug (Table 5)
treatment/aptamer (Base Pair technologies, ATW0092) or DMSO/MgCI2/MgCl2+folding
buffer concentration-matched controls respectively in a 96-well v-bottom plate. For
experiments assessing the effect of TPO stimulation, cells were either incubated overnight
in TPO-supplemented R2. The next day, these were were spun down at 300xg at room
temperature after 16 hours starvation and resuspended in 50uL TPO + R2 at the
concentration used overnight if so, or 25uL of R2 25uL of R2 was then added at twice the
intended final concentration to the remaining wells and incubated at 37°C for 15 minutes.
Cells were then fixed by adding 16% paraformaldehyde (PFA) to a final concentration of
~2% R2 (i.e 7.5 uL PFA added). After fixation, plates were incubated at room temperature
for 15 minutes on a 550 RPM plate shaker, then centrifuged at 400xg for 5 minutes and
tipped off. Pellets were resuspended in 200 uL methanol (chilled to -20°C). Plates were
then sealed in parafilm and incubated at -80°C overnight. The next day, 60uL of FACS
buffer was added to each well and plates spun down at 400*g for 5 minutes before
washing again in 200uL FACS. Cells were then incubated in 10uL (unless stated
otherwise) of 1x mouse Fc block (BioLegend 101319) for 15 minutes at 4°C. Cells were
then resuspended in 50 uL FACS +/- primary antibody (Table 3) and incubated for 1 hour
at room temperature at 550 RPM. Cells were then washed in 200uL FACS buffer twice
and resuspended in 50 uL FACS +/- secondary antibody (Table 4) as required and
incubated in the dark at room temperature for 40 minutes at 550 RPM. Cells were then

washed twice again in 200uL FACS and resuspended in 100 uL of FACS before analysing
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on the Cytoflex flow cytometer. Compensation, quantification, and dot plots were carried

out in FlowJo, and further data analysis completed in Microsoft Excel and Rstudio.

Table 3: Phosflow primary antibodies

Primary Antibody Product code Dilution
| | I
anti-phospho-ERK1/2 (PE BioLegend 369506  1/100
fluorophore) antibody
(Thr202/Tyr204)
| | I
Phospho- HIF1A (S641/S643) Antibodies A254482 1/1000

Table 4: Phosflow secondary antibodies

Secondary Antibody Product code Dilution
| Starbright 700 anti- | BioRad 12004162 | 1/2500
Rabbit
| AF647 Anti-Rabbit | ThermoFisher A-21245 | 1/1000
| AF405 Anti-Rabbit | ThermoFisher A-21245 | 1/1000

Table 5: JAK2 and MEK inhibitors

Inhibitor Product code

| | |
Ruxolitinib Cell Guidance systems SM87-10

| | |
U0126 Cell Guidance systems SM106-25

*Cells were treated with 2 uM ruxolitinib (Stivala et al., 2019) and U0126 was used at a

concentration of 5 uM (Koukoulas et al., 2021) respectively.

2.10.Proximity ligation assay by flow cytometry

6x10° hMPL Ba/F3 JAK2wt or JAK2V617F expressing cells were seeded in 25mL of R2
medium with +/- 100 ng mL* TPO for 16 hours. The next day, 5*10° cells from each
condition were seeded into 4 wells each of a 96-well plate before spinning at 400xg for 1
minute at 4 Celsius and washing in 200uL Ice cold PBS +2mM EDTA +1:1000 MG132 (1
cOmplete™, EDTA-free Protease Inhibitor Cocktalil tablet was dissolved in 10 mL PBS).
200uL FOXP3 fix/perm transcription factor buffer (1:3 dilution of fix-perm to 3 parts
diluent) (BioLegend 421403) was added after spinning cells down and mixed by pipetting.
Cells were fixed on ice for 45 minutes. Duolink® In Situ PLA® kit (with included buffers)
(Millipore Sigma DU092101) was applied: 1 drop of duolink blocking solution was added
to each well and incubated for 60 minutes at 37 Celsius. Cells were then spun down again

at 400*g and tipped off before adding 50uL of antibody diluted in Duolink antibody diluent.
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Diluent was added alone for probe-only control cells. Plate was incubated overnight at 4
Celsius. The next day, cells were washed in 200uL of Duolink wash buffer A (Sigma-
Aldrich, DUO82047). Duolink “Plus” and “Minus” Probes (Millipore Sigma DUO92002,
DUO092004) were diluted 1:5 in antibody diluent and 50uL added to each well before
incubating for 1 hour at 37 Celsius in a 120 RPM shaking incubator. Duolink Ligation
buffer was diluted 1:5 in high purity water and used to dilute Ligase to 1x concentration
(1:40). 100uL of diluted ligation buffer was added to each well after spinning down and
discarding supernatant as before. Cells were washed in 200uL of wash buffer.
Amplification buffer was diluted 1:5 with high purity water and then used to dilute
polymerase 1:80. 100uL polymerase+amplification buffer was added to each well after
spinning down plate at 400*g and tipping off supernatant. Amplification was carried out
overnight, incubating plate at 37 celsius in a 220 RPM shaking incubator. In further steps,
the samples were protected from light. Detection buffer was diluted to 1x concentration.
Cells were washed twice in 200uL Duolink Wash Buffer and spun down at 400*g and the
supernatant tipped off before resuspending in 100uL 1x Detection buffer. Cells were
incubated with the detection buffer for 45 minutes at 37 Celsius in a 220 RPM shaking
incubator. Cells were spun down and washed twice in 200uL Duolink wash buffer before
resuspending in PBS and imaging on flow cytometer (Beckman Coulter, CytoFLEX). The
RUNX1 rabbit (Proteintech 25315-1-AP), RUNX1 mouse (Santa Cruz Biotechnologies sc-
365644) HIF-1a rabbit (Cell Signaling Technology #36169, and HIF-1 mouse (Abcam
Ab2771) antibodies were all used at 10 ug mL™*

3.Results

3.1.HSPA2 coimmunoprecipitates with HIF-1a in a JAK2V617F-dependent manner

RIME (rapid immunoprecipitation mass spectrometry of endogenous proteins) is a
technique by which endogenous DNA-bound proteins are cross-linked to their interactant
proteins in complex to facilitate identification of novel protein-protein interactions of
transcription factors or DNA-binding proteins by mass spectrometry (Mohammed et al.,
2013). This technique has previously revealed novel HIF-1a interactors in breast cancer
(Yang et al., 2022). A goal of this project was to investigate JAK2VF-specific HIF-1a
function. For this reason, unpublished data produced in the Katherine Bridge Lab were
analysed. These data were produced via HIF-1a RIME on cytokine-starved hMPL-
expressing UT-7/TPO cells in atmospheric normoxia, hypoxia (1% O;), stimulated with
100 ng mL? TPO, or expressing the JAK2VF (JAK2V617F) mutant (David Kealy, 2021).

The data were then analysed to determine potential novel interactors of HIF-1a (Fig.5a).
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Figure 5: The interaction of HIF-1a and HSPA2 protein increases with TPO
stimulation and JAK2V617F:
A; Fold-changes and statistical tests (Wilcoxon Rank-Sum) calculated from spectral

counts of proteins co-immunoprecipitated with HIF-1a from UT-7/TPO cells starved in
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normoxia, hypoxia (1% 02), stimulated with 100 ng mL TPO, or expressing JAK2V617F
in the Bridge Lab (David Kealy, 2021). Fold changes were calculated by dividing mean
spectra counts (MSC) from each respective protein and condition by their respective
MSC in normoxic (i-iii), hypoxic (iv-v), or TPO-treated cells. The statistical significance (p)
of these differences was calculated from all 3 biological replicates and Benjamini-
Hochberg adjusted for multiple comparisons (g). Those proteins whose expression
differed between conditions (p<=0.05) are displayed here.

B; A control experiment to demonstrate hypoxic HIF-1a stabilisation in hMPL Ba/F3 or
UT-7/TPO cells +/- JAK2V617F. 2x10° per condition were starved for 16 hours in 2mL R2
medium and incubated +/- 1% O, hypoxia for a further 4 hours before immediate rapid
lysis, analysis by SDS-PAGE, and probing for HIF-1a (D1S7W 1/1000), HIF-183
(ab239366 1/1000) and B-Actin (BioRad 12004164). B-Actin blot is representative of n=2.
C; 6x10°% hMPL Ba/F3 cells per condition were starved in RPMI 1640 supplemented with
2% FBS (R2 medium) overnight +/- TPO to a concentration of 100 ng mL-%. Lysates were
used for immunoprecipitation with anti-HIF1a D1S7W or a concentration matched I1gG
DALE control antibody. Input and precipitate blot (5% and 45% of each lysis loaded
respectively) were probed for HSPA2 (1/1000) , then re-probed for HIF13 (1:1000).

D; 100x108 hMPL Ba/F3 cells per condition (each in 4 plates of 30 mL) were R2 medium
starved overnight supplemented or not TPO to a concentration of 100 ng mL™. Starvation
was continued for an additional 4 hours and cells were incubated +/- hypoxia (1% O2).
Lysates were used for immunoprecipitation with HIF1a or a concentration matched IgG
control antibody. 0.5% of lysates were run as input and 40% of IPs were run for blotting.
Blots of inputs and precipitates (5% and 40% of each lysis loaded respectively) were
probed for HSPA2 protein (1:1000).

Analysis of RIME data using R-Studio indicated that hypoxia and JAK2V617F decrease
binding of the heat-shock proteins HSPA1A/HSP70 (HSPA1A heat shock protein family A
(Hsp70) member 1A [ Homo sapiens (human) ], 14-Jan-2023)(FC=0.6172, p= 0.0495,
g=0.6585) (Fig.5a i) and HSP90AB1 (FC=0.4853, p=0.0495, q=0.5307) (Fig.5a iii),
respectively to HIF-1a compared to normoxia. HSP70 promotes the degradation of HIF-1a
(Luo et al., 2010), and HSP90ABL1 is an isoform of HSP90 (Mo et al., 2012) thought to be
involved in resistance of AML to treatment (Forthun et al., 2012). HSP90-a itself is known
to stabilise HIF-1a in an oncogenic context (Tang et al., 2021). Hence, it follows that this

analysis of RIME data can highlight novel HIF-1a-interacting proteins.

Given this, it could be suggested that a comparison of RIME data generated in TPO
treated and JAK2 V617F cells, or, oncogenic (Sangkhae, Etheridge, et al., 2014; Aynardi

et al., 2018) conditions, with hypoxic data might reveal cancer-specific HIF-1a
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interactants. Such analysis revealed that more HSPA2 was co-immunoprecipitated with
HIF-1a (FC=1.3464, p=0.495, q=0.6439) in TPO-treated (Fig.5a iv) and JAKVF+ (Fig.5a
v) cells (FC=1.4934, p=0.0495, q=0.5378) than compared to hypoxia-treated cells.
However, none of these differences were statistically significant once corrected for
multiple comparisons. Nonetheless, given that this RIME data was preliminary, and HSPs
are known to interact with HIF-1a (Forthun et al., 2012; Tang et al., 2021), the prospect of
a normoxic TPO/JAK2VF cascade-induced HSPA2:HIF-2a complex was investigated
further.

As a prerequisitionary control for the specific effect of hypoxia on hMPL Ba/F3 and UT-
7/TPO cells’ HIF-1a stabilisation, Western blot analysis was performed to confirm that 4
hours hypoxic treatment (1% O) is sufficient to stabilise HIF-1a in these four cell lines
(Fig. 5b).

To interrogate the effect of context-dependent formation of an HSPA2:HIF-1a complex in
hypoxia, under TPO stimulation, and due to JAK2VF, HIF-1a immunoprecipitation was
performed on cytokine-starved Ba/F3 cells (Fig.5c¢,d). In both experiments, there was an
increase in co-immunoprecipitated HSPA?2 protein in JAK2VF mutant (Fig.5c¢,d) or wild-
type cells stimulated with TPO (Fig5d), when compared to normoxic or hypoxic cells, but
was nhot co-immunoprecipitated in hypoxia (Fig.5d). Taken together these data
corroborate the RIME analysis presented here (Fig.5a), suggesting that signalling via the
TPO/JAK2VF cascade is a specific driver of HSPA2:HIF-1a complex formation, which is
not formed in hypoxia. However, it is of note that though Figure 5d shows an increase in
HSPA2:HIF-1a with TPO stimulation of JAK2 WT Ba/F3 cells, which again corroborates
the RIME analysis (Fig.5a.iv), this was not seen in an initial attempt of this same assay
(Fig.5c¢), leaving open the possibility of whether TPO may induce HSPA2::HIF-1a complex

formation.

3.2.0ptimisation of TPO treatment with regard to HIF-1a and ERK1/2 phosphorylation

The latter RIME experimentation indicated that HSPA2 protein may interact with HIF-1a in
response to TPO/JAK2V617F signalling, but not in response to hypoxia. JAK2V617F
(Stivala et al., 2019) and TPO can activate ERK1/2 phosphorylation (Gaur et al., 2001).
Additionally, ERK1/2 can itself phosphorylate HIF-1a (Richard et al., 1999; Koukoulas et
al., 2021). Taken together, these data would support the hypothesis that JAK2VF/TPO
stimulation may activate ERK1/2, and ERK1/2 might phosphorylate HIF-1a in turn.

For this reason, the effect of TPO/JAK2V617F upon the phosphorylation of HIF-1a at
S641/S643 (targeted for phosphorylation by ERK1/2 (Koukoulas et al., 2021)) was
investigated in hMPL Ba/F3 cells. Western blot analysis demonstrated that
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phosphorylation of both ERK1/2 and HIF-1a was increased in response to 15 minute and
overnight (16hr) 100 ng mL-1 TPO stimulation (Fig. 6a), which is in line with the
hypothesis that ERK1/2 activation downstream of JAK2 may induce HIF-1a
phosphorylation. To confirm this effect, phospho-flow cytometry was used to investigate
the effect of increasing TPO concentration upon ERK1/2 and HIF phosphorylation in WT
and JAKVF hMPL Ba/F3 cells (Fig.6a). Though there was an expected increase in
ERK1/2 phosphorylation, and JAKVF cells appeared to have higher levels of ERK1/2
overall, there was no effect of either TPO or JAKVF observed on HIF-1a phosphorylation.
Given these results, these experiments confirm that TPO/JAK2V617F signalling induces
ERKZ1/2 activation, which may in turn phosphorylate HIF-1a at S641/S643. The
contradictory results in the case of pHIF-1a may have been due to the use of a Starbright
700 secondary antibody (BioRad 12004162), which was not known to be optimised for
flow cytometry, and not used further. Taking into account the immuno-blotting (Fig.6a) and
flow cytometry evidence it was concluded that 10 ng mL* acute TPO stimulation, or 16
hours at 100 ng mL™* could induce ERK1/2 phosphorylation, 16hrs of 100 ng* TPO could
likely induce HIF-1a phosphorylation, in WT or JAK2VF Ba/F3 cells. Hence, these

conclusions were used for further investigation.
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Figure 6: the effect of thrombopoietin concentration and exposure time on the
phosphorylation of ERK and HIF-1a:
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A; 1 million cells per lane were starved in 180 uL of R2 medium overnight supplemented
with +/- 100 ng mL* TPO. 15 minutes prior to lysis, cells were supplemented with 20 uL
R2 supplemented or not with TPO to a final concentration of 0 or 100 ng mL™. Blots were
probed with antibodies raised against total ERK1/2, HIF-1a, phospho-ERK1/2 (phospho
sites) or phospho-HIF1la (sites). Red arrows indicate phospho-HIF-1a.

B; 2x10° cells per condition were seeded in 200 ul of R2 with 0 or 100 ng mL* TPO for 16
hours overnight (100 ON). 15 minutes prior to PFA fixation cells were spun down and
resuspended in the final concentration of TPO shown (ON indicates that cells were
maintained in that concentration overnight). Samples were probed for pERK (T202/Y204
) and pHIF-1a separately, using a starbright 700 secondary antibody to detect pHIF-1a
(S641/ S643) levels and left uncompensated as the samples were stained singly and
separately. Percentage of singlets expressing either protein is presented as a humber to

the right of each histogram.

3.3.JAK2V617F may stimulate HIF-1a phosphorylation

To further investigate the role of JAK2V617F in HIF-1a phosphorylation, phospho- flow
cytometry was used to assay ERK1/2 and HIF-1a phosphorylation in WT and JAK2V617F
hMPL Ba/F3 cells treated with or without the MEK inhibitor (ERK activation inhibitor)
U0126 or the JAK2 inhibitor Ruxolitinib. AF647 and AF405 secondary antibodies were
used to detect HIF-1a phosphorylation due to the lack of consistency previously observed

between assays (Fig.6) in an effort to optimise detection of HIF-1a phosphorylation.

In these assays, and with optimised secondary antibody conditions, JAK2VF cells showed
significantly higher (p=0.0189592) levels of HIF-1a phosphorylation than WT cells
(Fig.7b). There is a trend towards JAK2VF cells having higher levels of phospho-ERK1/2
(Fig.7a,c), with U0126 or Ruxolitinib treatment reducing these to WT-comparable levels.
This trend is also seen with HIF-1a phosphorylation (Fig.7b) when an AF647-tagged
secondary antibody was used to detect phospho-HIF-1a, but was not observed when an
AF405-tagged secondary was used (Fig7d). Overall, these data suggest that JAK2V617F-
driven activation of ERK1/2 may lead to phosphorylation of HIF-1a.
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Figure 7: The effect of JAK2 and MEK inhibition upon the phosphorylation of HIF-
1a in WT or JAK2V617F hMPL Ba/F3 cells:

A (n=6); Ba/F3 cells were incubated +/- 2 uM Ruxolitinib, or 5uM of U0126 in R2 starvation
medium overnight or DMSO control. Cells were fixed with PFA and methanol before
probing with anti phospho-ERK. Median fluorescence intensity was mean averaged within
biological repeats and background subtracted (unstained samples) before values across
samples were scaled to have a minimum and maximum of O and 1 across repeats to
account for a number of slightly negative values of low staining generated after
background subtraction. Red crosses mark biological means with error bars +/- 1
standard error and dotted lines mark the range. Outliers (<25th percentile -1.5*IQR or
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>75th percentile + 1.5*IQR) were plotted as black points if within range and not included
in calculation of median, SE or range. Statistical analysis was performed in Rstudio.
Kruskall-Wallace test showed no statistically significant difference in ERK1/2
phosphorylation between JAK2 genotype/treatment groups (x2 = 7.8859, df = 5, p-value
=0.1626), Upon outlier removal, Kruskall-Wallace test indicated no significant differences
between JAK2 genotype/Treatment (x2 = 6.8921, df = 5, p-value = 0.2288). Normality
was not assumed before outlier removal (Shapiro-Wilk: W = 0.53463, p-value = 1.604e-
09), nor after removal (Shapiro-Wilk: W = 0.93408, p = 0.03704).

B; In the same experiment as A, cells were also probed with anti-rabbit AF647-antibody
anti-rabbit to detect pHIF-1a. ANOVA was performed to test the effect of JAK2 genotype
and inhibitor treatment upon HIF-1a phosphorylation. There was not a significant effect of
Treatment (df=2, SS=0.01885, F=1.317, p=0.283), nor an interaction of treatment and
JAK2 genotype (df=2, SS=0.00442,F=0.309, p=0.737), but there was a significant effect
of JAK2 genotype (df=1, SS=0.04402, F=6.152, p=0.019), which was statistically
significant (Tukey test: p=0.0189592). Normality of residuals (Shapiro-Wilk: W = 0.98589,
p-value = 0.9176) and homogeneity of variances (Levene’s Test: p=0.2001) were
assumed.

C (n=2); Ba/F3 cells were incubated without or with 2 uM of Ruxolitinib or 5uM UQ0126 in
R2 starvation medium overnight. Cells were fixed with PFA and methanol before probing
with anti pERK-PE. These repeats (including D) were carried out in parallel with those in
parts A,B representing the last two repeats. Data were likewise scaled to between 0 and
1 across all samples as with parts A,B.

D; In the same experiment as in C anti-rabbit AF405 antibody was used to to detect anti-
pHIF-1a antibody and thus levels of phosphorylation of HIF-1a. Data were treated in the
same way as in C.

N.B: Please note that 2 of 6 repeats in A,B and 1 of C,D presented here were produced
collaboratively as part of data collection for an upcoming paper (Bryce Drylie, Cathy
Hawley, Ruth Ellerington, 2022). Please see Author’s Declaration for exact details of this

collaboration.

3.4.JAK2V617F and TPO stimulation inhibit the binding of HIF-1a to NPM1, but is
rescued by treatment with U0126

ERK1/2 is thought to phosphorylate HIF-1a in hypoxia, inducing interaction with NPM1
(Koukoulas et al., 2021) Having established that JAK2VF may be driving phosphorylation
of HIF-1a, it could be hypothesised that JAK2VF may regulate formation of this HIF-
1a:NPM1 complex.

NPM1 was coimmunoprecipitated with HIF-1a in starved WT cells at normoxia, and to a
lesser extent in JAK2V617F hMPL Ba/F3 cells, but this was abrogated in cells treated with

100 ng mL™* overnight with TPO (Fig.8a), despite higher levels of HIF-1a being
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immunoprecipitated in total. HIF-1a levels were higher in immunoprecipitates of DMSO
control cells JAK2V617F hMPL Ba/F3 cells compared to WT cells (Fig,8a,b), which was
expected as HIF-1a is degraded in normoxia (Salceda and Caro, 1997. Kallio et al.1997).
These high levels were reduced to a negligible level by Ruxolitinib treatment but not
U0126 (Fig.8b). Relative to immunoprecipitated HIF-1a, NPM1 co-IP levels were reduced
in VF versus WT cells, but pHIF-1 a levels were level between these groups. Treatment
with U0126 overnight partially rescued relative levels of NPM1 co-IP in VF cells, and
phospho-HIF-1a levels were greatly increased in proportion (Fig.8c.). When assessed as
a whole, these data suggest that JAK2V61F may inhibit the formation of the HIF-1a:NPM1
complex, unlike in hypoxia, and that inhibition of ERK1/2 activity (U0126) may increase
HIF-1a phosphorylation and rescue this interaction. This would further suggest that
ERK1/2 may contribute towards JAK2VF’s inhibition of the HIF-1a:NPM1 complex.

The findings of Koukoulas and colleagues (2021) have suggested that an interaction with
the C-terminal domain of NPML1 is necessary for the ERK1/2-induced HIF-1a:NPM1
complex. As was noted int his work, C-terminal NPM1 mutation is associated with NPM1
localisation to the cytoplasm in AML (Falini et al., 2005). JAK2VF also occurs, though
rarely, in AML (Levine et al., 2005). With the above discussed data suggesting that
JAK2VF signalling may inhibit this complex, this revealed a potential conclusion— that
JAK2VF and NPM1 C-terminal mutation may both inhibit the NPM1:HIF-1a complex. To
investigate this hypothetical commonality between AML and MPN, therefore, cBioPortal
(Cerami et al., 2012; Gao et al., 2013) was used to query a public AML dataset (Tyner et
al., 2018). This query demonstrated that NPM1 C-terminal mutation and JAK2V617F
mutations were statistically significantly unlikely (Fisher’s exact test, p=0.037) to co-occur.
This data therefore provides circumstantial evidence that JAK2VF may modulate NPM1.:
HIF-1a independently of NPM1c mutation (Fig.8d).
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Figure 8: The effect of JAK2V627F, Ruxolitinib and U0126 treatment on the

formation of HIF-1a:NPM1 complexes in hMPL Ba/F3 cells:
A; 10 million cells per condition were starved overnight in R2 +/- 100 ng mL ** TPO. 5%

of original lysates were loaded as input and 45% used for immunoprecipitation of HIF-1a.
Blots were probed for HIF-1a and NPM1.
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B; 10 million cells per condition were starved overnight in R2 supplemented with 2 uM
Ruxolitinib, 5 uM U0126, or DMSO control. Each of 6 conditions was lysed in 116.7 uL
and 16.7 uL from each pooled for the IgG control. 5% of post-pool lysates were run as
input and 45% used for HIF-1a immunoprecipitation.

C; n=2 biological replicates of the conditions as in B quantified as integrated density of
blot per lane normalised to HIF-1a in lanes where HIF-1a was expressed.

D; result of a cBioPortal query (Ceramietal., 2012; Gao et al., 2013) of publicly available
AML data (Tyner et al., 2018). Fisher’'s exact test was generated as part of the query,
which was to indicate whether or not JAK2 and NPM1 mutations occurred in mutually

exclusive groups of patients samples in the dataset.

3.5.0ptimisation of cyanine5-tagged anti-pERK1 aptamer uptake in live cells

Aptamers have the potential to act as therapy by modulating intracellular protein
interactions (Lee et al., 2005). ERK1/2 is a cytosolic protein that is sequestered to the
nucleus upon tyrosine/threonine phosphorylation (Chen, Sarnecki and Blenis, 1992). This
provides an avenue to assess the binding of an anti-pERK aptamer (Base Pair,
ATWO0092) to this protein via its subcellular localisation. Aptamers can be taken up by
cells via macropinocytosis and endocytosis (Reyes-Reyes, Teng and Bates, 2010; Yu et
al., 2013). Given that ERK1/2 is an intracellular protein (Chen, Sarnecki and Blenis,
1992), it was first essential to assess the ability of anti phospho-ERK1 aptamer (Base
Pair, ATWO0092) to be taken up by live cells. This was therefore assessed by live cell flow
cytometry, and was found to be feasible (Fig.9a-d).
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Figure 9: Assessment of uptake of Cy5-tagged anti pERK aptamer with different
exposure times and concentrations by live cell flow cytometry:

A; Aptamer uptake in live Ba/F3 hMPL cells under a concentration gradient of cy5-tagged
anti pERK1 aptamer after 24hrs. B; Cy5-tagged anti pERK1 Aptamer uptake at 50 and
100 nM after 16 or 24 hrs in Ba/F3 hMPL cells. C; Cy5-tagged anti pERK1 aptamer uptake

at 50 nM after 16 hrs in Ba/F3 hMPL cells. D; Aptamer uptake at 50 nM after 16 hrs in live
UT-7/TPO cells.

3.6.TPO stimulation of Ba/F3 hMPL cells induces nuclear import of cyanine5 tagged
anti pERK1 aptamer in live cells

With a view to using an anti-pERK aptamer (Base Pair, ATW0092) as a potential ERK
modulator, it was essential to establish that the aptamer would bind phospho-ERK in vivo.

Therefore, given that: as mentioned, previously, ERK1/2 is usually cytosolic, but
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translocates to the nucleus upon being phosphorylated (Chen et al. 1992), and ERK1/2
phosphorylation can be induced by TPO signalling (Rojnuckarin et al. 1999; Sangkhae et
al. 2014), it was hypothesised that visualisation of anti phospho-ERK aptamer in-vivo by
laser scanning microscopy could demonstrate the sequestration of aptamer to the nucleus
upon TPO stimulation of Ba/F3-hMPL cells, which was intended demonstrate the binding
of the aptamer to its protein target by proxy.

From visual inspection, the fluorescence of nuclei of Ba/F3-hMPL cells treated with Cy5-
tagged anti-pERK1 aptamer, TPO stimulation induced aptamer uptake into the nucleus
(Fig.10a). In addition, in two biological replicates, the addition of TPO increased the
nuclear to cytoplasmic proportion of aptamer (fluorescence) when compared to cells only
treated with R2 and no TPO, suggesting that TPO stimulation induced uptake of aptamer
into the nucleus in-vivo (Figure 10b). Therefore, these data would suggest that the anti

PERK1 aptamer is capable of binding to its stated target in-vivo.

TPO ADDED
TPO ADDED

Baseline-subtracted Nuclear/Cytoplasmic Ratio
of Subcellular Cy5 Tagged anti-ERK1 Aptamer (A U)

e mepoint (inutes) e smamaes
TPQO Concentration Added
Anti-pERK Aptamer m | Cytoplasm = | Nucleus m| 0ngmlL?
Nuclear Aptamer m | Cytoplasmic Aptamer

Rep2 P10-0007 (25mins, TPO-, Aptamer+) Rep2 P30-0007 (25mins, TPO+, Aptamer+)

— 10ngmL?

Figure 10: Subcellular localisation of cy5-tagged anti-pERK aptamer over time
and in response to stimulation with TPO:
A; Cytoplasmic and nuclear masks presented as composite RGB images with contrast

adjusted cyanine-5 channel combined to show Ba/F3/hMPL cells treated with aptamer
~15 minutes after the addition of R2 +/- TPO to a final concentration of 10 ng/mL.

B; Nuclear aptamer (Cy5-tagged Base Pair Technologies ATWO0092 aptamer)
fluorescence over time before and after adding R2 +/- TPO (final concentration: 10 ng
mL™) to serum-starved Ba/F3-hMPL cells. Background fluorescence was subtracted from
cytoplasmic and nuclear data before calculation of normalised nuclear fluorescence as
nuclear/cytoplasmic fluorescence ratio (N/C). N/C data was further normalised by
subtracting the mean baseline N:C fluorescence (timepoints before TPO addition) from
all timepoints before and after TPO addition, per treatment group (+/- TPO group). Both

of n=2 biological repeats are presented here.
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3.7.Anti-pERK1/2 aptamer does not alter the phosphorylation state of ERK1/2 or HIF-
1a.

Given that it appears the anti-phospho-ERK1 aptamer (ATW0092, Base Pair) is capable
of binding to its target in-vivo (Fig.10), phospho-flow cytometry was used to assess
whether this binding might have an effect upon the phosphorylation of ERK1/2 or the
function of phospho-ERK1 with regard to the phosphorylation of HIF-1a.

Treatment of Ba/F3-hMPL cells with cyanine5-tagged anti phospho-ERK1 aptamer
(ATWO0092, Base Pair Technologies) did not have a statistically significant effect upon the
phosphorylation state of phospho-ERK1/2 (Fig.11a) nor the phosphorylation of HIF-1a
(Fig.11b). In two repeats of a similar experiment using an AF647-tagged anti phospho-
ERK1 aptamer (ATWO0092-100, Cambio), and an AF405-anti-Rabbit antibody rather than
an AF647 one, there was also no substantial difference in ERK phosphorylation with
aptamer treatment. However, in both experiments, there did appear to be a general trend
towards greater HIF-1a phosphorylation in WT JAK2 aptamer-treated cells when
compared to either DMSO control or MgCl; loading buffer control.
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Figure 11: The effect of anti pERK1 aptamer treatment upon the phosphorylation of
HIF-1a in WT or JAK2V617F hMPL Ba/F3 cells assessed by phospho flow cytometry:
A; Ba/F3 hMPL cells +/- JAK2V617F were incubated with 50 ng mL cyanine5-tagged anti

pPERK1 (Base Pair ATW0092) aptamer overnight in 1mM MgCl, supplemented R2 or in just
R2 + 1mM MgCl,. Panels represent n=4 biological replicates. DMSO controls used in the
same biological repeats (n=4) as in figure 7a,b here and in part panel B (run in parallel from
the same cell stock) were included to provide a matched control comparison. Median
fluorescence intensity was mean averaged within biological repeats and background

subtracted (unstained samples) before values across samples were scaled to between 0
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and 1. Red crosses mark biological means with error bars +/- 1 standard error and dotted
lines mark the range. Outliers (<25th percentile -1.5*IQR or >75th percentile + 1.5*IQR)
were plotted as black points if within range and not included in calculation of median, SE or
range. ANOVA performed in R showed no significant effect of treatment (df=1,
S$S=0.000565,F=0.378, p=0.550), nor JAK2 genotype (df=1, SS=0.003350, F=2.243,
p=0.160), nor their combined effect (df=1, SS=0.000024, F=0.016, p=0.901). Normality was
confirmed by Shapiro-Wilk test (W=0.94999, p=0.4896), and homogeneity of variances
confirmed by Levine’s test (p=0.952). Outlier removal revealed a marginally significant effect
of JAK2 genotype by ANOVA (df=1, SS=0.005565 ,F=4.964, p=0.0477), which was
significant by Tukey post-hoc test (p=0.04817). Normality (Shapiro-Wilk: W=0.94438, p
0.4406) and homogeneity of variance (Levine’s test: p=0.5368) were assumed. For all
statistical tests the MgCl. treatment group was excluded as it was only included in n=2
repeats.

B; Ba/F3 cells were incubated with 50 ng mL*? -tagged anti pERK1 aptamer (Base Pair
ATWO0092) overnight in ImM MgCl, supplemented R2 or in just R2 supplemented with 1mM
MgCl, as used in aptamer treated samples overnight. Panels represent n=4 biological
replicates. An anti-rabbit AF647 (ThermoFisher, 10543623) antibody was used to detect
pHIF-1a primary antibody level. Average scaled MFI is presented as in A. ANOVA
performed in R showed no significant effect of Treatment (df=1, SS=0.1691, F=4.561,
p=0.054), JAK2 genotype (df=1, SS=0.0121,F=0.327,p=0.578), nor their interaction (df=1,
S$S=0.0008, p=0.884) Upon scaled HIF MFI. Normality (Shapiro-Wilk test: W=0.89853, p-
value = 0.07614) and homogeneity of variances (Levene test: p=0.4745). There were also
no significant effects of treatment (df=1, SS=0.06917,F=4.406,p=0.0597), nor JAK2
genotype (df=1, SS=0.00090, p=0.8148). Normality (Shapiro-Wilk test: W=0.93359,
p=0.3085), and homogeneity of variances (Levene Test: p=0.2078) were assumed. For all
statistical tests the MgCl, treatment group was excluded as it was only included in n=2
repeats.

C: Panel represents MFI (scaled 0-1) of phospho-ERK1/2 PE antibody (Biolegend 369506)
used to detect phospho-ERK1/2 levels. Blue crosses are mean averages of MFIs of n=2
biological replicates, both presented as black dots. Ba/F3 hMPL cells +/- JAK2V617F were
incubated with 50 ng mL* AF647-tagged anti pERK1 aptamer (CamBio, ATW0092-100)
overnight in ImM MgCl, supplemented R2 or in just R2 with 1mM MgCl, overnight and
concentration-matched folding buffer as control. DMSO controls used in the same biological
repeats (n=2) as in figure 7c,d here and in panel D (run in parallel from the same cell stock)

were included to provide a matched control comparison.
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D: Panel represents MFI of AF405 (scaled 0-1) anti-rabbit antibody used to detect phospho-
HIF-1a levels, as detected with an anti-phospho-HIF-1a antibody. Blue crosses are mean
averages of MFIs of n=2 biological replicates, both presented as black dots. Ba/F3 hMPL
cells +/- JAK2V617F were incubated with 50 ng mL* AF647-tagged anti pERK1 aptamer
(CamBio, ATW0092-100) overnight in 1mM MgCl. supplemented R2 or in just R2 with 1mM
MgCl, overnight and concentration-matched folding buffer as control.

N.B: Please note that 2 of 6 repeats in A,B and 1 of C,D presented here were produced
collaboratively as part of data collection for an upcoming paper (Bryce Drylie, Cathy Hawley,
Ruth Ellerington, 2022). Please see Author's Declaration for exact details of this

collaboration.

3.8.HIF-1 complex formations in small volumes of cells assessed by proximity
ligation assay by flow cytometry as proof of principle

Previous assessment of the effects of inhibiting ERK1/2 activation upon formation of the
HIF-1a:NPM1 complex (Fig.8), and that ERK can modulate this complex (Koukoulas et al.,
2021) left the prospect of using the anti-phospho-ERK1 aptamer (Base Pair, ATW0092) to
modulate, the HIF-1a:NPM1 complex - given that the downstream effects of
protein:protein interactions have been modulated by aptamer therapies previously (Lee et
al., 2005). However, given the cost of aptamers (Base Pair Technologies, ATW0092), and
the volumes of cells required for an immunoprecipitation experiment (see methods 2.4) a
different protocol would be required to assess the effect of aptamer treatment. The
Duolink® In Situ PLA® kit allows for the assessment of protein interactions at the
molecular level. Hence it was applied here as a proof of concept for the investigation of

HIF-1a:cofactor interactions, such as with aptamers.

PLA by flow cytometry (Fig.12) indicated an increase in HIF-1a:HIF-18 complexes in VF
cells compared to WT Ba/F3-hMPL cells, with overnight TPO treatment increasing HIF-
1a:HIF-1B complex levels to be in line with those in VF cells. In each case, complex-
indicating signal levels were greater than probe-only control. RUNX1 levels were
measured by proxy here as a positive control. To measure RUNX1 protein levels, two
antibodies (Proteintech 25315-1-AP, Santa Cruz Biotechnologies sc-365644) of different
host species, targeted to sequences (Proteintech 25315-1-AP (Proteintech Ag17838),
Santa Cruz Biotechnologies sc-365644) of the middle portion same protein (RUNX1) were
used as control. The aim of this was to bind two different epitopes of the same protein.
This PLA method, instead of detecting interactions between two proteins, therefore
indicates the levels of a single protein’s expression and is known as “double recognition”
(Bonagura et al., 2022). RUNX1 is a suitable target for this purpose because it is known to
be more highly expressed in JAK2VF-expressing patient samples when compared to

healthy controls (Wang et al., 2010). Additionally, TPO induced signalling has been
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implicated in driving AML expressing the RUNX1 fusion product AML1-ETO (Chou et al.,
2012; Pulikkan et al., 2012). The levels of RUNX1 protein appeared to be increased with

both TPO treatment and JAK2V617F, indicating the assay was successful. In future, the

small volumes in which cells were analysed (see methods 2.10) could facilitate its use in

the investigation of the modulation of HIF complexes by aptamers, given aptamers were

previously applied in small volumes for flow cytometric analysis in this project (see
methods 2.8/9).
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Figure 12: Assessment of HIF-1a:HIF-1B complex formation in Ba/F3-hMPL in
response to JAK2V617F and/or TPO treatment:
Cells were starved in R2 medium overnight with or without 100 ng mL* TPO and fixed.

Formation of HIF-1a:HIF-1B complexes in response to TPO and JAK2V617F were

assessed by proximity ligation assay by flow cytometry. antibody-untreated cells were

treated with PLA probe as a negative control and antibodies of different species to the same

RUNX1 protein target were included as a positive control. The experiment represents 1

biological replicate (n=1).
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4.Discussion

4.1.JAK2VF drives HIF-1a phosphorylation and inhibits NPM1:HIF-1a interaction in
a cell-line model system of JAK2VF-driven haematological malignancy

The results of this project imply that JAK2VF (Fig.8a-c) inhibits formation of the
NPM1:HIF-1a complex. In contrast with earlier findings (Koukoulas et al., 2021) ERK1/2
inhibition may drive formation of the NPM1:HIF-1a complex in a JAK2VF mutant
background (Fig.8b,c), despite higher HIF-1a phosphorylation (Fig.7b) in cells with this
mutant signal transducer. A caveat of these conclusions is that neither a significant effect
of JAK2 inhibition, nor effect of the inhibition of ERK phosphorylation upon ERK1/2 or HIF-
1a phosphorylation were observed when measured (Fig7). Unexpectedly, use of the
ERKZ1/2 inhibitor U0126 appeared to produce an increase in HIF-1alpha phosphorylation
in some of this project’s assays (Figs. 7b,d;8c).Of note in this case is that U0126 can act
as a reactive oxygen species (ROS) scavenger (Ong et al., 2015), JAK2VF can induce
ROS accumulation to stabilise HIF-1a (Baumeister et al., 2020), and, further, ROS
accumulation can activate ERK1/2 (Catarzi et al., 2011; Jaenen et al., 2021). With these
findings in mind, it is tempting to propose an alternative mechanism wherein ROS
accumulation from JAK2VF may modulate HIF-1 a phosphorylation in addition to ERK1/2,
but this conclusion cannot be made here and would require further experimentation.
However, such a mechanism may explain why U0126 did not appear to have a statistically
significant inhibitory effect upon ERK1/2 phosphorylation in JAK2VF cells (Fig.7a). Taken
together, these data suggest that JAK2VF drives HIF-1a phosphorylation, but inhibits
NPML1:HIF-1a interaction. This finding was not expected, given that ERK1/2-induced
phosphorylation of S641/S643 on HIF-1a was previously shown to induce NPM1:HIF-1a
interaction (Koukoulas et al., 2021), and that ERK1/2 is activated by JAK2VF (Wolf et al.,
2013; Stivala et al., 2019). However, though ERK1/2 activation was increased in control
experiments in JAK2VF cells (Fig. 6a,b), there was no statistically significant increase
versus WT when tested (Fig.7a) despite data trending to this effect (Fig.7a,c). Overall,
these findings suggest that JAK2VF inhibits the NPM1:HIF-1a complex, despite seemingly

inducing HIF-1a phosphorylation and may do so in an ERK1/2-independent manner.

TPO can induce ERK1/2 phosphorylation (Gaur et al., 2001), as well as HIF stabilisation
(Yoshida et al., 2008). This could imply that TPO, in addition to JAK2VF may modulate the
NPM1:HIF-1a complex as has been previously described (Koukoulas et al. 2021). Indeed,
the assays conducted in this project indicate that prolonged TPO (Fig.6a,b) exposure
induces ERK1/2 activation and HIF-1a (Fig.6a) phosphorylation, but as with JAK2VF, TPO
stimulation inhibited the NPM1:HIF-1a (Fig.8a) complex. However, one control experiment
(Fig.6b) did not recapitulate this result, nor the increase in HIF phosphorylation seen in

JAK2VF cells when compared to WT cells that was observed in later experiments (Fig.7b)
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This suggests that that the former assay (Fig.6b) may have been limited by the use of a
secondary antibody that was not optimised for flow cytometry (BioRad 12004162). When
considering these findings as a whole, it appears that prolonged TPO exposure can inhibit

formation of the NPM1:HIF-1a protein complex.

Taken together, the findings of the discussed experiments suggest that JAK2 signalling
induced by TPO or constitutive activating JAK2VF mutation inhibit the formation of the
NPML1:HIF-1a complex, which may have implications for future research. NPM1 mutation
is uncommon in MPN (Montalban-Bravo et al., 2019), but is common in AML, and is
associated with cytoplasmic localisation of the protein, rather than nucleolar (Falini et al.,
2005) Mutant JAK2VF is uncommon in AML (Levine et al., 2005), but frequent in MPN (M.
Wang et al., 2014). In fact, in one patient where both NPM1 mutation and JAK2VF were
detected, the mutations were thought to occur different groups of cells (Pasqualucci et al.,
2008). Indeed, a query of NPM1 mutations and JAK2 mutations in publicly available data
from AML patient samples (Tyner et al., 2018) via cBioportal (Cerami et al., 2012; Gao et
al., 2013) demonstrates that JAK2 an NPM1 mutations occur with mutual exclusivity in
AML (Fig.8d). In addition, leukaemic localisation of NPM1 to the cytoplasm is driven by
mutations in the C-terminal domain of this protein (Falini et al., 2006), which itself is
required for formation of the NPM1:HIF-1a complex (Koukoulas et al., 2021). Taken as a
whole, these findings may suggest that, modulation of the NPM1:HIF-1a complex by
JAK2VF (as investigated here), could possibly occur independently in NPM1-mutated
malignancies. If this is the case, NPM1:HIF-1a complex modulation could be a common
factor between mutually exclusive (Fig.8d) malignancies, and could be a promising
avenue for future research into the molecular biology of haematological malignancies
including MPN and AML.

Mutation of the C-terminal domain of NPM1 can cause it to be aberrantly localised to the
cytoplasm (NPM1c) (Falini et al. 2006), which prevents the differentiation of AML cells to
maintain leukaemia. (Brunetti et al. 2018). Hence, NPM1c+ AML has been successfully
targeted with the drug Eltanexor, which prevents NPM1 export from the nucleus via
inhibiting the protein responsible, XPOL1 (Pianigiani et al. 2022). However, of particular
relevance to this work, Eltanexor, and another XPO1 inhibitor, Selinexor, have been
successfully applied to JAK2VF MPN cell lines to inhibit growth (Yan et al. 2019).
Interestingly, the XPOL1 inhibitor Selinexor slowed cancer cell line growth in vitro and
inhibited HIF-1a induced transcription, but did so without affecting the nuclear localisation
of HIF (Depping et al. 2019). It has been suggested that NPM1 binds HIF-1a to initiate an
oncogenic transcriptional regimen by facilitating increased chromatin binding (Koukoulas
et al. 2021). However, the findings of this project indicate that NPM1 binding HIF-1a is
specifically inhibited the JAK2VF oncogenic signalling background (Fig.8a,b), where HIF-
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1a has been shown to actively bind chromatin to induce target gene expression
(Baumeister et al. 2020), and where HIF-1a is post transcriptionally modified (Fig.7b) in
such a way that has been associated with NPM1 binding (Koukoulas et al. 2021). Taken
together, these data may imply that retention of NPML1 in the nucleus (Pianigiani et al.
2022) with HIF-1a (Depping et al. 2019), and potentially, therefore, the formation of the
NPM1:HIF-1a complex may not be active in JAK2VF+ MPN. However, investigation of the
effects NPM1:HIF-1a complex modulation in driving oncogenic phenotype were beyond
the scope of the present study. Therefore, further research is needed to determine the
effects of NPM1:HIF-1a modulation upon MPN.

To conclude: the data presented in this work implicates JAK2 signalling, whether
constitutive, in the form of JAK2VF, or due to TPO stimulation, as a negative regulator of
NPM1:HIF-1a interaction, but cannot conclude whether this was induced by JAK2/ERK1/2
signalling inducing HIF-1a phosphorylation. JAK2VF can activate signalling via mediators
besides ERK1/2, such as STAT3/5 (Wolf et al., 2013; Hu et al., 2022). Relevantly STAT3
may cooperate with HIF-1a directly to induce transcription (Gray et al., 2005). In addition,
HIF-1a can be post translationally modified by mediators besides ERK1/2 to modify its
stability (Casillas et al., 2021), and complex formation (Kourti et al., 2015). Therefore,
investigation of the effect of downstream JAK2VF target modulation upon the
posttranslational modification of HIF-1a and NPM1:HIF-1a complex formation may further
elucidate the role of HIF-1a in JAK2V617F-driven haematological malignancies (some

possible mechanisms summarised in Fig.13).

hl'd

‘ JAK2VF ) l

}

Inhibition of complex:

Figure 13: JAK2VF modulates NPM1:HIF-1a and HSPA2:HIF-1a complex formation —
a graphical summary in the context of relevant research

This diagram serves as a graphical summary of the mechanisms explored in this project in
the context of research discussed above. The findings of this project are presented insofar

as JAK2VF may inhibit NPM1:HIF-1a (Fig.8) and induce HSPA2:HIF-1a (Fig.5) binding.
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Here JAK2VF/ERK1/2 (Wolf et al., 2013; Stivala et al., 2019), ERK1/2/HIF-1a (Koukoulas
et al. 2021), JAK2VF/ROS/HIF-1a (Baumeister et al., 2020), JAK2VF/STAT3 (Oku et al.
2010), STAT3/HIF (Xu et al. 2021, Jung et al. 2008), interactions are shown together, this
is done for the sake of context and compactness, this is based on separate studies whose
results are combined here to summarise the findings of relevant literature, and does not
necessarily imply the activity of these mechanisms in consort. Similarly, broader implications
made from other literature, concerning the role of XPO1 and ROS/HSPA2 in the modulation
of HIF complexes is also hypothetical, and based on inferences from the relevant literature
(Bromfield et al. 2017,Yan et al. 2019, Depping et al. 2019, Piangianni et al. 2022, Machlus
et al. 2017). Question marks are used to reflect questions that were beyond the scope of
this project e.g. whether JAK2/ERK modulates HIF complexes, the role of ROS in HSPA2
stability in MPN and whether HSPA2 binds HIF-1a in the nucleus and/or cytoplasm, and
whether XPOL1 (Yan et al. 2019, Depping et al. 2019, Piangianni et al. 2022, Machlus et al.
2017) might affect HIF-1a cofactor interactions to modulate gene expression. Further, “[]”
represents concentration; downwards in-text arrows represent upregulation; upwards in-text

arrows represent down regulation, and yellow circled “P” represents phosphorylation.

4.2.HSPAZ2 protein is a potential JAK2VF-induced interactor with HIF-1a

Statistical analysis (Fig.5a) of RIME data (David Kealy, 2021) from UT7-TPO Cells
expressing WT JAK2 or JAK2 VF indicated that HSPA2 protein was co-
immunoprecipitated with HIF-1a in JAK2VF Ba/F3 cells, and those treated with TPO,
significantly more so than those WT JAK2 UT7 cells maintained under hypoxia for 4
hours. In this project, assays confirmed that HSPA2 may be a JAK2VF-specific HIF-1a
interactant protein (Fig.5c,d), and may too interact with HIF-1a as a result of TPO
signalling (Fig.5d). However, these findings come with a number of limitations. Primarily,
is the lack of a HIF-1a blot for both immunoprecipitations. This, as was carried out for later
experiments (Fig.8) would have allowed for normalisation of protein levels to
immunoprecipitated HIF-1a, and quantification of the HIF-1a:HSPAZ2 interaction.
Furthermore, despite use of an optimised immunoblotting protocol applied for control
experimentation, which detected HIF-1( in a control experiment in hypoxia in both WT and
JAK2VF Ba/F3 cells (Fig5.b), HIF-1B was not detected in hypoxic immunoprecipitates
(Fig.5c), despite HIF-1B canonically interacting with HIF-1a under hypoxia, as has been
demonstrated by immunoprecipitation (Jiang et al.,1996). Given that this dimeric
interaction has been well characterised (Jiang et al. 1996, Eric Huang et al., 1996), and
HIF-1B was detected in input lanes (Fig.5c), it seems likely that this was a technical failure
in these samples. Despite the aforementioned limitations, combined, these statistical and
in vitro analyses (Fig.5) suggest that HSPA2 physically interacts with HIF-1a in a JAK2VF-

dependent manner.
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HSPAZ2 is a protein associated with sperm egg recognition (Redgrove et al., 2012;
GOmez-Torres et al., 2022), whose overexpression in cancer has been associated with
both worsened (Zhang et al., 2013) and improved survival (Klimczak et al., 2019) in
different cancers. Additionally: HSPA2 knockdown has been found to reduce the
adhesiveness bronchial epithelial cells, but not non-small cell lung carcinoma cells,
leading researchers to suggest HSPA2 drives epithelial differentiation (Sojka et al., 2020).
Similarly, knockdown suppressed urothelial cancer line invasiveness, but HSPA2 was not
expressed in nonmalignant cells (Garg et al., 2010). HIF-1a has been found to be
upregulated in a non-small cell lung cancer cell line (Wei et al. 2013) and is associated
with worse prognosis in urothelial cancer (Theodoropoulos et al. 2004; Basu et al. 2021).
Contrastingly, HIF-1a is thought to be a driver of epithelial to mesenchymal transition
(EMT) in both lung and bladder cancer, to promote invasiveness and metastasis (Liu et al.
2018; Zhu et al. 2018). Of relevance, JAK2VF has been suggested to upregulate pro-EMT
factors to induce myelofibrosis, an MPN (Dutta et al. 2017). Considering this data in
combination with the present project’s findings could therefore imply that HSPA2:HIF-1a is
a promising target in JAK2V617F MPN, but more research would be required to determine
HSPAZ2 function in these malignancies. Furthermore, reactive oxygen species (ROS),
such as accumulate to stabilise HIF-1a in TPO-stimulated and JAK2VF+ cells (Yoshida et
al. 2008; Baumeister et al. 2020), have been shown to induce HSPA2 degradation in male
germ cells (Bromfield et al. 2017). Given this, it is interesting that HSPA2 appeared to
interact with HIF-1a in JAK2VF, and possibly TPO stimulated cells in the data presented
here (Fig.5c,d). It is important to consider that HSPA2 expression can be induced by HIF-
1a in cancer cells (Huang et al. 2009; Habryka et al. 2015), and HIF-1a is thought to
protect cells from oxidative stress by reducing production of ROS from mitochondria (Li et
al. 2019). This is even more pertinent when considering ROS production might contribute
to the development of JAK2VF+ MPNs (Marty et al. 2013). Therefore, the findings of this
project, in the context of relevant past research, may imply a role for HSPA2:HIF-1a
complexes in the cellular response to oxidative stress in JAK2VF+ MPNs, though
investigation of this was beyond the scope of this study. Another point to consider is that
there is precedent for modulation of downstream JAK2VF effectors by a heat shock
protein (HSP90) (Fiskus et al. 2011), and HSPA2 has been suggested to inhibit ERK1/2
phosphorylation (Cao et al. 2019). These findings are, therefore, also suggestive of
HSPAZ2 playing a role in JAK2VF+ MPN (summarised in Fig.13).

4.3.An anti phospho-ERK1 aptamer binds its target in-vivo but does not appear to
modulate the phosphorylation state of ERK1/2 nor HIF-1a

Pegaptanib, an aptamer-based therapy, has been shown to inhibit protein function by
binding its target protein - possibly functioning via steric hindrance of protein interaction

(Lee et al., 2005). Binding of vimentin protein to phosphorylated ERK1/2 sterically hinders
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ERK1/2’s dephosphorylation (Perlson et al., 2006). Taken together, these findings
suggested an anti-phospho-ERK1 aptamer, such as is commercially available (Base Pair,
ATWO0092) may be able to modulate ERK1/2 function. ERK1/2 is phosphorylated as a
result of TPO stimulation (Rojnuckarin, Drachman and Kaushansky, 1999; Sangkhae,
Saur, et al., 2014), and undergoes re-localisation to the nucleus from the cytoplasm
(Chen, Sarnecki and Blenis, 1992). Corroborating this model, assays employed in the
present work indicated that the anti-phospho-ERK1 aptamer was binding its target in situ
in live cells (Fig.10a,b). However, a limitation of the microscopy approach applied here
was that aptamer pre-treatment was previously optimised by flow cytometry for an
overnight (16-hour) exposure of aptamer to cells (Fig.9a-b). This could be problematic as
aptamers can be degraded within hours in vivo (Kratschmer and Levy, 2017). A direct
approach that could be used to confirm aptamer-protein binding is aptoprecipitation,
wherein the aptamer is used to purify out its target protein from cell lysates and analysed
by Western Blot.(Kim et al., 2014). Such an assay could confirm the ability of the anti-
phospho-ERK1 aptamer studied here to bind specifically to its target, in addition to the
assay for in situ binding presented here.

Given the possibility of using aptamers as therapy (Lee et al., 2005), that ERK1/2
phosphorylation can be maintained by steric hindrance (Perlson et al., 2006), the finding
that ERK1/2 can be activated in response to JAK2VF signalling (Wolf et al., 2013; Stivala
et al., 2019), and that ERK1/2 may induce an NPM1:HIF-1a complex in hypoxia by
phosphorylating HIF-1a (Koukoulas et al., 2021), phospho-flow cytometry was used to
assess whether treatment of Ba/F3 WT or JAK2V617F cells with commercially available
anti-phospho-ERK1 aptamer (Base Pair, ATW0092) could affect ERK1/2 or HIF-1a
phosphorylation. It was found that aptamer treatment did not alter the phosphorylation
state of either ERK1/2 or HIF-1a (Fig.11a-d) .However, a limitation of the phospho-flow
technique applied to assess the effect of cyanine5-tagged aptamer was that no aptamer-
only control was applied to assess whether the fluorophore tag on the aptamer, rather
than the antibody fluorophores, may have produced fluorescence (Figs.11a,b), as with the
AF617-tagged aptamer experimentation (Figure 11c,d). Yet there still remains the
possibility that modulation of HIF:cofactor interaction by aptamer might be better served
by employing a different target. STAT3 is activated by JAK2VF (Oku et al. 2010), and it
has been suggested to be a tumour suppressor in JAK2VF+ MPN (Grisouard et al. 2015).
Nonetheless, it is of interest here because STAT3 and HIF-1a form a complex in the
nucleus bound to chromatin to drive gene expression in cancer (Gray et al. 2005), and
inhibits the HIF-1a ubiquitination that induces its degradation by directly outcompeting
pVHL for HIF1a binding (Jung et al. 2008). This is particularly interesting, given that more
recent work has suggested that JAK2VF drives STAT3 activation to increase IL-6

production (Li et al. 2020). In ovarian cancer, IL-6 expression increases HIF-1a
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expression by activating STAT3, and induces HIF-1a to activate oncogene expression in
the nucleus (Xu et al. 2021). Given the direct nature of the STAT3 interaction with HIF-1a
(Jung et al. 2008), and oncogenic implications of this that may extend to JAK2VF+ MPN
(Li et al. 2020; Xu et al. 2021; Baumeister et al. 2020), STAT3 provides a promising target
for HIF-1a:cofactor modulation, as may be achieved by steric hindrance (Lee et al. 2005).
As discussed earlier, XPOL1 inhibitors have been investigated in targeting JAK2VF+ MPN
(Yan et al. 2019) and oncogenic HIF-1a (Depping et al. 2019). This is relevant because
XPO1 inhibition can lead to an increase in STAT3 activation in the nucleus upon TPO
signalling, and may inhibit HSC differentiation (Machlus et al. 2017). Therefore, these
findings therefore indicate the potential of HIF-interactor targeted aptamer therapy
(summarised in Fig.14), and contextualise the broad implication of aptamer binding a

known HIF-1a (Koukoulas et al. 2021) interactor in the nucleus (Fig.10).

Oncogenic
interactor/s

IAK2VF —) Oncogene

expression
Oncogenic o‘,’Aptamer
JAKVF e (O 9NCO8 :
interactor/s_#* MPN
REELS N Amelioration?

e

Figure 14: proposed model for modulation of oncogenic HIF-1a coregulators by
aptamer as therapy
This project has demonstrated JAK2VF can induce onco-specific HIF-1a:cofactor (Fig.5)

interactions, and an aptamer can bind the ERK1/2, a HIF-1a complex modulator (Koukoulas
et al. 2021) s in situ (Fig.10) . Hence, the above diagram proposes a model wherein such
cofactors are aptamer-targeted to achieve steric hindrance, as has been targeted as therapy
previously (Lee et al., 2005), to oncogenic co-factors, with the aim of ameliorating the
possible oncogenic effects of HIF-1a in JAK2VF+ MPN.

Given that ERK1/2 is thought to phosphorylate HIF-1a to induce its complex with NPM1 in
hypoxic conditions (Koukoulas et al., 2021), and the above discussed investigation into
using anti-phospho-ERK1 aptamer to target ERK1/2 and HIF-1a function, a DuoLink
proximity ligation assay (PLA) was carried out as proof of principle (Fig.12) for detecting
HIF complexes. Here PLA by flow cytometry demonstrated formation of HIF-1a:HIF-13
complexes in response to TPO and JAK2VF signalling, corresponding with previous works
that demonstrated HIF activation by TPO and JAK2VF (Yoshida et al., 2008; Baumeister
et al., 2020). Though cells for this experiment were seeded in larger volumes before

transferring to a 96-well plate (see methods 2.10),assessments of uptake were carried in
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volumes of 200uL in 96-well plates throughout (see methods 2.8/9). In this experiment,
the levels of RUNX1 protein were measured by double recognition (Bonagura et al., 2022)
using two antibodies raised against RUNX1. As expected (Wang et al., 2010), RUNX1
levels were increased by oncogenic JAK2VF signalling, which implied a technical success
of this protocol. However, though different, both antibodies were raised against regions
from the middle portion of RUNX1 (Proteintech 25315-1-AP, Santa Cruz Biotechnologies
sc-365644). Given that double recognition PLA attempts to detect protein levels via
binding of two different antibodies to different epitopes of the same protein (Bonagura et
al., 2022), this, therefore, brings into question if this assay really was successful.
However, RUNX1 is known to dimerise with itself as part of its normal function (Li et al.
2007). Therefore, the abundance of RUNX1 measured in this experiment may specifically
have been the outcome of increased RUNX1 homodimerisation. Therefore, in conclusion,
despite this limitation, there is precedent for the use of such a PLA flow cytometry protocol
to assess the aptamer-induced modulation of HIF-1a:cofactor complexes, as we have
shown here, when such anti-HIF aptamers become available. Such experimentation
however, was beyond the scope of this study.

5.Conclusions
To conclude: JAK2VF and TPO inhibit the formation of HIF-1a:NPM1 complexes in Ba/F3-
hMPL cells by a mechanism that is yet to be elucidated, supporting the hypothesis that

oncogenic JAK2F signalling may induce phosphorylation of HIF-1a, and modulate its
interaction with NPM1, but leaving open the potential role of ERK1/2 and HIF-1a in this
JAK2VF context. This suggests a role for HIF-1a-cofactor interactions as mediators of
downstream JAK2VF effects; by bioinformatic analysis, and immunoprecipitation of HIF-
1a, HSPA2 has been highlighted as a potential onco-specific cofactor in JAK2VF-driven
haematological malignancy, supporting the hypothesis that there are onco-specific HIF-1a
interactors in a JAK2VF context. Lastly a commercially available aptamer was shown to
target phospho-ERK, a mediator of HIF:cofactor interaction (Koukoulas et al., 2021) in the
nuclei of live cells in response to TPO signalling, but did not affect the phosphorylation
status of either ERK1/2 or HIF-1a. The present work did not demonstrate the mechanism
by which the complexes of HSPA2 and NPM1 with HIF-1a were modulated by JAK2VF or
TPO-induced signalling. Given both are contexts in which HIF-1a is stabilised as a result
of reactive oxygen species (ROS) (Yoshida et al., 2008; Baumeister et al., 2020), future
work may benefit from assessment of the role of ROS in HIF-1a:cofactor interactions, in
tandem with investigation of the potential modulatory role of non-ERK effectors of JAK2VF
such as STATs (Wolf et al., 2013; Hu et al., 2022), which were not explored here. Within
this project, the exploration of the therapeutic potential of aptamers with regard to HIF

complexes was limited by the unavailability of aptamers that target HIFs. Future studies
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using commercially available aptamers may be better suited to investigating aptamers’
ability to interrupt endogenous protein interactions, which has been suggested as a
mechanism of action for aptamer therapy (Lee et al., 2005); for example ERK1/2 is
dephosphorylated at a threonine and tyrosine phospho-site by physical interaction with
DUSP6 (Arkell et al., 2008). Hence, studying whether a phospho-ERK1 targeted aptamer,
such as the one utilised in this project, might modulate such an interaction could still
inform on the ability of these oligonucleotides to modulate intracellular protein interactions,
as proof of principle - in lieu of anti-HIF aptamers. However, direct testing of the
hypothesis that aptamers might modulate HIF complexes was beyond the scope of this

project.
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