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Ishna N Mistry
HIF-1 is a heterodimeric transcription factor comprising HIF-1α and HIF-1β subunits.
Cellular response to hypoxia relies on the dimerisation of HIF-1α and HIF-1β in the nucleus,
forming HIF-1, which then initiates transcription of target genes. Both subunits are
constitutively expressed, but the α subunit is degraded in an oxygen-dependent manner, so it
is only stabilised in hypoxia. HIF-1 expression is deregulated in many cancers and has been
associated with resistance to chemotherapy. Therefore, understanding the molecular
mechanisms of hypoxic response is key to developing cancer therapeutics.
This thesis describes the construction and validation of a novel method to study the HIF-1
pathway by reprogramming cellular behaviour. This is achieved by targeting HIF-1α/HIF-1β
dimerisation with an endogenously expressed molecular inhibitor. The compound, cycloCLLFVY, was previously identified through screening of a library of biologically synthesised
cyclic peptides. In this study, the peptide sequence was genetically-encoded, between split
Nostoc punctiforme DnaE inteins, onto the chromosome of a mammalian cell line, to allow
inducible expression and in situ cyclisation of the peptide. The utility of this methodology was
demonstrated via identification of genes specifically transactivated by HIF-1 or HIF-2
transcription factors in hypoxia, in the integrated cell line. Furthermore, cell viability assays
showed that specific inhibition of HIF-1 dimerisation in these cells increased cellular
sensitivity to glucose deprivation and to inhibition of glycolysis.
In addition, the epigenetic regulation of HIF-1α was studied. HIF-1 transactivates the
expression of its α-subunit resulting in positive autoregulation, which contributes to the
build up of HIF-1α at the onset of hypoxia. This autoregulation is dependent on an
unmethylated CpG site in the hypoxia response element (HRE) within the promoter of the
HIF-1α gene. Given the key role of HIF-1 in the development of the mammalian embryo, the
methylation status of the HIF-1α HRE in developing tissue was sought. The HIF-1α HRE was
unmethylated in several embryonic tissues, suggesting that transactivation of HIF-1α plays a
role in HIF-1-mediated gene expression during development.
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Chapter 1:

Introduction

1.1 Hypoxia inducible factors
Maintaining cellular oxygen levels is vital for cell function and survival. In conditions of low
oxygen, hypoxia, organisms trigger a response at cellular and systematic levels in order to
recover oxygen homeostasis. At the transcriptional level this response is principally mediated
by the hypoxia inducible factor 1 (HIF-1) transcriptional complex.1, 2 HIF-1 is a heterodimer
consisting of an oxygen-sensitive alpha (α) subunit and a constitutively expressed beta (β)
subunit, also known as the aryl hydrocarbon receptor nuclear translocator (ARNT).3, 4 HIF-1β
(encoded by two genes, ARNT1 and ARNT2) is stably expressed and is also an obligate
partner for the aryl hydrocarbon receptor (ARH).4, 5 In mammals, there are three genes that
encode the α subunits giving rise to three isoforms, HIF-2α (also known as EPAS1) and HIF3α, in addition to HIF-1α, which are able to dimerise with HIF-1β.6, 7 The HIF family of
transcription factors mediate the expression of a vast number of genes, including those
involved in formation of new blood vessels, production of erythrocytes, and metabolic
reprogramming of hypoxic cells. Therefore HIF function is vital during embryonic
development.3, 8-12 However, these functions can be exploited by cancer cells during the
progression of solid tumours, as cells proliferate so rapidly they outstrip their local oxygen
and nutrient supplies.12-15

1.1.1 Structure of HIF subunits
Both α and β subunits are members of the basic helix-loop-helix Per/Arnt/Sim (bHLH-PAS)
transcription factor family (Figure 1).4, 9, 16 Structurally, HIF-1α and HIF-2α are closely
related, there is 83% sequence similarity in their bHLH domains and 67% similarity in their
PAS motifs.9 HIF-3α also shares 74% and 52-58% identity in its bHLH and PAS domains with
HIF-1α and HIF-2α, respectively. Crystal structures of the HIF-1α/HIF-1β and HIF-2α/HIF-1β
heterodimers suggest that their overall architectures are indistinguishable.17 The PAS
domains enable dimerisation of the α and β subunits which interact via the exposed face of
the central β-sheets on the α-subunit (Figure 2).18, 19 Both PAS-A and PAS-B domains of the αsubunits are required for heterodimer formation.20
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Figure 1: Structure of HIF-1α, its isoforms HIF-2α and HIF-3α and its binding partner HIF-1β.
ODDD: oxygen-dependent degradation domain; TAD: transactivation domain.

A

B

Figure 2: Crystal structures of HIF-α PAS-B and HIF-1β PAS-B dimerisation interfaces. (A) HIF1α PAS-B (green) and HIF-1β PAS-B (orange) RCSB protein data bank (PDB) structure PDB 4H6J.21 (B)
HIF-2α PAS-B (green) and HIF-1β PAS-B (orange) PDB 3F1P.22 Both α isoforms interact with HIF-1β
via the exposed central β-sheets in these PAS-B domains.

The N-terminal bHLH domain is required for binding to DNA, with specific amino acids in the
bHLH domains of HIF-α and HIF-β subunits engaging with a specific sequence of DNA, the
hypoxia response element (HRE): TACGTG (Figure 3A).17, 23 The bHLH domains insert αhelices into the major groove faces of the HRE sequence, allowing the formation of basespecific hydrogen-bonds and van der Waals interactions with residues from these helices
(Figure 3B). His94 and Arg102 of HIF-1β interact with the first and second guanine residues,
respectively, of the HRE on the sense strand of DNA (Figure 3D). A third residue of HIF-1β,
Glu98, and Arg27 of HIF-1α interact with cytosine and guanine residues, respectively, of the
HRE on the opposing DNA strand (Figure 3C). Additional basic residues from HIF-1α (Lys16
and 18 and Arg20, 24 and 26) and HIF-1β (Arg91, 99 and 101) can interact with DNA through
the phosphate backbone.17 Binding to DNA induces a stark change in conformation of the
bHLH domains of both α and β subunits. The α1 helices elongate to bind DNA and the α2
helices, which link the bHLH domains of the proteins to the remainder of the structure, rotate
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to facilitate DNA binding.17 The PAS-A domain of both HIF-1α and HIF-2α cooperates with the
bHLH domain to allow DNA binding.
A

B

R102 H94

5’-CTGCGTACGTGCGGGTCG
GACGCATGCACGCCCAG-5’
R27 E98

C

D
R27

HIF-1β

HIF-1α

R102
H94

DNA
T

G

C
A

G

T
C

E98

G

C

A

DNA

HIF-1β

Figure 3: Recognition of the HRE by bHLH domains of HIF-1α/HIF-1β. (A) Overview of the
interaction of the HIF-1 dimer with DNA. Mus musculus HIF-1α and HIF-1β (which are analogous to the
human HIF-1 isoforms) bound to DNA with the HRE highlighted, PDB 4ZPR.17 The α helices of the
bHLH domains of HIF-1α and HIF-1β extend into the major groove at HRE sequences in DNA.(B)
Diagram of the recognition of the HRE sequence by HIF-1α/HIF-1β. The arrow indicates the nucleotide
that interacts with the PAS-A domain of HIF-1α and HIF-2α. (C) Detailed interactions of HIF-1α and
HIF-1β with the HRE on the antisense DNA strand. (D) Detailed interactions of HIF-1β with the HRE on
the sense DNA strand. For all, HIF-1α: green; HIF-1β: orange; DNA: A, B black; C, D grey; HRE: blue;
dotted black lines represent hydrogen bonds. Adapted from Wu et al. 2015.17

Interaction of co-activators with HIF-1 and HIF-2, and activation of transcription, is mediated
by two transactivation domains in the C-terminal region of HIF-1α and HIF-2α: the Nterminal and the C-terminal transactivation domains (TAD) (Figure 1).24, 25 Although the
sequences of the N-TADs of HIF-1α and HIF-2α are highly conserved (70% similarity), these
regions are thought to confer HIF-1 target gene specificity through their interaction with
different co-factors.26 In contrast, the C-TADs, which are more divergent in sequence (67%
similarity), mediate the transactivation of genes regulated by both HIF-1α and HIF-2α.26, 27
HIF-3α mRNA is alternatively spliced to give a number of different isoforms, the roles of
which are unclear, but have been shown to include negative regulation of other HIF
3
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complexes and modulation of hypoxic gene induction by HIF-1α.28-30 The human splice
variants HIF-3α1 and HIF-3α2 have similar domain organisation to the other HIF-α subunits,
except they lack the C-TAD (Figure 4). HIF-3α1 instead comprises a leucine zipper (LZIP) at
its C-terminus. HIF-3α1 and HIF-3α2 were shown to dimerise with HIF-1β but were unable to
induce expression of a HRE reporter. Therefore, they may act to limit gene induction by HIF1α and HIF-2α by competing for HIF-1β.28 A shorter variant, HIF-3α4, lacks the CTAD, NTAD
and oxygen-dependent degradation domain (ODDD) (Figure 4) and was reported to dimerise
with HIF-1α and inhibit its nuclear translocation.28 Expression of HIF-3α mRNA has been
shown to be upregulated in hypoxia in a HIF-1α-dependent manner.30 In contrast, the
predominant mode of HIF-1α and HIF-2α regulation occurs at the protein level.

Figure 4: Illustration of three of the more characterised HIF-3α isoforms.

1.1.2 Oxygen-dependent regulation of HIFs
Regulation of protein stability by oxygen occurs via the ODDD, a highly conserved domain
that partly overlaps the N-TAD (Figure 1).24, 31 HIF-1α and HIF-2α have a high degree of
similarity in their ODDDs, and are both post-transcriptionally regulated in a similar way.32 In
normoxia (normal levels of oxygen), the oxygen-sensitive HIF-1α subunit is degraded. Prolyl
hydroxylase domain (PHD) enzymes catalyse the hydroxylation of two proline residues
(P402 and P564 in HIF-1α and P405 and P531 in HIF-2α) within the ODDD, at the γ carbon of
the pyrrolidine ring (Figure 5).33-35 PHDs are dioxygenases that require α-ketoglutarate
(αKG) and iron as co-factors in order to function, and utilise oxygen as a co-substrate, so they
act as cellular oxygen sensors.33, 36 Binding of oxygen to the enzyme-co-factor complex causes
oxidative decarboxylation of αKG to succinate, and generation of an Fe (IV)-oxo species that
allows hydroxylation of proline (Figure 6).36, 37
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Figure 5: Hydroxylation of proline residues in HIF-1α leads to its oxygen-dependent regulation.
PHD2 catalyses the hydroxylation of P402 and P564 in HIF-1α at the γ carbon of the pyrrolidine ring.
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Figure 6: General mechanism for catalytic hydroxylation by αKG dependent enzymes. Once the
enzyme-co-factor complex (I) has formed, dioxygen binds, resulting in oxidative decarboxylation of
αKG to succinate and the generation of an Fe (IV)-oxo species (II). This species enables the
hydroxylation of the substrate. Amino acid residues shown are catalytic resides of the enzyme. In the
case of HIF-1α, for PHD2 R=P402 or P564 and for factor inhibiting HIF (FIH) R=N803.

Of the three PHD isoforms that have been identified and shown to hydroxylate HIF-α subunits
in mammalian cells (PHD1, 2 and 3), PHD2 has been identified as the main dioxygenase of
HIF-1α.38, 39 The expression of PHD isoforms is varied in different cell types and although
PHD2 has more influence on HIF-1α than HIF-2α, PHD3 has been shown to have more
influence on HIF-2α than HIF-1α.39 Prolyl hydroxylation initiates the binding of pVHL, the
protein product of the von Hippel-Lindau (VHL) tumour suppressor gene that serves as a
recognition component of the E3 ubiquitin ligase complex.40-42 This promotes polyubiquitination of HIF-α, which targets it for proteasomal degradation.42 The protein LIMD1
(LIM domain containing 1) is able to bind PHD and VHL simultaneously, assembling a multienzyme complex to allow efficient degradation of HIF-1α.43
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Secondary oxygen sensing is provided by the enzyme factor inhibiting HIF (FIH), which
hydroxylates a conserved asparagine residue in the C-TAD of HIF-1α and HIF-2α (N803 for
HIF-1α and N-851 for HIF-2α) (Figure 7).44, 45 Like PHD enzymes, FIH is a Fe (II)-dependent
hydroxylase that uses molecular oxygen and αKG as substrates.46 Hydroxylation of HIF-2α by
FIH is less efficient than that of HIF-1α.47 Asparagine hydroxylation inhibits HIF-1α
transactivation function by inhibiting interaction of the C-TAD with the CREB binding protein
(CBP)/p300 transcription co-activator (Figure 8). Structural analysis of the interaction
between HIF-1α and CBP revealed that the Asn-803 side chain is buried deep within the
molecular interface of the two proteins, where hydroxylation would likely destabilise the
interaction.48 In addition, FIH has been shown to bind to VHL, and functions as a
transcriptional co-repressor by recruiting histone deacetylases (HDACs) to further inhibit
HIF-1α mediated transactivation.44
O
O
HO
NH 2

FIH
NH 2

FeII αKG
O2

N
H

Succinate
CO2

N
H
O

O

Figure 7: Hydroxylation of asparagine residues in the C-TAD in HIF-1αand HIF-2αprevents
recruitment of transcriptional co-activators. FIH catalyses the hydroxylation of asparagine at the β
carbon of the side chain.

Under hypoxia, HIF-α subunits are stabilised because oxygen becomes rate limiting for prolyl
and asparaginyl hydroxylation, there is a decrease in ubiquitination and degradation of HIF1α and HIF-2α so they accumulate in the cytoplasm (Figure 8). Interestingly, the KM of FIH for
oxygen was one third of that of PHDs, so FIH is able to maintain hydroxylation activity at
lower oxygen concentrations than PHDs.47 This suggests that even when HIFs are stabilised
by reduced PHD activity, their transactivation activity is still regulated by oxygen availability
through FIH. In addition, PHD2 and PHD3 themselves are targets of HIF-1 which may result in
a negative regulatory loop which prevents accumulation of HIF-1α and accelerates its
degradation upon re-oxygenation.49 However, succinate, a product of hydroxylation by PHDs,
and fumarate, a chemically similar metabolite, inhibit PHD activity leading to increased HIF1α stabilisation independent of oxygen.50, 51
Once HIF-α accumulates in the cytoplasm, it translocates to the nucleus. Although HIF-α/HIF1β dimerisation is necessary for DNA binding and transactivation activity, HIF-1β is not
required for HIF-α translocation into the nucleus.52, 53 HIF-1α and HIF-2α contain a nuclear
translocation signal within the C-terminal region, which binds to nuclear transport receptors
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importin-α/β and leads to translocation.54 HIF-1β itself is a nuclear protein and as such is
located in the nucleus in most cell types.53

Figure 8: Oxygen-dependent, post-translational regulation of the HIF-1α subunit. In normoxia
HIF-1α is hydroxylated which targets it for degradation or prevents its interaction with transcriptional
co-activators. In hypoxia HIF-1α is stabilised and dimerises with HIF-1β in the nucleus to form HIF-1,
which binds to HREs in DNA, activating the transcription of target genes.

It is important to note that in many studies normoxia is defined as 20% oxygen, which is
approximately equivalent to atmospheric oxygen concentrations, and hypoxia as 1-5%
oxygen. The definition of hypoxia has been well established as such but the definition of
normoxia in vivo varies depending on cell type. Normal oxygen levels vary from 0% in bone
marrow to 14% in many organs (including lung, liver, kidney and heart) and are
approximately 10-12% in circulation.55 This distinction may affect oxygen-dependent
regulation of HIF-1 and be an important consideration for developing therapeutics targeting
the hypoxia response pathway.
In addition to regulation by oxygen sensitivity of the HIF-1α protein, transcriptional
regulation of HIF-1α mRNA in hypoxia has been reported. Transcriptional activation of HIF1α has been shown in Hep3B and HepG2 liver cancer cell lines as well as rat cardiomyocytes,
brain, and kidney.4, 56 However, its expression is constitutive in HeLa and HeLaS3 cervical
cancer and LN229 brain cancer cell lines.57 This cell line specificity of hypoxic HIF-1α
transcriptional induction may be due to epigenetic effects at the HIF-1α gene promoter.
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1.1.3 Oxygen-independent regulation of HIFs
A number of other oxygen-independent pathways can also lead to HIF-1 stabilisation (Figure
9). For example, mammalian target of rapamycin (mTOR) has been shown to be an upstream
activator of HIF-1 function. Binding of mTOR to a TOR signalling motif located in the Nterminus of HIF-1α enhances HIF-1-mediated transcription, linking HIF stabilisation to
growth factor signalling.58, 59 However, this activity is also modulated through a negative
feedback loop where hypoxic activation of HIF-1 leads to upregulation of REDD1/2
(regulated in development and DNA damage responses, also known as DDIT4/ DDIT4L),
which inhibit mTOR activity.60 In addition to regulation by PHD stabilisation through the
metabolites succinate and fumarate, build up of lactate and pyruvate have been shown to
stabilise HIF-1 in a oxygen-independent manner.61 This suggests that high rates of anaerobic
glycolysis can lead to malignant transformation of cancer cells through HIF-1 activity.
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Figure 9: Summary illustration of post-transcriptional modifications to HIF-1α and HIF-2α that
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for phosphorylation (P), hydroxylation (OH) and acetylation (Ac). Labels for each modification show its
amino acid position coloured to represent the overall effect of the modification: positive (green),
negative (red) or both (orange). Modifications are also labelled with the enzyme responsible for them.
Adapted from Dengler et al. 2015.62

Phosphorylation of HIF-1α and HIF-2α has also been shown to play a role in HIF-1 function
and stability. Phosphorylation of HIF-1α through the p42/44 mitogen-activated protein
kinase (MAPK) pathway promotes HIF-1 transcriptional activity, providing a further link
between growth factor signalling and HIF-1 activation.63 The p42/44 MAPK pathway has also
been implicated in activation of HIF-2, but through an indirect mechanism, possibly by
recruiting co-factors necessary for HIF-2-mediated transactivation, rather than direct
phosphorylation of the subunit.64 Direct activation of transcriptional activity of HIF-1α and
HIF-2α by phosphorylation has been noted at a conserved threonine residue in the C-TAD
(Thr796 for HIF-1α and Thr844 for HIF-2α) via casein kinase II (CKII).65
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Other phosphorylation events have been shown to reduce HIF stability or activity.
Phosphorylation of Ser247 in the PAS-B domain of HIF-1α, by casein kinase I (CKI),
destabilised the HIF-1α/HIF-1β complex and diminished HIF-1 transactivation activity in
HeLa cells, demonstrating the importance of HIF-1 dimerisation for activity.66 A number of
key serine residues have been identified as phosphorylation targets leading to decreased
stability of HIF-1α by increasing oxygen sensitivity by phosphorylation in the ODDD. These
are Ser551, 555 and 589 by glycogen synthase kinase 3 (GSK-3) and Ser576 and 659 by pololike kinase 3 (PLK3).67, 68 Specifically, increased degradation of HIF-1α after phosphorylation
by GSK-3 was shown to be independent of the VHL complex.67
A key role of regulation by acetylation at a number of lysine residues in HIF-1α and HIF-2α is
emerging, but current evidence is contradictory and unclear.62 Acetylation appears to
positively and negatively regulate HIF, and these effects vary depending on cell line and
residue. For example, acetylation at Lys709 increased HIF-1α protein stability, and this
acetylation could be opposed by HDAC1.69 Interestingly, acetylation at Lys709 was mediated
by p300, indicating a novel role for p300 in hypoxic response.69 In addition, acetylation of
HIF-1α by p300/CBP associated factor (PCAF) activated HIF-1 activity, and deacetylation of
this site by sirtuin 1 (SIRT1) acetylase repressed HIF-1 activity.70 SIRT1 is a redox sensor that
is downregulated by increased NAD+ levels. Therefore, in hypoxia, SIRT1expression is
reduced due to increased glycolysis, and HIF-1α activation is favoured. Conversely,
acetylation of Lys10, 11, 12, 19 and 21 of HIF-1α decreased stability and deacetylation by
HDAC4 increased HIF-1α protein levels.71 Acetylation of HIF-1α at Lys532 by arrest defective
1 acetyltransferase also decreased HIF-1αstability, possibly by enhancing its interaction with
pVHL.72
Cross talk of oxygen-independent mechanisms with the oxygen/VHL mediated HIF-1α
degradation pathway has been demonstrated through a number of other proteins with E3
ubiquitin ligase activity. The receptor of activated protein C kinase (RACK1) interacts with
HIF-1α, binds to Elongin C and recruits Elongin B and other E3 ubiquitin ligase components.
This leads to polyubiquitination and proteasomal degradation of HIF-1α in a VHL
independent manner.73 RACK1 activity was shown to prevent heat shock protein (Hsp)90 (a
molecular chaperone) mediated stabilisation of HIF-1α.73-75 Similarly, Hsp70 interacts with
HIF-1α and recruits the ubiquitin ligase carboxyl terminus of Hsp70-interacting protein
(CHIP), which promotes ubiquitination and subsequent degradation of HIF-1α.76 This
mechanism is thought to contribute to the decrease in HIF-1α protein after long periods of
hypoxia. In addition, the Hsp70-CHIP degradation pathway was shown to be specific to HIF1α and not affect HIF-2α protein levels.76 Another E3 ubiquitin ligase, hypoxia-associated
factor (HAF), has also been identified to promote degradation of HIF-1α through an
9
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oxygen/VHL independent pathway.77 HAF was shown to bind to HIF-1α between amino acids
269-400, upstream of the ODDD, and induce its ubiquitination.77 Conversely, HAF was shown
to bind to HIF-2α downstream of the N-TAD and increase its transactivation activity.78
Therefore, this mechanism may be an effector of differential activity of the HIF isoforms.

1.1.4 The hypoxia response element
When stabilised, HIF-α subunits accumulate in the cytoplasm then translocate to the nucleus
where they dimerise with the constitutively expressed HIF-1β, to form the heterodimeric
transcription factor HIF. HIF binds to the core consensus sequence (5’ (T)RCGTG 3’, where R
is A or G) of 50 base pair HREs in the promoter or enhancer regions of target genes, and
recruits co-activators to activate their transcription.79, 80 In the first position of the HRE, A is
preferred to G for HIF binding and T is favoured in the -1 position.23, 81 Although the core
sequence was found to be abundant in gene promoters, it is very selective, only a small
proportion (<1%) of DNA sequences containing the motif bound HIF-1α or HIF-2α.82 No
significant features of the sequences surrounding the HREs were identified that dictated HIF1 binding, suggesting there are factors other then DNA sequence that determine HIF-1
binding such as epigenetic regulation.
In addition to the core consensus sequence, a HIF-1 ancillary sequence (HAS) has been
identified in a number of HIF-1 target genes (Table 1). This is an imperfect inverted repeat of
the core HRE, CACG(T/C) or CACA(G/T), and has been shown to be critical for vascular
endothelial growth factor (VEGF) and erythropoietin (EPO) reporter induction in response to
hypoxia.79, 83 The spacing between the HRE and HAS is critical for activity of the promoters, a
requirement of 8 or 9 nucleotide spacing, depending on the gene.79
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Table 1: The HREs of several HIF target genes contain a core HIF binding site and a HAS, with a
spacing of 8-9 nucleotides between the two elements. ALDA: aldolase A; ENO-1: enolase 1; LDHA:
lactate dehydrogenase A; GLUT-1: glucose transporter 1; HO-1: heme oxygenase 1. Adapted from
Kimura et al. 2001.79

Gene

HRE (Core binding sequence + HAS)

Spacing
(nt)

HAS

VEGF

5’-CATACGTGGGCTCCAACAGGTCCT-3’

8

CAGGT

EPO

5’-CCTACGTGCTGTCTCACACAGCCT-3’

8

CACAG

ALDA

5’-GGGATGTGGTCCGGTCACGTCCG-3’

8

CACGT

ENO-1

5’-CGCACGTGCCCCGGACACGCAGC

8

CACGC

LDHA

5’-CACACGTGGGTTCCCGCACGTCCG-3’

8

CACGT

GLUT-1

5’-CAGGCGTGCCGTCTGACACGCATC-3’

8

CACGC

HO-1

5’-CGGACGTGCTGGCGTGGCACGTCCT-3’

9

CACGT

HIF binding sites were found to cluster in two distinct regions, ~0.5 kb upstream and 1 kb
downstream of target gene transcription start sites (TSS), which may be a result of cooperation with other factors that enhance HIF binding in these regions.82 Although functional
HREs tend to localise in the proximal promoters of target genes, they may also function over
long ranges. Functional analysis of HIF transcripts compared to binding data revealed that
whereas >20% of gene activation was induced by direct HIF binding to promoters, almost all
HIF dependent gene repression was indirect.82 HIF bound preferentially to gene loci that
were transcriptionally active at a low level in normoxic conditions, aided by permissive
chromatin structure (H3 lysine 4 methylation, DNaseI hypersensitivity and presence of RNA
polymerase II).84 This may allow HIFs to launch a rapid transcriptional response on the onset
of hypoxia and contribute to the cell type specificity of HIF activity.

1.1.5 HIF target genes
HIFs regulate the expression of target genes in diverse biological pathways. Over 100 direct
targets of HIF-1 and HIF-2 have been identified, but genome wide transcript profiling of the
hypoxic response, and siRNA-mediated knockdown of HIF-1α or HIF-1β, has led to the
identification of hundreds of genes that are targeted directly or indirectly by the HIF-1
pathway.32, 81, 84, 85 This includes oxygen-related genes involved in erythropoiesis (e.g. EPO),
iron metabolism (e.g. transferrin), oxygen transport and vascularisation (e.g. VEGF, and
adrenomedullin, ADM).2, 3, 86-88 In order to adapt to low oxygen conditions, HIFs co-ordinate a
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switch in energy metabolism away from aerobic metabolism to anaerobic glycolysis.89 The
vast majority of genes encoding glycolytic enzymes are direct targets of HIF-1.90, 91
In addition to recovering oxygen homeostasis, HIFs have roles in cell differentiation,
apoptosis, cell growth and renewal, inflammation, immunity, metastasis, invasion and
more.23, 82, 85 HIFs are involved in maintaining pluripotency of stem cells; HIF-2 has been
shown to regulate octamer binding transcription factor 4 (Oct4) and HIF-1α has been shown
to bind to Notch1 and increase its downstream signalling.92, 93 Recently, HIF-1α itself has also
been identified as a target of HIF-1, allowing positive autoregulation of HIF signalling in an
epigenetically regulated manner.94, 95

1.1.6 HIF isoform specificity
Though HIF-1α and HIF-2α are very similar in structure, and HIF-1 and HIF-2 transcription
factors are able to bind the same HRE, they have both shared and distinct target genes (Table
2). The selectivity of HIF-1 and HIF-2 targets may vary with cell type, duration and severity of
hypoxia, and the presence of functional VHL.
Table 2: Summary table displaying some HIF target genes that are HIF-1α specific, HIF-2α
specific, or a target of both isoforms.
HIF isoform

Target gene

Target Genes

Cell line

Hexokinase 2 (HK2),

HEK-29332

glucosephosphate isomerase (GPI),

RCC (RCC4)96

function

HIF-1α only

Glycolysis

phosphofructokinase (PFK), ALDA,
aldolase C (ALDC), triosephosphate
isomerase (TPI), glyceraldehyde-3
phosphate dehydrogenase (GAPDH),
phosphoglycerate kinase 1 (PGK1),
ENO1, LDHA
pH regulation (also

Carbonic anhydrase IX (CAIX)

resistance to

HEK-29332
RCC (primary cells)97

treatment)

HIF-2α only

Apoptotic factor

BNIP3L, BNIP3

HEK-29398

Cell migration

Matrix metallopeptidase 9 (MMP9)

Glioblastoma (U87,
LN229)78
RCC (786-O)78

12

Chapter 1
Stem cell factor

Oct4

Glioblastoma (U87,
LN229)78
RCC (786-O)78

HIF-1α and HIF- Glucose uptake
2α

Differentiation

GLUT1, GLUT3

HEK-29332

Adipose differentiation-related protein HEK-29332
(ADRP), N-myc downstream regulated RCC (primary cells)99
gene 1 (NDRG1)

pH regulation (also

Carbonic anhydrase XII (CAXII)

invasion/

Breast cancer (MDAMB-231)100

migration)
Vascular

ADM, EPO, VEGF

HEK-29332
ESC101
RCC (primary cells)99
Mouse hepatocytes102

Whereas HIF-1α is ubiquitously expressed, HIF-2α expression is thought to be limited to a
subset of cell types. HIF-2α expression was first identified in embryonic endothelial cells and
identified to play a key role in lung and vascular development.6, 9, 11 Later work identified
hypoxia induced HIF-2α expression in distinct cell populations of a variety of tissues in
postnatal rats, revealing an important role for HIF-2α in hypoxic response not confined to its
function in vasculature.103 In contrast, almost all transformed cell lines express HIF-2α.103 It
should be noted that HIF-2α expression does not always equate to HIF-2 transcriptional
activity; for example, HIF-2α was shown to be expendable for the response to hypoxia in
embryonic stem cells.104
There is also evidence of temporal differences in HIF-1α and HIF-2α expression. Levels of
both isoforms were found to be similar after short-term exposure to hypoxia (<12 or 24 h)
and target gene activation was primarily mediated by HIF-1 in a number of cell lines.78, 105
However, after prolonged periods of hypoxia, HIF-1α levels decreased whereas HIF-2α levels
remained high and stable, and HIF-2 became the prominent driver for hypoxic gene
induction.78, 105 Therefore HIF-1 is thought to mediate the response to acute hypoxia whereas
HIF-2 exerts more of an influence during longer periods of hypoxic exposure. This is an
interesting difference, as although solid tumours exhibit chronic hypoxia, most hypoxia
studies focus on the transcriptional response before 24 h exposure. It has been suggested that
the switch from HIF-1- to HIF-2-led transactivation is regulated by HAF, the overexpression
of which induced HIF-1α degradation, but enhanced HIF-2α transactivation, in a number of
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cell lines.78 Levels of HAF expression were shown to initially decrease with exposure to
hypoxia, then peak after 48 h exposure.
In agreement with its role in response to acute hypoxia, HIF-1α specifically regulated
glycolytic genes in Hep3B cells, allowing alteration of cellular metabolism to an anaerobic
mechanism to allow survival.32 Glycolytic genes are not induced in HIF-1α deficient 786-O
cells suggesting HIF-2α is not able to upregulate genes involved in glucose metabolism.32 In
addition, reconstitution of HIF-1α in this cell line restored glycolytic gene expression.
Carbonic anhydrase IX (CAIX, a zinc metalloenzyme involved in pH regulation) and genes
involved in apoptosis (BNIP3L and BNIP3) are also specifically regulated by HIF-1.97, 98
Consistent with this finding, knockout of the HIF-1α gene in mouse embryonic fibroblasts
(MEF) prevented metabolic reprogramming of cells in hypoxia.106 Glucose transporters 1 and
3 (GLUT-1 and 3) are targets of both HIF-1 and HIF-2, suggesting HIF-2 can activate some
means of metabolic adaptation by increasing glucose uptake in hypoxic cells.32 A number of
other gene targets are also shared by the two transcription factors, including VEGF and
ADM.98, 101
HIF-2-specific targets include matrix metallopeptidase 9 (MMP9) and the stem cell factor
Oct4.78, 92 A switch from HIF-1α- to HIF-2α-driven hypoxic response was associated with a
more aggressive, invasive tumour phenotype in cultured cells.78 In addition, there is evidence
that HIFs have contrasting effects on the expression of some genes. For example, in glioma
stem cells, HIF-1α was shown to activate Notch signalling (in agreement with other studies in
cultured cells) whereas HIF-2α repressed Notch expression.107, 108 Notch signalling functions
to maintain stem/progenitor cell state and so HIF-2α repression of Notch seems in contrast
to its upregulation of Oct4.

1.1.7 Aberrant expression of HIF-1 in cancer
Hypoxic cells are at risk of oxidative DNA damage: DNA strand breaks and genetic
aberrations that retard cell growth and eventually lead to cell death. Cancer cells show a
range of genetic changes that improve survival and enable adaptation to hypoxic conditions
allowing them to continue to proliferate, to metastasise and making them resistant to
radiotherapy and chemotherapy (Figure 10). This response to hypoxia is primarily
modulated by HIF-1, which is deregulated in many human cancers, often due to the
overexpression of HIF-1α. HIF-1α overexpression has been recorded in a number of cancers
including skin, ovarian, prostate, gastric, colon, breast and renal carcinomas and this
overexpression was associated with increased cell proliferation.109 Overexpression can be
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caused by disruption of the regulatory pathway- for example loss of function mutations in the
VHL protein lead to increased HIF-1α stabilisation.40

HIF signalling

Proliferation
-Increased survival
-Pluripotency (NANOG,
Notch, OCT4)
-Autocrine signalling (TGFα)

Angiogenic factors
-Vascularisation (VEGF)
-Invasion (ANGPT1)
-Metastasis (ANGPT2)

Metabolic reprogramming
- Upregulation of glycolysis
-Supression oxidative phosphorylation
(PDK1)
-Glucose uptake (GLUT 1/3)

Figure 10: Summary illustration of some of the key effects of HIF-1α overexpression or HIF-1
deregulation in cancer, with examples of HIF-1 target genes whose upregulation lead to these
effects.

HIF target genes code for proteins involved in key stages of cancer progression. For example,
cancer cells often exhibit autocrine signalling to allow increased cell proliferation and
survival. A number of HIF regulated genes have been shown to participate in autocrine
signalling including transforming growth factor α (TGFα) in clear cell renal carcinoma,99
VEGF in colorectal and pancreatic cancer,88 ADM in pancreatic and prostate cancer,110, 111 and
EPO in breast, prostate and renal cancer.112 In addition, HIFs transactivate pluripotency
factors such as NANOG, Notch and Oct, allowing immortalisation.108, 113
Several angiogenic factors are HIF targets such as VEGF, angiopoietin 1 and 2 (ANGPT1/2),
the expression of which promotes tumour vascularisation.86, 114 VEGF and ANGPT2 are also
involved in increasing vascular permeability, and promoting invasion of cancer cells into
blood vessels. In addition, targets of HIF-1 L1 cell adhesion molecule (L1CAM) and AGNPTL4
enable extravasation of cancer cells to metastatic sites such as the lung.115 HIF-1 has also been
implicated in the activation of metalloproteinases (MMPs) that degrade the extracellular
matrix, facilitating metastasis.78
As discussed, HIF-1 mediates the expression of genes encoding glucose transporters and
glycolytic enzymes, and has a key role in metabolic reprograming of tumour cells. HIF-1 also
directly supressed oxidative respiration through upregulation of pyruvate dehydrogenase
kinase 1 (PDK1) in MEF, which induced the phosphorylation and deactivation of pyruvate
dehydrogenase, the enzyme that converts pyruvate to acetyl coenzyme-A for entry to the
tricarboxylic acid cycle.96
High HIF-1α expression has been associated with low survival rates in renal cell carcinoma
and breast carcinoma.116, 117 In a study of rectal cancer patients, HIF-1α overexpression
correlated with cancer specific mortality and cancer reoccurrence. In contrast, no correlation
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was found between HIF-2α expression and cancer reoccurrence or mortality in these
patients. However, HIF-1α overexpression is not always linked to decreased survival; HIF-1α
overexpression was shown to indicate a positive prognosis in early stage squamous
carcinomas,118 exemplifying the complexity of the HIF pathway in cell proliferation and
survival.
In renal cell carcinoma, HIF-1α and HIF-2α had contrasting roles in target gene activation.
HIF-2α was shown to activate pro-tumorigenic genes encoding cyclin D1, TGFα and VEGF,
whereas the pro-apoptotic gene BNIP3 was activated by HIF-1α.99 In tumour xenografts of
renal cell carcinoma cells, HIF-1α retarded growth whereas HIF-2α enhanced growth of
tumours.99 Therefore investigation into the overexpression of specific HIF isoforms could
lead to a greater understanding of cancer progression. In addition, the specific functions of
HIF-isoforms should be taken into account when targeting the HIF system therapeutically.

1.1.8 Targeting HIF-1 for cancer therapy
HIF activity is crucial for cancer progression, and has been correlated to poor patient
prognosis and resistance to chemo and radiotherapy. Therefore, it presents a key target for
cancer therapeutics, however, HIF-1 has proven challenging to target specifically. The
hypoxia response pathway, principally regulated by HIF-1, relies on a number of proteinprotein interactions (PPi) to function. Interactions between proteins are central to almost all
biological processes and therefore present attractive targets for therapeutic intervention.
This intervention would ideally be with small ‘drug like’ molecules that are often cheap to
produce and can be administered orally, but the nature of protein-protein interfaces present
a number of challenges.119 Whereas the size of contact surfaces involved in protein-small
molecule interactions are ~300-1,000 Å, the contact surfaces of PPi are much larger: ~1,5003,000 Å.120-122 Protein-protein interfaces are also relatively featureless; X-ray structures of
protein-protein pairs do not show small deep cavities, grooves and pockets that look like
small molecule binding sites.123 However, these interactions often involve binding ‘hotspots’:
a small subset of interacting residues in centralised regions of the interface that account for
the majority of the binding free energy.124, 125 An interesting feature of hotspots is their
functional and structural plasticity, allowing ‘promiscuous’ binding of one hotspot to several
targets.126
A number of chemical compounds have been shown to inhibit HIF-1 activity and reduce
tumour xenograft growth. These target the HIF-1 pathway at a number of different levels to
inhibit HIF-1 activity, including HIF-1α mRNA expression, HIF-1α protein synthesis and
stability, HIF-1α/HIF-1β dimerisation and binding to DNA, and HIF-1 transactivation activity
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(Figure 11). The identification, mechanisms and clinical relevance of these inhibitors have
been reviewed recently and extensively.55, 127-129 A number of these inhibitors are described
below, to illustrate the complexity of targeting the hypoxia pathway and the challenges that
are yet to be overcome.
mTOR inhibitors
Topoisomerase inhibitors

HIF-1α mRNA

HIF-1α Protein
synthesis

EZN-2968

Acriflavine
P1

HIF-1α/HIF-1β
dimerisation

HIF-1α protein
stability

Bortezomib

HIF-1 DNA
binding

HIF-1
transctivation

Anthracyclines
Echinomycin

HSP90 inhibitors
HDAC inhibitors
YC-1

Figure 11: Summary illustration of the various levels of the HIF-1 pathway that have been
targeted for therapeutics. The inhibitors discussed here, and their level of action, are labelled.

1.1.8.1 Inhibition of HIF-1α mRNA expression
EZN-2968 is an RNA antagonist that specifically binds to, and inhibits the expression of, HIF1α mRNA.130 The inhibitor is a ‘third generation’ oligonucleotide consisting of both DNA and
locked nucleic acid (LNA) of which residues have a methylene bridge between the 2’oxygen
and 4’ carbon of the ribose sugar, increasing oligonucleotide stability and specificity. EZN2968 was shown to antagonise HIF-1α mRNA and protein expression in human prostate and
glioblastoma cells and downregulated HIF-1α and VEGF expression in mice. In a pilot clinical
trial, the compound reduced HIF-1α protein and mRNA levels of some target genes in
patients and the inhibitor is currently in phase I trials.131 This illustrates that effective
inhibitors are not limited to small molecules.
1.1.8.2 Inhibitors of HIF-1α protein expression
Camptothecin analogues topotecan and irinotecan (Figure 12) have topoisomerase I (TOP1)
inhibitor activity. TOP1 relaxes DNA supercoiling by forming single strand breaks, unwinding
and re-ligating DNA. Camptothecins irreversibly intercalate into the DNA/enzyme interface
and prevent re-ligation of DNA strands.132 TOP1 is an upstream activator of HIF-1 and its
inhibition leads to a decrease in HIF-1α translation, which is independent to its DNA damage
activity.132 Knowledge of the mechanism of action of TOP1 inhibitors has allowed
optimisation of pharmokinetic properties, and a number of camptothecin derivatives have
been approved for clinical use.55
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Figure 12: Structure of topoisomerase inhibitor Camptothecin (1) and its analogues topotecan
(2) and irinotecan (3).

Temsirolimus (Figure 13), a derivative of rapamycin, is an inhibitor of mTOR and was
approved for therapy for renal cell carcinoma in the US in 2008.133 The compound reduced
HIF-1α expression by inhibition of the mTOR-dependent translational cascade required for
HIF-1α expression, and prevented tumour development.133 Temsirolimus inhibited HIF-1α
mediated VEGF production in MDA-MB-231 breast cancer cells, suggesting that antiangiogenic effects may play a substantial role in the anti-cancer activity of temsirolimus in
breast cancer.134 The overlapping pathways of HIF-1 activation can lead to efficacy of drugs
via different mechanisms of action in different cell types.
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Figure 13: Structure of mTOR inhibitor Temsirolimus (4), a rapamycin analogue.
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1.1.8.3 Inhibition of HIF-1α stabilisation
Geldanamycin (Figure 14) is an ansamycin antibiotic that is able to disrupt binding of Hsp90
to its target proteins by competition with the ATP binding site of Hsp90. Geldanamycin was
shown to disrupt the HIF-1α/Hsp90 interaction and promote ubiquitination and proteasomal
degradation of HIF-1α. A number of geldanamycin derivatives are currently in phase I and II
clinical trials.135
As discussed earlier, acetylation of HIF-1α can modulate HIF-1 activity. Class II HDAC
inhibitors, for example LAQ824, have been shown to antagonise HIF-1α transactivation
activity and stimulate its ubiquitination and degradation in a VHL independent manner, but
the mechanism of these inhibitors is as yet unclear.136 Most inhibitors of HIF α-subunit
stability show similar activity against HIF-1α and HIF-2α.137
O
O
O

N
H
O

O
O
O

OH
O

NH 2

(5) Geldanamycin

Figure 14: Structure of Hsp90 inhibitor Geldanamycin (5).

1.1.8.4 Inhibition of HIF-1 dimerisation
Despite a range of compounds targeting the HIF-1α subunit, and more still targeting DNA
binding and transactivation activity of HIF-1, there is a lack of inhibitors targeting HIF-1α/
HIF-1β dimerisation. Targeting this interaction could allow greater specificity as it directly
interferes with the HIF-1 transcription factor compared to, for example, geldanamycins which
inhibit the interaction of Hsp90 with a wide range of client proteins rather than HIF-1α
specifically. In addition, such inhibitors may be highly potent in cancer types where HIF-1α
overexpression leads to tumour progression.
Overexpression of the HIF-1α PAS-A domain was shown to inhibit hypoxia induced
expression of HIF-1, identifying this domain as a valid target for a small molecule inhibitor of
the PPi.138 Screening of a chemically synthesised library identified compound NSC 50352
(Figure 15), a derivative of tetracycline, as an inhibitor of the HIF-1α PAS-A and HIF-1β PAS-A
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interaction, however, cell based assays revealed that NSC 50352 did not significantly inhibit
the interaction between HIF-1α and HIF-1β proteins under normoxia or hypoxia.
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(7) Acriflavine

Figure 15: Structure of NSC 50352 (6), an inhibitor of HIF-1α/HIF-1β PAS-B dimerisation and
acriflavine (7) an inhibitor of full length HIF-1α/HIF-1β and HIF-2α/ HIF-1β dimerisation.

Acriflavine, a mixture of trypaflavine (3,6-diamino-10-methylacridinium) and proflavine (3,6diaminoacridine) (Figure 15), was the first small molecule reported to inhibit HIF-1
dimerisation.139 Acriflavine was identified by high-throughput screening and shown to bind
to the PAS-B domain of HIF-1α and HIF-2α, inhibiting HIF-α/HIF-1β dimerisation and HIF-1mediated transcriptional activity. In mice bearing prostate cancer xenografts, acriflavine
prevented tumour growth. Interestingly, acriflavine did not affect the HIF-1α/Hsp90
interaction or myc-max mediated transcription, suggesting specificity of the compound.
Recently, a second HIF-1 dimerisation inhibitor was identified through screening of a
biologically synthesised library of cyclic peptides in a bacterial reverse two-hybrid system
(RTHS). The inhibitor, Tat-cyclo-CLLFVY (P1) (Figure 16) was shown to specifically bind to
the PAS-B domain of HIF-1α and inhibit HIF-1 dimerisation specifically over HIF-2.140 Tatcyclo-CLLFVY disrupted HIF-1 transcriptional activity in MCF7 breast cancer and U2OS
osteosarcoma cells.
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Figure 16: Structure of the specific inhibitor of HIF-1α/HIF-1β dimerisation Tat-cyclo-CLLFVY,
P1 (8).
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1.1.8.5 Inhibition of DNA binding
Echinomycin is a cyclic peptide antibiotic (Figure 17) that is known to bind to DNA in a
sequence specific fashion. It binds specifically to the core recognition sequence of HIF-1 5’CGTG’-3’ disrupting HIF-1 binding, but not binding of nuclear factor κB (NF-κB) or activator
protein-1 (AP-1), which have shared target promoters with HIF-1.141 As HIF-2 binds to the
same consensus sequence, the compound is unlikely to discriminate between the two.
Echinomycin inhibited hypoxic induction of VEGF in U251 cells, however, earlier clinical
trails of echinomycin in mice and beagle dogs had revealed major toxic effects, limiting
further clinical evaluation of this agent.142
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Figure 17: Structure of the HIF-1 DNA binding inhibitor Echinomycin.

The anthracyclines doxorubicin, daunorubicin, epirubicin and idarubicin (Figure 18) are
potent chemotherapeutic agents that are used in the clinic. Their anticancer effect was
attributed to their ability to intercalate DNA and induce TOP2 mediated strand breaks, but
doxorubicin was shown to inhibit tumour growth through antiangioagenic activity.143 Later,
anthracyclines were shown to disrupt HIF-1 binding to DNA and potently inhibit HIF-1
transcriptional activity and tumour growth.144 New understanding on the mechanism of
action of current chemotherapeutics can allow tailored drug regimes for patients depending
on cancer expression profiles.
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1.1.8.6 Inhibition of HIF transactivational activity
Bortezomib (Figure 19) is a proteasome inhibitor that is in clinical use for multiple myleoma
and prostate cancer. Bortezomib targets the C-TAD of HIF-1α and promotes the interaction of
Asn803 in the C-TAD with FIH under hypoxic conditions.145 This stimulates hydroxylation of
Asn803 by FIH, inhibiting the interaction between p300/CBP and HIF-1α and attenuating the
hypoxic induction of EPO and VEGF in cancer cell lines. In addition, bortezomib has been
shown to inhibit HIF-1α protein synthesis by dephosphorylation of, key components of the
PI3K/Akt/mTOR pathway, which is known to be required for HIF-1α expression.146
Bortezomib also suppresses the p44/42 MAPK pathway by inhibiting phosphorylation,
leading to a reduction in nuclear translocation of HIF-1α.146 Together, these effects lead to
reduction of HIF-1α protein levels under normoxic and hypoxic conditions and attenuate
downstream VEGF expression.
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Figure 19: Structure of bortezomib, which inhibits HIF-1 transactivation activity and YC-1,
which inhibits HIF-1 at multiple levels.

1.1.8.7 Targeting HIF-1 at multiple levels
Clearly there are many routes to HIF-1 inhibition, but targeting multiple pathways
simultaneously could allow increased potency of chemotherapeutic agents. EZN-2986 and
bortezomib are examples of agents that target HIF-1 multiple effects on the HIF pathway. YC1 is a benzylindazole derivative that inhibits HIF-1-mediated hypoxic response. YC-1 was
shown to inhibit binding of HIF-1 to DNA, reduce hypoxia-induced HIF-1α accumulation, and
induce binding of FIH to the C-TAD of HIF-1α and preventing the HIF-1α/p300 interaction.147,
148

In addition, YC-1 was found to supress the PI3K/Akt/mTOR/4E-BP pathway and prevent

HIF-1α and HIF-1β accumulation in hypoxia in prostate cancer cells.149
In recent years, discovery and development of inhibitors targeting the HIF-1 pathway has
been an extremely active area of research. However, none of the recently discovered
inhibitors have been translated to a clinical setting, although some previously approved
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chemotherapeutic agents have been found to function via HIF-1 inhibition. A large obstacle to
new inhibitors is specificity, as HIF-1 in involved in many cellular pathways and so interacts
with many other proteins and cofactors. Further work is needed to identify more selective
HIF-1 inhibitors, study their mechanism of action and progress them to the clinic.
Alternatively, these compounds could hold potential as bioprobes to identify direct targets
and study the molecular mechanisms of the HIF-1 pathway in more detail. For example, study
of the mechanism of YC-1 in prostate cancer cells revealed a role for NF-κB in Akt-mediated
HIF-1α accumulation during hypoxia.149
The importance of HIFs in biological pathways is undisputed, and in recent decades many of
the functional activities and mechanisms of regulation of HIFs (principally HIF-1) have been
identified.62, 129 In addition, there is strong evidence that HIF-1 overexpression and deregulation leads to cancer progression and resistance to currently available therapeutics.150,
151

In response, the HIF pathway has been targeted, but the development of effective, specific

inhibitors remains challenging. A more detailed understanding of the molecular mechanisms
that regulate HIF-1 and of the role of HIF-1 in hypoxic response is vital. In addition, a deeper
analysis of the roles of HIF-2α and HIF-3α is necessary to most effectively manipulate each
isoform for optimum therapeutic outcome. This body of work aims to address two of these
research gaps with the overall goal of advancing the understanding of HIF biology. These
aims require understanding of two vastly different research areas: Intein splicing and its use
to produce cyclic peptides in vivo, and epigenetics and its relationship to hypoxia and
regulation of HIF-1α. More information on these topics is given in the following sections.
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1.2 Inteins and SICLOPPS
Targeting HIF-1 dimerisation can allow greater specificity, and even distinction between HIF1 and HIF-2 isoforms, so it is an attractive target for therapeutic intervention. As discussed in
section 1.1.8, targeting PPi is challenging due to the large interaction interface between the
dimerisation partners. Traditional high-throughput screening methods can be limited in their
potential for finding inhibitors of PPi as the libraries are often biased towards a small number
of protein classes and lack the structural diversity required.123
One of the challenges of chemically synthesised small molecule libraries is that the path to
identify the active members is often convoluted. Biologically synthesised libraries, however,
can be several fold larger and rapidly and easily screened against a chosen target.152
SICLOPPS is a method of biosynthesising a cyclic peptide library of up to 108 members, which
when combined with a bacterial reverse two-hybrid system (RTHS), has been used to identify
inhibitors of PPi, including Tat-cyclo-CLLFVY, the specific HIF-1 inhibitor.140, 153-155
The method was developed in Escherichia coli (E. coli) and uses cyanobacterium Synechocystis
sp. strain PCC6803 (Ssp) DnaE split inteins to produce cyclic peptides in vivo.156 Inteins are
internal protein elements that can self-excise from their host protein, and in doing so,
catalyse the ligation of flanking protein sequences with a peptide bond (Figure 20). Intein
splicing is a post-translational process that requires no external enzymes or cofactors. In
addition to cyclic peptide library production, inteins have been used in a variety of
applications including protein cyclisation, protein purification, and conditional (inducible)
protein splicing.157-159
NH2

N-Extein

Intein

NH2

Mature protein

C-Extein

COOH

COOH

Figure 20: Illustration of intein splicing. The intein element is able to self-excise from the precursor
protein, ligating the two flanking ends to give the mature protein.

1.2.1 Intein structure
Three types of naturally occurring inteins have been identified: maxi inteins, minimal (mini)
inteins, and split inteins (Figure 21).160,161 Maxi inteins are bifunctional proteins consisting of
a protein splicing domain and a central homing endonuclease domain (Figure 21A). Homing
endonucleases, usually encoded for by an open reading frame within the intein, cause site
specific hydrolysis of double stranded DNA at the “homing” site in intein-less alleles. This
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promotes a recombination process through which the intein is copied into the break site.162
This domain, however, is not thought to affect protein splicing.162 Mini inteins lack the
homing endonuclease domain and their N- and C- terminal splicing domains form a
horseshoe-like 12-β-strand structure, similar to that of the hedgehog autoprocessing domain
(Figure 21B).163, 164
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Figure 21: Structure of the three types of naturally occurring inteins. Maxi (A), mini (B) and split
(C) inteins are structurally similar but mini and split inteins lack the homing endonuclease domain and
split inteins exist as two separate fragments. The conserved sequence blocks A-H are labelled along
with key residues at splice junctions.

Split inteins exist as two fragments that are encoded by two separate genes (Figure 21C). The
inteins are transcribed and translated separately then they self associate and catalyse
protein-splicing activity in trans.164 Ssp DnaE inteins are trans splicing. The N (upstream) and
C (downstream) terminal halves of the Synechocystis alpha subunit of DNA polymerase III
DnaE are encoded by dnaE-n and dnaE-c genes, which are more than 700 kb apart.161 The
SICLOPPS methodology uses a plasmid that encodes the elements of the Ssp intein in a
rearranged order, resulting in an active cis-intein (Figure 22A). The C- and N-inteins flank the
central extein sequence such that splicing yields cyclisation of the target peptide or protein
sequence (Figure 21B).
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Figure 22: Inteins in SICLOPPS. (A) Structure and arrangement of split inteins in the SICLOPPS
methodology. The conserved blocks A, B, F and G with mini inteins as well as the key residues at splice
junctions are labelled. (B) The single extein flanked by inteins in the SICLOPPS arrangement allows
extein cyclisation upon intein splicing.

Known inteins share little overall identity but do contain conserved residues at the N and C
splice junctions (Figure 21). Most inteins start with a Ser or Cys at the N-terminus of the
intein and end in His-Asn or His-Gln at the C terminus, this is usually followed by a
nucleophilic residue (Cys, Ser or Thr) in the first position of the C extein.165 In addition,
inteins show a significant degree of conservation of short sequence motifs with functionally
or structurally similar amino acids, rather than a single predominant residue, termed blocks
A-H.165, 166 Block A, which contains the conserved N splice junction, is followed by block B
which contains a polar residue three amino acids prior to a highly conserved His residue
which may be involved in N-terminal splice junction cleavage.167 Blocks C, D, E and H are
present in the homing endonuclease domain and therefore only feature in maxi inteins. The
C-intein compromises block F, which contains several acidic and hydrophobic residues,
including a Val that has been shown to donate an essential hydrogen bond during C-terminal
cleavage.168 In addition, the imidazole ring of a conserved His residue in block F has been
shown to contribute to activation of the side chain N atom of the C-terminal Asn residue,
leading to Asn cyclisation.164, 169 The C- terminal splice junction with its conserved motif, is
contained within block G.

1.2.2 SICLOPPS intein splicing
Intein cis-splicing is a rapid process involving four nucleophilic attacks that rely on the
conserved residues at the splice junctions and are aided by surrounding residues in the
conserved blocks (Figure 23). Splicing is initiated by nucleophilic attack by the intein residue
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at the N intein/extein splice junction (Ser, Cys or Thr) causing an N-O or N-S acyl shift of the
peptide bond at the N-terminus and forming an ester or thioester bond at the N-intein/extein
junction (I). Next, the –OH or –SH group of the first residue of the extein (nucleophilic Ser or
Cys) attacks the (thio) ester bond leading to transesterification and cyclising the extein,
forming a branched intermediate (II). In step 3, the C-terminal intein residue Asn cyclises,
cleaving the peptide bond between the extein and C-intein, releasing the cyclised extein (III).
The final step is a spontaneous N-O or N-S acyl shift, affecting a rearrangement of the
(thio)ester to a peptide bond (IV).
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Figure 23: Mechanism of SICLOPPS intein splicing to give the cyclic peptide. X= OH (Ser/ Thr) or
SH (Cys). Splicing proceeds via four nucleophilic attacks, step 1: N-[S/O] acyl shift, step 2:
transesterification, step 3: Asn cyclisation, step 4: [S/O]-N acyl shift.

This standard splicing mechanism of (Class I) inteins requires the conserved nucleophilic
residue at the intein N terminus, however, inteins that lack this residue but still achieve
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protein splicing have been described. These inteins (termed class II and class III) cannot
perform the initial acyl shift that initiates splicing in class I inteins so instead follow an
alternative splicing pathway. In class II inteins, such as the archeal KlbA proteins, the first
residue of the C-extein, a nucleophilic Cys residue, directly attacks the amide bond at the Nterminal splice junction, leading to the branched intermediate formed in class I splicing.170 In
class III inteins, the –SH group of a conserved Cys residue in the F block of the intein attacks
the peptide bond at the N-terminal splice junction.171, 172 This forms an intermediate with an
unstable thioester linkage. Transesterification of the first residue of the C-extein then
transfers the N-extein to form the standard branched intermediate.
A number of naturally occurring split inteins with superior splicing efficiencies and speeds
compared to Ssp DnaE have been identified.173, 174 Of these, the Nostoc punctiforme (Npu)
DnaE split intein is homologous to the Ssp DnaE intein and shares 70% structural similarity,
with 67% sequence identity between the N-terminal inteins and 53% between the C terminal
inteins (Figure 24).174 Npu DnaE inteins display robust trans-splicing activity with an
estimated ligation efficiency of more than 98%.174 In vitro characterisation of these inteins
revealed superior trans-splicing activity of Npu DnaE with a half life of 63 s compared to 175
minutes for Ssp DnaE.175 In addition, whereas the Ssp intein has a reduced splicing rate at
37°C compared to 30°C, the rate of splicing of the Npu intein was largely unaffected by
temperature (6-37°C).175

A

B

Figure 24: Crystal structures of Ssp and Npu DnaE split inteins. The splicing conformations of the
Ssp DnaE intein (A) PDB 1ZDE164 and Npu DnaE intein (B) PBD 4LX3176 are remarkably similar. For
both N-intein: red and C-intein: blue.

Furthermore, compared to the Ssp intein, the Npu intein showed greater flexibility in the
amino acids at the ligation splice junction. Substitution of the Phe residue in the +2 position
of the C-extein adjacent to the splice junction (after the necessary Ser or Cys at +1) to each of
the 20 naturally occurring amino acids revealed the greater tolerance of the Npu intein than
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the Ssp intein to the extein sequence (Figure 25).174 Aromatic and hydrophobic residues were
relatively more preferred for protein splicing activity and hydrophilic side chains
Fig. 4. SDS–PAGE analysis of trans- and scross-splicing. Lane 1: Combination of Ssp DnaEN and Ssp DnaEC. Lane 2: combination of Ssp DnaEN
significantly reduced splicing.
and Npu DnaEC. Lane 3: combination of Npu DnaEN andNpu DnaEC. Lane 4: combination of Npu DnaEN andSsp DnaEC. All the samples were
prepared by boiling the elution fractions from the IMAC in SDS sample buﬀer.

Fig. 5. Graphical representation of the ligation eﬃciencies of the 20 variants of Ssp DnaEC-GB1. Filled and grey bars indicate the eﬃciency of transDnaEN, andofthe
variants
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Reproduced from Iwai 2006 with permissions from the rights holder Wiley and Sons.174

The Npu inteins were mutated using random mutant oligonucleotides in PCR and variants
with even greater tolerance for varied amino acids at the C-intein splice junction were
selected.177 A second generation SICLOPPS plasmid was constructed in the Tavassoli
laboratory with these mutated Npu inteins.178 In the context of library production, the amino
acid tolerance is highly valuable, allowing the production of a less biased, more varied library
of cyclic peptides. In addition, higher splicing efficiency (particularly at 37°C) allows more
peptide production.

1.2.3 Use of inteins in mammalian cells
Inteins have also been introduced to mammalian cells in a range of applications. Inteins have
been shown to facilitate antibody production in mammalian cells by allowing separation of
heavy and light polypeptide chains during translation, which are later joined together
through splicing.179 In addition, conditional splicing of inteins in mammalian cells has been
demonstrated through the use of a bio-molecular scaffold, via the small molecule 4-hydroxy
tamoxifen or by light.180-182 The feasibility of genetically encoding inteins onto the mammalian
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chromosome was demonstrated with expression and splicing of green fluorescent protein
(GFP).180 The SICLOPPS methodology has also been used in mammalian cells to produce
biologically active cyclic peptides. Retroviral delivery of genetic constructs encoding
randomised sequences between Ssp DnaB split inteins allowed the production of a cyclic
peptide library in a human B cell line (BJAB).183 Treatment of cells with interleukin-4 (IL-4)
allowed detection of peptides that inhibited the IL-4 signalling pathway. Similarly, transient
transfection of cyclic peptide In-Box fragments produced using SICLOPPS allowed the
identification of inhibitors of the Aurora B-In-Box interaction.184
These applications reveal the potential for using inteins to produce cyclic peptides that alter
cellular function in cells. The evolved Npu inteins could be particularly advantageous for this
application because of their ability to splice efficiently at 37°C.177 However, cyclisation of
peptides via Npu inteins has not previously been shown in mammalian cells. In addition,
expression of an inhibitor peptide in mammalian cells from a genetically-encoded construct
has not been shown. In the development of a cell line with reprogrammed function via
inhibition of HIF-1 dimerisation by cyclo-CLLFVY, it will be necessary to demonstrate intein
expression and cyclisation in the cell line.
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1.3 Epigenetics
There is increasing evidence that epigenetic changes are essential for determining the
hypoxic response.94, 185-187 Epigenetics describes the study of heritable changes in gene
expression that occur independent of changes in the primary DNA sequence.188 There are
four main epigenetic mechanisms: DNA methylation, covalent histone modification, noncovalent modifications and non-coding RNAs. Epigenetic modifications at the DNA and
histone level have the ability to dictate HIF binding to target gene promoters.94, 185, 186 In
addition, epigenetic marks are dynamic and therefore can respond to changes in
physiological conditions (e.g. hypoxia) and contribute to tumour progression.

1.3.1 Non-coding RNAs
Non-coding RNAs are transcripts that do not code for proteins, and a key role for such
sequences in regulation of transcription is emerging.189, 190 Non-coding RNAs include short
non-coding (snc) RNAs (such as short-interfering (si)RNA and micro (mi)RNA) and long noncoding (lnc) RNAs (such as antisense mRNA). miRNAs are single-stranded, regulatory RNAs
that are transcribed as longer immature transcripts and undergo extensive splicing to
molecules of approximately 21-25 nucleotides in length.189 They have been identified in
almost all metazoan genomes and implicated in the regulation of stability and translation of
hundreds of genes.189 miRNAs are bound by the RNA-induced silencing complex (RISC) and
direct the complex to target complementary mRNA transcripts (Figure 26). Perfect
complementarity between the guide sequence and the target mRNA leads to transcript
degradation whereas imperfect complementarity and binding to the 3’UTR of the target
mRNA can lead to translation inhibition.189
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Figure 26: Illustration of the RISC pathway that leads to miRNA control of gene expression. Short
RNA sequences that do not code for proteins but code for hairpin loop pri-mRNA structures are
transcribed in the nucleus by RNA polymerase II. The hairpin is liberated from the pri-mRNA structure
by the microprocessor complex, forming pre-miRNA typically 11 nucleotides from hairpin to base. The
pre-miRNA is exported from the nucleus then further processed in the cytoplasm by the RNase III
enzyme Dicer, which cleaves the hairpin from the miRNA duplex. One strand of the miRNA is loaded on
to the RISC complex and acts as a guide sequence to target mRNAs. The level of complementarity
between the miRNA and the target mRNA can determine the mode of action of RISC.

A number of miRNAs have been shown to be upregulated in hypoxia, and to be direct targets
of HIFs.191 In particular, miR-210 is a consistent feature in the hypoxic response. It has been
shown to be a direct target of HIF-1 and is overexpressed in a variety of hypoxic disease
states.192 High levels of miR-210 have been associated with poor prognosis in breast and
pancreatic cancer patients.193 miR-210 has been implicated in a wide range of targets that
contribute to the hypoxic response, including genes involved in the cell cycle, angiogenesis,
DNA damage response, apoptosis and mitochondrial metabolism.194
Although some classes of sncRNAs have been established as key players in gene regulation,
there is still relatively little known about lncRNAs such as antisense RNA. Antisense
transcripts are transcribed from the opposite strand of that of the sense transcript of protein
coding or non-protein coding genes.190 Antisense transcripts can interact with other gene loci
and mediate gene expression in a ‘trans’ process, or remain at their transcription site and
affect gene expression through ‘cis’ processes such as stalled polymerases or triple helices.190
Genomic analysis of non-coding transcripts identified a number of lncRNAs that were
upregulated by hypoxia.187 In combination with HIF-1 binding analysis these lncRNAs were
defined as a new group of HIF-1α target genes.187 Specifically, prolonged hypoxia has been
32

Chapter 1
shown to induce an increase in an antisense HIF-1α (aHIF) transcript to which HIF-1α and
HIF-2α could bind.105 This increase in aHIF led to destabilisation of HIF-1α mRNA and has
been implicated in target gene specificity between HIF-1 and HIF-2.

1.3.2 Chromosome modification
Chromosomal DNA is packaged into chromatin, a highly ordered DNA-protein complex.
Histones, the major protein components of chromatin, are small, basic proteins that bind
tightly to DNA. There are four families of core histones H2A, H2B, H3 and H4, which form an
octamer (made up of two of each of the four core histone types), and associate tightly with
DNA to form nucleosomes; approximately 200 bp of DNA is associated with each histone
octamer. A single molecule of a fifth family of histones, H1, binds to the nucleosome and
stabilises the point at which DNA enters and leaves the nucleosome core. Histone
modifications are an essential mechanism for the condensation and relaxation of chromatin
to allow DNA replication and gene expression. The core histone proteins are modified in their
N-terminal regions and transcriptional states are associated with particular histone
modifications (Figure 27). There are many histone modifications with complex potential
combinations, but in general, acetylation of H3 and H4 and methylation of the Lys-4 residue
of H3 (H3K4) is associated with gene activation.195 Hypoacetylation of histones and
methylation of H3K9 or H3K27 is associated with inactive genes.195
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Figure 27: Dynamic chromatin remodelling regulates transcription. (A) DNA is wrapped tightly
around basic histones in a condensed state, where transcription factors and polymerase cannot access
genes. Histone deacetylation and methylation at H3K9 and H3K27 is associated with inactive genes.
(B) Histone acetylation leads to disassociation of DNA from the histone, allowing access of
transcription factors and co-activators to gene promoters, of RNA polymerase II to genes, and
association of other chromatin remodellers. Genes are actively transcribed. In addition methylation of
H3K4 is associated with active genes. HDAC: Histone deacetylase; HMT: Histone methyltransferase;
HAT: Histone acetyltransferase; TFs: Transcription factors; SWI/SNF: switch/sucrose nonfermentable.

1.3.2.1 Effect of hypoxia on histone modifications
Chromatin immunoprecipitation assays have shown that histones are modified in a gene
specific manner under hypoxia.186, 196 Despite overall repression, hypoxia induces H3K4
methylation at the core promoters of hypoxia active genes, and H3K27 methylation at the
promoters of genes repressed in hypoxia.196 De-regulation of histone methyltransferases
(HMT) and histone demethylases (HDM) has been associated with a number of cancer types,
including breast, prostate, lung and brain.197 The expression and activity of HMT G9a was
increased under hypoxia, leading to increased H3K9me2 by inhibiting H3K9
demethylation.198 This histone methylation was specifically increased in the promoter
regions of hypoxia-repressed genes such as MutL homolog 1 (Mlh1, involved in mismatch
repair) and dihydrofolate reductase (Dhfr), correlating with their repression.
Histone modifications have also be implicated in tumour progression in VHL negative renal
cell carcinoma. Loss of VHL leads to overexpression of HIFs; in the first stages of
carcinogenesis HIF-1α is the dominant isoform but later HIF-2α increases and results in a
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more aggressive tumour type. A reverse hypoxia response element was identified in the
promoter of HIF-1α, which is able to bind HIF-1α or HIF-2α and activate H3K27me3 and
repress HIF-1α expression.199 Indicating that epigenetic changes can dictate temporal
changes in HIF isoform expression. Jumonji-domain containing (JmjC) proteins are histone
demethylases that are upregulated in hypoxia. JMJD1A and JMJD2B are direct transcriptional
targets of HIF-1α and maintain their histone lysine demethylase activity in hypoxia and so are
able to impact hypoxic gene expression.200 Depending on their target, JmjC proteins can
induce transcriptional repression or activation. JMJDC1A was reported to regulate expression
of HIF-1 target genes ADM and growth and differentiation factor 15 (GDF15) under hypoxia
in renal cell carcinoma, HCT116 cells and MEFs by decreased histone methylation.201 In
addition, loss of JMJDA1 was shown to reduce tumour growth. Thus hypoxic induction of
JMJDA1 by HIF-1 allows signal amplification to facilitate hypoxic gene induction leading to
tumour growth.
Chromatin remodelling can also be achieved through non-covalent means through the action
of multiprotein complexes, which use the energy of ATP hydrolysis to bring about structural
changes in the nucleosome. The switch/sucrose nonfermentable (SWI/SNF) chromatin
remodelling complex was found to associate with the HIF-1α promoter and positively impact
the expression of HIF-1α and its ability to transactivate hypoxia responsive genes in U2OS
cells.202 In contrast, the imitation switch (ISWI) complex represses HIF activity through
controlling expression of FIH.203 In U2OS cells, ISWI was found to change RNA polymerase II
loading to the FIH promoter and was required for full expression of FIH.

1.3.3 DNA methylation
The process of DNA methylation mainly occurs at the C5 position of cytosine residues in
cytosine preceding guanine (CpG) dinucleotides, to form 5-methylcytosine (5-mC). These
dinucleotides are not evenly distributed across the mammalian genome but are clustered in
areas called CpG islands. CpG islands are preferentially located at the 5’ end of genes and colocalise with 88% of human gene promoters.204 Around 80% of the cytosine residues in CpG
dinucleotides not in CpG islands are methylated. However, those dinucleotides in CpG islands
are usually unmethylated; this is particularly true of those located in gene promoters
regardless of whether on not the gene is being actively transcribed.205
Methylation of cytosine is catalysed by enzymes from the DNA methyltransferase (DNMT)
family, which has four members: DNMT1, 2, 3a and 3b. DNMT1 is responsible for the
maintenance of the existing DNA methylation pattern by adding methyl groups to
hemimethylated DNA after DNA replication (Figure 28).206 DNMT2 mediates methylation of tRNAs, which prevents proteasomal cleavage of t-RNAs and contributes to ensuring codon
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fidelity.207, 208 DNMT3a and DNMT3b are essential for de novo methylation of CpG sites and
play an important role in mammalian development.209 DNA methylation can cause gene
silencing by preventing or promoting the recruitment of regulatory proteins to DNA.210
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Figure 28: Mechanism of the methylation of cytosine to form 5-methylcytosine. The reaction is
catalysed by DNMT1.

Transcriptional repression is mediated by methyl-cytosine binding protein 2 (MeCP2), which
binds specifically to methylated DNA.211 MeCP2 associates with a co-repressor complex
containing the transcriptional repressor mSin3A and HDACs, therefore eliminating access of
transcription factors (Figure 29).211 In addition, the presence of DNA methylation directs
methylation of H3K9, causing transcriptional repression through the interaction between
DNMT1 and G9a.212 There is interplay between DNA methylation and histone modifications
such that genes may not be expressed despite unmethylated DNA or acetylated histones, as
both should be in an ‘open’ configuration to allow gene expression.
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Figure 29: Illustration of transcription repression by co-ordination between DNA and histone
modifications. (A) When CpG dinucleotides in gene promoters are unmethylated and histones are
acetylated, chromatin is in an ‘open’ configuration and transcription can proceed. (B) Methylated CpG
dinucleotides recruit MeCP2, which associates with transcriptional repressor mSin3A that recruits
HDACs, leading to a ‘closed’ chromatin formation and transcriptional repression.
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The majority of DNA methylation occurs in non-coding regions of DNA. Heavily methylated
DNA is replicated later than non-methylated DNA; this late replication is associated with
formation of inactive chromatin, facilitating the silencing of non-coding regions.213 DNA
methylation is also important in preventing transcription of repeat elements, inserted viral
sequences and transposons. In addition, DNA methylation maintains the silencing of
imprinted genes; genes for which only one allele is expressed, either that from the mother or
father or on the inactive X chromosome in females.
1.3.3.1 DNA methylation in development
During mammalian development, differentiation of cells is directed by transcription factors
that establish gene expression in response to developmental cues. Once their expression is
established, transcription factors ensure unidirectional development towards differential cell
types. Alongside this, epigenetic mechanisms function to reinforce cell fate and to establish
safeguards against reversion to previous cellular states.214
At fertilisation, a genome wide demethylation event occurs in the zygote. This may occur via
conversion of 5mC to 5-hydroxymethyl cytosine (hmC) by ten-eleven translocation (TET)
proteins.215 TET proteins are αKG dependent dioxygenases and hydroxylate cytosine in a
mechanism akin to that of PHD2 hydroxylation of proline in HIF-1α (Figure 6).215 Three TET
proteins have been identified: TET1, TET2 and TET3. Iterative oxidation of hmC by TET
proteins can form 5-formyl cytosine and 5-carboxyl-cytosine which could then be removed
by base pair excision and repair by the enzyme thymine-DNA glycosylase (TDG) (Figure
30).216, 217 Alternatively, conversion of 5mC to hmC could facilitate passive removal of 5mC in
a replication dependent manner, whereby hmC blocks the binding of DNMT1 and the
maintenance of DNA methylation patterns.218 During the demethylation at fertilisation,
sequences that are associated with imprinted genes remain methylated, as do some tandem
repeats and other DNA sequences.219, 220
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Figure 30: Proposed mechanism of active DNA demethylation by TET proteins. DNA
demethylation may proceed via TET mediated oxidation of 5-methylcytosine (mC) to 5-hydroxymethylcytosine (hmC) and then to 5-formylcytosine or 5-carboxylcytosine. Base excision repair
initiated by thymine-DNA glycosylase (TDG) replaces the modified base with unmodified cytosine.
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Pluripotent cells are established upon completion of demethylation, which occurs around
embryonic day (E) 3.5, and then de novo methylation by DNMT3A and DNMT3B begins, which
locks in cellular identity.209 At E6.5 cells either continue to develop towards a somatic fate, or
are specified as primordial germ cells (PGCs) and undergo another phase of demethylation
(Figure 31).220 PGCs then gain a gamete-specific methylome during gametogenesis.
Soma8c cells
E0.5

E3.5

E6.5

E12.5
Adult

Gametes
Germ cells
E12.5

Increasing DNA
methyla8on

Figure 31: DNA methylation dynamics during the mammalian life cycle. Post-fertilisation, a major
demethylation event establishes pluripotent cells at E3.5, then de novo methylation locks in cell fate.
Germ cells undergo further demethylation before gaining a gamete specific methylation pattern.
Methylation is represented by colour with increasing methylation with darker colour.

TET mediated hydroxylation of cytosine to 5mC has been demonstrated to play an important
role in epigenetic regulation of transcription in stem cells. Expression of TET1 is high in
embryonic stem cells (ESC) and its upregulation is key to the generation of induced
pluripotent stem cells.221, 222 TET2 also transcriptionally upregulates pluripotency factors in
ESC and is required for normal differentiation of hematopatic stem cells.223, 224 TET3 has been
implicated in the reprogramming of cells in oocytes and after fertilization.225, 226
1.3.3.2 DNA methylation in cancer
Aberrant patterns of DNA methylation are characteristic of cancer; the cancer epigenome is
marked by the occurrence of global hypomethylation and site-specific hypermethylation at
CpG islands in gene promoters. This global change in epigenetic marks, including DNA
methylation and histone modifications, is associated with a number of malignancies.227
Hypomethylation mostly occurs at DNA repetitive elements and this may contribute to
genomic instability.228 It can also lead to the overexpression of oncogenic proteins such as
insulin growth factor 2 (IGF2) due to loss of imprinting.229 The mechanism of demethylation
is unclear, but it may proceed via an hmC intermediate in a process involving TET proteins,
akin to DNA demethylation during embryonic development.215 Hypermethylation of CpG
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islands in the promoters of tumour suppressor genes can lead to silencing of these genes,
contributing to tumourigenesis. The silencing of transcription factors and DNA repair genes
can also indirectly silence additional classes of genes.210 For example in colon cancer,
increased methylation on chromosome 17p corresponds to the loci of the tumour suppressor
gene p53 and precedes allelic loss characteristic to development of colorectal
carcinogenesis.230
1.3.3.3 The effect of hypoxia on DNA methylation
Regions of solid tumours are transiently or chronically exposed to hypoxic conditions; these
conditions contribute to tumour progression and may be the cause of aberrant DNA
methylation. For example, severe hypoxic conditions induced a loss in global DNA
methylation in human colorectal and melanoma cancer cell lines.231 Hypoxia has also been
reported to induce the downregulation of DNMT1 and DNMT3 in human colorectal cancer
cells, contributing to DNA hypomethylation.232 In hepatocellular carcinoma, hypoxia resulted
in genomic demethylation with a bias for CpG islands through activation of methionine
adenosyltransferase 2A (MAT2A).233 MAT2A catalyses the synthesis of S-adenosyl methionine
(SAM), a major biological methyl donor. Hypoxia-induced MAT2A expression was shown to
be HIF-1α dependent and a consensus HRE was confirmed in the MAT2A promoter.233 A
switch from MAT1A to MAT2A is frequently observed during malignant liver transformation
and plays an important role in facilitating liver cancer progression but it is unclear how
MAT2A decreases intracellular SAM level.234 TET1 has also been implicated in the hypoxic
response; TET1 upregulation in hypoxia led to an increase in global 5hmC levels and 5hmC
density in the promoter elements of HIF-1 target genes.235 TET1 was required for full
expression of hypoxia response genes, suggesting 5hmC facilitates demethylation and HIF
binding at promoters of target genes.235
A HRE is located within a CpG island in the promoter of the HIF-1α gene itself. It has been
suggested that this HRE is normally repressed by methylation of a CpG dinucleotide in the
core element.94 However, in colon cancer cell lines, this element is frequently demethylated,
allowing positive auto-regulation of HIF-1α and resulting in amplification of hypoxia-induced
transactivation of HIF-1α target genes.94 This autoregulation of HIF-1α was also shown in
MCF7s cells that have an unmethylated HIF-1α HRE, but was absent in HCT-116 cells, which
comprise a methylated HIF-1α HRE. In addition, the level of DNA methylation in the HIF-1α
promoter region in HMC1, LAD, Hep G2 and A549 cell lines negatively correlated with HIF-1α
expression, supporting positive autoregulation of HIF-1α in cancer cell lines.236 However,
despite the importance of HIF signalling in embryonic development, the epigenetic status of
the HIF-1α HRE, or the HREs of HIF target genes, has not been studied in embryonic tissues.
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Figure 32: Illustration of proposed positive autoregulation of HIF-1α through the HRE in the
promoter the HIF-1α gene. Methylation of the CpG within this HRE has been shown to inhibit this
positive autoregulation.
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1.1

Aims

The aim of the work presented in this thesis was to improve the current understanding of HIF
biology. This was achieved by studying the role of HIF-1 dimerisation in the HIF-1 pathway
and by developing knowledge of epigenetic regulation of HIF-1α expression, as described in
the following sections.

1.1.1

Developing understanding of the role of HIF-1 dimerisation in hypoxic
response.

HIF-1 functions as a part of multiple complex gene networks. As well as having over 100
direct and possibly hundreds of indirect gene targets itself, it is also a member of other key
protein cascades such as the PI3K/Akt/mTOR and p44/42 MAPK pathways.32, 59, 64, 82, 146
Modulation of gene function can allow de-convolution of complex gene networks. There are
multiple possible points for intervention in the hypoxia response network but as
dimerisation of HIF-1α and HIF-1β is essential for DNA binding and transcriptional activity of
HIF-1, this PPi provides an attractive target for interception.
Previous approaches to explore the HIF pathway by disrupting HIF-1 have targeted
transcription with techniques such as siRNA and antisense mRNA, but these methods prevent
expression of HIF-1α or HIF-1β entirely, rather than specifically modulating their role in
hypoxia.237, 238 HIF-1 dimerisation has been targeted with dominant negative HIF-1α (dnHIF1α): mutant HIF-1α protein lacking the DNA binding domains and ODDD domain, which can
still dimerise with HIF-1β but does not activate transcription of downstream genes.239, 240 This
technique has yielded new information on the HIF-1 pathway, for example transfection of
dnHIF-1α in pancreatic cancer cells revealed increased sensitivity of transfected cells to
glucose withdrawal.239 However, dnHIF-1α will also prevent dimerisation of HIF-2α or HIF3α with HIF-1β and so is not specific to HIF-1.
A number of small molecule inhibitors that target the HIF pathway have been identified and
these could be used to study hypoxic response (1.1.8).127, 137 However, these are limited by the
need to synthesise and deliver the compounds. Also, these inhibitors tend to lack specificity,
particularly in distinguishing between HIF isoforms.241 To address this, the first aim of this
project was to develop a novel mechanism of reprogramming cellular behaviour by targeting
HIF-1 dimerisation with an endogenously expressed small molecule inhibitor. The HIF-1α/
HIF-1β interaction was targeted with the specific inhibitor cyclo-CLLFVY.140 The intein
construct encoding this inhibitor was genetically-encoded onto the chromosome of a
mammalian cell line downstream of an inducible promoter. In situ peptide cyclisation was
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achieved via split-intein circular ligation of proteins and peptides (SICLOPPS).153 This method
of cyclic peptide production in mammalian cells was validated by detection of peptide
expression and the use of assays to assess peptide activity. The cell line was used to explore
the effect of inhibition of HIF-1 dimerisation on the transcriptional profile and the growth
and survival of hypoxic tumorigenic cells.

1.1.2

Expanding knowledge of HIF-1 regulation.

The oxygen-dependent regulation of HIF-1α protein has been well characterised (Figure 8).38,
42, 43, 46

In addition, a number of other post-transcriptional mechanisms of regulation of HIF-

1α stability and function have been described (Figure 9).62 More recently, evidence of
transcriptional regulation of HIF-1 has been reported, modulated through epigenetic changes
at the HIF-1α promoter. It was shown that demethylation of the HIF-1α gene promoter in
HCT-116 cells led to positive auto-regulation of HIF-1α expression by HIF-1.94 This was
supported by identification of a positive HIF-1α feedback loop in MCF7, A549 and HepG2
cells.95, 236 Hypoxia is often associated with tumour biology but the development of the
mammalian embryo takes place in a low oxygen environment where HIF signalling plays a
significant role.242, 243 Understanding of transcriptional regulation of HIF-1α in developing
tissue may give insights into the potential significance of the HIF-1α transactivation loop in
cancer. Therefore, this section of work aimed to identify the previously unknown methylation
status of the HIF-1α promoter in embryonic tissue by methylation specific PCR and bisulfite
sequencing. In addition, the methylation status of the EPO enhancer in embryonic tissue and
the HIF-1α promoter in adult tissue was sought.
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Chapter 2:

Reprogramming the cellular response

to hypoxia with a genetically-encoded inhibitor of
HIF-1 dimerisation
The HIF-1 dimerisation inhibitor cyclo-CLLFVY has great potential to serve as a valuable tool
to study HIF biology by interrupting the hypoxic response pathway at this key PPi. However,
the cyclic peptide cyclo-CLLFVY has poor aqueous solubility and low cell membrane
permeability because it contains many hydrophobic amino acid side chains, and no acidic or
basic side chains. Therefore, the peptide has to be conjugated to a 14 amino acid ‘Tat’ tag for
cellular assays, so its synthesis is complicated, low yielding and time consuming. The
SICLOPPS methodology used to identify the peptide demonstrates that the peptide can be
expressed and cyclised directly in E. coli from a genetically-encoded DNA plasmid. The
current project aimed to adapt the SICLOPPS methodology to a mammalian expression
construct, which would facilitate in situ peptide expression and cyclisation within mammalian
cells, thus circumventing issues relating to solubility and cell permeability. Stable integration
of this construct into mammalian cells would result in a cell line that cannot initiate a
response to hypoxia via the HIF-1 transcription factor, hence reprogramming hypoxic cellular
behaviour. This system will be a novel tool in the study of HIF biology, enabling analysis of
the central role of HIF-1 dimerisation in the hypoxic response and a deeper understanding of
the individual roles of the HIF-α isoforms.

2.1
2.1.1

Inducible expression of a cyclic peptide in mammalian cells
Construction of Npu-CLLFVY bacterial expression vector

A genetic cassette encoding the peptide sequence (CLLFVY) as the extein between Nostoc
punctiforme (Npu) DnaE split inteins (Figure 33), was first constructed in a bacterial
expression vector (pARCBD) adapted from the intein encoding vector pARCBD-Npu
previously constructed in the Tavassoli laboratory.178 pARCBD also encodes a chitin binding
domain (CBD) sequence in frame with the inteins, at the C-terminus of the N-intein.
Expression and splicing of the construct was first demonstrated in E. coli. Expression of the
construct from the bacterial expression vector pARCBD was induced with L-arabinose (0.5%
final concentration) and the inteins isolated using chitin bead pull-down. SDS-PAGE of
proteins eluted from chitin beads indicated intein expression and splicing (Figure 34).

43

Chapter 2
A

Tet operator

AraC

CBD

N-intein

CLLFVY

HO

SH

B

C-intein

O

IN

O

N
H
O

XH

O

SH

CLLFVY

IC

O
N
H
NH

HN

O

HN
O

N
H
H 2N

NH

HN
H
N

O

O
O

O

Figure 33: In situ expression of cyclo-CLLFVY (A) Representation of the plasmid pARCBD-NpuCLLFVY. The peptide sequence is encoded between split Npu inteins and is tagged with a CBD
sequence. Expression of the open reading frame is under the control of the arabinose promoter (AraC).
(B) Illustration of the expressed intein construct splicing to give the cyclic peptide CLLFVY.
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Figure 34: SDS-PAGE analysis of splicing of the Npu-CLLFVY construct expressed in E. coli. Lane
1shows the proteins eluted from chitin bead purification of intein expression in E. coli: bands
corresponding to the unspliced construct (23 kDa), N-intein (18 kDa and 12 kDa) and C-intein (5 kDa)
were visualised. Lane L contains the 10-170 kDa protein ladder

2.1.2

Integration of the Npu-CLLFVY construct into HEK-293 cells

The intein-peptide construct was cloned into the vector pcDNA5/FRT/TO to enable
expression in mammalian cells. The DNA fragment encoding the peptide between Npu
inteins, which included the 3’ fusion sequence encoding the CBD, was amplified from
pARCBD-Npu-CLLFVY, introducing a 5’ Kozak consensus sequence (GCCGCCACC).
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pcDNA5/FRT/TO is an inducible expression vector encoding a cytomegalovirus (CMV)
promoter, followed by two copies of the tetracycline operator (TetO2) upstream of a multiple
cloning site. The vector also encodes a flippase recombination target (FRT) site upstream of a
hygromycin resistance gene to permit site-specific flippase-FRT (Flp-FRT) recombination
into a suitable cell line, and polyclonal selection using hygromycin.244, 245 The amplified
sequence was cloned into pcDNA5/FRT/TO downstream of the TetO2 giving
pcDNA5/FRT/TO/Npu/CLLFVY (pcDNA5/CLLFVY) (Figure 35A). An internal ribosome entry
site (IRES) followed by the gene encoding green fluorescent protein (GFP) was then cloned
into pcDNA5/CLLFVY downstream of the N-intein, to permit visualisation of successful
integrants (giving pcDNA5/GFP) (Figure 35B).
Stable transfection, as opposed to transient transfection, was chosen as it typically leads to
more consistent results when testing construct expression and activity, as transfection
efficiency would not be a concern. However, isolation of stable transfectants from a mixed
population of untransfected or transiently transfected cells is a laborious process requiring
many weeks of selection with a well-optimised selection agent. Stably transfected genes are
integrated into the host genome and so transgene expression is sustained in daughter cells
following mitosis. In contrast, transiently transfected genes are introduced to the host
nucleus, but are not integrated onto the chromosome. Therefore, transiently transfected
genes are expressed only for a limited period of time and are not maintained after cell
replication. Flp-FRT recombination was chosen for integration as it results in integration into
a predetermined site on the cell chromosome to avoid integration into open reading frames.
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Figure 35: Illustration of the genetic constructs cloned into pcDNA5/FRT/TO and integrated
onto the chromosome of T-REx-293 cells. (A) The peptide CLLFVY is encoded as the extein sequence
between Npu split inteins and fused with a CBD. The construct is under the control of a CMV promoter
and repressed by the TetO2. (B) An IRES was cloned downstream of the Npu-CLLFVY construct
followed by the gene encoding GFP.

Both pcDNA5/CLLFVY and pcDNA5/GFP were each co-transfected, separately, into Flp-In TREx-293 cells with pOG44, which expresses Flp-In recombinase. The cell line is a variant of
human embryonic kidney (HEK)-293 that expresses the Tet repressor (TetR) from
pcDNA6/TR and contains a single integrated FRT site. Hygromycin (200 µg / mL) was used
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for polyclonal selection of positive integrants. The hygromycin resistance gene on the
plasmid lacks a promoter and the ATG translation initiation codon (Figure 36). Therefore
transient transfection of the plasmid does not confer hygromycin resistance, and only
integrated cells are selected. Furthermore, this ensures that only integration at the specific
FRT site, and not random integration onto the chromosome, imparts hygromycin resistance.
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Figure 36: Graphical representation of Flp-FRT recombination. Specific integration of a genetic
construct, encoding the gene of interest (GOI), onto the chromosome of T-REx-293, is achieved via FlpFRT recombination, catalysed by the enzyme Flp-In recombinase. The gene encoding hygromycin
resistance lacks the start codon ‘ATG’ on the plasmid, which it gains upon integration at the target site,
facilitating selection of site-specific integrants only.

The presence of the TetO, in combination with TetR expression, permits inducible expression
of the gene of interest (GOI), in this instance the Npu-CLLFVY construct (Figure 37). The
system is adapted from the bacterial resistance mechanism to the broad-spectrum antibiotic
Tetracycline (Tc). Tc functions via inactivation of the bacterial ribosome, interrupting protein
synthesis and causing the bacteria to die.246 Gram-negative bacteria have developed
resistance against Tc, principally through the membrane embedded protein TetA that exports
Tc out of the bacterial cell before it can inhibit translation.247, 248 However, in the absence of
Tc, overexpression of TetA can result in loss of membrane integrity and damage the cell.249
Therefore, expression of TetA is tightly controlled by the homodimeric Tet repressor TetR. In
the absence of Tc, TetR binds to the TetO with high affinity and specificity, blocking
transcription of TetA.250, 251 When Tc diffuses into the cell it chelates Mg2+ forming a [MgTc]+
complex that binds to the TetR homodimer. Binding of [MgTc]+ induces a conformational
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change in TetR which greatly reduces its affinity for the TetO, leading to TetA expression and
bacterial resistance to Tc.251, 252
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Figure 37: Graphical representation of gene repression by the Tetracycline operator (TetO2).
The gene encoding the Tetracycline repressor protein (TetR) is integrated on to the chromosome of TREx-293 cells and is constitutively expressed. TetR dimerises and binds to the TetO2 with high affinity,
blocking the progress of RNA polymerase and inhibiting expression of the GOI. Upon addition,
tetracycline (Tet, red shape) diffuses into the cell and binds to TetR with high affinity, causing a change
in conformation of TetR, which reduces the affinity of TetR for TetO2 by nine orders of magnitude.
TetR therefore leaves TetO2 and the GOI is expressed.

The precise, sensitive control mediated by TetR has been exploited for use as a
transcriptional regulator in eukaryotic cells.253 In the T-REx System, the expression of the GOI
is under the control of a CMV promoter, but in the absence of Tc, TetR binds to the TetO2 and

47

Chapter 2
transcription of the gene is blocked. Upon addition of Tc and subsequent binding of Tc to
TetR, TetR changes conformation and dissociates from TetO2, leading to expression of the
GOI. An analogue of tetracycline, doxycycline (Dox), can be used as an alternative inducing
agent. Doxycycline exhibits a similar mechanism of action to tetracycline, but confers more
sensitive induction, as TetR has a stronger binding constant for [Dox.Mg]+ compared to
[tc.Mg]+ (Ka ≈1010 M-1 and Ka ≈ 109 M-1, respectively).254, 255 Induction with Dox can also lead
to longer lasting effects because Dox has a longer half-life than Tc, 48 h and 24 h
respectively.254, 255

2.1.3

Confirmation of integration: Detection of intein expression in T-RExCLLFVY cells

Fluorescence microscopy was used to visualise expression of GFP in T-Rex-GFP cells, to
confirm integration of the construct. Treatment of T-REx-GFP cells with 1 µg / mL Dox
induced expression of GFP, indicating integration of the construct into the cell line (Figure
38). GFP appeared to be expressed in all cell visualised, demonstrating that only integrated
cells had been selected. This also suggests successful integration of the Npu-CLLFVY
construct in T-Rex-CLLFVY cells, as both cell lines were obtained via the same methodology.

Figure 38: Expression of T-REx-CLLFVY in T-REx cells treated with 1 µg / mL Dox. Top row
demonstrates strong GFP expression indicative of successful integration of the Npu-CLLFVY construct.
Middle and bottom rows demonstrate widespread integration of the construct in cells.
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To optimise the dosage of Dox, T-REx-GFP cells were treated with Dox (0-100 µg / mL) for 24
h and the fluorescence intensity measured (excitation 480 nm / emission 520 nm). Induction
of construct expression increased up to 1 µg / mL Dox dosage, then decreased at higher
concentrations (Figure 39). Characterisation of the TetO2 integrated into HeLa cells with the
reporter gene luciferase demonstrated that maximal activation of expression was achieved at
1 µg / mL Dox and plateaued.256 However in T-REx-GFP cells, above 1 µg / mL Dox, induction
of construct expression was reduced, suggesting possible toxic effects of higher
concentrations of Dox in this cell line. Therefore 1 µg / mL was chosen as the optimal Dox
concentration and used for the remainder of this work unless otherwise stated.
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Figure 39: Effect of Dox treatment on T-REx-GFP cells. T-REx-GFP cells were treated with 0-100 µg
/ mL Dox for 24 h, then expression of GFP measured at 520 nm (excitation 480 nm). Experiments were
performed in triplicate (n=2) and normalised to the untreated cells. Error bars represent ±SEM.

Integration and expression of the Npu-CLLFVY construct in T-Rex-CLLFVY was then
confirmed by detection of intein mRNA expression. Following treatment with Dox for 16 h,
qRT-PCR analysis was conducted on RNA extracted from T-REx-CLLFVY cells with primers
specific for the integrated inteins. There was a 38-fold increase in expression following
treatment with 1 µg / mL Dox, compared to untreated cells, in both normoxia and hypoxia
(Figure 40). Melt curve analysis of the qRT-PCR products showed an equivalent melting
temperature for all samples, indicating the same oligonucleotide had been amplified in both
samples.
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Figure 40: Dox induces expression of the Npu-CLLFVY construct in normoxia and hypoxia in TREx-CLLFVY cells. T-REx-CLLFVY cells were treated with vehicle (-Dox) or 1 µg / mL Dox (+Dox) in
normoxia or hypoxia for 24 h. (A) RNA was extracted and construct expression analysed using qRTPCR with primers specific for the integrated inteins. Experiments were performed in triplicate (n=3)
and results were normalised to expression of β-actin. Error bars represent ±SEM. (B) Melting
temperatures of qRT-PCR products amplified by primers specific for the integrated inteins.

To demonstrate that the construct was being translated correctly, CBD-labelled proteins were
isolated from protein extracted, via pull-down assay, from T-REx-CLLFVY cells treated with
Dox for 24 h. SDS-PAGE analysis of the isolated proteins demonstrated that a band
corresponding to the spliced intein was present (Figure 41). There appeared to be no
unspliced construct, suggesting complete turnover of the SICLOPPS construct in cells. The
bands were weak because of low cell numbers compared to culture in E. coli. Therefore,
Western blotting was used, with an antibody specific to the CBD, to detect intein expression.
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Figure 41: SDS-PAGE analysis of intein expression in T-REx-CLLFVY cells. Lane 1 shows proteins
eluted from chitin bead pull-down from T-REx-CLLFVY cells. A band corresponding to the N-intein (18
kDa) and a weak band corresponding to the C-intein (5 kDa) are visible. Lane L shows 10-170 kDa
protein marker ladder.
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Following treatment of T-REx-CLLFVY and the T-REx-293 parent cell line with 1 µg / mL Dox
for 16 h, a product approximately 18 kDa in size was detectable (Figure 42). This is consistent
with the size of the CBD-labelled N intein, denoting Npu intein expression and indicating
splicing of the Npu-CLLFVY construct. No unspliced protein was detectable, supporting full
splicing of the SICLOPPS construct in cells.
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Figure 42: Western blot analysis of Npu-CLLFVY expression in T-REx-CLLFVY cells. (A) NpuCLLFVY expression was detected in T-REx-CLLFVY cells treated with Dox further demonstrating
successful integration and inducible expression of the construct. (B) A band was detected at 18 kDa
corresponding to the N-intein, indicating splicing of the Npu-CLLFVY construct.

Cyclo-CLLFVY inhibits hypoxia-induced HIF-1 dimerisation, therefore in order for it to
function as a genetically-encoded inhibitor, it must be expressed and cyclised (by intein
splicing) under hypoxia, as well as normoxia. Following treatment of T-REx-CLLFVY cells with
1 µg / mL Dox and incubation in hypoxia for 24 h, a band consistent with the size of the Nintein (18 kDa) was detected (Figure 43). Further demonstrating expression of Npu-CLLFVY
in hypoxia and indicating splicing of the construct. In contrast to other inteins, Npu inteins
have been shown to splice with high efficiency at 37 °C.177 This is supported by the absence of
any detectable unspliced product in cell lysates of T-REx-CLLFVY cells treated with Dox.
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Figure 43: Western blot analysis of Npu-CLLFVY expression in T-REx-CLLFVY cells in normoxia
and hypoxia. (A) Npu-CLLFVY expression was detected in T-REx-CLLFVY cells treated with Dox in
normoxic and hypoxic conditions, demonstrating successful integration and inducible expression of
Npu-CLLFVY in T-REx-CLLFVY cells. (B) A band corresponding to the N-intein (18 kDa) was detected,
indicating splicing of the Npu-CLLFVY construct in normoxia and hypoxia.

A time course was carried out to assess the level of expression of Npu-CLLFVY protein over
time. In the absence of Dox, there was no detectable construct expression. Addition of Dox
induced peptide expression after 2 h, which increased up to 24 h, indicating that Dox is stable
and active after 24 h (Figure 44A). Intein expression increased two-fold between 24 and 32 h.
Following 32 h of treatment, the level of inteins stabilised (Figure 44B). Previously,
characterisation of TetO mediated gene expression in HeLa cells demonstrated maximal
induction of reporter gene expression within 24 h.256 The increase in construct expression
that was observed in T-REx-CLLFVY cells following incubation for more than 24 h could
suggest that once expressed, the inteins are stable and accumulate in the cell.
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Figure 44: Western blot analysis of Npu-CLLFVY expression in T-REx-CLLFVY cells. Anti-CBD was
used to detect of the CBD-labelled N-intein in T-REx-CLLFVY cells treated with 1 µg / mL Dox for (A) 024 h or (B) 0-72 h. β-Actin was used as a loading control.
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2.1.4

Detection of cyclo-CLLFVY expression from T-REx-CLLFVY cells

Cyclo-CLLFVY was synthesised by solid-phase peptide synthesis to use as a standard to
compare to cyclo-CLLFVY expressed in vivo. Dilutions of the synthetic peptide in methanol
were analysed by LC-MS to assess the detection limits of the instrument for the peptide. The
peptide was observed at dilutions up to 1 µg / mL.
Cell lysates from T-REx-CLLFVY and T-REx-293 cells treated with Dox for 24 h were analysed
by RP-HPLC. 1 mL fractions were collected for five minutes either side of the retention time
(RT) of the synthetic equivalent (24.5 minutes, Figure 45A). In this analysis period, no peaks
were visualised from the T-REx-293 cell lysate, but a peak was detectable at RT 23.9 minutes
for T-REx-CLLFVY cell lysate (Figure 45B). Analysis of collected fractions by liquid
chromatography mass spectrometry (LC-MS) led to the detection of a molecule with the same
retention time and a mass equivalent to that of the synthetic peptide, in T-REx-CLLFVY cell
lysate (Figure 46, Figure 47). There was no such peak from T-REx-293 cell lysate. This
confirms the expression of cyclo-CLLFVY from the genetically-encoded Npu-CLLFVY
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Figure 45: Analytical RP-HPLC of cyclo-CLLFVY. UV traces from analytical RP-HPLC of (A) synthetic
cyclo-CLLFVY in methanol and (B) filtered cell lysate from T-REx-CLLFVY cells treated with 1 µg / mL
Dox, for 24 h, showing a peak from the lysate (RT: 23.9 minutes) corresponding to that of the synthetic
peptide (RT: 24.5 minutes).
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Figure 46: ESI+ MS trace of synthetic cyclo-CLLFVY. LC-ESI-MS (ESI+, AcCN, 200 nm) RT 2.99
minutes shows: 739.2 ([M+H]+)
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Figure 47: ESI+ MS trace of cyclo-CLLFVY expressed in T-REx-CLLFVY cells. T-REx-CLLFVY cells
were treated with 1 µg / mL Dox for 24 h. LC-ESI-MS (ESI+, AcCN, 200 nm) RT 2.95 minutes shows:
761.5 ([M+Na]+) and 739.2 ([M+H]+).
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2.1.5

Activity of the genetically-encoded peptide in T-REx-CLLFVY cells

Having demonstrated that the inhibitor was expressed, its activity was then analysed. CycloCLLFVY has been shown to inhibit the dimerisation of HIF-1α and HIF-1β, preventing the
formation of the HIF-1 transcription factor.140 Assessment of downstream effects of inhibition
of HIF dimerisation via cyclo-CLLFVY expression will indicate peptide activity in vivo.
2.1.5.1

HRE dependent luciferase assay

A hypoxia response element (HRE) dependent luciferase assay was used to probe the activity
of the integrated inhibitor construct. HIF-1 dimerisation has previously been monitored using
a HRE-dependent luciferase assay.257-260 The assay, first developed by Rapisadra et al.
(2002),260 places the transcription of firefly (Photinus pyralis) luciferase under the control of
three copies of the nitric oxide synthase promoter canonical HRE in the plasmid pGL2-TKHRE (HRE-Luc). Firefly luciferase catalyses the oxidation of luciferin to oxyluciferin and in
doing so, releases light (Figure 48). This bioluminescence can be linked to gene expression
and therefore to promoter activation. HRE-Luc has previously been used in HEK-293 cells to
study HIF-1 transcriptional activity.59 The assay has also been used to measure inhibition of
HIF-1 dimerisation by cyclo-CLLFVY; treatment of MCF-7 cells with 50 µM Tat-cyclo-CLLFVY
under hypoxic conditions decreased luciferase expression 5-fold.140
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Figure 48: Firefly luciferase catalyses a bioluminescent reaction. Luciferin is oxidised to
oxyluciferin by firefly luciferase, releasing light. ATP: adenosine triphosphate; AMP: adenosine
monophosphate; PPi: inorganic phosphate.

The HRE-dependent luciferase assay was adapted to analyse the effect of inhibition of HIF-1
dimerisation in T-REx cells. The reporter construct used was HRE-Luc where the expression
of luciferase is controlled by a HRE. Luciferase expression is only induced in hypoxic
conditions where HIF-1α is stabilised and can dimerise with HIF-1β forming the HIF-1
transcription factor. However, if cyclo-CLLFVY were expressed (with Dox treatment of cells),
inhibition of HIF subunit dimerisation would prevent formation of the HIF-1 transcription
factor and prevent luciferase expression (Figure 49). The reporter vector, pGL3-SV40-Luc
(SV40-Luc), was used as a control, because expression of luciferase in this construct is under
an SV40 promoter, which does not rely on HIF-1 for expression and therefore should not be
affected by cyclo-CLLFVY expression.
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Figure 49: Illustration of the HRE dependent luciferase assay. (A) HIF-1α and HIF-1β dimerise,
forming the HIF-1 transcription factor, and bind to the HRE upstream of the gene encoding firefly
luciferase, leading to luciferase expression. (B) Expression of cyclo-CLLFVY inhibits HIF-1 dimerisation
and the subunits cannot bind to the HRE. Luciferase expression is supressed.

T-REx-CLLFVY cells were transfected with HRE-Luc or SV40-Luc and treated with 1 µg / mL
Dox under normoxia or hypoxia. HRE dependent luciferase expression was increased eightfold in hypoxia (Figure 50). Treatment of cells with Dox resulted in a 1.9-fold decrease in
luciferase expression in hypoxia but no significant change in HRE controlled luciferase
expression in normoxia. This suggests that expression of the peptide in hypoxia inhibits HIF-1
dimerisation. SV40 controlled luciferase expression was the same in normoxia and hypoxia.
Dox treatment had no significant impact on SV40 controlled luciferase expression in
normoxia or hypoxia indicating the effect of the peptide on HRE controlled luciferase
expression was a result of inhibition of HIF-1 dimerisation rather than inhibition of luciferase
activity.
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Figure 50: Expression of cyclo-CLLFVY in T-REx-CLLFVY cells suppressed HRE-dependent
luciferase expression in hypoxia. T-REx-CLLFVY cells were transfected with HRE-Luc or SV40-Luc.
Cells were incubated with vehicle (-) or 1 µg / mL Dox (+) for 16 h in normoxia (N) or hypoxia (H).
Experiments were performed in triplicate (n=3). Error bars represent ±SEM. Stars denote significant
differences between means: **p ≤ 0.01.

2.1.5.2

qRT-PCR analysis of expression of HIF-1 target genes

To investigate if expression of cyclo-CLLFVY affected HIF-1-mediated gene expression, the
transcription of one of the HIF-1 target genes, VEGF, was analysed. The VEGF gene contains a
HRE in its promoter, where binding of HIF-1 activates VEGF expression.88 Previous studies
have shown that inhibition of HIF-1 dimerisation in HEK-293 cells, using the inhibitor
acriflavine, blocked hypoxic induction of VEGF expression.139
Incubation of T-REx-293 and T-REx-CLLFVY cells in hypoxic conditions for 16 h resulted in a
2.7-fold increase in VEGF expression when compared to cells cultured in normoxic conditions
(Figure 51A). This finding suggests VEGF expression represents a useful proxy for monitoring
alterations in the hypoxia response pathway in these cell lines. In addition, the similarity in
VEGF induction in these cell lines demonstrates that integration of the construct itself does
not affect the cellular response to hypoxia, when its expression has not been induced. In
contrast, treatment of T-REx-CLLFVY cells with Dox resulted in a 1.4-fold decrease in VEGF
expression under hypoxia indicating cyclo-CLLFVY expression and inhibition of HIF-1
dimerisation (Figure 51B).
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Figure 51: VEGF is upregulated in hypoxia in T-REx cell lines and upregulation is dampened in
T-REx-CLLFVY cells by Dox treatment in hypoxia. (A) T-REx-293 cells were incubated in normoxia
or hypoxia for 16 h and (B) T-REx-CLLFVY cells were treated with vehicle (-Dox) or 1 µg / mL Dox
(+Dox) in normoxia or hypoxia for 16 h. For both, RNA was extracted and VEGF expression analysed by
qRT-PCR. Experiments were performed in triplicate ((A) n=3, (B) n=6) and results were normalised to
expression of 18S and β-actin. Error bars represent ±SEM. Stars denote significant differences between
means: ****p ≤ 0.0001.

The effect of cyclo-CLLFVY expression on the transcription of another HIF-1 target gene,
CAIX, was also analysed to ensure the inhibitory effect was not limited to VEGF. CAIX
expression was induced 80-fold in hypoxia compared to normoxia, this result agrees with
previous reports of hypoxic induction of CAIX expression in HEK-293 cells.261 Dox treatment
resulted in a 1.5-fold decrease in CAIX expression (Figure 52). CAIX was induced more
strongly than VEGF by hypoxia in T-REx-CLLFVY cells; incubation of cells in hypoxia resulted
in an 80-fold increase in CAIX expression in contrast to a 2.7-fold increase in VEGF expression
compared to normoxia. However, the inhibitory effect of the peptide was similar. Previous
studies with synthetic cyclo-CLLFVY also showed that in MCF-7 breast cancer and U2OS
osteosarcoma cells, hypoxic induction of CAIX expression was greater than that of VEGF.
VEGF was induced ~three-fold whereas CAIX was induced ~25-fold. However, treatment of
MCF-7 and U2OS cells with 50 µM cyclo-CLLFVY resulted in a five-fold decrease in expression
of both VEGF and CAIX.140
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Figure 52: Hypoxic induction of CAIX expression is dampened by Dox treatment in T-RExCLLFVY cells. T-REx-CLLFVY cells were treated with vehicle (-Dox) or Dox (+Dox) in normoxia or
hypoxia for 16 h. RNA was extracted and CAIX expression analysed by qRT-PCR. Experiments were
performed in triplicate (n=3) and results were normalised to expression of 18S and β-actin. Error bars
represent ±SEM. Stars denote significant differences between means: **p ≤ 0.01.

The time course of Npu-CLLFVY expression showed more protein after 24 h than 16 h
hypoxic treatment (Figure 44). To assess if this resulted in increased inhibition of HIF-1
dimerisation, the expression of VEGF and CAIX in T-REx-CLLFVY cells treated with Dox in
hypoxic conditions for 24 h was analysed by qRT-PCR. The hypoxic induction of VEGF and
CAIX was similar at 16 h and 24 h. However, Dox treatment resulted in increased inhibition of
target gene expression: 1.5-fold for VEGF and 1.7-fold for CAIX (Figure 53), suggesting
increased inhibition of HIF-1 dimerisation after 24 h compared to 16 h. This may be a result
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Figure 53: VEGF and CAIX expression is inhibited after 24 h Dox treatment in hypoxic T-RExCLLFVY cells. T-REx-CLLFVY cells were incubated with vehicle (-Dox) or 1 µg / mL Dox (+Dox) in
normoxia or hypoxia for 24 h. RNA was extracted and VEGF (A) and CAIX (B) expression was analysed
by qRT-PCR. Experiments were performed in triplicate (n=3) and results were normalised to
expression of 18S and β-actin. Error bars represent ±SEM. Stars denote significant differences between
means: *p ≤ 0.05.
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2.1.6

Investigation of a scrambled peptide control

To investigate whether the change in gene expression in T-REx-CLLFVY cells was a result of
cyclo-CLLFVY activity rather than expression of the inteins or Dox itself, a scrambled peptide
cell line was constructed. Previously in the Tavassoli laboratory, alanine scanning of CLLFVY
derivatives, where each amino acid in turn was replaced with an alanine and assessed for
activity, suggested that proximity of the aromatic side chains of phenylalanine and tyrosine in
the cyclic peptide contributed to peptide activity. Therefore these residues were separated in
the scrambled peptide sequence.
The peptide sequence CFVLYL was encoded as the extein between split Npu inteins in the
bacterial expression vector pARCBD-Npu. Expression of Npu-CLLFVY and Npu-CFVLYL in E.
coli, from pARCBD-Npu-CLLFVY and pARCBD-Npu-CFVLYL respectively, was induced with Larabinose (0.5% final concentration). The inteins were isolated using chitin bead pull-down.
SDS-PAGE of proteins eluted from chitin beads suggested equivalent expression and splicing
of the two intein-peptide constructs (Figure 54). Therefore, expression of the Npu-CFVLYL
construct would give an accurate comparison of inhibitor and scrambled peptide activity in
vivo.
kDa

24
Unspliced 23 kDa
N-intein + CBD 18 kDa

17

N-intein 12 kDa

10
C-intein 12 kDa
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1
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Figure 54: SDS-PAGE analysis of Npu-CLLFVY and Npu-CFVLYL splicing in E. coli. Proteins eluted
from chitin bead purification of intein expression in E. coli from pARCBD-Npu-CLLFVY (Lane 1) and
pARCBD-Npu-CFVLYL (Lane 2). Bands corresponding to the unspliced construct (23 kDa), N-intein (18
kDa and 12 kDa) and C-intein (5 kDa) were visualised. Lane L contains the 10-170 kDa protein ladder.

The Npu-CFVLYL construct was then cloned into the mammalian expression vector
pcDNA5/FRT/TO and integrated into T-REx-293 cells via Flp-FRT recombination. The T-RExCFVLYL cell line was obtained by selection of positive integrants with hygromycin (Figure
55). Expression of Npu-CFVLYL was detected in T-REx-Scram cells following treatment with
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Dox with 1 µg / mL for 24 h under normoxia and hypoxia (Figure 56A). The presence of a
band at ~18 kDa, corresponding to the N-intein, indicated splicing of the integrated construct
in vivo (Figure 56B).

CMV promoter

Tet operator

CFVLYL

C-intein

CBD

N-intein

Figure 55: Illustration of the genetic construct encoded into the vector pcDNA5/FRT/TO and
integrated onto the chromosome of T-REx-293 cells. The peptide CFVLYL is encoded as the extein
sequence between Npu split inteins and a CBD is fused to the C-terminus of the N-intein. Construct
expression is under the control of a CMV promoter and repressed by the TetO2 in the absence of Dox.
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Figure 56: Western blot analysis of Npu-CFVLYL expression in T-REx-Scram cells. Anti-CBD was
used to detect expression of the integrated construct in T-REx-Scram cells. (A) Npu-CFVLYL expression
was detected in T-REx-CLLFVY cells treated with vehicle (-) or 1 µg / mL Dox (+) in normoxic and
hypoxic conditions, demonstrating successful integration and inducible expression of Npu-CFVLYL in
T-REx-CFVLYL cells. (B) A band corresponding to the N-intein (18 kDa) was detected, indicating
splicing of the Npu-CLLFVY construct in normoxia and hypoxia.

The activity of the expressed scrambled peptide for inhibition of HIF-1 dimerisation was
assessed with the HRE-dependent luciferase assay described in section 2.1.5.1. T-REx-Scram
cells were transfected with HRE-Luc or SV40-Luc and treated with Dox under normoxia or
hypoxia. HRE dependent luciferase expression increased ~seven-fold in hypoxia (Figure 57).
Following treatment with Dox, there was no significant change HRE controlled luciferase
expression in normoxia or hypoxia, suggesting the scrambled peptide has no effect on HIF-1
activity. SV40 controlled luciferase expression appeared to increase in hypoxia, but this
change was not statistically significant. Treatment of T-REx-Scram cells with Dox had no
significant impact on SV40 controlled luciferase expression.
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Figure 57: Expression of cyclo-CFVLYL in T-REx-Scram cells does not affect HRE-dependent
luciferase expression. T-REx-CFVLYL cells were transfected with HRE-Luc or SV40-Luc. Cells were
incubated with vehicle (-) or 1 µg / mL Dox (+) for 16 h in normoxia (N) or Hypoxia (H). Experiments
were performed in triplicate (n=3). Error bars represent ±SEM.

The affect of the scrambled peptide on VEGF and CAIX expression was then assessed by qRTPCR. T-REx-Scram cells were treated with Dox and incubated in normoxia or hypoxia for 24 h.
The longer treatment period was used as it gave a larger effect in T-REx-CLLFVY cells than 16
h. Incubation in hypoxia resulted in a two-fold increase in VEGF expression and ~80-fold
increase in CAIX expression. Treatment of T-REx-Scram cells with Dox did not significantly
impact VEGF or CAIX expression (Figure 58). In normoxia too, expression of cyclo-CFVLYL
made no significant difference to VEGF and CAIX expression. Together, these results suggest
that the change in luciferase expression in the HRE dependent luciferase assay, and the
change in HIF-1 target gene expression in T-REx-CLLFVY cells was a result of cyclo-CLLFVY
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Figure 58: VEGF and CAIX expression is not changed by cyclo-CFVLYL expression. T-REx-Scram
cells were incubated with vehicle (-Dox) or 1 µg / mL Dox (+Dox) in normoxia or hypoxia for 24 h.
qRT-PCR experiments were performed in triplicate (n=3) and results were normalised to expression of
18S and β-actin. Error bars represent ±SEM.
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2.2

Hypoxia-controlled, inducible expression of cyclo-CLLFVY in
mammalian cells

The genetic cassette was adapted such that expression was under the control of a HRE
promoter. The HRE promoter requires binding of the HIF-1 heterodimer to activate
transcription of downstream genes.260 In this system, the HRE promoter provides a second
level of control of peptide expression. The construct should only be expressed in the presence
of Dox and hypoxia. This would result in a negative feedback loop, whereby hypoxia induces
the expression of the peptide, but presence of the peptide blocks HIF-1 dimerisation and
prevents further peptide expression, preventing excessive build up of the inteins and peptide.

2.2.1

Construction of a hybrid HRE/TetO2 promoter

The CMV sequence in pcDNA5/CLLFVY was replaced with 3 copies of the HRE (5’GTGACTACGTGCTGCCTAG-3’) from the inducible nitric synthase promoter from the pGL2TK-HRE plasmid,260 to generate pcDNA5/FRT/HRE/TO/Npu/CLLFVY (pcDNA5/HRE) (Figure
59). The plasmid was integrated into T-REx-293 cells via Flp-FRT recombination, and positive
integrants selected using hygromycin (Figure 60). A scrambled peptide version was not
produced as cyclo-CFVLYL had already been shown to have no significant effect on HIF-1
activity in T-REx cells.
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CMV/TetO2
TATA box

CMV forward priming site

TetO2

5’
CATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCCCTATCAGTGATAG
Kozak

AGATCTCCCTATCAGTGATAGAGATC…TTGGCCGCCACCATG

3’

120 bases

B

HRE/TetO2
HRE x 3
5’
ACTAGTGTGACTACGTGCTGCCTAGGAGTGACTACGTGCTGCCTAGGAGTGACTACGTGCTGCCTAGACGGTGG
TATA box

TetO2

Kozak

GAGGTCTATATAAGCAGAGCTCTCCCTATCAGTGATAGAGATCTCCCTATCAGTGATAGAGATC...TTGGCCGCC
120 bases

ACCATG

3’

Figure 59: Illustration of the CMV/TetO2 and HRE/TetO2 hybrid promoters. In the construction
of the HRE/TetO2, the CMV promoter from CMV/TetO2 was replaced with three copies of the iNOS
HRE (HRE x 3). The spacing between the promoter and the TetO2, and between the TetO2 and the TSS,
was maintained.
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Figure 60: Illustration of the HRE gene construct encoded in the vector pcDNA5/HRE and
integrated into T-REx-293 cells to make the T-REx-HRE cell line. The peptide CLLFVY is encoded
between Npu inteins and tagged with a CBD for identification of construct expression. The construct is
under the control of a HRE promoter and modulated by a TetO2, therefore expression only occurs in
hypoxic conditions and in the presence of Dox.

2.2.2

Control of expression by the hybrid promoter

Integration and inducible expression of the Npu-CLLFVY construct was demonstrated by
qRT-PCR of the intein mRNA. Following treatment of T-REx-HRE cells with 1 µg / mL for 16 h,
Npu-CLLFVY mRNA expression was increased nine-fold in hypoxia, indicating integration of
the construct and inducible expression by Dox and hypoxia (Figure 61). There was no
significant induction of intein expression in normoxic conditions following treatment of cells
with Dox. Transcription of the Npu-CLLFVY construct under hypoxia was lower in T-REx-HRE
cells than in T-REx-CLLFVY cells. This may partly be due to the higher level of background
expression of Npu-CFVLYL in T-REx-HRE cells masking the level of construct expression as
the results are normalised to normoxic expression. In addition, the peptide inhibits HIF-1
dimerisation yet relies on HIF-1 dimerisation for its own expression. This negative feedback
loop leads to lower total expression compared to the CMV promoted expression. Prevention
of normoxic Npu-CLLFVY expression in the presence of Dox may avoid excessive build up of
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Figure 61:Dox induces Npu-CLLFVY expression in hypoxia in T-REx-HRE cells. T-REx-HRE cells
were treated with vehicle (-Dox) or 1 µg / mL Dox (+Dox) in normoxia or hypoxia for 24 h. (A)
Construct expression analysed by qRT-PCR with primers specific for the integrated inteins.
Experiments were performed in triplicate (n=3) and results were normalised to β-actin expression.
Error bars show ±SEM. Melting temperatures of PCR products amplified by primers specific for the
integrated inteins from RNA extracted from T-REx-HRE cells.
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Expression of Npu-CLLFVY protein was then assessed by Western blotting. Following
treatment of T-REx-HRE cells with 1 µg / mL Dox for 24 h in hypoxia, Npu-CLLFVY protein
was detected (Figure 62). The presence of a band only at ~18 kDa indicated complete splicing
of the inteins in vivo. There was no detectable expression of the integrated construct in
normoxic conditions or under hypoxia in the absence of Dox, demonstrating that the
HRE/TetO2 promoter functioned as designed.
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Figure 62: Western blot analysis of expression of Npu-CLLFVY in T-REx-HRE cells. (A) Anti-CBD
was used to detect expression of the integrated construct in T-REx-HRE cells treated with vehicle (-) or
1 µg/ mL Dox (+) for 16 h in normoxia or hypoxia. Npu-CLLFVY expression was detected in hypoxia
with Dox treatment, indicating control of expression by the HRE/TetO2 promoter. β-Actin was used as
a loading control.(B) A band corresponding to the N-intein (18 kDa) was detected, indicating splicing
of the Npu-CLLFVY construct in normoxia and hypoxia.

2.2.3

Comparison of CMV controlled expression and HRE controlled
expression

Expression of Npu-CLLFVY protein in T-Rex-CLLFVY and T-Rex-HRE cells was then directly
compared by Western blot. Densitometry was conducted on the bands visualised with the
anti-CBD antibody corresponding to the inteins and normalised to the intensity of β-actin
bands for each sample. Following treatment with Dox for 24 h, expression of Npu-CLLFVY in
the T-REx-CLLFVY cells was nearly eight-fold greater than that in T-REx-HRE cells (Figure
63). The CMV promoter has previously been shown to induce higher levels of transgene
expression than the HRE promoter.262, 263 In addition, peptide expression in T-REx-HRE cells
may be limited by the negative feedback loop of inhibition of HIF-1 dimerisation, which is
necessary for peptide expression.
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Figure 63: Comparative Western blot of Npu-CLLFVY expression in T-REx-CLLFVY and T-RExHRE cells. Anti-CBD was used to detect integrated construct expression under the control of a CMV
promoter (in T-REx-CLLFVY cells) or a HRE promoter (in T-REx-HRE cells). Cells were incubated with
vehicle (-) or 1 µg / mL Dox (+) in normoxia (N) or hypoxia (H) for 16 h. (A) Representative Western
blot with Anti-CBD and β-actin as a loading control (B) Densitometry of Npu-CLLFVY expression
relative to β-actin expression (n=2). Data is give normalised to expression in T-REx-HRE cells under
hypoxia = 1. Error bars represent ±SEM.

The expression of the construct at the mRNA and protein level in T-REx-HRE cells over time
was then analysed. qRT-PCR of intein mRNA expression showed an increase in Npu-CLLFVY
after 2 h exposure to hypoxia to 3.5-fold that in normoxic cells (0 h incubation in hypoxia)
(Figure 64). Expression continued to increase to 8.5-fold after 8 h and nine-fold after 16 h
hypoxia, compared to normoxic cells. After 24 h incubation in hypoxia, Npu-CLLFVY
expression was 7 fold that in normoxic cells. Expression of the construct appeared to

Fold change in intein expression

decrease between 16 h and 24 h incubation, but this decrease was not statistically significant.
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Figure 64: Dox induced Npu-CLLFVY mRNA expression increases after 2 h exposure to hypoxia.
T-REx-HRE cells were treated with 1 µg / mL Dox hypoxia for 0-24 h. RNA was extracted and construct
expression analysed by qRT-PCR with primers specific for the integrated inteins. Experiments were
performed in triplicate (n=3) and results were normalised to β-actin expression. Error bars show
±SEM.

At the protein level, in the absence of Dox there was no detectable Npu-CLLFVY expression.
Npu-CLLFVY protein was detected after 2 h treatment and increased construct expression
was seen after 8 h treatment in hypoxia (Figure 65A). Expression of Npu-CLLFVY was two66
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fold greater after 24 h treatment than 16 h. In T-REx-HRE cells, expression of the construct
continued to increase up to 72 h (Figure 65B). In contrast, Npu-CLLFVY expression appeared
to stabilise after 36 h Dox treatment in T-REx-CLLFVY cells, indicating a difference in kinetics
of the CMV/TetO2 and HRE/TetO2 promoters.
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Figure 65: Npu-CLLFVY expression increases up to 72 h. Anti-CBD was used to detect Npu-CLLFVY
expression in T-REx-HRE cells treated with 1 µg / mL Dox for 0-24h (A) or 0-72h (B). β-actin was used
as a loading control.

A comparative Western blot was conducted to compare Npu-CLLFVY protein expression over
time in T-REx-HRE cells and T-REx-CLLFVY cells (Figure 66). Although Npu-CLLFVY
expression was detectable after 8 h treatment and incubation under hypoxia, it is not
visualised on the comparative blot as there is higher expression of the construct in T-RExCLLFVY cells. In addition, although expression of the integrated inteins appeared to stabilised
after 36 h Dox treatment whereas it continued to increase in T-REx-HRE cells, at 72 h, there
was higher expression of the construct in T-REx-CLLFVY cells than T-REx-HRE cells.
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Figure 66: Comparative Western blot of expression of the integrated construct in T-REx-HRE
and T-REx-CLLFVY cells. Anti-CBD was used to detect construct expression in T-REx-HRE and T-RExCLLFVY cells (left and right respectively at each time point) treated with Dox for 0-72 h. β-actin was
used as a loading control.
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Abundance of HIF-1α over 24 h in T-REx-HRE cells treated with Dox was then analysed. It
should be noted that HIF-1α is known to be ubiquitously expressed but regulated posttranslationally such that it is degraded in normoxia.38 Therefore, the Western blot of HIF-1α
represents changes in stability rather than expression of the protein. There was a low level of
HIF-1 protein in normoxia (0 h hypoxia). HIF-1α abundance increased after 1 h exposure to
hypoxia, peaked at 4-8 h and then decreased. However, abundance at 16 to 48 h hypoxia
remained higher than that in normoxia (Figure 67 A). When T-REx-HRE cells were treated
with Dox, a peak in HIF-1α was still identified at 4-8 h hypoxic treatment. There appeared to
be less HIF-1α present in Dox treated than untreated T-REx-HRE cells after 8h hypoxia. The
time course of Npu-CLLFVY expression shows the cascade response of HIF-1α stabilisation in
hypoxia and HIF-1-mediated expression of the construct.
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Figure 67: Western blot showing abundance of HIF-1α peaks at 4-8 h in T-REx-HRE cells. AntiHIF-1α was used to detect HIF-1α expression in T-REx-HRE cells untreated (A) or treated with 1 µg /
mL Dox (B) for 0-48 h. β-actin was used as a loading control.
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2.2.4
2.2.4.1

Analysis of activity of peptide expressed in T-REx-HRE cells
Proximity ligation assay

A proximity ligation assay (PLA) was employed to directly detect inhibition of HIF-1
dimerisation by the genetically-encoded peptide (Figure 68). Dimerisation of protein
subunits (in this instance, HIF-1α and HIF-1β) is detected using specific primary antibodies
raised in different animal species (in this study rabbit and mouse). These are then conjugated
to secondary antibody PLA probes specific for each species. The secondary antibodies are
labelled with complementary oligonucleotides. When the antibodies are in close proximity,
the oligonucleotides are able to ligate and can be amplified to produce a ‘mini-plasmid’ that
binds a red fluorescent dye. HIF-1 dimerisation can therefore be visualised as red dots in
cells. The Duolink In situ assay has previously been used to study inhibition of HIF-1
dimerisation by synthetic Tat-cyclo-CLLFVY in MCF-7 cells.140

Figure 68: Illustration of the PLA used to visualise HIF-1 dimerisation in T-REx-HRE cells. When
the interacting proteins are in close proximity, complementary oligonucleotides hybridised to the
secondary antibodies are able to ligate and promote rolling circle amplification of the circular DNA
molecule. Then, the fluorescent probes are able to bind to the amplified DNA and indicate protein
dimerisation. When protein dimerisation is inhibited, oligonucleotides cannot ligate (step 3),
amplification cannot proceed and no fluorescent signal is visualised.
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The binding of the primary antibodies to their targets in fixed cells was evaluated using
immunofluorescent labelling. Cells probed with HIF-1α antibody only gave a signal when
incubated with the fluorescently labelled (Dylight 550) anti-rabbit secondary antibody
(Figure 69A) and not with the anti-mouse antibody (Figure 69B). Similarly, a fluorescent
signal was only detected in cells probed with HIF-1β antibody when incubated with the
Dylight 488 anti-mouse secondary antibody (Figure 69F), an important specificity for the
Duolink assay as identification of individual binding partner proteins relies on specific
hybridisation of the secondary antibodies to their primary antibody targets. The successful
immunofluorescent labelling of the proteins also suggested that the fixation and
permeablisation methods were suitable for this cell line.

Figure 69: Secondary anti-rabbit and anti-mouse antibodies specifically detect rabbit-anti-HIF1α and mouse-anti-HIF-1β primary antibodies respectively. T-REx–HRE cells were exposed to
hypoxia for 24 h then incubated with primary and secondary antibodies. Top row demonstrates the
specificity of the anti-rabbit Dylight 550 secondary antibody the HIF-1α primary antibody. Bottom row
shows that the anti-mouse Dylight 488 secondary antibody only detects the HIF-1β primary antibody.

When both antibodies were incubated together in the same well, they each hybridised to
their specific protein and were detectable by secondary antibodies (Figure 70A and B),
suggesting that the antibodies did not interfere with each other and were suitable for the
assay. Both HIF-1α and HIF-1β were visualised in cells incubated in normoxic and hypoxic
conditions for 24 h. This result is in agreement with the stabilisation of HIF-1α protein in
normoxia visualised by Western blot.
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Figure 70: HIF-1α and HIF-1β expression is detected in normoxia and hypoxia in T-REx-HRE
cells. T-REx–HRE cells were exposed to normoxia or hypoxia for 24 h then incubated with HIF-1α and
HIF-1β primary antibodies then anti-rabbit Dylight 550 and anti-mouse Dylight 488 secondary
antibodies. Micrographs indicate that HIF-1α and HIF-1β are detectable in normoxia (top row) and
hypoxia (bottom row).

In the PLA, cells would be treated with Dox to induce expression of Npu-CLLFVY to assess its
activity. Therefore it was necessary to verify that Dox did not impede binding of primary HIF1α and HIF-1β antibodies to their targets, which could lead to false positive results.
Incubation of cells with 1 µg / mL Dox for 24 h did not appear to affect binding of antibodies,
both HIF-1α and HIF-1β were visualised following treatment (Figure 71).
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Figure 71: Dox treatment does not impede detection of HIF-1α and HIF-1β in T-REx-HRE cells.
T-REx –HRE cells were treated with vehicle (-Dox) or 1 µg / mL Dox (+Dox), exposed to hypoxia for 24
h then incubated with HIF-1α and HIF-1β primary antibodies then anti-rabbit Dylight 550 and antimouse Dylight 488 secondary antibodies. HIF-1α and HIF-1β proteins are detected in the absence (top
row) or presence (bottom row) of Dox.

HIF-1α was detected in both normoxic and hypoxic cells (Figure 70A and E), this was
expected as a low level of HIF-1α protein was previously detected in normoxia (Figure 67A).
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Interestingly, HIF-1α in normoxic cells appeared to be located mostly in the cytoplasm where
as HIF-1α in hypoxic cells appeared to be mostly in the nucleus (Figure 72). Although HIF-1α
is ubiquitously expressed, it is not stable in normoxia, it is hydroxylated by PHD enzymes and
targeted for ubiquitination and degradation.34, 264 Therefore, it does not have time to
translocate to the nucleus before degradation, and is visualised in the cytosol. In hypoxia,
where oxygen becomes rate limiting for PHD enzymes, HIF-1α is stabilised and is able to
translocate to the nucleus.38, 53 Addition of Dox had no visible effect on these processes. HIF1β was visible in the nucleus and cytosol of normoxic and hypoxic cells, with and without Dox
treatment (Figure 71B and F).

Figure 72: Sub-cellular localisation of HIF-1α changes in hypoxia in T–REx-HRE cells. T-REx-HRE
cells were treated with vehicle (-Dox) or 1 µg / mL Dox (+Dox) in normoxia or hypoxia for 24 h then
incubated with HIF-1α primary antibody then anti-rabbit Dylight 550 secondary antibody. Top row
demonstrates cytosolic localisation of HIF-1α in normoxia. Bottom row demonstrates nuclear
localisation of HIF-1α in hypoxia, indicative of HIF-1α stabilisation.

Having shown the suitability of the primary antibodies, they were then used in the PLA in TREx-HRE cells. On each slide, a negative control that was untreated and a technical control
that was incubated with anti-HIF-1β antibody only, were included (Figure 73). There was no
PLA signal in negative control cells, indicating that in the absence of primary antibodies,
secondary antibody-PLA probes were unable to bind to proteins and probe oligonucleotides
were unable to ligate. In addition, there was no PLA signal in cells incubated with anti-HIF-1β
only, demonstrating that PLA signal only results from binding of both sets of primary and
secondary antibodies and that secondary antibodies could not ligate when not each bound to
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a dimerisation partner. When cells were visualised by fluorescence microscopy, the negative
control sample was used to adjust exposure and brightness settings so as to remove any
background fluorescence, the other samples were then imaged with the same settings.

Figure 73: PLA reagents specifically detect HIF-1α/ HIF-1β dimerisation. Top row demonstrates
that no PLA signal is detected when both primary antibodies (anti-HIF-1α and anti-HIF-1β) are
excluded from the assay, providing a negative control. Bottom row demonstrates that no PLA signal is
detected when only one primary antibody (anti-HIF-1α) is excluded from the assay, providing a
technical control.

In normoxia, where HIF-1α is quickly degraded and is not able to dimerise with HIF-1β, there
was no visible PLA signal (Figure 74). However in hypoxia, HIF-1α was stabilised and was
able to dimerise to HIF-1β forming the PLA complex and a visible signal in cells. Treatment of
cells with Dox diminished the PLA signal in hypoxic cells, suggesting inhibition of the HIF1α/HIF-1β interaction by cyclo-CLLFVY. It should be noted that a low level of red signal was
visible in Dox treated cells, suggesting incomplete inhibition of HIF-1 dimerisation by cycloCLLFVY expression. There was no PLA signal in cells probed with anti-HIF-1β only (Figure
73).
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Figure 74: Fluorescence micrographs of HIF-1 dimerisation visualised in T-REx-HRE cells using
a PLA assay. T-REx-HRE cells were treated with vehicle (-Dox) or Dox (+Dox) and incubated in
normoxia or hypoxia for 24 h. Cells were fixed, permeablised and incubated with primary antibodies.
Cells were then incubated with Duolink reagents and visualised by fluorescence microscopy.

2.2.4.2

HRE dependent luciferase assay

The HRE dependent luciferase assay described in section 2.1.5.1 was used to assess the
activity of the expressed peptide in T-REx-HRE cells. T-REx-HRE cells were transfected with
HRE-Luc or SV40-Luc and treated with Dox under normoxia or hypoxia. Hypoxia induced
approximately an eight-fold increase in HRE controlled luciferase expression compared to
normoxia. However, this hypoxic induction of luciferase expression was not significantly
impacted by Dox treatment of T-REx-HRE cells (Figure 75). Dox treatment had no impact on
SV40 controlled luciferase expression.
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Figure 75: Effect of expression of cyclo-CLLFVY on luciferase expression in T-REx-HRE cells. TREx-HRE cells were transfected with HRE-Luc or SV40-Luc. Cells were incubated with vehicle (-) or 1
µg / mL Dox (+) for 16 h in normoxia (N) or Hypoxia (H). Experiments were performed in triplicate
(n=3). Error bars represent ±SEM.

In contrast to the luciferase assay, the PLA suggested inhibition of HIF-1 dimerisation by
peptide expression in T-REx-HRE cells. Peptide expression reduced HRE controlled luciferase
expression 1.9-fold in T-REx-CLLFVY cells (Figure 50). This could suggest that the smaller
amount of peptide expression in T-REx-HRE cells is insufficient to inhibit HIF-1 dimerisation,
but this disagrees with the result of the PLA. Alternatively, the lack of inhibition of luciferase
expression could be a result of the promoter controlling peptide expression. In the assay,
luciferase expression is under the control of a HRE promoter and so there is low expression
in normoxia and increased expression in hypoxia when HIF-1α is stabilised. In T-REx-CLLFVY
cells, peptide expression is ubiquitous, so the peptide is expressed and present before the
cells are exposed to hypoxia and before hypoxic luciferase expression in induced. Therefore,
the peptide can inhibit HIF-1 dimerisation and luciferase induction in hypoxia.
However, in T-REx-HRE cells, peptide expression also relies on HIF-1 and so is not expressed
until cells are exposed to hypoxia. In fact, peptide expression is only increased after 8 h
exposure to hypoxia (Figure 65A). Therefore luciferase can be expressed before the peptide,
and build up, masking any later effect of the peptide on HIF-1 activity. Furthermore, it has
been shown that HIF-1 preferentially binds to gene loci with permissive chromatin
structure,84 and so luciferase (as plasmid DNA) may be preferentially expressed over the
peptide (on the chromosome). It would be interesting conduct a time course of HRE
controlled luciferase expression from transiently transfected HRE-Luc and compare this to
timing of peptide expression.
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2.2.4.3

qRT-PCR analysis of HIF-1 target genes

To clarify whether lower peptide expression in T-REx-HRE cells than T-REx-CLLFVY cells
would result in less inhibition of HIF-1, the expression of the HIF-1 target genes VEGF and
CAIX was analysed. Incubation of T-REx-HRE cells under hypoxia resulted in a three-fold
increase in VEGF expression and a ~100-fold increase in CAIX expression compared to
normoxia. Treatment with 1 µg / mL Dox for 16 h resulted in a 1.3-fold decrease in VEGF and
CAIX expression compared to untreated cells (Figure 76). This was similar to T-REx-CLLFVY
cells, where Dox treatment resulted in a 1.4-fold decrease in VEGF and 1.5-fold decrease in
CAIX, despite the lower amount of Npu-CLLFVY expression.
Detection of Npu-CLLFVY protein expression had shown a band corresponding to the size of
the spliced product and no band for the unspliced construct, suggesting that all of the
expressed construct successfully splices in vivo (Figure 62). Therefore, despite lower
expression levels seen, equivalent inhibition activity is not likely a result of limitation of
peptide quantity by the amount of intein splicing. This suggests that the dosage of peptide at
16 h in both cell lines is in excess and produces the maximum dampening of VEGF expression
by inhibition of HIF-1 dimerisation.
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Figure 76: Expression of cyclo-CLLFVY supresses HIF-1 target gene expression in T-REx-HRE
cells. T-REx-HRE cells were incubated with vehicle (-) or 1 µg / mL Dox (+) in normoxia or hypoxia for
16 h. VEGF (A) and CAIX (B) expression was analysed by qRT-PCR. qRT-PCR experiments were
performed in triplicate (n=3) and results were normalised to expression of 18S and β-actin. Error bars
represent ±SEM. Stars denote significant differences between means: *p ≤ 0.05, **p ≤ 0.01.

Western blotting had shown that there was a greater amount of peptide expression after 24 h
Dox treatment. If peptide dosage is in excess, this greater quantity of peptide expressed
should not have any greater effect on the expression of HIF-1 targets. Following 24 h Dox
treatment, VEGF and CAIX expression in hypoxia were reduced 1.7 and two-fold respectively
(Figure 77), a greater decrease than that after 16 h treatment. This suggests that increased
inhibition may be a result of the expression of HIF-1α over time compared to the expression
of the peptide and HIF-1 target genes and not to increased dose of the peptide.
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Figure 77: Expression of cyclo-CLLFVY supresses expression of HIF-1 targets by a greater
degree after 24 h than 16 h in T-REx-HRE cells under hypoxia. T-REx-HRE cells were incubated
with vehicle (-) or Dox (+) for 24, (A) VEGF and (B) CAIX expression was analysed by qRT-PCR. qRTPCR experiments were performed in triplicate (n=4) and results were normalised to expression of 18S
and β-actin. Error bars represent ±SEM. Stars denote significant differences between means: *p ≤ 0.05,
****p ≤ 0.0001.

To further investigate the relationship between length of hypoxic exposure, the expression of
HIF-1 target genes and cyclo-CLLFVY activity in T-REx-HRE cells, transcription of VEGF and
CAIX at 4 and 8 h was assessed (Figure 78). Incubation of T-REx-HRE cells in hypoxia for 4 h
or 8 h resulted in a 1.7-fold and 1.3-fold increase in VEGF expression, respectively. Dox
treatment made no significant change to VEGF expression at these incubation periods. NpuCLLFVY protein expression increased after 8 h Dox treatment, so no inhibitory effect of the
peptide would be expected before this time. After 16 h in hypoxia, when peptide expression
had increased, and following the peak in HIF-1α stabilisation, VEGF expression was
upregulated compared to normoxic expression (three-fold) and Dox treatment inhibited
VEGF expression. Inhibition of VEGF expression by cyclo-CLLFVY increased at 24 h, as
discussed above.
This trend was also seen for induction of CAIX expression by hypoxia, and its inhibition by
cyclo-CLLFVY. After 4 h hypoxic exposure, CAIX expression was induced five-fold compared
to normoxia, and Dox treatment had no effect on hypoxic induction. Similarly, at 8 h, CAIX
expression was nine-fold higher than normoxic expression and expression of the peptide had
no significant impact. However, after 16 h exposure to hypoxia, CAIX expression was
increased to 118-fold, and Dox treatment resulted in a 1.3-fold decrease. Although hypoxiainduced CAIX expression is lower at 24 h than 16 h (88-fold compared to 118-fold), Dox
treatment of cells had a bigger impact on CAIX expression. Referring back to the Western blot
of construct expression over time, construct expression increased at 8 h then continued to
increase over time, therefore the peptide was available to inhibit CAIX expression from 8 h
forward (Figure 65A). Therefore at 24 h, although CAIX expression was lower in -Dox cells, its
expression at 8 h forward (including 16 h) could be inhibited, leading to a cumulative
inhibitory effect.
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Figure 78: Expression of, and suppression by cyclo-CLLFVY, of HIF-1 target genes increases over
time. T-REx-HRE cells were incubated in normoxia or in hypoxia, with vehicle (-Dox) or 1 µg / mL Dox
(+ Dox) for 4, 8, 16 or 24 h, (A) VEGF and (B) CAIX expression was analysed by qRT-PCR. qRT-PCR
experiments were performed in triplicate (n=3 for 4, 8, 16 h; n=4 for 24 h) and results were
normalised to expression of 18S and β-actin. Error bars represent ±SEM. Stars denote significant
differences between means: **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.

2.2.5

Role of HIF-2α in construct expression

Analysis of HIF-1α protein in T-REx-HRE cells over time had showed a peak in HIF-1α
abundance at 4-8 h hypoxia, which was followed by an increase in Npu-CLLFVY construct
expression at 8-16 h hypoxic exposure. HIF-2α is an isoform of HIF-1α and can dimerise with
HIF-1β to form the HIF-2 transcription factor.9 HIF-1 and HIF-2 have been shown to have
many overlapping target genes.32, 91 As construct expression results in the expression of the
HIF-1 dimerisation inhibitor, it is interesting to know whether construct expression is mainly
driven by HIF-1 or HIF-2 to assess the extent of any feedback loops. HIF-2 binds to DNA at the
same consensus HRE as HIF-16 and specifically, the expression of genes under the control of
the HRE from the nitric synthase promoter, used in the expression Npu-CLLFVY construct,
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have been shown to be induced by HIF-2,59, 140 suggesting that HIF-2 could also drive the
expression of Npu-CLLFVY in T-REx-HRE cells. In renal cells, HIF-1α and HIF-2α expression
was found to be similar after exposure to hypoxia for 12-24 h.78
Knockdown of HIF-2α expression was used to assess the role of HIF-2α in driving the
upregulation of genes promoted by a HRE in hypoxia. T-REx-HRE cells were transiently
transfected with HIF-2α siRNA then pre-treated cells were then exposed to hypoxia for 24 h
with and without Dox treatment. Following HIF-2α siRNA treatment, HIF-2α expression was
depleted regardless of treatment with Dox (Figure 79). Also, Dox treatment of cells in the
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Figure 79: Transfection of HIF-2α siRNA prevents HIF-2α mRNA expression in hypoxia. T-RExHRE cells were transfected with negative control siRNA (-) or HIF-2α siRNA (+) for 24 h then exposed
to hypoxia for 24 h with vehicle (-) or 1 µg / mL Dox (+). qRT-PCR experiments were performed in
triplicate (n=3). Data was normalised to expression of 18S and β-actin. Error bars represent ±SEM.

HIF-1α and HIF-2α are closely related isoforms and share 83% sequence similarity.9
Therefore it was a concern that the siRNA targeting HIF-2α may also affect HIF-1α
expression. qRT-PCR analysis of HIF-1α mRNA expression in cells treated with HIF-2α siRNA
was conducted. Treatment of T-REx-HRE cells with HIF-2α siRNA did not significantly change
the expression of HIF-1α mRNA, verifying the specificity of the siRNA (Figure 80A). In
addition, Western blot analysis of protein extracted from T-REx-HRE cells treated with HIF2α siRNA showed no difference in HIF-1α protein levels compared with untreated cells
(Figure 80B). Treatment of cells with Dox made no change to HIF-1α mRNA or protein levels
in the presence or absence of HIF-2α siRNA.
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Figure 80: HIF-2α siRNA is specific for HIF-2α over HIF-1α. T-REx-HRE cells were transfected with
negative control siRNA (-) or HIF-2α siRNA for 24 h then exposed to hypoxia for 24 h with vehicle (-)
or 1 µg / mL Dox (+). (A) qRT-PCR experiments were performed in triplicate (n=2). Data was
normalised to expression of 18S and β-actin. Error bars represent ±SEM. (B) Western blot analysis of
HIF-1α levels. Anti-HIF-1α was used to detect HIF-1α protein. β-actin was used as a loading control.

A luciferase reporter assay was used to assess the effect of HIF-2α siRNA on induction of
genes from the HRE promoter. Cells were co-transfected with HRE-Luc and HIF-2α siRNA.
Luciferase expression in the plasmid HRE-Luc is under the control of the same HRE in the
HRE/TetO2 promoter in T-REx-HRE cells, therefore analysis of the effect of HIF-2α siRNA on
luciferase expression will give an indication of the role of HIF-2α in transactivation at this
promoter. As the plasmid and HIF-2α siRNA were co-transfected, the transfection efficiency
of HIF-2α siRNA could be affected, preventing knockdown of HIF-2α siRNA. Therefore, as a
control, expression of HIF-2α and HIF-1α mRNA in cells co-transfected with HIF-2α siRNA
and HRE-Luc was assessed by qRT-PCR. Co-transfection of the reporter plasmid with the
siRNA did not prevent HIF-2α knockdown and did not significantly affect HIF-1α expression

B

Vehicle
1.5

HRE-Luc

1.0

0.5

0.0

Vehicle

HIF-2α siRNA

Fold change in HIF-1α expression

A

Fold change in HIF-2α expression

(Figure 81).
Vehicle
1.5

HRE-Luc

1.0

0.5

0.0

Vehicle

HIF-2α siRNA

Figure 81: Co-transfection of HRE-Luc with HIF-2α siRNA does not prevent HIF-2α knockdown.
T-REx-HRE cells were co-transfected with vehicle or HRE-Luc and vehicle or HIF-2α siRNA for 24 h.
RNA was extracted from treated cells and expression of HIF-2α (A) and HIF-1α (B) was analysed by
qRT-PCR. qRT-PCR experiments were conducted in triplicate (n=1), data was normalised to expression
of 18S and β-actin. Bars show means of triplicate wells ±error according to upper and lower limits of
fold change in expression between triplicate wells.
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Having confirmed the experimental format did not prevent siRNA-mediated knockdown of
HIF-2α, following co-transfection of HRE-Luc and HIF-2α siRNA for 24 h, T-REx-HRE cells
were incubated under normoxia or hypoxia for 24 h. Levels of luciferase expression were
then assessed by measuring luciferase activity. In normoxia, there was low expression of
luciferase, as expected, as a HRE promoter drives luciferase expression. Incubation of cells in
hypoxic conditions resulted in a ~18 fold increase in luciferase expression, which was not
significantly impacted by knockdown of HIF-2α(Figure 82). This suggests that in the absence
of HIF-2α, expression of genes under the control of the HRE promoter is maintained by the

Fold change in Luciferase induction

HIF-1 transcription factor in T-REx-HRE cells.
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Figure 82: HIF-2α siRNA does not impact expression of HRE controlled luciferase expression. TREx-HRE cells were co-transfected with HRE-Luc and HIF-2α siRNA for 24 h. Transfected cells were
then incubated in normoxia or hypoxia for 24 h. Cells were then incubated with luciferase assay
substrate and luminescence recorded. Results are shown as fold change in expression relative to
normoxia. Bars show mean (n=2) ± SEM.

The effect of HIF-2α siRNA treatment on expression of Npu-CLLFVY in T-REx-HRE cells was
assessed by Western blot of the inteins. Expression of Npu-CLLFVY in T-REx-HRE cells is
under the same HRE promoter as luciferase in HRE-Luc, but combined with the TetO2, and
integrated onto the chromosome rather than expressed off of a plasmid. Following incubation
in hypoxia for 24 h, treatment of cells with HIF-2α siRNA did not change Dox-induced NpuCLLFVY expression (Figure 83), further supporting that HIF-1 controls expression of genes
under the HRE promoter in the absence of HIF-2α. Dox treatment of T-REx-HRE cells results
in the production of the HIF-1 dimerisation inhibitor cyclo-CLLFVY, which was shown to
inhibition HIF-1-mediated transactivation of genes (section 2.2.4). However, following
treatment with Dox and HIF-2α siRNA, expression of cyclo-CLLFVY in T-REx-HRE cells, under
the control of the HRE/TetO2 promoter was not inhibited. This supports earlier conclusions
that the inteins are stable and accumulate over time.
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Figure 83: Treatment of T-REx-HRE cells with HIF-2α siRNA results in an increase in NpuCLLFVY expression. T-REx-HRE cells were treated with HIF-2α siRNA (+) or negative control siRNA () for 24 h. Pre-treated cells were then treated with vehicle (-) or 1 µg / mL Dox (+) and exposed to
hypoxia for 24 h. Expression of Npu-CLLFVY was detected by Western immunoblotting using Anti-CBD
antibody. β-actin was used as a loading control.

2.2.6

Role of HIF-2α in hypoxic gene expression in T-REx-HRE cells

The effect of HIF-2α knockdown on the expression of HIF target genes VEGF and CAIX was
analysed to assess the role of HIF-2α siRNA in the expression of native genes in T-REx-HRE
cells. Despite the PLA assay suggesting almost complete inhibition of HIF-1 dimerisation in
Dox treated cells after 24 h incubation under hypoxia, the expression of HIF-1 target genes
VEGF and CAIX was still significantly higher than normoxic expression. HIF-2 may also
activate the expression of VEGF and CAIX in T-REx-HRE cells, preventing complete inhibition
of their expression and therefore HIF-2α siRNA would be expected to decrease their
expression in this scenario.
T-REx-HRE cells were treated with HIF-2α siRNA and 1 µg / mL Dox for 24 h, then VEGF
expression was analysed by qRT-PCR. Knockdown of HIF-2α expression in T-REx-HRE cells
inhibited VEGF expression 1.5-fold, a similar level of inhibition by peptide expression (Figure
84A). Previous work with synthetic cyclo-CLLFVY showed the compound to be specific to
HIF-1α over HIF-2α. Also, this study (section 2.4) showed that the compound had no effect in
HIF-2α positive but HIF-1α deficient 786-O cells. Therefore, inhibition of VEGF by HIF-2α
knockdown suggests that VEGF is a target of the HIF-1 and HIF-2 transcription factors in TREx cells, which is in agreement with reports in various other cell lines and mouse studies.6, 9,
16

The combination of HIF-2α knockdown and Dox treatment had a cumulative effect on VEGF
expression, resulting in a 2.4-fold decrease, which was significantly higher than Dox
treatment alone (1.7-fold). The combination of treatments reduced VEGF expression to
normoxic levels. This supports that HIF-2 has a role in the activation of VEGF expression in
hypoxia because disrupting both HIF-1 and HIF-2 transactivation pathways had a larger
effect.
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Analysis of mRNA MCF-7 and U2OS cells treated with synthetic Tat-cyclo-CLLFVY suggested
that 50 µM of the compound was sufficient to reduce hypoxia-induced VEGF expression to
below that in normoxic conditions, but 25 µM was not, suggesting that the dosing of
expressed peptide is equivalent to between 25-50 µM synthetic peptide.140 However, the
extent of the effect of the peptide is likely to be different in T-REx cells, as it was different in
MCF-7 and U2OS cells.140
In contrast to VEGF, HIF-2α knockdown did not significantly impact CAIX expression (Figure
84B), suggesting that expression of CAIX is mediated by only HIF-1 in T-REx cells. This is
supported by earlier results that expression of CAIX was more impacted by inhibition of HIF1 dimerisation than VEGF (two-fold compared to 1.7-fold respectively). Previous studies have
shown that CAIX is specifically regulated by HIF-1 in renal cell carcinoma cells.97, 265 In
addition, CAIX was not expressed in HIF-1α deficient 786-O cells (section 2.4) or in Ka13 cells
where co-transfection of HIF-1α, but not HIF-2α, restored CAIX expression.265 This selectivity
has been shown to be a result of differential recruitment of cofactors to transactivation
domains in the C-terminal regions of HIF-1α and HIF-2α, not to DNA binding, as both HIF-1
and HIF-2 bind to the CAIX HRE.26, 27, 266
*

4
3

****
****

2

****

0

Normoxia

1

-

+
-

+

+
+

HIF-2α siRNA
Dox

Hypoxia

200
ns

150

***

**

100
50
0

Normoxia

Fold change in CAIX expression

B
Fold change in VEGF expression

A

-

+
-

+

+
+

HIF-2α siRNA
Dox

Hypoxia

Figure 84: Knockdown of HIF-2α expression inhibits expression of VEGF. T-REx-HRE cells were
transfected with negative control siRNA (-) or HIF2α siRNA (+) for 24 h then exposed to hypoxia for 24
h with vehicle (-) or 1 µg / mL Dox (+). RNA was extracted and VEGF (A) and CAIX (B) expression was
analysed by qRT-PCR. Experiments were performed in triplicate (n=3). Error bars represent ±SEM.
Stars denote significant differences between means: **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.

Earlier results had shown that expression of cyclo-CLLFVY in T-REx cells had a similar effect
on VEGF expression whether promoted by a CMV or HRE promoter (section 2.1.5.2). To
assess if HIF-2α siRNA also had a similar effect in T-REx-CLLFVY cells as in T-REx-HRE cells,
qRT-PCR analysis of VEGF expression in T-REx-CLLFVY cells treated with HIF-2α siRNA and
Dox was conducted. Knockdown of HIF-2α expression in T-REx-CLLFVY cells by HIF-2α
siRNA was demonstrated by qRT-PCR of HIF-2α (Figure 85A). Knockdown of HIF-2α in T83
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REx-CLLFVY cells resulted in a 1.2-fold decrease in VEGF expression, and the combination of
HIF-2α knockdown and Dox treatment further reduced VEGF expression to 1.8 fold that in
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untreated cells. This was a smaller impact than that seen in T-REx-HRE cells.
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Figure 85: Knockdown of HIF-2α expression inhibits expression of VEGF in T-REx-CLLFVY cells.
T-REx-CLLFVY cells were transfected with negative control siRNA (-) or HIF-2α siRNA (+) for 24 h then
exposed to hypoxia for 24 h with vehicle (-) or 1 µg / mL Dox (+). RNA was extracted and HIF-2α (A)
and VEGF (B) expression was analysed by qRT-PCR. Experiments were performed in triplicate (n=3).
Error bars represent ±SEM. Stars denote significant differences between means: *p ≤ 0.05, ***p ≤
0.001.

2.2.7

Control of the transcriptional response to hypoxia by HIFs in T-REx–
HRE cells

2.2.7.1

Effect of cyclo-CLLFVY expression on hypoxic gene induction

To gain an overall view of the effect of inhibition of HIF-1α dimerisation on the transcriptome
of T-REx-HRE cells, a hypoxia-focused microarray was conducted. The array was performed
using mRNA extracted from untreated cells incubated under normoxia, untreated cells
incubated under hypoxia, and cells treated with 1 µg / mL Dox incubated under hypoxia, for
24 h. The relative expression of key genes involved in the hypoxia response network is
summarised in Table 3. Cyclo-CLLFVY had wide-ranging effects on the expression of hypoxiarelated genes in T-REx-HRE cells. Following treatment with 1 µg / mL Dox for 24 h, the
expression of 37 genes decreased and the expression of five genes increased compared to
untreated cells. Of note was the change in the expression of VEGF, which decreased 1.7-fold
when cyclo-CLLFVY was expressed, reflecting what was detected via qRT-PCR analysis (also a
1.7-fold decrease) (Figure 77A).
Expression of HIF-1α and HIF-2α decreased in T-REx-HRE cells treated with Dox compared
to untreated cells, which is contrary to the qRT-PCR results that demonstrated that Dox
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treatment had no significant effect on HIF-1α or HIF-2α expression (Figure 79, Figure 85A).
This is a reflection of the inaccuracies possible when drawing conclusions from a single
biological repeat. Therefore, although the array results give an interesting overview of
changes in the expression of hypoxia-related genes, it is preferential to validate interesting
trends in the array data. This was achieved via qRT-PCR analysis of further independent
repeats of the experiments analysed in the hypoxia array.

85

Chapter 2
Table 3: Effect of inhibition of HIF-1 dimerisation on hypoxic gene expression in T-REx-HRE
cells. T-REx-HRE cells were incubated with vehicle or 1 µg / mL Dox (+Dox) in normoxia or hypoxia
for 24 h. Hypoxic gene expression was measured using the TaqMan human hypoxia array. Experiments
were conducted in duplicate. Data is presented as ΔΔCt relative to 18S expression and expression of
each gene in normoxia. Fold change in ΔΔCt of treated relative to untreated hypoxic cells is shown; fold
decrease (red), fold increase (green) or ≤1.1-fold change (black).
Hypoxia
ANGPTL4
IGFBP1
RBX1
ADM
NOTCH1
PTEN
NOS3
TGFBR2
VEGFA
CREBBP
EPO
MB
ARNT2
NOS1
CUL2
BHLHB2
PRKAA2
PHD2
GUSB
FIH
ATP1B1
ARNT
GLUT8
PHD3
EDN1
NOS2A
PHD1
HIF1A
HIF3A
DDIT4
EP300
HIF2A
FRAP1
PRKAA1
HMOX1
HYOU1
DDIT4L
HIG2
GAPDH
ING4
TP53
PIK3CA
MT3
VHL

ΔΔCt
4.69
2.16
2.93
2.16
0.78
1.01
0.94
1.18
3.36
1.01
1.25
1.35
0.97
1.74
0.82
3.94
1.07
1.97
0.95
0.89
1.03
1.24
0.93
2.57
1.30
1.24
0.84
0.92
1.67
5.17
0.97
1.29
0.84
1.11
1.18
0.82
1.33
5.98
1.21
1.28
0.78
1.12
1.06
0.60

Hypoxia +Dox
Ct
35.71
36.57
20.07
24.34
25.78
26.45
31.90
25.93
23.73
22.81
34.06
34.15
26.31
28.44
22.54
23.41
25.41
21.90
23.34
23.57
24.62
24.81
25.93
25.36
31.88
27.80
23.73
22.74
34.50
21.21
23.19
28.51
23.48
25.06
26.18
23.72
29.64
25.15
17.40
25.84
23.15
28.28
39.78
25.73

ΔΔCt
1.42
0.77
1.06
1.01
0.42
0.55
0.55
0.70
1.99
0.64
0.80
0.90
0.66
1.18
0.58
2.79
0.76
1.43
0.69
0.65
0.75
0.91
0.68
1.92
0.97
0.93
0.63
0.69
1.27
3.92
0.73
0.99
0.66
0.89
0.95
0.69
1.13
5.24
1.11
1.48
0.95
1.38
1.43
0.93

Ct
37.09
37.71
21.20
25.09
26.34
26.98
32.32
26.35
24.15
23.13
34.36
34.40
26.54
28.66
22.70
23.57
25.56
22.02
23.46
23.69
24.74
24.92
26.03
25.44
31.96
27.88
23.80
22.81
34.56
21.27
23.25
28.56
23.48
25.04
26.15
23.64
29.53
25.00
17.19
25.29
23.11
27.64
39.01
24.77
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3.29
2.79
2.77
2.13
1.87
1.83
1.69
1.69
1.69
1.58
1.56
1.51
1.48
1.47
1.41
1.41
1.40
1.38
1.38
1.38
1.38
1.37
1.36
1.34
1.34
1.34
1.33
1.33
1.32
1.32
1.32
1.31
1.27
1.25
1.24
1.20
1.17
1.14
1.09
1.16
1.21
1.23
1.35
1.54
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The gene whose induction was most affected by cyclo-CLLFVY expression was angiopoietin
like 4 (ANGPTL4), which encodes the angiopoietin like 4 protein, an adipokine involved in the
regulation of lipid and glucose metabolism.114 ANGPTL4 has been implicated in promoting
angiogenesis, metastasis and cancer growth and progression. However, the role of ANGPTL4
does vary in different types of cancer, which may be due to proteolytic processing and posttranslational modifications leading to varied protein function.114 ANGPTL4 was strongly
upregulated in hypoxia, but inhibition of HIF-1 dimerisation decreased ANGPTL4 expression
more than three-fold (Figure 86A). Validation of this result using qRT-PCR did not show as
large an impact. However, cyclo-CLLFVY expression did reduce ANGPTL4 expression by
nearly half, downregulating expression from 2.4-fold to 1.3-fold normoxic ANGPTL4
expression (Figure 86B). Therefore, expression of cyclo-CLLFVY may prevent the
development of metabolic disorders and hypoxia-induced angiogenesis in tumour cells
through inhibition of hypoxic ANGPTL4 induction.
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Figure 86: Inhibition of HIF-1 dimerisation prevents hypoxic induction of ANGPTL4. (A) Array
results of expression of ANGPTL4 in hypoxia with and without Dox treatment, relative to normoxic
expression. Experiments were conducted in duplicate and results normalised to expression of 18S. (B)
qRT-PCR analysis of ANGPTL4 expression with and without Dox treatment, relative to normoxic
expression. Experiments were conducted in triplicate (n=3) and results normalised to expression of
18S and β-actin. Error bars represent ±SEM. Stars denote significant differences between means: ****p
≤ 0.0001.

The array also indicated a large decrease in expression of adrenomedullin (ADM) a proangiogenic factor that is highly induced by hypoxia in a range of cell types.87, 267, 268 In the
array, following treatment with 1 µg / mL Dox, ADM expression was reduced two-fold (Figure
87A). However validation via qRT-PCR showed Dox treatment resulted in only a 1.3-fold
decrease in ADM expression (Figure 87B). The result from the qRT-PCR analysis is more
reliable than the array data as it is based on independent repeats, rather than a single sample.
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The low impact of inhibition of HIF-1 dimerisation on ADM expression suggests that ADM
may be transactivated by both HIF-1 and HIF-2,as has been shown previously in other cell
lines.32, 101 Together, the inhibitory affect of cyclo-CLLFVY expression on genes involved in the
promotion of angiogenesis VEGF, ANGPTL4 and ADM indicates the potential of targeting HIF1 dimerisation as a therapeutic strategy to prevent tumour vascularisation.
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Figure 87: Inhibition of HIF-1 dimerisation decreases hypoxic induction of ADM. (A) Array
results of expression of ADM in hypoxia with and without Dox treatment, relative to normoxic
expression. Experiments were conducted in duplicate and results normalised to expression of 18S. (B)
qRT-PCR analysis of ADM expression with and without Dox treatment, relative to normoxic expression.
Experiments were conducted in triplicate (n=3) and results normalised to expression of 18S and βactin. Error bars represent ±SEM. Stars denote significant differences between means: **p ≤ 0.01.

Treatment of T-REx-HRE cells with Dox resulted in a two-fold decrease in ring box protein-1
(RBX1) expression (Figure 88A). This result was reflected by qRT-PCR analyses, which also
showed a two-fold reduction in RBX1 expression following treatment with Dox (Figure 88B).
RBX1 is a core component of the VHL complex involved in regulation of HIF-1α in
normoxia.269 Interestingly, expression of cullin 2 (CUL2), another component of the VHL
complex, was also significantly reduced following treatment with Dox (Figure 88A),
indicating a role for HIF-1 in the activation of pathways that lead to the degradation of HIF-1α
in the presence of oxygen and αKG. It has been shown that RBX2, a closely related E3
ubiquitin ligase, is a HIF-1 target gene that contributes to regulation of HIF-1α.270 It has been
suggested that this feedback loop could comprise a cellular defence mechanism to prevent
cytotoxicity caused by prolonged HIF-1 activation. In addition, although RBX2 expression was
induced by hypoxia, RBX1 expression was shown to be constitutive in human colon
carcinoma cells.270 However, in the present study, the array data, supported by qRT-PCR
analyses, demonstrated that hypoxia-induced RBX1 expression was significantly reduced by
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cyclo-CLLFVY expression (Figure 88A and B), suggesting that RBX1 is transactivated by HIF-1
in T-REx-HRE cells.
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Figure 88: Inhibition of HIF-1 dimerisation prevents hypoxic induction of RBX1. (A) Array results
of expression of RBX1 in hypoxia with and without Dox treatment, relative to normoxic expression.
Experiments were conducted in duplicate and results normalised to expression of 18S. (B) qRT-PCR
analysis of RBX1 expression with and without Dox treatment, relative to normoxic expression.
Experiments were conducted in triplicate (n=3) and results normalised to expression of 18S and βactin. Error bars represent ±SEM. Stars denote significant differences between means: *p ≤ 0.05.

The expression of DNA-damage inducible transcript 4 (DDIT4) in T-REx-HRE cells was also
decreased following Dox treatment. DDIT4 encodes the protein regulated in development and
DNA damage responses 1 (REDD1), which is a conserved stress response protein that
regulates mammalian target of rapamycin complex 1 (mTORC1), a critical regulator of cell
proliferation.60 DDIT4 expression was induced 5.2-fold in hypoxic conditions and expression
of cyclo-CLLFVY reduced this 1.3-fold (Figure 89A). A similar effect was seen by qRT-PCR
analyses of T-REx-HRE mRNA, following Dox treatment, DDIT4 expression in hypoxia
decreased 1.4-foldcompared to untreated cells (Figure 89B). DDIT4 is a target of HIF-1,271 and
so a decrease in its expression following the inhibition of HIF-1 dimerisation would be
expected. However, following peptide expression, DDIT4 expression was still five-fold that in
normoxic cells. A HRE has been identified in the DDIT4 promoter that may also permit HIF-2mediated transactivation.272 Therefore, DDIT4 expression may be induced in hypoxia by the
HIF-2 transcription factor when the transactivational activity of HIF-1 is inhibited.
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Figure 89: Inhibition of HIF-1 dimerisation reduces hypoxic induction of DDIT4. (A) Array results
of expression of DDIT4 in hypoxia with and without Dox treatment, relative to normoxic expression.
Experiments were conducted in duplicate and results normalised to expression of 18S. (B) qRT-PCR
analysis of DDIT4 expression with and without Dox treatment, relative to normoxic expression.
Experiments were conducted in triplicate (n=4) and results normalised to expression of 18S and βactin. Error bars represent ±SEM. Stars denote significant differences between means: *p ≤ 0.05.

In contrast to DDIT4, T-REx-HRE cells exhibited increased expression of PIK3CA, with Dox
treatment, which was 1.4-fold greater in treated cells compared to untreated cells (Figure
90B). PIK3CA is the catalytic subunit of the enzyme phosphatidylinositol 3-kinase (PI3K),
which phosphorylates membrane phospholipids that act as signalling messengers to mediate
a diverse range of cellular functions.273 Hypoxic activation of PIK3CA and its interaction with
the serine/threonine kinase Akt has been linked to cellular protection from apoptosis.273 The
increase in PIK3CA expression following HIF-1 inhibition suggests that HIF-1 supresses
PIK3CA expression. However, as PIK3CA is a component of a kinase involved in a number of
signalling pathways, the increase in PIK3CA mRNA with cyclo-CLLFVY expression may be an
indirect effect, and not directly a result of inhibition of HIF-1 dimerisation.
The array data also suggested an increase in VHL expression when HIF-1 dimerisation is
inhibited (Figure 90A). However, the qRT-PCR analyses did not corroborate this, there was
no significant difference in VHL expression between untreated and treated T-REx-HRE cells
(Figure 90C). Finally, the array data indicated that the expression of MT3 was also increased
in treated cells, but as the Ct values from the qRT-PCR analyses were close to the upper end of
the useful range of 40 cycles, this would suggest fundamentally low expression of this gene in
T-REx-HRE cells, making it difficult to draw conclusions from the relative expression
following treatment of cells.
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Figure 90: Inhibition of HIF-1 dimerisation suppresses hypoxic induction of PIK3CA and VHL.
(A) Array results of expression of PIK3CA and VHL in hypoxia with and without Dox treatment, relative
to normoxic expression. Experiments were conducted in duplicate and results normalised to
expression of 18S. (B) qRT-PCR analysis of PIK3CA and (C) qRT-PCR analysis of VHL expression with
and without Dox treatment, relative to normoxic expression. Experiments were conducted in triplicate
(VHL: n=3; PIK3CA n=3) and results normalised to expression of 18S and β-actin. Error bars represent
±SEM. Stars denote significant differences between means: **p ≤ 0.01.

2.2.7.2

Effect of HIF-2α siRNA on hypoxic gene induction

To compare the effect of inhibition of HIF-1 dimerisation to the effect of disruption of HIF-2mediated transactivation, the array was repeated with mRNA extracted from cells transfected
with HIF-2α siRNA for 24 h. Following siRNA treatment, cells were incubated in normoxia or
hypoxia with or without 1 µg / mL Dox for a further 24 h. Treatment of cells with HIF-2α
siRNA as well as Dox permits analysis of the transcriptional effect of disrupting both HIF-1
and HIF-2-mediated hypoxic response in T-REx cells (Table 4).
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Table 4: Effect of HIF-2α siRNA on hypoxic gene expression in T-REx-HRE cells. T-REx-HRE cells
were incubated with no treatment, HIF-2α siRNA or HIF-2α siRNA and 1 µg / mL Dox in normoxia or
hypoxia for 24 h. Hypoxic gene expression was measured using the TaqMan human hypoxia array.
Experiments were conducted in duplicate. Data is presented as ΔΔCt relative to 18S expression and
expression of each gene in normoxia. Fold change in ΔΔCt of treated relative to untreated hypoxic cells
is shown, fold decrease (red), fold increase (green) or ≤1.1-fold change (black).
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The data from the two arrays was directly compared to assess the effect of each HIF isoform
on the transcription of the hypoxia-related genes studied. A heat map of this data was
produced to visualise the expression of these genes in hypoxia, relative to their expression in
normoxia, following treatment with Dox, HIF-2α siRNA or both (Figure 91). Genes were
grouped by function so changes in cell behaviour could be assessed.
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Figure 91: Heat map of relative gene expression in T-REx-HRE cells treated with Dox and HIF-2α
siRNA. Colours represent ΔΔCt compared to normoxic expression and normalised to expression of 18S,
where blue is low and yellow is high. Genes are grouped according to cellular function.
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Comparison of the effect of inhibition of HIF-1 dimerisation to the effect of HIF-2α
knockdown on gene induction can also yield information about the isoform specificity of the
HIF subunits. Genes whose expression under hypoxic conditions was downregulated
following Dox treatment or siRNA knockdown compared to untreated cells, may be targets of
HIF-1 or HIF-2, respectively. In contrast, the expression of genes that were upregulated
following Dox treatment of HIF-2α knockdown compared to untreated cells, may be
supressed by HIF-1 or HIF-2 respectively. The relative effect of disruption of each isoform on
the hypoxic expression of genes in the array was assessed. This analysis is summarised in
Table 5.
Table 5: HIF isoform specificity in transcriptional activation of genes in hypoxia in T-REx-HRE
cells.
Activated by HIF-1 only

Activated by HIF-2 only

HIF-2 appears to
HIF-2 appears to
repress
have no effect
expression
HMOX1
FRAP1
PRKAA1
HYOU1
ARNT
ATP1B1
HIF1AN
EP300
EGLN1
CREBBP
EPO
EGLN3
PTEN
NOTCH1
ADM
CUL2

HIF-1 appears to
HIF-1 appears to
repress
have no effect
expression
NOS1
MT3
MB
ING4
HIF3A
PIK3CA
HIG2
TP53
DDIT4L

Activated by HIF-1 and HIF-2
HIF-1 and HIF-2
HIF-1 has more
have similar
effect
effects
BHLHB2
EGLN2
DDIT4
RBX1
TGFBR2
VEGFA
EDN1
ANGPTL4
GUSB
HIF1A
CASP1

HIF-2 has more
effect
IGFBP1
NOS3
PRKAA2
SLC2A8
NOS2A
ARNT2

Following treatment of T-REx-HRE cells with HIF-2α siRNA, HIF-2α expression was
diminished. The expression of HIF-1α in siRNA and Dox treated cells was 1.2-fold of that in
untreated cells; supporting earlier findings that HIF-2α siRNA does not significantly affect
HIF-1α expression. In addition, treatment of cells with HIF-2α siRNA and Dox resulted in a
2.4-fold decrease in VEGF expression, reflecting qRT-PCR analyses, which also showed a 2.4fold decrease in VEGF expression (Figure 84A).
Interestingly, treatment of T-REx-HRE cells with HIF-2α siRNA resulted in a three-fold
decrease in HIF-3α expression whereas treatment with Dox only resulted in a 1.3-fold
decrease (Figure 92A). These results were validated by qRT-PCR analyses, which also showed
a three-fold reduction in HIF-3α expression following siRNA treatment, compared to 1.3-fold
with Dox, suggesting that hypoxic upregulation of HIF-3α is principally mediated by HIF-2 in
T-REx-HRE cells (Figure 92B). Up to ten splice variants of HIF-3α mRNA have been
identified;28, 30 the TaqMan probe used in the hypoxia array bound to HIF-3α at the splice
junction between exons 9-10 and so would be able to detect expression of all identified splice
variants except HIF-3α4, which lacks the ODDD. In contrast to the array results, hypoxic
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expression of HIF-3α was modulated by HIF-1 and not HIF-2 in Caki-1 renal carcinoma and
Hep3B hepatoma cells.28, 29 Therefore inhibition of HIF-3α expression with HIF-2α siRNA
suggests a novel role for HIF-2 in regulation of HIF-3α in HEK cells.
Gene

Hypoxia

Hypoxia
+Dox

Hypoxia
+HIF-2α
siRNA

Hypoxia
+HIF-2α
siRNA +Dox
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Fold change in HIF-3α expression
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Figure 92: HIF-3α expression is mediated by the HIF-2 transcription factor in hypoxic
conditions. (A) Array results of expression of HIF-3α under hypoxia untreated or treated with Dox or
HIF-2α siRNA relative to normoxic expression. Experiments were conducted in duplicate and results
normalised to expression of 18S. (B) qRT-PCR analyses of HIF-3α expression with and without Dox and
HIF-2α siRNA treatment, relative to normoxic expression. Experiments were conducted in triplicate
(n=3) and results normalised to expression of 18S and β-actin. Error bars represent ±SEM. Stars
denote significant differences between means: ***p ≤ 0.001, ****p ≤ 0.0001.

In addition to VEGF, HIF-2α siRNA treatment reduced expression ANGPTL4, which has also
been implicated in promoting angiogenesis, metastasis and cancer growth and progression.
Treatment of T-REx-HRE cells with HIF-2α siRNA resulted in a 3.4-fold decrease in ANGPTL4
expression, suggesting that HIF-2 may also have a role in transactivation of ANGPTL4 (Figure
93A). There was a greater decrease in ANGPTL4 expression following combined Dox and
siRNA treatment, 4.7-fold. This result was supported by qRT-PCR analyses where hypoxiainduced ANGPTL4 expression was reduced 2.2-fold when cells were treated with Dox and
HIF-2α siRNA, compared to a 1.9-fold reduction with Dox alone and a 1.3-fold reduction with
HIF-2α siRNA alone (Figure 93B). Following HIF-2α siRNA and Dox treatment, ANGPTL4
expression under hypoxia was not significantly different to normoxic ANGPTL4 expression.
In contrast, in the array, treatment of cells with HIF-2α siRNA did not significantly impact
ADM expression and this result was validated by qRT-PCR analyses (Figure 93A and C). The
array data also suggested that the combination of HIF-2α siRNA and Dox treatment reduced
ADM expression two-fold, to normoxic levels. In contrast, qRT-PCR analyses indicated that
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treatment of cells with HIF-2α siRNA and Dox resulted in only a 1.4-fold reduction in ADM
expression compared to untreated cells under hypoxia. ADM has previously been identified
as a target of HIF-1 and HIF-2 transcription factors,32 however, array data and qRT-PCR
analyses suggest that in T-REx-HRE cells, ADM expression in hypoxia is only dependent on
HIF-1, not HIF-2, for hypoxic transactivation.
A similar result was recorded for EPO, the hormone responsible for erythropoiesis. In the
array, EPO expression increased 1.3-fold under hypoxia, compared to normoxia. This increase
was attenuated by disruption of HIF-1 dimerisation, but not by treatment of cells with HIF-2α
siRNA (Figure 93A). Analysis of EPO expression by qRT-PCR also showed that hypoxic
induction of EPO transcription was reduced 1.5-fold by Dox, but not by HIF-2α siRNA
treatment of cells (Figure 93D). HIF-1 was first identified as an activator of EPO in Hep3B and
HeLa cells.3, 274 Later work suggested that EPO was a target of both HIF-1 and HIF-2 in a cell
type specific manner.275 In infant mouse hepatocytes, EPO expression required HIF-2α but
not HIF-1α. However, erythropoiesis was found to be impaired in mice deficient in HIF-1α
only.276 The array and qRT-PCR data suggest that transactivation of EPO in hypoxia is
mediated by HIF-1, and not HIF-2, in T-REx-HRE cells.
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Figure 93: Inhibition of HIF-1 dimerisation decreases expression of genes involved in
vascularisation. (A) Array results of expression of ANGPLT4, ADM and EPO under hypoxia, untreated
or treated with Dox, HIF-2α siRNA, or both, relative to normoxic expression. Experiments were
conducted in duplicate and results normalised to expression of 18S. qRT-PCR analyses of ANGPLT4
(B), ADM (C) and EPO (D) expression with and without Dox and HIF-2α siRNA treatment, relative to
normoxic expression. Experiments were conducted in triplicate (n=3) and results normalised to
expression of 18S and β-actin. Error bars represent ±SEM. Stars denote significant differences between
means: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.

Expression of cyclo-CLLFVY, and HIF-2α siRNA treatment, resulted in a decrease in a number
of genes involved in growth and proliferation. The array data showed that following
treatment with Dox, insulin growth factor binding protein 1 (IGFBP1) expression under
hypoxia decreased 2.6-fold (Table 6). The effect of HIF-2α siRNA was even larger, resulting in
an eight-fold reduction in IGFBP1. IGFBP1 is a secreted protein that binds insulin-like growth
factor (IGF) and inhibits the activities of IGF on cell growth.277 IGFBP1 expression is
upregulated in hypoxic conditions and is negatively correlated with foetal size.277 A putative
HRE has been identified in the promoter of IGFBP1 and it has been suggested that HIF-1 is
responsible for hypoxia-induced IGFBP expression.277, 278 The large effect of inhibition of HIF-
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1 dimerisation and of HIF-2α siRNA on IGFBP1 expression indicates that HIF-1 and HIF-2 are
involved in the upregulation of IGFBP1 in hypoxic conditions.
In addition, in the array HIF-2α siRNA also resulted in depletion of nitric oxide synthase 1
(NOS1) mRNA, a 14-fold decrease compared to untreated cells (Table 6). NOS1 (also known
as neuronal NOS) is one of three isozymes (along with NOS2A (inducible NOS) and NOS3
(endothelial NOS)) that catalyse the l-arginine dependent synthesis of nitric oxide (NO), in an
oxygen-dependent process.279 NO stabilises HIF-1α protein in normoxic conditions and has
been shown to increase HIF-1 binding activity.83 No published literature was found that
suggests NOS1 is a HIF-1 or HIF-2 target. However, the array data showed that inhibition of
HIF-1 dimerisation resulted in a decrease in NOS1 expression from 1.7 to 1.2-fold normoxic
expression, suggesting that NOS1 is a target of HIF-1 in T-REx cells.
As reduction of NOS1 mRNA in HIF-2α siRNA treated cells was so large, it may be a result of
off target effects of the siRNA. This should not affect gene expression in hypoxia as NO
stabilises HIF-1 under normoxia. Alternatively, the decrease in NOS1 expression recorded
following HIF-2α siRNA treatment could be a result of experimental error. The combination
of HIF-2α siRNA and Dox treatment resulted in a decrease of NOS1 expression from 1.7 to
0.6-fold normoxic expression, a larger decrease than Dox treatment alone. This suggests that
NOS1 is a target of both HIF-1 and HIF-2.
In the array NOS2A expression was only induced 1.2-fold in hypoxia compared to normoxic
expression, however, inhibition of HIF-1 dimerisation reduced NOS2A expression to
normoxic levels (Table 6). In addition, HIF-2α siRNA halved the hypoxic expression of NOS2A
although both treatments together did not have an additive effect. A HRE has been identified
in the promoter region of the NOS2A gene and NOS2A was identified as a target of HIF-1 in
cardiac monocytes.280, 281 Together these results suggest that NOS2A is a target of both HIF
isoforms in T-REx-HRE cells, but is principally reliant on HIF-2α for hypoxic expression.
Array data showed that the expression of the third NOS isoform, NOS3 appeared to be
constitutive, hypoxia did not increase NOS3 mRNA levels. However, Dox and HIF-2α siRNA
treatment of cells inhibited hypoxic NOS3 expression (Table 6), perhaps indicating a reliance
on HIFs for maintenance of hypoxic NOS expression. Combination of the two treatments
resulted in less suppression of NOS3 expression than either treatment alone. In human
dermal microvascular endothelial cells (HMEC-1) and human umbilical vein endothelial cells
(HUVEC) levels of NOS3 mRNA were increased in hypoxia compared to normoxia.282 In
HMEC-1 and HUVEC cells, luciferase reporter assays with the NOS3 promoter showed an
increase in gene expression with exogenous HIF-2 expression, and two contiguous HREs
were identified in the NOS3 promoter,282 suggesting that hypoxic NOS3 expression was
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stimulated through HIF-2. The array results also indicate that NOS3 expression in hypoxic
conditions is maintained by HIF-2.
In contrast to genes involved in the promotion of growth and proliferation, the expression of
the tumour suppressor ING4 was increased 1.2-fold following inhibition of HIF-1
dimerisation (Table 6). ING4 has previously been shown to supress activation of HIF-1
through association with prolyl hydroxylases.283 Once activated, HIF-1 may supress ING4
expression in hypoxia to prevent inhibition of HIF-1 activity by ING4 upon reoxygenation.
Conversely, ING4 expression was decreased following treatment with HIF-2α siRNA.
Table 6: Effect of inhibition of HIF-1 dimerisation and of knockdown of HIF-2α expression on
expression of genes involved in growth and proliferation. Array results of expression of IGFBP1,
NOS1, NOS2A, NOS3 and ING4 under hypoxia untreated or treated with Dox or HIF-2α siRNA relative
to normoxic expression. Experiments were conducted in duplicate and results normalised to
expression of 18S.
Gene

Hypoxia

Hypoxia
+Dox

Hypoxia
+HIF-2α
siRNA

Hypoxia
+HIF-2α
siRNA +Dox

IGFBP1

2.16

0.77

0.26

0.43

NOS1

1.74

1.18

0.12

0.58

NOS2A

1.24

0.93

0.59

0.75

NOS3

0.94

0.55

0.22

0.69

ING4

1.28

1.48

0.72

1.09

Inhibition of HIF-1 dimerisation decreased expression of the stress response gene DDIT4,
however, following treatment of T-REx-HRE cells with Dox the array data showed that DDIT4
expression was still 3.9-fold increased compared to normoxic cells (Figure 94A). Treatment
of T-REx-HRE cells with HIF-2α siRNA reduced DDIT4 expression to 3.6-fold that in normoxia
and treatment of cells with HIF-2α siRNA and Dox decreased DDIT4 expression to 2.6-fold
that in normoxia. Validation of this result by qRT-PCR analyses showed that DDIT4 was
upregulated 6.9-fold in hypoxic conditions compared to normoxia and this upregulation was
inhibited by Dox and HIF-2α siRNA treatment of cells (Figure 94B). qRT-PCR analyses
showed that treatment of T-REx-HRE cells with Dox resulted in a 1.4-fold reduction in DDIT4
expression. In addition, treatment of T-REx-HRE cells with HIF-2α siRNA also led to a 1.4-fold
decrease in DDIT4 expression. Following treatment with both Dox and HIF-2α siRNA, DDIT4
expression was 1.6-fold decreased compared to untreated hypoxic cells, but still 4.3-fold
increased compared to untreated normoxic cells. Together these results suggest that
although HIF-1 and HIF-2 have a role in hypoxic upregulation of DDIT4, other cellular
pathways also contribute to increase DDIT4 expression in hypoxia. DDIT4 is also induced in
response to endoplasmic reticulum (ER) stress and DNA damage related to the regulation of
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reactive oxygen species,284, 285 which may be a result of hypoxic exposure, particularly when
HIF response pathways are disrupted.285 Therefore, in hypoxic conditions, with Dox or HIF2α siRNA treatment, DDIT4 may be upregulated via alternative stress response pathways.
In addition, in the array, HIF-2α siRNA treatment resulted in a 1.3-fold decrease in expression
of the oncogene PIK3CA and a combination of Dox and HIF-2α siRNA also led to a 1.3-fold
decrease in PIK3CA (Figure 94A). This is in contrast to the 1.3-fold increase in PIK3CA
expression following treatment with Dox. Validation of array data via qRT-PCR analyses
revealed that HIF-2α siRNA did not significantly impact PIK3CA expression (Figure 94C).
However, the combination of Dox and HIF-2α siRNA treatment prevented the significant
increase in PIK3CA expression recorded following Dox treatment alone, indicating opposing
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Figure 94: Effect of inhibition of HIF-1 dimerisation and knockdown of HIF-2α expression on
DDIT4 and PIK3CA expression. (A) Array results of expression of DDIT4 and PIK3CA under hypoxia
untreated or treated with Dox or HIF-2α siRNA relative to normoxic expression. Experiments were
conducted in duplicate and results normalised to expression of 18S. qRT-PCR analyses of DDIT4 (B)
and PIK3CA (C) expression with and without Dox and HIF-2α siRNA treatment, relative to normoxic
expression. Experiments were conducted in triplicate (VHL: n=3; PIK3CA n=2) and results normalised
to expression of 18S and β-actin. Error bars represent ±SEM. Stars denote significant differences
between means: *p ≤ 0.05, **p ≤ 0.01.

Interestingly, disruption of HIF-1 an HIF-2 pathways had markedly different impacts on
NOTCH1 expression. Array data showed that inhibition of HIF-1 dimerisation halved hypoxic
expression of NOTCH1 whereas treatment of cells with HIF-2α siRNA doubled it (Figure
95A). This result was supported by qRT-PCR analyses, which revealed a 1.6-fold decrease in
NOTCH1 expression following Dox treatment, in contrast to a 1.4-fold increase in NOTCH1
expression following treatment of cells with HIF-2α siRNA (Figure 95B). Contrasting
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properties of HIFs in NOTCH1 regulation have also been noted in glioma stem cells. Notch
signalling plays a key role in the maintenance of pluripotency in stem cells and is required for
hypoxia-induced maintenance of stem cell characteristics.108 In glioma stem cells, HIF-1α
activated Notch signalling whilst HIF-2α repressed it. This difference was attributed to
differential (competitive) binding of the two transcription factors to Notch intracellular
domain receptors.107 This differential regulation of NOTCH1 by HIFs indicates opposing roles
of the transcription factors in differentiation.
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Figure 95: HIF-1 and HIF-2 have conflicting roles in hypoxic NOTCH1 regulation. (A) Array
results of expression of NOTCH1 in hypoxia untreated or treated with Dox or HIF-2α siRNA relative to
normoxic expression. Experiments were conducted in duplicate and results normalised to expression
of 18S. (B) qRT-PCR analyses of NOTCH1 expression with and without Dox and HIF-2α siRNA
treatment, relative to normoxic expression. Experiments were conducted in triplicate (n=3) and results
normalised to expression of 18S and β-actin. Error bars represent ±SEM. Stars denote significant
differences between means: ***p ≤ 0.001, ****p ≤ 0.0001.

In the array, treatment of T-REx-HRE cells with Dox also decreased RBX1 expression threefold, to normoxic levels. In addition, following treatment with HIF-2α siRNA RBX1 expression
was reduced three-fold compared to untreated cells, suggesting that RBX1 expression can be
induced by HIF-1 or HIF-2 transcription factors in hypoxic conditions (Figure 96A).
Disruption of HIF-1 and HIF-2 (Dox and HIF-2α siRNA treatment) had a cumulative effect,
leading to a reduction of RBX1 to below normoxic levels. These results were validated by
qRT-PCR analyses. qRT-PCR data showed that RBX1 expression was induced 1.8-fold under
hypoxia compared to normoxia. However, following treatment of cells with Dox or HIF-2α
siRNA, expression of RBX1 in hypoxic conditions was not significantly different to normoxic
RBX1 expression (Figure 96B). As described earlier, RBX1 is a core component of the VHL
complex, which is responsible for the polyubiquitination of hydroxylated HIF-1α, which leads
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to its degradation in normoxia.40, 286 Upregulation of RBX1 and other VHL components such as
CUL2 in hypoxic conditions may aid rapid degradation of HIF-1α upon cellular reoxygenation.
However, VHL, the gene encoding pVHL, was the only gene analysed in the array whose
expression was increased following both Dox treatment and HIF-2α siRNA treatment. Array
data showed that inhibition of HIF-1 dimerisation increased VHL expression in hypoxic
conditions 1.6-fold and HIF-2α siRNA treatment increased VHL expression under hypoxia
1.2-fold (Figure 96A). Together these results suggest that HIFs have a suppressive role on
VHL expression. However, qRT-PCR analyses indicated that Dox and HIF-2α siRNA
treatments had no significant effect on expression of VHL (Figure 96C).
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Figure 96: Inhibition of HIF-1 dimerisation, and knockdown of HIF-2α expression, decreases
expression of components of VHL complex but not of the gene encoding pVHL. (A) Array results
of expression of RBX1, CUL2 and VHL in hypoxia untreated or treated with Dox, HIF-2α siRNA, or both,
relative to normoxic expression. Experiments were conducted in duplicate and results normalised to
expression of 18S. (B) qRT-PCR analyses of RBX1 and (C) qRT-PCR analysis of VHL expression with
and without Dox and HIF-2α siRNA treatment, relative to normoxic expression. Experiments were
conducted in triplicate (n=3) and results normalised to expression of 18S and β-actin. Error bars
represent ±SEM. Stars denote significant differences between means: **p ≤ 0.01.

In contrast, inhibition of HIF-1 dimerisation and HIF-2α siRNA treatment did significantly
impact upstream effectors of oxygen-dependent regulation of HIF-1, prolyl and asparaginyl
hydroxylases. Inhibition of HIF-1 and HIF-2-mediated transactivation had conflicting roles on
PHD3 expression in T-REx-HRE cells. In the array, following treatment with Dox, expression
of PHD3 was decreased 1.4-fold compared to untreated cells, in contrast, following treatment
with HIF-2α siRNA, PHD3 expression increased two-fold (Figure 97A). This suggests that in
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T-REx-HRE cells, HIF-1 induces PHD3 expression whereas HIF-2α represses it. The effect of
inhibition of HIF-1 dimerisation on PHD3 expression was supported by qRT-PCR analyses,
which showed that following treatment of T-REx-HRE cells with Dox, PHD3 expression was
reduced 1.6-fold (Figure 97B). However, qRT-PCR analyses did not indicate any repressive
effect of HIF-2 on PHD3 expression, there was no significant difference in the expression of
PHD3 in hypoxic conditions following HIF-2α siRNA treatment compared to untreated cells.
HIF-1 also appeared to positively regulate PHD2 expression whereas HIF-2α had no effect.
The array data showed that treatment of cells with Dox resulted in a 1.4-fold decrease in
PHD2 expression whereas treatment of cells with HIF-2α siRNA did not affect PHD2
expression (Figure 97A). This result was supported by qRT-PCR analyses, which showed that
following treatment of cells with Dox, PHD2 expression decreased 1.5-fold, whereas
expression of PHD2 in cells treated with HIF-2α siRNA in hypoxic conditions was not
significantly different to that in untreated cells. (Figure 97B) Similarly, treatment of cells with
Dox resulted in a 1.3-fold decrease in factor inhibiting HIF-1 (FIH) expression whereas HIF2α siRNA has no significant effect (Figure 97A). Array results indicated that PHD1 expression
was not upregulated in hypoxic conditions.
Expression of PHD2 and 3 has previously been shown to be induced by hypoxia, and PHD1
expression has been shown to be constitutive, in a number of cell lines.39, 49 In U2OS cells a
two-fold induction of PHD2 and 3 expression in hypoxia was abrogated by transfection of
HIF-1α siRNA but not HIF-2α siRNA, suggesting that PHD2 and PHD3 are hypoxic targets of
HIF-1 only, in agreement with the array data.49 However in U2OS cells no repressive effect of
HIF-2α on PHD enzyme expression was identified, in agreement with the qRT-PCR data. HIF1 is thought to mediate response to acute hypoxia whereas HIF-2 is the prominent driver of
adaptation to prolonged periods of hypoxic conditions.78, 105 Upregulation of hydroxylases by
HIF-1 in hypoxia may lead to more rapid degradation of HIF-1α and HIF-2α upon
reoxygenation, to prevent HIF-1-mediated transactivation in normoxia. However, HIF-2 may
have no such effect on hydroxylases as it is associated with chronic hypoxia.
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Figure 97: Inhibition of HIF-1 dimerisation decreases expression of prolyl and asparaginyl
hydroxylases involved in regulation of HIF-1α and HIF-2α in normoxia. (A) Array results of
expression of PHD1, PHD2, PHD3 and FIH under hypoxia untreated or treated with Dox, HIF-2α siRNA,
or both, relative to normoxic expression. Experiments were conducted in duplicate and results
normalised to expression of 18S. (B) qRT-PCR analyses of PHD2 and (C) qRT-PCR analysis of PHD3
expression with and without Dox and HIF-2α siRNA treatment, relative to normoxic expression.
Experiments were conducted in triplicate (n=3) and results normalised to expression of 18S and βactin. Error bars represent ±SEM. Stars denote significant differences between means: **p ≤ 0.01, ***p
≤ 0.001.

2.2.8

Effect of inhibition of HIF-1 dimerisation on cell growth in hypoxia

The hypoxia-focused microarray revealed that inhibition of HIF-1 dimerisation in T-REx-HRE
cells decreased the expression of many genes activated in hypoxia. This decrease in hypoxiaactivated genes may prevent cellular adaptation to hypoxia, reducing cell growth,
proliferation and viability.
2.2.8.1

Competitive growth assay

To assess the effect of inhibition of HIF-1 dimerisation on the survival of T-REx cells, a
competition assay was devised. If two populations of T-REx cells, one expressing the NpuCLLFVY construct and one not, were mixed a difference in survival may be observed when
the peptide is expressed in hypoxia. In normoxia, HIF-1α is degraded and so the HIF-1
transcription factor cannot form therefore no difference in the growth of the two populations
would be expected following cyclo-CLLFVY expression. In hypoxia however, where HIF-1
induces the upregulation of genes required for cellular adaptation to hypoxia, expression of
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the peptide may inhibit cell growth and decrease survival. If each cell line expressed a
different fluorescent protein, the relative number of cells of each cell line present in the
population could be analysed by fluorescent microscopy and flow cytometery.
For a negative cell line, that does not express cyclo-CLLFVY, the fluorescent protein mCherry
was encoded on to the plasmid pcDNA5/FRT/TO and integrated on to the chromosome of TREx-293 cells, via Flp-FRT recombination. Positive clones were selected with hygromycin in
high dilution culture. Inducible expression of mCherry in the resulting cell line, T-RExmCherry, was demonstrated by fluorescent microscopy (Figure 98). In the absence of Dox, no
fluorescence was visible in cells, however following treatment with 1 µg / mL Dox for 24 h,
strong fluorescence was visualised, indicating successful integration of mCherry into the cell
line.

Figure 98: Expression of mCherry in T-REx-mCherry cells treated with 1 µg / mL Dox.
Micrographs demonstrate strong, widespread mCherry expression indicative of successful integration
of the construct.

Next, a mixed population of T-REx-GFP (cells expressing the Npu-CLLFVY construct and the
fluorescent protein GFP on the same open reading frame) and T-REx-mCherry cells was
seeded and visualised by fluorescent microscopy following 24 h treatment with 1 µg / mL
Dox. Visualisation of the individual cells lines in both GFP and mCherry fluorescence channels
(with excitation/ emission 500/535 nm and 565/620 nm respectively) showed that there
was no cross over of fluorescent signals between the two proteins (Figure 99). In addition, in
the mixed population of cells, GFP or mCherry expressing cells could be clearly distinguished,
although mCherry fluorescence was more intense than that of GFP.
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Figure 99: Cells expressing mCherry or GFP can be distinguished by fluorescence microscopy.
Top and middle rows demonstrates that there is no cross talk between mCherry and GFP fluorescence.
Bottom row demonstrates the visualisation of individual cells expressing mCherry or GFP, indicating
that in a mixed population of cells, the two cell types can be distinguished.

A 1:1 mixed population of T-REx-mCherry and T-REx-GFP cells was seeded and incubated in
normoxia for 24 h. Cells were then treated with vehicle or 1 µg / mL Dox and maintained in
normoxia or hypoxia for four weeks, passaging twice weekly. Cells incubated in hypoxia were
maintained in hypoxic conditions during passaging. Following the four-week incubation
period, it was difficult to visualise any difference in cell populations by fluorescence
microscopy. There appeared to be mostly GFP expressing cells and few mCherry expressing
cells in all samples, suggesting T-REx-GFP cells grew faster in all conditions (Figure 100).
Although fluorescence microscopy gave an idea of the proportion of each cell line in each
population, it was not possible to quantify cell numbers. Therefore flow cytometery was
employed to count the number of cells expressing each fluorescent protein.

Figure 100: T-REx-GFP cell growth outcompetes mCherry cell growth in normoxia and hypoxia.
T-REx-GFP and T-REx-mCherry cells were mixed in a 1:1 ratio and cultured in/ with normoxia –Dox
(A), normoxia +Dox (B), hypoxia –Dox (C) or hypoxia +Dox (D) for 4 weeks, then incubated in
normoxia or hypoxia with Dox for 24 h.
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The data collected from flow cytometery of samples is shown in Figure 101 and is
summarised in Table 7. For all samples, there were more T-REx-GFP cells than T-RExmCherry cells (up to 11-fold more GFP than mCherry expressing cells). There was a lower
percentage of T-REx-GFP cells in hypoxia than normoxia, but expression of the peptide made
no difference to this. The fact that T-REx-GFP cells out compete T-REx-mCherry cells in
normoxia and hypoxia (83% GFP in normoxia and 63-65% GFP in hypoxia), regardless of
peptide expression, suggests that the difference in cell survival is not a result of inhibition of
HIF-1 activity but that the T-REx-GFP cells inherently grow faster than T-REx-mCherry cells.
This difference could be a result of selecting faster growing colonies after integration. There
does appear to be more mCherry expressing cells in hypoxic cells expressing the peptide than
not, despite a similar percentage of GFP expressing cells.
Normoxia -Dox

Normoxia +Dox

Hypoxia -Dox

Hypoxia +Dox

Figure 101: Flow cytometery data for mixed population of T-REx-GFP and T-REx-mCherry cells.
Cells were mixed in a ratio of 1:1 and seeded in T25 flasks. Cells were maintained in normoxia or
hypoxia with vehicle (-Dox) or 1 µg / mL Dox (+Dox) for 4 weeks. All cells were then exposed to 1 µg /
mL Dox for 24 h. Cells were collected, fixed and analysed on a FACSCalibur instrument.
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Table 7: Summary data collected from analysis of mixed populations of T-REx-GFP and T-RExmCherry using a flow cytometer.

Sample

%GFP expressing cells

% mCherry expressing cells

Normoxia -Dox

83

7

Normoxia +Dox

83

7

Hypoxia -Dox

63

6

Hypoxia +Dox

65

14

Analysis was conducted on a FACSCalibur instrument that operates with a two-laser system.
This was suitable to detect GFP but the excitation wavelength of mCherry was on the limit of
the excitation ability of the instrument. Therefore, it is possible that during analysis, not all
the mCherry expressing cells were sufficiently excited to be detected and were counted as
negative cells. Comparison of the data collected from negative control cells (T-REx-CLLFVY)
with a mixed population of T-REx-GFP and T-REx-mCherry cells shows a clearly
distinguishable population of GFP expressing cells, but no mCherry cells (Figure 102).
Fluorescence microscopy suggested that all cells were fluorescent, therefore it could be
assumed that all the ‘not GFP’ cells were mCherry expressing cells. With this assumption, it
appears that T-REx-mCherry cells are less disadvantaged compared to T-REx-GFP expressing
cells in hypoxia than normoxia. As this effect is peptide independent, it is also likely a result of
the cells selected during integration, not a result of inhibition of HIF-1 dimerisation. Overall,
no firm conclusions can be drawn from this data.

Figure 102: Flow cytometery data for negative control (T-REx-CLLFVY) and mixed population of
T-REx-mCherry and T-REx-GFP cells. Cells were incubated with Dox (1 µg/mL) for 24 h, collected,
fixed then analysed using a FACSCalibur instrument.
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2.2.8.2

Cell counting

A different technique was employed to measure the effect of inhibition of HIF-1 dimerisation
on cell growth and viability. T-REx-HRE cells were exposed to normoxia or hypoxia, with or
without Dox treatment, for 24 or 48 h. Cells were then collected and counted using a Moxi cell
counter instrument. As well as measuring cell number, the instrument provides a Moxi
population index ratio (MPI), which uses the size of particles to assess the proportion of live
to dead cells.
Cell counting revealed that there was no significant difference in cell number after both 24
and 48 h treatment with Dox compared to untreated cells (Figure 103A). However, there was
a significant decrease in the MPI ratio after 24 h in treated compared to untreated cells
(Figure 103B), suggesting that inhibition of HIF-1 dimerisation decreased cell viability.
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Figure 103: Inhibition of HIF-1 dimerisation in T-REx-HRE cells does not affect cell number but
does decrease cell viability. T-REx-HRE cells were plated at equal densities and incubated with
vehicle (-Dox) or 1 µg / mL Dox (+Dox) for 24 or 48 h. Post treatment, cells were collected in a set
volume, cell number (A) and MPI ratio (B) were assessed using a Moxi-Z instrument. Bars represent
means (n=3) ± SEM. Stars denote significant differences between means: **p ≤ 0.01.

2.2.8.3

MTT assay

To further assess the effect of inhibition of HIF-1 dimerisation on cell viability, a colorimetric
assay using MTT (3-(4,5-dimethylthiazol-2-yl)-2-5-diphenyltetrazolium bromide) was
conducted. NAD(P)H-dependent cellular oxidoreductase enzymes in metabolically active cells
can convert the tetrazolium dye MTT to its insoluble formazan (Figure 104), giving an
indication of the number of viable cells. The assay was also conducted with T-REx-Scram
cells, as a control, to ensure that any effect on number of viable cells was a result of
expression of cyclo-CLLFVY, not expression of the inteins or Dox treatment.
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Figure 104: MTT is reduced to a formazan in viable cells. Oxidoreductase enzymes in metabolically
active cells reduce MTT (tetrazolium salt) to the insoluble formazan, which can be visualised as a blue
precipitate.

Following treatment with Dox for 24 or 48 h, there was no significant difference in the cell
viability of T-REx-HRE or T-REx-Scram cells, indicating that expression of neither cycloCLLFVY nor cyclo-CFVLYL affected cell viability of T-REx cells under normoxia or hypoxia
(Figure 105). It should be noted that although the number of viable of cells incubated in
normoxic conditions continued to increase from 0-48 h, the number of viable cells exposed to
hypoxia increased for the first 24 h hours, then stopped. Regardless of HIF-1 activity, hypoxia
reduces cell proliferation. The same effect was seen in T-REx-HRE and T-REx-Scram cells, and
both cell types increased to a similar maximum number of viable cells in both normoxia and
hypoxia, supporting that they are comparable in this assay.
B
4
3

-Dox
+Dox

Fold change in cell viability

Fold change in cell viability

A

2
1
0

0

24

48

4
3
2
1
0

0

24

48

Treatment time in normoxia (h)

Treatment time in normoxia (h)

D
3

-Dox
+Dox

Fold change in cell viability

Fold change in cell viability

C

-Dox
+Dox

2

1

0

0

24

48

2.5
2.0

-Dox
+Dox

1.5
1.0
0.5
0.0

0

24

48

Treatment time in hypoxia (h)

Treatment time in hypoxia (h)

Figure 105: Expression of cyclo-CLLFVY or cyclo-CFVLYL does not affect cell growth. T-REx-HRE
(A and C) and T-REx-Scram (B and D) cells were exposed to normoxia (A and B) or hypoxia (C and D)
for 0, 24 or 48 h. Cells were incubated with vehicle (-Dox) or 1 µg/ mL Dox (+Dox) for the treatment
period (n=4). Cell viability was analysed by MTT assay. Error bars show ± SEM.
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To further investigate the effect of inhibition of HIF-1 dimerisation on the growth of T-RExHRE cells, the assay was extended to longer incubation periods (Figure 106). T-REx-HRE cells
continued to proliferate when incubated in normoxic conditions for 72 or 96 h. After 96 h
incubation in normoxic conditions, the number of viable cells was 15-fold that at the start of
the experiment. The number of viable cells continued to increase under hypoxic conditions,
too, however, treatment with Dox significantly impacted cell proliferation, after 96 h
incubation. After 96 h incubation, the nutrients, in particular glucose, in the cell media may
become limited. The hypoxia-focused microarray showed a number of genes that contribute
to cellular adaptation to hypoxia were downregulated when cyclo-CLLFVY was expressed. In
the context of a tumour, where concentrations of critical nutrients are heterogeneous,89 this
could prevent angiogenesis, glucose uptake and tumour vascularisation. Such inhibition can
result in reduction of tumour size, as has been shown in previous studies with HIF-1α
knockdown and dominant negative HIF-1α.237, 287 However in cell culture, where cells are
grown in monolayer, nutrients are readily available to all cells. When these cells are exposed
to increased stress, such as glucose deprivation, inability to activate hypoxia-induced genes
may have more of an effect, as seen after the extended period of incubation.
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Figure 106: Inhibition of HIF-1 dimerisation supresses growth of T-REx-HRE cells under
hypoxia after long incubation periods. T-REx-HRE cells were treated with vehicle (-Dox) or 1µg /
mL Dox (+Dox) under normoxia (A) or hypoxia (B) for 0, 72 or 96 h. Cell viability was analysed by MTT
assay (n=2). Error bars show ± SEM. Stars denote significant differences between means: *p ≤ 0.05.

The MTT assay was repeated with T-REx-HRE and T-REx-Scram cells cultured in glucose-free
medium. In normoxic conditions, glucose deprivation reduced T-REx-HRE and T-REx-Scram
cell viability compared to cells cultured in glucose containing medium, but addition of Dox
had no significant effect in either cell line (Figure 107A and B). Under normoxia, the number
of viable cells increased in the treatment period, but in hypoxia, cell viability decreased,
suggesting hypoxia supressed cell proliferation in T-REx-HRE and T-REx-Scram cells lines
(Figure 107C and D). However, Dox treatment only had an effect in T-REx-HRE cells (Figure
107C). In T-REx-HRE cells, treatment with Dox, and expression of cyclo-CLLFVY, resulted in a
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1.3-fold decrease in cell viability as compared to untreated cells at 24 h. This difference was
larger at 48 h, where treatment of cells with Dox resulted in a 1.5-fold decrease in cell
viability compared to untreated cells. In contrast, treatment of T-REx-Scram cells with Dox, in
hypoxia, in glucose-free conditions, did not affect cell viability.
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Figure 107: Expression of cyclo-CLLFVY increases sensitivity to glucose deprivation. T-REx-HRE
(A and C) and T-REx-Scram (B and D) cells were exposed to normoxia (A and B) or hypoxia (C and D)
for 0, 24 or 48 h in medium containing no glucose. Cells were incubated with vehicle (-Dox) or 1 µg/
mL Dox (+Dox) for the treatment period (n=4). Cell viability was analysed by MTT assay. Error bars
show ± SEM. Stars denote significant differences between means: *p ≤ 0.05, ***p ≤ 0.001.

The cell viability assay with glucose withdrawal was repeated after 72 and 96 h incubation
under normoxia or hypoxia to assess if there was any increase in the effect of inhibition of
HIF-1 dimerisation (Figure 108). Treatment of T-REx-HRE cells with Dox resulted in a
reduction in the number of viable cells by 1.5-fold after 72 h incubation and 1.3-fold after 96
h incubation. These changes were similar to the effect of Dox treatment after 24 and 48 h
incubation, 1.3 and 1.4-fold decreases respectively. As the cells were grown in glucose
deficient medium, prolonged incubation would not further deprive cells. There was no
significant change in the number of viable cells following Dox treatment in normoxic
conditions. Together, these results suggest that inhibition of HIF-1 dimerisation increases
sensitivity to glucose deprivation in hypoxia.
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Figure 108: The effect of inhibition of HIF-1 dimerisation on viability of T-REx-HRE cells
incubated in glucose-free medium for 0-96 h. T-REx-HRE cells were treated with vehicle (-Dox) or
1µg / mL Dox (+Dox) under normoxia (A) or hypoxia (B) for 0, 72 or 96 h, in glucose-free medium. Cell
viability was analysed by MTT assay (n=3). Error bars show ± SEM. Stars denote significant differences
between means: *p ≤ 0.05.

The hypoxia phenotype is characterised by a switch from aerobic to anaerobic metabolism;
hypoxic cells become more reliant on glycolysis to meet their energy needs when oxygen is
limited.89 Previous work has shown that treatment of HeLa cells with siRNA targeting HIF-1α
increases cell sensitivity to treatment with the glycolysis inhibitor 2-deoxy-d-glucose (2DG).151 2-DG has a hydrogen atom in place of the hydroxyl group on C2 of glucose; therefore it
cannot undergo glycolysis and acts as a metabolic block. To assess the synthetic lethality of 2DG in hypoxic cells with inhibited HIF-1 activity, the MTT assay was repeated with T-RExHRE and T-REx-Scram cells in glucose containing media, with and without 2-DG treatment.
Unlike with glucose depravation, the number of viable cells continued to increase from 0- 48
h treatment when treated with 2-DG, suggesting 2-DG did not supress cell proliferation in
hypoxia. However, in hypoxia, treatment of T-REx-HRE cells with Dox reduced cell growth by
1.4-fold after 24 h and 1.3-fold after 48 h (Figure 109C), suggesting that even though cells
under hypoxia could adapt to inhibition of glycolysis by 2-DG, when HIF-1 dimerisation was
inhibited, this adaptation was hindered. Dox treatment of T-REx-Scram cells did not
significantly change viability of 2-DG treated cells in normoxia or hypoxia (Figure 109B and
D).
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Figure 109: Expression of cyclo-CLLFVY increases sensitivity to 2-DG treatment. T-REx-HRE (A
and C) and T-REx-Scram (B and D) cells were exposed to normoxia (A and B) or hypoxia (C and D) for
0, 24 or 48 h in medium containing 3mg/ mL 2-DG. Cells were incubated with no Dox or 1 µg/ mL Dox
for the treatment period (n=3). Cell viability was analysed by MTT assay. Error bars show ± SEM. Stars
denote significant differences between means: *p ≤ 0.05.

The assay was repeated in T-REx-HRE cells at longer incubation periods (Figure 110).
Following Dox treatment, there was no significant difference in the number of viable cells
incubated under normoxia for 72 or 96 h. However, treatment of T-REx-HRE cells with Dox
resulted in a 1.6-fold reduction in cell viability after 72 h and a 2.1-fold reduction in cell
viability after 96 h. Between 72 and 96 h incubation, there was 4.1-fold increase in the
number of viable cells in hypoxia, compared to a 2.8 fold increase in normoxia. This suggests
that after 72 h, cells begin to adapt to hypoxic conditions and are able to proliferate rapidly
despite inhibition of glycolysis. Inhibition of HIF-1 dimerisation after 96 h appears to prevent
this adaptation, but the lower number of viable cells under hypoxia after 96 h could be a
result of earlier inhibition of cell proliferation (at 24 and 48 h), leading to a lower cell number
when proliferation begins.
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Figure 110: Inhibition of HIF-1 dimerisation in combination with 2-DG glucose treatment has a
larger effect on cell viability after longer incubation periods . T-REx-HRE cells were exposed to
normoxia (A) or hypoxia (C) for 0, 24, 48, 72 or 96 h in medium containing 3mg / mL 2-DG. Cells were
incubated with vehicle (-Dox) or 1 µg / mL Dox (+Dox) for the treatment period (n=2). Cell viability
was analysed by MTT assay. Error bars show ± SEM. Stars denote significant differences between
means: *p ≤ 0.05, **p ≤ 0.01.

These results add to a growing body of evidence that inhibition of HIF-1, or re-direction of
cellular pathways away from HIF-1 controlled mechanisms, may improve the anticancer
effects of current chemotherapeutic agents. A study in glioblastoma-derived xenograft model
showed that resistance to the anti-angiogenic agent Bevacizumab was associated with
increased HIF expression and a shift from mitochondrial respiration to glycolysis.288
Treatment of cells with dichloroacetate to reactivate mitochondrial respiration enhanced the
effect of Bevacizumab.288 This study also found that 2-DG had no additive effect to
Bevacizumab, whereas directly knocking down HIF-1α expression was shown to decrease
resistance to 2-DG itself in HeLa cells.151 A similar effect was shown with CCI-779, an
analogue of rapamycin, which increased the toxicity of 2-DG through the downregulation of
HIF-1α in lung cancer cell lines.55 In addition, the HIF inhibitors digoxin and acriflavine were
shown to decrease resistance to cytotoxic chemotherapeutic agents paclitaxel and
gemcitabine in triple negative breast cancer cell lines.150 Therefore, inhibition of HIF-1
dimerisation could be highly advantageous as a therapeutic strategy by impairing the
metabolic plasticity of tumorigenic cells, increasing their sensitivity to chemotherapeutics.
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2.3

Adaptation of mammalian SICLOPPS system for transient
transfection

Stable integration into mammalian cell lines is a difficult, time-consuming process. The
availability of HEK-293 cells integrated with the FRT site for targeted integration facilitated
fast, reliable incorporation of the intein-peptide constructs on to the genome of the cell.
However, there are few cell lines currently available with this pre-integrated site. To enable
study of the effect of inhibition of HIF-1 dimerisation in a range of cancer cell types, the
feasibility of using transient transfection to deliver cyclo-CLLFVY was assessed. Transiently
transfected genes are not integrated into the host chromosome and so are not replicated with
the host genome, and are only expressed for 1-2 days. However, as the peptide was shown to
have an effect after 16 h treatment, this period should be sufficient to analyse the activity of
the peptide expressed from a plasmid. Variability in transfection efficiencies may also affect
the reproducibility of results, and therefore careful controls will be necessary to analyse
results.
A mammalian expression vector encoding the cyclic peptide CLLFVY as the extein between
Npu inteins with an in-frame CBD at the C-terminus of the N-intein was constructed. The
backbone from SV40-Luc was used, replacing the luciferase gene with the Npu-intein
construct to give SV40-Npu-CLLFVY (SV40-CLLFVY). To demonstrate expression of the NpuCLLFVY construct in MCF-7 cells, the DNA sequence encoding mCherry was cloned, in frame,
downstream of the N-intein resulting in an intein-mCherry fusion construct. The expression
of this construct in MCF-7 cells was visualised by fluorescent microscopy (Figure 111).
Although the fluorescent fusion protein permitted observation of intein expression, it does
not indicate whether the inteins were able to splice in vivo. Previous work in the integrated
cell line demonstrated that the inteins can splice in vivo and cyclise the peptide, and so this
was assumed in MCF-7 cells too.

Figure 111: Expression of intein-mCherry fusion protein in MCF-7 cells. MCF-7 cells were
transfected with pmCherry-Npu-CLLFVY and incubated for 24 h. Fluorescent signal indicated
transfection of the plasmid and expression of the Npu-CLLFVY-mCherry construct.
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To maintain a simple system that can be used in any cell line, the TetO2 was not included in
the construct. Repression at the TetO2 requires binding of the TET repressor molecule. The
gene for the TET repressor molecule (TetR) was stably integrated into T-REx-293 cells, so
TetR was endogenously expressed and repressed expression of integrated constructs in the
absence of Dox. Repression in MCF-7 cells would require co-transfection of a plasmid
expressing the TET repressor molecule, which would complicate assays and potentially result
in low reproducibility of results because of differences in transfection efficiencies. However,
physiological control of peptide expression was achieved via a HRE promoter. The NpuCLLFVY construct from SV40-CLLFVY was cloned into HRE-Luc, downstream of the HRE
promoter, replacing the DNA sequencing encoding luciferase. Expression of the Npu construct
in HRE-CLLFVY was therefore under the control of the HRE promoter.

2.3.1

Extraction of inteins from transiently transfected MCF-7 cells

In order to demonstrate intein splicing from the transiently transfected Npu-CLLFVY
construct, a pull-down assay was conducted on protein extracted from MCF-7 cells
transfected with SV40-CLLFVY. The proteins eluted from chitin binding beads were
visualised by Western immunoblotting. However, immunofluorescence imaging of the blot
did not show any bands. Western blotting is a sensitive technique; the enhanced
chemiluminescent (ECL) substrate used can detect low picogram levels of protein. However,
there is some loss of product during the chitin bead purification process, with a low amount
of material to start with, the percentage loss of material may have been too great. Instead,
total protein extracted from SV40-CLLFVY transfected cells visualised by Western
immunoblotting. Unfortunately, no bands were visible upon immunofluorescent imaging of
the blot. Probing of the blot with anti-β-actin HRP gave strong bands at the expected size,
verifying that protein extraction and transfer onto the nitrocellulose membrane was
successful.
Isolation of the inteins or peptide from mammalian cells may have been limited by the low
amount produced because of a low number of cells in the adherent cell layer. Synthetic Tatcyclo-CLLFVY has been shown to prevent the dimerisation between HIF-1α and HIF-1β in
MCF-7 cells.140 Assessment of downstream effects of inhibition of HIF dimerisation with
transfection of the Npu-P1 construct could allow indirect analysis of peptide expression and
its effect in MCF-7 cells.
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2.3.2

Activity of peptide expressed from transiently transfected construct in
MCF-7 cells

2.3.2.1

HRE dependent luciferase assay

The HRE-dependent luciferase assay was adapted to demonstrate the expression and splicing
of the Npu-CLLFVY construct and the activity of the peptide in MCF-7 cells. The reporter
construct used was HRE-Luc, where the expression of luciferase is controlled by a HRE.
Luciferase expression is only induced in hypoxic conditions where HIF-1α is stabilised and
can dimerise with HIF-1β forming the HIF-1 transcription factor. However, co-transfection of
HRE-CLLFVY would, if the intein construct is expressed and splices, prevent dimerisation of
HIF-1α and HIF-1β, preventing the formation of HIF-1 and so expression of luciferase from
HRE-Luc would be dampened, even in hypoxia.
Transfection was first optimised with the promoter vector SV40-Luc. Luciferase expression,
and therefore transfection efficiency, was highest when 200,000 cells were plated and
transfected with a 1:6 ratio DNA: transfection reagent (Figure 112). Therefore this cell
number and ratio was used for further MCF-7 experiments.
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Figure 112: Optimisation of transfection efficiency in MCF-7 cells. MCF-7 cells were plated at
100,000 or 200,000 cells per plate and transfected with a ratio of transfection reagent: plasmid (SV40Luc) of 6:1, 3: or 2:1, or with a water control and luciferase expression measured after incubation.
Experiments were conducted in triplicate (n=2). Error bars represent ±SEM.

The reporter construct HRE-Luc was co-transfected with HRE-CLLFVY or HRE- Scramble in to
MCF-7 cells. The luciferase plasmid SV40-Luc was also co-transfected in MCF-7 cells with the
intein-peptide encoding plasmids, to ensure any effect of the inhibitor construct was a result
of HRE dependent inhibition. The expression of luciferase in SV40-Luc is not dependent on a
HRE so inhibition of HIF-1 dimerisation should not affect luciferase expression. Each
luciferase construct was also co-transfected with pARCBD-Npu-CLLFVY, a bacterial
expression vector encoding the inhibitor that should not be expressed in MCF-7 cells, as a
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negative control. Transfected cells were incubated in hypoxia or normoxia for 16 h prior to
quantification of luciferase expression.
Co-transfection of HRE-CLLFVY with HRE-Luc resulted in a 2.4-fold decrease in luciferase
activity compared to the transfection of HRE-Luc with the control vector (Figure 113A),
suggesting that the Npu-CLLFVY construct is expressed in mammalian cells and successfully
splices to form the active cyclic peptide. Co-transfection of HRE-Scram with HRE-Luc did not
significantly impact luciferase activity, indicating that the decrease in luciferase activity with
HRE-CLLFVY transfection is caused by cyclo-CLLFVY, not the inteins. In addition, HRECLLFVY and HRE-Scramble did not significantly change the expression of luciferase under the
control of an SV40 promoter (hypoxia independent) element (Figure 113A). This
corroborates splicing of the inteins, to form the active peptide, cyclo-CLLFVY, which prevents
formation of the HIF-1 transcription factor, as the linear peptide has been shown to be
inactive.140
Interestingly, SV40 controlled luciferase expression was two-fold decreased in cells
incubated in hypoxic conditions compared to normoxic conditions (Figure 113B). This is in
contrast to results from T-REx cell lines where SV40 controlled luciferase expression was not
significantly different under hypoxia compared to normoxia. Similarly, in HeLa cells, SV40
promoted luciferase expression in hypoxia was not significantly different to expression under
normoxia.289 However, in A293T (human embryonic kidney) cells, SV40 promoted gene
expression from a transfected plasmid was 50 % lower under hypoxia than normoxia, and
this difference was a result of decreased nuclear transport of the transfected DNA.290 The
SV40 DNA targeting sequence has been shown to mediate nuclear transport of plasmid DNA
in a cell type specific manner,291, 292 which may result in differential activity of the SV40
promoter in hypoxia is different cell types.
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Figure 113: Expression of CLLFVY from a transiently transfected construct inhibits HREdependent luciferase expression. MCF-7 cells were co-transfected with either HRE-Luc or SV40-Luc
and either pARCBD-Npu-CLLFVY control plasmid, HRE-CLLFVY or HRE-Scram. Transfected cells were
incubated in hypoxia (A) or normoxia (B) for a further 16 h and luciferase activity measured. Data is
shown relative to luciferase expression with co-transfection of the control plasmid. Experiments were
performed in triplicate (n=3). Error bars represent ±SEM. Stars denote significant differences between
means: **p ≤ 0.01.

The impact of cyclo-CLLFVY on luciferase expression in MCF-7 cells was greater than that in
TREX cell lines. This may suggest more peptide expression from the transiently transfected
HRE-CLLFVY plasmid than the integrated construct in TREX cell lines. In stable transfection,
only one copy of the gene is present in each cell whereas with transient transfection, more
than one plasmid may enter each cell leading to multiple copies of the gene. Alternatively this
increased inhibition could be a result of the format of the experiment. Previously, issues were
encountered with this HRE dependent luciferase assay in TREX-HRE cells where luciferase
expression was induced before peptide expression. In this co-transfection format of the assay,
peptide and luciferase expression may be induced at the same time.
2.3.2.2

qRT-PCR of HIF-1 target genes

To further examine the activity of genetically-encoded cyclo-CLLFVY expression in MCF-7
cells, expression of downstream targets of HIF-1, VEGF and CAIX, were analysed by qRT-PCR.
MCF-7 cells were transfected with HRE-CLLFVY or HRE-Scramble and exposed to normoxia
or hypoxia for 16 h. Transfection of HRE-CLLFVY, and expression of cyclo-CLLFVY, supressed
VEGF expression 2.7-fold, decreasing its expression to normoxic levels (Figure 114A). CAIX
expression under hypoxia was reduced 1.4-fold by inhibition of HIF-1 dimerisation (Figure
114B), similar to that in T-REx-CLLFVY cells (1.3-fold).
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Figure 114: Transfection of HRE-Npu-CLLFVY decreases hypoxia-induced VEGF and CAIX
expression. MCF-7 cells were transfected with HRE-CLLFVY (CLLFVY), HRE-Scram (Scram) or a
negative control (pARCBD-Npu-CLLFVY; NC) and incubated in normoxia or hypoxia for 16 h, VEGF (A)
and CAIX (B) expression was quantified by qRT-PCR. Experiments were conducted in triplicate (n=3)
and results were normalised to expression of 18S and β-actin. Error bars represent ±SEM. Stars denote
significant differences between means: *p ≤ 0.05, ***p ≤ 0.001.

Hypoxic induction of VEGF and CAIX was higher in MCF-7 cells than T-REx-CLLFVY cells
(approximately five-fold and 275-fold in MCF-7 cells compared to three-fold and 80-fold in TREx-CLLFVY cells, respectively). Increased hypoxic induction could be due to lower
background expression and stabilisation of HIF-1αin MCF-7 cells leading to lower expression
of HIF-1 target genes in normoxia. qRT-PCR analysis of HIF-1α expression in MCF-7 and TREx-293 cells showed that normoxic expression of HIF-1α was 1.6-fold higher in T-REx-293
cells than MCF-7 cells (Figure 115). After 16 h hypoxia, HIF-1α expression increased 1.7-fold
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in MCF-7s and 1.4-fold in T-REx-293 cells.
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Figure 115: Expression of HIF-1α in MCF-7 and T-REx-293 cells. Cells were incubated in normoxia
(N) or hypoxia (H) for 16 h and HIF-1α expression analysed by qRT-PCR. Experiments were conducted
in triplicate (n=3) and results were normalised to expression of 18S and β-actin. Error bars represent
±SEM
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The activity of the genetically expressed peptide was compared to that of its synthetic
equivalent using previous work in MCF-7 cells with synthetic Tat-tagged cyclo-CLLFVY.140
When compared to qRT-PCR analysis of VEGF expression in MCF-7 cells dosed with synthetic
Tat-cyclo-CLLFVY, the 2.6-fold change in VEGF expression recorded in this study with cotransfection of HRE-CLLFVY, aligns with a synthetic peptide dose of ~50-100 µM.140 The
actual amount of peptide produced is likely less than this, as the 100 µM figure refers to the
concentration of peptide in the cell media rather than concentration in the cell. The
genetically-encoded peptide is produced directly in cells, so there is no issue with low cell
permeability of the peptide requiring a higher dose of the synthetic peptide to achieve the
same biological response. However, if the total concentration of peptide expressed from HRECLLFVY was assumed to be a maximum of 100 µM, this corresponds to 0.1 mg / mL of the
peptide.
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2.4

Specificity of peptide activity- transfection into 786-O cells

The transient transfection system was applied to 786-O cells to assess the specificity of cycloCLLFVY activity. 786-O renal carcinoma cells do not express HIF-1α;40this was verified
experimentally by qRT-PCR (Figure 116A). 786-O cells are also VHL deficient and thus
strongly express HIF-2α, which has been shown to activate the expression of VEGF and GLUT1 in hypoxia, whereas CAIX requires HIF-1α for transactivation.97, 265, 286, 293 qRT-PCR analysis
of mRNA extracted from 786-O cells exposed to hypoxia showed hypoxic upregulation of
VEGF and GLUT-1 but not CAIX (Figure 116B), therefore, GLUT-1 was used instead of CAIX as
a reporter gene of cyclo-CLLFVY activity for transfection studies in 786-O cells.
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Figure 116: HIF-1α and CAIX are not expressed in 786-O cells. 786-O and MCF-7 cells were
incubated in normoxia or hypoxia for 16 h. qRT-PCR was used to analyse expression of HIF-1α in both
cell lines (A) and VEGF, GLUT1 and CAIX expression in 786-O cells (B). Experiments were conducted in
triplicate (n=2) and results were normalised to expression of 18S and β-actin. Error bars represent
±SEM

786-O cells were transfected with the Npu-CLLFVY/mCherry construct and expression of the
construct visualised by fluorescent microscopy (Figure 117). 786-O cells were then
transfected with HRE-CLLFVY, or pARCBD-Npu-CLLFVY as a negative control, and exposed to
hypoxia for 16 h. VEGF and GLUT-1 expression, under hypoxia, in cells transfected with HRECLLFVY was not significantly different to that in untreated cells (Figure 118), suggesting
specificity of the peptide for HIF-1α over HIF-2α. In addition transfection of the peptide did
not impact normoxic expression of VEGF or GLUT-1.
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Figure 117: Expression of intein-mCherry fusion protein in 786-O cells. 786-O cells were
transfected with pmCherry-Npu-CLLFVY and incubated for 24 h. Fluorescent signal indicated
transfection of the plasmid and expression of the Npu-CLLFVY-mCherry construct.
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Figure 118: Transfection of Npu-CLLFVY construct into 786-O cells does not affect VEGF or
GLUT-1 expression. 786-O cells were transfected with pGL2-Npu-CLLFVY (+) or pARCBD-NpuCLLFVY as a negative control (-) for 24h then incubated in normoxia or hypoxia for 16h. VEGF (A) and
GLUT-1 (B) expression was analysed by qRT-PCR. Experiments were conducted in triplicate (n=3) and
results were normalised to expression of 18S and β-actin. Error bars represent ±SEM.
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2.5

Chapter 2 discussion

The response to hypoxia in mammalian cells is principally orchestrated by the HIF-1
transcription factor. Over 100 direct targets of HIF-1 have been identified and HIF signalling
is also linked to multiple other cellular pathways. HIF-1 activity is often de-regulated in
human cancers, and this is associated with tumour progression and resistance to
chemotherapy. Therefore, a detailed understanding of the role of HIF-1 in hypoxic response is
key to developing cancer therapeutics. Chapter 2 describes the construction and validation of
a mammalian expression system for the production of the HIF-1 dimerisation inhibitor cycloCLLFVY in mammalian cells (HEK-293). In addition, described in the chapter is the use of in
situ cyclo-CLLFVY production to study the effect of inhibition of HIF-1 dimerisation on the
transcriptional program and the metabolic flexibility of hypoxic HEK-293 cells.
Analysis of HIF-1 target genes was used to assess the downstream effect of inhibition of HIF-1
dimerisation. In T-REx-HRE cells, hypoxic induction of VEGF and CAIX expression was
reduced 1.3-fold after 16 h Dox treatment, and 1.7 and two-fold, respectively, after 24 h Dox
treatment. In contrast, there was no significant difference in VEGF and CAIX expression in TREx-HRE cells after 4 or 8 h Dox treatment. Expression of both target genes was similar to
that in normoxia at 4 and 8 h, then significantly increased compared to normoxia at 16 and 24
h. Together these results suggested that the level of inhibitory effect of cyclo-CLLFVY on HIF1 target gene expression was dependent on the timing of peptide and target expression in
hypoxia rather than the amount of peptide expressed. Such an effect was also noted for
Topotecan (a topoisomerase inhibitor with HIF-1 inhibitory activity) in U251 cells.260 Hypoxic
accumulation of HIF-1α protein was inhibited 70% by topotecan at 6 h and completely
abrogated at 24 h.260 However, many studies of HIF-1 inhibitors conduct hypoxic experiments
at only one time point.139, 140, 146, 148, 258 Consideration of temporal effects on the activity of HIF
inhibitors may aid translation of such compounds to the clinic by allowing optimisation of
dosing regime, or through the use of a compound with inducible activity.
Having demonstrated the inhibition of HIF-1 dimerisation by genetically-encoded cycloCLLFVY in T-REx-HRE cells, the role of HIF-2α in the system was analysed. Hypoxic induction
of VEGF was decreased in T-REx-HRE cells treated with HIF-2α siRNA, and a combination of
HIF-2α siRNA and Dox treatment significantly decreased VEGF expression further. When TREx-HRE cells were treated with Dox and HIF-2α siRNA, hypoxic VEGF expression was not
significantly different to that in normoxia. The same effect was recorded in T-REx-CLLFVY
cells. In contrast, HIF-2α siRNA had no significant impact on CAIX expression in hypoxia in TREx-HRE cells, whereas Dox treatment halved it, which is in agreement with reports of CAIX
as a HIF-1-specific target.97, 265
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Separating the effects of disruption of HIF-1 dimerisation and HIF-2-mediated transcriptional
activation allowed identification of VEFG as a target of both transcription factors and CAIX as
HIF-1-specific. Therefore it was hypothesised that this methodology could allow the
identification of other HIF-1 or HIF-2-specific targets in T-REx-HRE cells. A microarray was
used to gain an overall view of the effect of inhibition of HIF-1 dimerisation and of
knockdown on HIF-2α siRNA on the transcription of hypoxia-related genes in T-REx-HRE
cells.
Inhibition of HIF-1 dimerisation prevented expression of genes involved in angiogenesis,
ADM, ANGPLT4 and VEGFA, and erythropoiesis, EPO. Following Dox treatment of cells,
expression of ADM and EPO was decreased to normoxic levels, whereas following treatment
of cells with HIF-2α siRNA, there was no significant change. In contrast, although inhibition of
HIF-1 dimerisation significantly reduced ANGPLT4 and VEGF expression, three-fold and 1.7fold respectively, a combination of both Dox and HIF-2α siRNA treatments was required to
reduce gene expression to normoxic levels. These genes are well characterised as HIF
targets;87, 267, 268 these results suggest that ADM and EPO expression is principally mediated
by HIF-1 in these cells whereas ANGPTL4 and VEGF expression is transactivated by HIF-1 and
HIF-2, in hypoxia. Together, the inhibitory affect of cyclo-CLLFVY expression on genes
involved in the promotion of angiogenesis and erythropoiesis indicates the potential of
targeting HIF-1 dimerisation as a therapeutic strategy to prevent tumour vascularisation.
Expression of cyclo-CLLFVY also resulted in a decrease in a number of genes involved in
growth and proliferation. The expression of IGFBP1 and TGFBR2, genes involved in growth
factor signal transduction, was decreased following Dox treatment of cells. In addition,
following treatment of cells with Dox expression of synthases NOS1, NOS2A and NOS3 was
reduced. NOS2A and NOS3 have previously been identified as direct transcriptional targets of
HIF-1 and HIF-2,280-282 but these results suggest that NOS1 expression is also upregulated by
HIF-1 in hypoxia. NO stabilises HIF-1α protein in normoxic conditions and has been shown to
increase HIF-1 binding activity.83 HIF-1-mediated transactivation of NOS1 may result in
positive feedback of HIF-1 activity.
In contrast to genes involved in the promotion of growth and proliferation, the expression of
the tumour suppressor ING4 was increased following inhibition of HIF-1 dimerisation. ING4
has previously been shown to supress activation of HIF-1 through association with prolyl
hydroxylases.283 These results further demonstrate the altered behaviour of the cell line with
disrupted HIF-1 signalling.
Of note was the expression of NOTCH-1, which halved following Dox treatment but doubled
following HIF-2α siRNA treatment, suggesting positive regulation by HIF-1 but suppression
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by HIF-2. Contrasting properties of HIFs in NOTCH1 regulation have also been noted in
glioma stem cells. Notch signalling plays a key role in the maintenance of pluripotency in
stem cells and is required for hypoxia-induced maintenance of stem cell characteristics.108 In
glioma stem cells, HIF-1α activated Notch signalling HIF-2α repressed it. This difference was
attributed to differential (competitive) binding of the two transcription factors to Notch
intracellular domain receptors.107 Such conflicting roles of HIF isoforms underline the need
for specific therapeutics that can distinguish between them, such as cyclo-CLLFVY. In
addition, this data demonstrates the value of the cell line as a biological probe.
Inhibition of HIF-1 dimerisation and HIF-2α siRNA treatment also significantly impacted
upstream effectors of oxygen-dependent regulation of HIF-1. Following treatment with Dox,
the expression of PHD2 and PHD3 was decreased whereas HIF-2α siRNA treatment had no
effect. Expression of PHD2 and 3 has previously been shown to be induced by hypoxia, and
PHD1 expression has been shown to be constitutive, in a number of cell lines.39, 49 In U2OS
cells a two-fold induction of PHD2 and 3 expression in hypoxia was abrogated by transfection
of HIF-1α siRNA but not HIF-2α siRNA, suggesting that PHD2 and PHD3 are hypoxic targets
of HIF-1 only, in agreement with the array data.49 This concordance with of the effect of
inhibition of HIF-1 dimerisation via the genetically-encoded peptide, on hypoxic gene
expression, further supports the validity of this technique to study HIF-1 biology.
Similarly, treatment of cells with Dox resulted in a 1.3-fold decrease in FIH expression
whereas HIF-2α siRNA had no significant effect. HIF-1 is thought to mediate response to
acute hypoxia whereas HIF-2 is the prominent driver of adaptation to prolonged periods of
hypoxic conditions.78, 105 Upregulation of hydroxylases by HIF-1 in hypoxia allows more rapid
degradation of HIF-1α and HIF-2α upon reoxygenation, to prevent HIF-1-mediated
transactivation in normoxia. However, HIF-2 may have no such effect on hydroxylases
because it is associated with chronic hypoxia.
As cyclo-CLLFVY expression reduced the expression of many hypoxia-induced genes,
including those involved in growth factor signalling TGFBR2 and IGFBP1 and proliferation
DDIT4 and FRAP1, it was postulated that the peptide could impact cell growth. Expression of
cyclo-CLLFVY made no significant difference to the growth of T-REx-HRE or T-REx-Scram
(used as a negative control) cells in normoxia or hypoxia. However, when cells were
subjected to glucose deprivation, Dox treatment resulted in a significant decrease in T-RExHRE cell growth after 24- 72 h treatment in hypoxia. In contrast, Dox treatment made no
significant difference to cell growth of T-REx-Scram cells in hypoxia, or that of normoxic cells,
in glucose-free conditions. The hypoxia-focused microarray showed that hypoxic induction of
genes related to metabolism PRKAA1, PRKAA2 and GLUT8 were inhibited by Dox treatment.
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This downregulation of metabolism-regulated genes may increase sensitivity of T-REx-HRE
cells to glucose withdrawal leading to reduced cell growth.
There was also a significant difference in cell growth with Dox treatment of T-REx-HRE cells
incubated with 2-deoxyglucose (2-DG). T-REx-HRE cells continued to grow in the presence of
2-DG alone, but in combination with Dox treatment, cell growth was inhibited, further
indicating that inhibition of HIF-1 dimerisation decrease the metabolic flexibility of hypoxic
cells. Therefore targeting cancer cells with aberrant metabolic activity with HIF-1 inhibitors
may improve activity of therapeutics and decrease resistance to them.
The transcriptional micro-array and cell viability assays demonstrated the application of in
situ cyclo-CLLFVY production to studying HIF-1 pathways. However, it was noted that some
results that contrasted with findings in T-REx-HRE cells had previously been reported in
other cell lines. For example disruption of HIF-1 dimerisation by cyclo-CLLFVY led to the
identification of HIF-3α as a target of the HIF-2 transcription factor in hypoxia in T-REx-HRE
cells whereas HIF-3α had been identified as a target of HIF-1 in other cell lines. This
highlights the importance of studying HIF pathways in different cell lines to act as models for
different cancer phenotypes. To facilitate the application of this methodology to other cell
lines, the in situ cyclo-CLLFVY expression system was adapted for transient transfection of
the Npu-CLLFVY construct.
A vector encoding Npu-CLLFVY under the control of a HRE promoter was constructed. Cotransfection of this plasmid with HRE-Luc into MCF-7 cells resulted in a decrease in HRE
dependent luciferase expression, indicative of cyclo-CLLFVY expression and inhibition of HIF1 dimerisation in MCF-7 cells from the transiently transfected vector. In addition, transfection
of HRE-CLLFVY and into MCF-7 cells resulted in suppression of VEGF expression in hypoxia
to that recorded in normoxic MCF-7 cells. An inhibitory effect of HRE-CLLFVY transfection on
CAIX expression was also recorded. In contrast, transfection of HRE-CLLFVY into HIF-1α
deficient 786-O cells resulted in no significant difference in hypoxic VEGF or GLUT-1
expression, supporting the selectivity of the inhibitor peptide for HIF-1 over HIF-2. Together
these results demonstrate the ability to study inhibition of HIF-1 dimerisation in other cancer
cell lines via expression of cyclo-CLLFVY from a transiently transfected genetically-encoded
construct.
Overall, a novel technique to study the HIF-1 pathway in a tumorigenic cell line was
developed. A cell line expressing the HIF-1 dimerisation inhibitor cyclo-CLLFVY under a
hybrid HRE/TetO2 promoter was engineered and the peptide was shown to be active in cells.
Previous approaches to explore the HIF pathway by disrupting HIF-1 have targeted
transcription with techniques such as siRNA and antisense mRNA, but these methods prevent
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expression of HIF-1α or HIF-1β entirely, rather than specifically modulating their role in
hypoxia.237, 238 Evidence of roles of HIF-1α independent of its canonical function as a
transcription factor is emerging. For example, in U2OS cells and xenografts, HIF-1α was
shown to supress DNA repair by counteracting c-Myc transcriptional activity, in a mechanism
independent of HIF-1β.294 In addition, HIF-1α was found to bind to p53 via its ODDD and
disrupt p53 binding to DNA.295 These alternative roles of HIF-1α in hypoxia underlie the
advantage of specifically inhibiting HIF-1 dimerisation compared to genetic ablation of the
protein. Therefore the approach presented here has great potential to inform on monomer
functions of HIF-1α or roles of HIF-1α with binding partners other than HIF-1β. Furthermore,
not only is this cell line a useful tool to study HIF biology, it provides a framework
methodology that can be applied to other cyclic peptide inhibitors of mammalian signalling
pathways.
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Chapter 3:

Probing the epigenetic regulation of

HIF-1α
DNA methylation in cancer cell lines appears to dampen their response to hypoxia by
preventing binding of HIF-1 to the HREs of target genes and subsequent transcriptional
activation.94, 185 During normal mammalian development, cells experience hypoxic conditions
due to rapid cell division.242 This is comparable to cells in tumour tissue. Analysis of the
epigenetic control of these genes in embryonic DNA can shed light on their regulation in
cancer. As the epigenetic status of the HIF-1α HRE in developing tissue was unknown, the aim
of this section of work was to analyse the methylation status of HIF-1α and its target EPO in
embryonic DNA samples. The embryonic samples were bisulfite treated, then analysed by
methylation specific PCR (MSP) and bisulfite sequencing (BS).

3.1

Bisulfite conversion

Treatment of DNA with sodium bisulfite in basic conditions leads to conversion of
unmethylated cytosine residues to uracil by deamination at the C4 position of the pyrimidine
ring (Figure 119). However, 5-methyl-cytosine (5mC) does not react with sodium bisulfite as
the inductive effect of the methyl group at C5 prevents sulfonation at C6 and subsequent
deamination at C4.296-298 Bisulfite treated DNA can be used for downstream analysis of
methylation status. PCR amplification of the treated DNA will distinguish between methylated
and unmethylated native DNA. Unmethylated cytosine residues that have been converted to
uracil will base pair with adenine on the antisense strand and therefore be amplified by PCR
as thymine on the sense strand (Figure 120). 5mC however, which remains 5mC after
bisulfite treatment will base pair to guanine on the antisense strand and be amplified as
cytosine on the sense strand. Therefore, the methylation status of the native DNA can be
inferred from the bisulfite treated DNA by PCR with specific primers or sequencing of
resulting PCR amplicons.
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Figure 119: Mechanism of bisulfite conversion of cytosine to uracil. The pyridine ring is activated
by sulfonation, which in aqueous conditions results in deamination at the C4 position. Alkali conditions
lead to de-sulfonation and formation of Uracil.
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Figure 120:Bisulfite conversion followed by PCR allows differentiation of unmethylated and
methylated DNA. Unmethylated cytosine residues are converted to uracil and during PCR
amplification will base pair with adenine on the antisense strand and so be amplified as thymine on the
sense strand. Methylated cytosine residues will not be converted and so remain at cytosine residues in
the PCR amplified product.

3.2

Methylation specific PCR

In MSP, modified DNA is amplified with primers specific for methylated or unmethylated
DNA.299 Unmodified or incompletely modified DNA can also be distinguished, as there are
marked differences between these DNA sequences as cytosine methylation predominately
takes place at CpG dinucleotides in vertebrates.300 Therefore the presence of cytosine
residues that are not part of CpG dinucleotides in bisulfite treated DNA is indicative of failed
modification.301 In contrast, the presence of cytosine residues in CpG dinucleotides in treated
DNA shows methylation of these residues in native DNA. The primers are designed such that
in those specific for methylated DNA (M primers), the cytosine residues that are conserved
because of their methylation are placed at the 3’ end and in the primers specific for
unmethylated DNA (U primers), thymidine derived from converted cytosine residues are
placed at the 3’ end.302 This positioning results in greatest discrepancy between methylated
and unmethylated DNA because any mismatches will impede PCR amplification. Agarose gel
electrophoresis of PCR products should show products only for the primer set that match the
methylation status of the DNA.
Primers specific to methylated or unmethylated DNA were designed to amplify the 200 bp
region around the HRE of the HIF-1αgene using methprimer, a web-based primer design
software (Figure 121, Table 8).303 Each set of primers were used to amplify the HRE
containing region of the HIF-1α gene promoter from bisulfite converted MCF7 DNA. The HRE
of HIF-1α is unmethylated in MCF7 cell lines and therefore should only be amplified by the U
primer set.140
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Figure 121: Graphical representation of the region of the HIF-1α promoter analysed. The M and
U primers (1) amplify the portion of the CpG island in the promoter of HIF-1α that contained the HIF1α HRE.
Table 8: Sequences of M and U primers (1) for the 200 bp region surrounding the HIF-1α HRE.

Primer

Sequence

Left M primer (1)

5’GATGTATGTTTGGGATTAGGTAATC 3’

Right M primer (1)

5’TCAACTAAAACACAACTAAAACGAA 3’

Left U primer (1)

5’ TGTATGTTTGGGATTAGGTAATTGA 3’

Right U primer (1)

5’ ATCAACTAAAACACAACTAAAACAAA 3’

Surprisingly, there were no PCR products for either set of primers, despite varying the
annealing temperature of the reaction between 40 and 60 °C to optimise binding of primers
to the target DNA region. Low molecular weight bands were visualised for all samples,
particularly for the M primer pair (Figure 122). When the 3’ end of one primer anneals to
itself or to the second primer it can lead to primer extension, resulting in ‘primer-dimers’.
There is a degree of complementarity between the left and right primers of each set so the
primers could be forming primer dimers preferentially to priming the DNA for extension by
DNA polymerase. The addition of 5% DMSO and varying the concentration of MgCl2 did not
reduce primer dimer formation.
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Figure 122: Representative agarose gel electrophoresis visualisation of PCR products. PCR
amplification of bisulfite treated MCF7 DNA with M (A) and U (B) primer sets (1) only gave rise to
primer-dimer products. Here, annealing temperature was varied from 50 °C (lane 1) to 60 °C (lane 8).
Products are shown relative to a 2-log DNA ladder (lane L).
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Alternative primers with less hetero-complementarity were designed (Figure 123, Table 9).
They also contained more CpG sites, so that the M and U sets of primers were more dissimilar
and could distinguish between methylated and unmethylated DNA with more stringency.
Each set of primers was used to amplify bisulfite treated MCF7 DNA. Although there was less
primer dimer formation, there were still no products of the expected length of 200 bp (Figure
124).

Figure 123: Graphical representation of the region amplified by M and U primers (2). The
amplicon (325 bp) is larger than that of primers (1) but overlaps the same CpG island region of the
HIF-1α promoter.
Table 9: Sequences of alternative M and U primer sets (2) for amplification of HIF-1α HRE. The
primers have lower hetero-complementarity, and cover more CpG dinucleotide sites on the target DNA
than the M and U (1) primers.

Primer

Sequence

Left M primer (2)

5’AGGCGTAGAGTTTTTAGATTC3’

Right M primer (2)

5’AAACGAACAAAAACGAAAAC 3’

Left U primer (2)

5’TGTAGAGTTTTTAGATTT 3’

Right U primer (2)

5’AAATGAATAAAAATGAAAAT3’

GoTaq DNA polymerase (Promega) was used for PCR amplification, this is not a ‘Hot-start’
polymerase and this may be the cause of the lack of products. ‘Hot start’ polymerases are
coupled with an antibody that blocks polymerase activity at ambient temperatures. An initial
denaturation step is added to the reaction, prior to PCR cycling, in order to activate the
polymerase. This additional hot start step is useful for GC rich sequences as it allows the
highly stable DNA to denature more fully. The target region of DNA is GC rich (it is part of a
CpG island in the promoter of the HIF-1α gene), so the use of a hot start enzyme may be
beneficial. The bisulfite treated DNA was amplified with both sets of M and U primers with
Platinum Taq DNA polymerase (LifeTechnologies). With the HotStart enzyme no primer
dimers were formed, however, the target region was not amplified either.

134

Chapter 3
A

B

bp

bp

1000

1000

500

500

L

1

2

3

4

5

6

7

8

L

1

2

3

4

5

6

7

8

Figure 124: Representative agarose gel electrophoresis visualisation of PCR products. PCR
amplification of bisulfite treated MCF7 DNA with M (A) and U (B) primer sets (2) resulted in less
primer dimer formation but still no amplification of the HIF-1α HRE. Here, annealing temperature was
varied from 45 °C (lane 1) to 55 °C (lane 8). Products are shown relative to a 2-log DNA ladder (lane L).

This region of DNA may not be suitable for analysis by MSP as it is GC rich. The target might
not fully denature during PCR so primers cannot bind. Alternatively, the primers may not be
optimal for PCR because they contain regions of repeated residues. Repeats in the primers
can cause mis-priming and inefficient PCR amplification. As a specific region of DNA is
targeted, the design of the primers is limited so they cannot be improved further. As the MSP
was not successful despite extensively optimising PCR conditions including the primers and
polymerase, it was decided that bisulfite sequencing would be used to investigate the
methylation status of the HIF-1α HRE.

3.3

Bisulfite sequencing

3.3.1

Method optimisation

For bisulfite sequencing, bisulfite treated DNA is amplified by ‘universal’ primers: PCR
primers that amplify bisulfite treated DNA regardless of methylation status. The primers
target regions of the DNA that do not contain CpG dinucleotides so should not be different in
unmethylated or methylated DNA. The PCR amplification is conducted with a Taq family DNA
polymerase that has inherent non-template dependent terminal transferase activity that
preferentially adds a single deoxyadenosine residue to the 3’ ends of PCR products.304 This
allows the use of TA-cloning of the PCR products into plasmids for full-length sequencing.305
The use of a linearised ‘T’ vector that has single 3’ thymine overhangs on both ends allows
high efficiency cloning of PCR products without the need for restriction digest of the PCR
product. The vector is then sequenced over the region containing the insert. Cytosine
residues that were unmethylated in the native DNA would be tyrosine in the sequence
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whereas 5mC would still be cytosine in the sequence. Thus the methylation status of the
native DNA can be deduced.
Universal primers were designed to amplify the 220 bp region around the HIF-1α HRE in the
promoter region of the HIF-1α gene (Figure 125, Table 10). To validate the bisulfite
sequencing method, the methylation status of the HIF-1α HRE in MCF7 breast cancer cells
and HCT-116 colon cancer cells was first assessed. MCF7 DNA, known to contain an
unmethylated HIF-1α HRE,95 was used a negative control, and HCT-116 DNA, known to
contain a methylated HIF-1α HRE94 was used as a positive control.
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Figure 125: Graphical representation of the region of the HIF-1α promoter amplified by the
universal primers. An expanded view of the universal primer (Uni) amplicon shows the position of
the CpG dinucleotides analysed, relative to the TSS of HIF-1α.
Table 10: Primer sequences to amplify the region surrounding the HIF-1α HRE regardless of its
methylation status.

Primer

Sequence

HIF-1α Universal FP

5’TGATGTATGTTTGGGATTAGGTAAT3’

HIF-1α Universal RP

5’CTCTCAACCAATCAAAAAAC3’

PCR amplification of bisulfite treated genomic DNA with Platinum Taq DNA polymerase gave
the correct sized products when analysed by agarose gel electrophoresis (Figure 126A). The
enzyme was used for the remainder of PCR amplifications of bisulfite treated DNA. The HIF1α HRE fragments were then ligated into a pGem Easy-T vector (Promega) and cloned into
chemically competent DH5α cells. Colony PCR of resulting bacterial colonies confirmed that
the HIF-1α HRE fragments had been ligated into the vectors (Figure 126B). Sequencing of
recombinant plasmids verified that the cytosine residues in CpG dinucleotides in the HIF-1α
promoter region, and in particular, that the cytosine in the CpG dinucleotide in the HIF-1α
HRE (ACGTG) was unmethylated in MCF7s and methylated in HCT-116s in all three clones
sequenced (Figure 127).
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Figure 126: Visualisation of agarose gel electrophoresis of PCR products. (A) Amplification of
HIF-1α HRE region from MCF7 (lane 1) and HCT-116 (lane 2) genomic DNA using universal primers.
(B) Colony PCR of TA-cloned vectors containing HIF-1α HRE insert, from MCF7 (lanes 1-4) and HCT116 (lanes 5-9), all colonies contained the correct insert. Products are shown relative to a 2-log DNA
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Figure 127: Verification of bisulfite sequencing method. The HIF-1α promoter fragment was
amplified from bisulfite treated genomic DNA from MCF7 and HCT-116 cells and analysed by
sequencing. Each circle represents a CpG site (numbered relative to HIF-1α TSS), where white =
unmethylated and black = unmethylated. The CpG site within the HRE is highlighted with a red box.

3.3.2

Analysis of the HIF-1α HRE in developing tissue

The technique was the applied to embryonic DNA samples. The samples were from 4
different embryos (H1251, H1279, H1297 and H1328) and DNA was extracted from 5
different tissues from each (5 from bowel, brain, kidney, stomach, muscle, adrenal, lung or
tongue). Five clones for each of the 20 DNA samples were sequenced.
The 220bp region of the HIF-1α promoter amplified contains 15 CpG dinucleotides. The
sequencing data for each clone was analysed by BiQ analyser. This software compares the
sequencing file to the native DNA sequence and identifies sequences with a low bisulfite
conversion rate.306 Incomplete bisulfite conversion can lead to false positive results as some
unmethylated cytosine residues are not converted to uracil residues, therefore when they are
read as cytosine during sequencing, they are interpreted as methylated in the native DNA. As
cytosine methylation occurs predominately in CpG dinucleotides in vertebrates, if the
sequencing shows any methylated cytosine residues that are not in CpG dinucleotides, the
DNA sample was likely incompletely converted.301 If a sequence had an unacceptably low
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conversion rate (below 96%) it was discounted from the analysis. In addition, any incorrect
sequencing was discounted. The CpG island region of the HIF-1α promoter was largely
unmethylated; on average, 1.1% of CpGs were methylated (Figure 128).

138

-115

-161
-155
-149
-146
-139

-177
-174

-205

-215

-232

-241

-258
-251

-271

Tongue

Stomach

Muscle

Lung

Kidney

Adrenal

Brain

Bowel

-290

Chapter 3

Figure 128: Methylation status of HIF-1α HRE in DNA extracted from embryonic tissue.
Methylation status of each CpG site is represented by each circle, where white is unmethylated and
black is methylated. The numbered bars above represent the position of each CpG site in the promoter
region of HIF-1α, relative to its TSS. The CpG situated in the HIF-1α HRE is highlighted with a red box.
Each row represents data from one clone sequenced, clones are grouped by tissue: Adrenal, Bowel,
Brain, Kidney, Lung, Muscle, Stomach and Tongue; 5 clones of each DNA sample were sequenced.
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As the samples were from foetuses of similar age (55-59 days post conception), and no major
epigenetic events are thought to take place in this period of development,214 the samples
were grouped by tissue type rather than sample origin. Therefore the epigenetic status of the
HIF-1α promoter in the different tissues could be compared, in addition to an overall view of
the methylation status of HIF-1α promoter in embryonic cells.
There was no more than 2% methylation in each tissue (Figure 129B). The proportion of
methylated CpGs at each position of the HIF-1α promoter was more varied (Figure 129A),
with a maximum of 3.8% methylation at position -146 bp, and similarly 3.1% methylation at
position -241 bp, relative to the HIF-1α TSS. However the large errors associated with these
values indicate that methylation percentages at these positions are positively skewed by few
highly methylated samples, and they are not significantly different to unmethylated positions.
The CpG site in the HIF-1α HRE, 155 bp upstream of the HIF-1α TSS (Figure 128 and Figure
129A), was unmethylated in 99% of clones sequenced, suggesting that the HIF-1
transactivation loop is active in the embryonic tissue.

A

B
10

Percentage methylation

8
6
4
2

8
6
4
2

CpG position

Tongue

Stomach

Muslce

Lung

Kidney

Adrenal

-290
-271
-258
-251
-241
-232
-215
-206
-177
-174
-161
-155
-149
-146
-139
-115

Brain

0

0

Bowel

Percentage methylation

10

Tissue

Figure 129: Percentage methylation of CpG sites within the HIF-1α promoter region analysed.
Samples are grouped by CpG position relative to HIF-1α TSS (A) and tissue (B). Bars represent mean
proportion of methylated clones at each position of in each tissue ±SEM.

A methylation free HRE permits HIF-1α (as part of the HIF-1 complex) to transactivate its
own transcription and amplifies the activation of hypoxia response genes.94
Histoimmunochemical analysis of mouse embryos using the hypoxia marker pimonidazole
and its associated antibody have shown that hypoxic cells are widespread in the early stages
of embryo development, and that these hypoxic regions co-localise with HIF expression.307, 308
The bisulfite sequencing data suggests that the HIF-1α transactivation loop is active in
embryonic tissue, with the HIF-1 transcription factor able to bind to the unmethylated HRE
and upregulate expression of HIF-1α. Previous chromatin immunoprecipitation assays with
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HCT-116 cells have shown that HIF-1 is only recruited to an unmethylated HIF-1α
promoter.94 In addition, the methylation status of the HRE in particular has been shown to be
a key determinant of HIF-1-mediated transactivation of target genes.185, 235, 309 The lack of
methylation in these samples suggests that HIF-1 is active in embryonic tissue. This is
expected, as normal mammalian development occurs in an hypoxic environment and HIF
activates genes that are responsible for cell migration, differentiation, angiogenesis,
erythropoiesis and other key processes in development.11, 242, 276, 307, 308

3.3.3

Analysis of the methylation status of the HIF-1α HRE in adult tissue

To better understand the relevance of the methylation status of the HIF-1α HRE during
development, the methylation status of the sequence in (non-cancerous) adult tissue was
assessed. Cells in these tissues would typically be normoxic because of sufficient
vascularisation and regulated growth.243 The samples available were limited, so not all the
same tissue types that were analysed from embryonic tissue could be analysed from adult
tissue. Bisulfite sequencing was used to assess the methylation status of the HIF-1α HRE in
genomic DNA extracted from the adult tissue samples.
The promoter region of HIF-1α containing the HRE was unmethylated in the four tissue types
analysed (bowel, colon, skeletal and stomach; Figure 130). This result is contrary to previous
statements that the HRE of HIF-1α is usually supressed by methylation,94 however no
published data was found to support a default state of HRE methylation. In contrast, the HIF1α promoter was shown to be unmethylated in histopathologically unchanged colon tissue
and normal uterine cervical tissue consistent with the results here.310, 311 Interestingly, both
of these studies showed that, despite the presence of an unmethylated HRE, HIF-1α mRNA
and protein levels were low in normal tissue and upregulated in equivalent cancerous
tissue.310, 311
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Figure 130: Methylation status of HIF-1α HRE in adult tissue. Methylation status of each CpG site is
represented by each circle, where white is unmethylated and black is methylated. The numbered bars
above represent the position of each CpG site in the promoter region of HIF-1α, relative to its TSS. The
CpG situated in the HIF-1α HRE is highlighted with a red box. Each row represents data from one clone
sequenced, clones are grouped by tissue: Bowel, Colon, Skeletal and Stomach; 5 clones of each DNA
sample were sequenced.

3.3.4

Analysis of the methylation status of the EPO HRE in embryonic tissue

To evaluate whether the unmethylated status of the HIF-1α promoter was a reflection of
global demethylation of HREs in embryonic tissue, the methylation status of EPO was
analysed. The gene encoding EPO resides on chromosome 7, whereas the HIF-1α gene resides
on chromosome 14. There is no CpG island in the 3’ enhancer of EPO,185 but previous studies
have shown that hypermethylation in the 3’ enhancer region of EPO leads to a decrease in its
expression in primary cancer cell lines and that EPO requires an unmethylated HRE for HIF-1
binding and EPO transcriptional activation.185, 312, 313 EPO, the principal growth factor
regulating bone marrow differentiation and erythrocyte production, is a target of HIF-1.3
Therefore analysis of the methylation status of the EPO HRE will also give an insight into the
implication of the theorised positive autoregulation of HIF-1 in developing tissue.
Primers were designed to amplify the EPO HRE containing region of the EPO enhancer (Table
11). The methylation status of the HRE in the 3’ enhancer region of the EPO gene in
embryonic tissue samples was determined by bisulfite sequencing. The same bisulfite treated
DNA used in the HIF-1α study was used for evaluation of EPO to ensure consistency between
the analysis of the two genes. The amplified region of the EPO enhancer contains 5 CpG
dinucleotides (Figure 131). The sequencing data was analysed by BiQ analyser as with HIF1α, to discount erroneous results.
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Figure 131: Graphical representation of the region of the EPO enhancer amplified by the EPO
universal primers. An expanded view of the universal primer (Uni) amplicon shows the position of
the CpG dinucleotides analysed, relative to the 3’ polyadenylation site of EPO.
Table 11: Primer sequences to amplify the region surrounding the EPO HRE region regardless
of its methylation status.

Primer

Sequence

EPO Universal FP

5’TGGTAGTAGTGTAGTAGGTTTAGGTT3’

EPO Universal RP

5’AAATAAAACCACCTTATTAACCAAC3’

There was a high degree of methylation in the EPO enhancer, with overall 47% methylation
across all CpG sites (Figure 132). Therefore the unmethylated state of the HIF-1α promoter is
likely not indicative of global demethylation, but a result of specific epigenetic regulation in
the region. Interestingly, there were significant differences (ranging between 21% and 63%)
in the methylation state of individual CpG sites within the EPO enhancer for each tissue, and
between tissues (Figure 133). The CpG situated within the HRE of EPO had the lowest
average methylation in the locus studied; only 21%, compared to the average 47%, this value
was significantly lower than other EPO CpG sites, excepting the site adjacent to the EPO HRE
(97 bp downstream from the EPO 3’ polyadenylation site). The relative lack of methylation of
the CpG site in the EPO HRE indicates that despite methylation of the enhancer region,
binding of HIF-1 and transcriptional activation of EPO is still available.
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Figure 132: Analysis of the methylation status of the EPO enhancer via bisulfite sequencing.
Methylation status of each CpG site is represented by each circle, where white is unmethylated and
black is methylated. The numbered bars above represent the position of each CpG site in the promoter
region of EPO, relative to its 3’ polyadenylation site. The CpG situated in the EPO HRE is highlighted
with a red box. Each row represents data from one clone sequenced, clones are grouped by tissue:
Adrenal, Bowel, Brain, Kidney, Lung, Muscle, Stomach and Tongue; 5 clones of each DNA sample were
sequenced.
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Figure 133: Percentage methylation of CpG sites within the EPO promoter region analysed.
Samples are grouped by CpG position relative to EPO 3’ polyadenylation site (A) and tissue (B). Bars
represent mean proportion of methylated clones at each position of in each tissue ±SEM.
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Previous studies have shown that methylation of the CpG residue within the core HRE
(ACGTG) alone prevents binding of HIF-1 to the EPO enhancer region,185 indicating the
importance of the HRE in dictating HIF-1 association with DNA. The level of methylation in
the EPO enhancer varied between tissues from 29% in tongue to 65% in stomach (Figure
133B). This disparity between tissues may be a result of differing degrees of hypoxia
throughout the developing embryo. For example, areas of low oxygen are more consistently
detected in specific regions of the embryo such as the developing heart, gut and skeleton.242,
314

This is likely due the incredible growth and energy demands of these tissues.242 While the

molecular basis of such selective demethylation events are not clear, the increased
methylation in the region as a whole may dampen transcriptional activation by recruiting
methyl binding proteins and histone deacetylases, exemplifying the complexity of the
interlinking epigenetic mechanisms of gene regulation.312
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3.4

Chapter 3 discussion

There is increasing evidence that epigenetics play a crucial part in the cellular response to
hypoxia including the impact of the hypoxic environment on global histone and DNA
methylation patterns and the role of epigenetics in HIF stability and function.315-317 In
particular the methylation status of HREs in the DNA of HIF target genes has been
demonstrated to be a key determinant of HIF-1 binding to the promoters of these genes and
inducing their transactivation.185, 235, 309 One such target gene of HIF-1 is its subunit
component HIF-1α, leading to positive autoregulation of HIF-1 in hypoxia.94, 95 However, HIF1 is only recruited to an unmethylated HIF-1α promoter.94, 95 During mammalian
development cells experience hypoxia due to rapid division.307 Chapter 3 aimed to determine
the methylation status of the HIF-1α HRE in embryonic tissue in order to shed light on the
epigenetic regulation of HIF-1 in development. In addition, the methylation status of the HRE
in the 3’ enhancer of the EPO gene was assessed to aid understanding of the downstream
effects of HIF-1α autoregulation.
Bisulfite sequencing was used to analyse the methylation status of the DNA. The bisulfite
sequencing method was first verified by analysis of the HIF-1α HRE region from MCF7 and
HCT-116 genomic DNA, which were unmethylated and methylated respectively, as expected.
Subsequent evaluation of the methylation status of HIF-1α HRE region of embryonic DNA
showed the HIF-1α promoter was unmethylated and the CpG site within the HRE in
particular was unmethylated in 99% of clones analysed. This suggested that the HIF-1α
autoregulation loop was active in developing tissue.
Having established the methylation status of the HIF-1α HRE region in developing tissue, a
comparison to that in normal adult tissue was sought. Previous work in cancer cell lines has
shown that an unmethylated HIF-1α HRE allows positive autoregulation of HIF-1α (whereas
a methylated HRE prevents autoregulation).94, 95, 236 Therefore, it was hypothesised that in
normal adult tissue the HIF-1α HRE region would be methylated to prevent HIF-1-mediated
transactivation. However, bisulfite sequencing of this region from normal adult DNA revealed
an unmethylated HIF-1α promoter in all clones of all tissues analysed. This suggests that HIF1 is able to transactivate HIF-1α expression in these cells; however, this relies on the
stabilisation of HIF-1α protein to form the HIF-1 transcription factor. As cells experience
hypoxia during mammalian development, HIF-1α can be stabilised and a methylation free
HRE may lead to positive autoregulation. However, in normal adult cells, which are typically
normoxic, HIF-1α would be degraded via the PHD/VHL pathway preventing formation of
HIF-1.41 This was demonstrated in histopathologically unchanged colon tissue and in normal
uterine cervical tissue, where HIF-1α mRNA and protein levels were low despite the presence
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of an unmethylated HIF-1α HRE.310, 311 In addition, in the equivalent cancerous tissues, both
HIF-1α mRNA and protein levels were increased, suggesting transcriptional upregulation of
HIF-1α in addition to protein stabilisation.310, 311
To further understand the impact of the unmethylated status of the HIF-1α HRE in the
embryonic tissue analysed, the methylation status of the HRE of the HIF-1 target gene EPO
was assessed. There were varying degrees of methylation in the EPO enhancer region,
however, the CpG site with the EPO HRE displayed the lowest degree of methylation (21%),
more than half the average across all sites (47%) and significantly lower than most other
sites.. As HIF-1 binding to the EPO enhancer has been shown to require an unmethylated
HRE, the relatively low methylation at the EPO HRE CpG suggests that despite methylation in
the enhancer region as a whole, the HRE is still available for HIF-1 binding.185
Overall, these findings underline the importance of post-translational regulation of HIF-1α,
and suggest that there may be selective pressure for the HIF-1α HRE site to remain
methylation free, independent of HIF-1α expression. Selective pressure for an unmethylated
HRE independent of gene expression levels was also suggested for the EPO HRE, where a
methylation free EPO HRE was found in human cell lines and mouse tissues that do not
express EPO.185 Maintaining an unmethylated HRE (in the promoter of HIF-1α or HIF-1
target genes) may allow for more rapid recovery of oxygen homeostasis at the onset of
hypoxia.
.
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Chapter 4:

Conclusions and further work

The aim of chapter 2 was to extend current understanding of the role of HIF-1 dimerisation in
hypoxic response. This was achieved through the construction of mammalian cell lines that
expressed the HIF-1 dimerisation inhibitor cyclo-CLLFVY, which was cyclised in situ by
SICLOPPS. The peptide sequence was encoded downstream of a tetracycline operator
(TetO2), resulting in inducible expression with doxycycline (Dox). Physiological control of
peptide expression was achieved through the construction of a hybrid hypoxia response
element (HRE)/TetO2 promoter in T-REx-HRE cells. The cell line was used to study the effect
of inhibition of HIF-1 dimerisation on the transcription of HIF target genes under hypoxia. In
addition, the role of HIF-1 signalling in the metabolic activity of cells was explored. It was
found that inhibition of HIF-1 dimerisation increased cellular sensitivity to glucose
withdrawal and to inhibition of glycolysis in hypoxia. These results improve current
understanding of the HIF pathway but the methodology described, and its components, could
be applied to further study of hypoxia response and to other gene networks.
The engineered hybrid HRE/TetO2 promoter was used to control expression of the NpuCLLFVY construct in T-REx-HRE cells such that it was only expressed in hypoxia with Dox
treatment. This promoter could be highly advantageous in gene therapy applications in a
clinical setting where the ability to regulate gene expression tightly is vital. In gene therapy,
therapeutic genes are introduced into target cells with the aim of efficient, stable expression
with minimal cytotoxic side effects.318 The use of a HRE promoter for tumour selective gene
therapy has previously been suggested.319, 320 Such controlled expression could be used, for
example, for the expression of an enzyme that converts a non-toxic pro-drug into a drug in
hypoxic cells only.320, 321 Therapeutic DNA could be delivered via viral vectors, cationic lipids
or polymers. The use of the HRE/TetO2 promoter could lead to more specifically targeted
expression, as cells will also require the presence of Dox for gene induction. For such
applications, further characterisation of the kinetics of the HRE/TetO2 promoter would be
necessary. Visualisation of Npu-CLLFVY expression in T-REx-CLLFVY and T-REx-HRE cells
suggested differing kinetics of the CMV/TetO2 promoter (which has previously been
characterised)256 to the HRE/TetO2 promoter. Cloning of a reporter gene such as firefly
luciferase into the vector constructed here pcDNA5/HRE/CLLFVY, would give the expression
vector pcDNA5/HRE/Luc. Integration of pcDNA5/HRE/Luc in to the chromosome of T-ReX293 cells via Flp-FRT recombination would lead to a cell line that conditionally expressed
luciferase in hypoxia with Dox treatment. This cell line could be used to characterise the
response of the HRE/TetO2 promoter to Dox concentration and expression over time by
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monitoring luciferase activity. In addition, such a cell line would facilitate the characterisation
of the activation of the HRE promoter at differing concentrations of oxygen.
The hypoxia-focused microarray and cell viability assays demonstrated the T-REx-HRE cell
line as a novel, valuable tool to study the effect of HIF-1 dimerisation inhibition in cells.
Further experiments with the cell line could yield a wealth of information about HIF-1 in
hypoxic response. It is suggested that a wider transcriptional array be carried out,
particularly examining the effect of HIF-1 dimerisation inhibition on the expression of
glycolytic genes. Cell viability assays in T-REx-HRE cells suggested that HIF-1 dimerisation
inhibition increased cellular sensitivity to glucose withdrawal and information on the causes
of these effects can be found by transcriptional analysis of genes involved in glycolysis and
the tricarboxylic acid cycle. In addition, analysis of the proteome of hypoxic T-REx-HRE cells
will show the downstream effects, at the protein level, inhibition of HIF-1 dimerisation. For
these studies, it would be interesting to also treat cells with HIF-1α siRNA. HIF-1α siRNA
would prevent HIF-1α protein production, so comparison of the effect of HIF-1α knockdown
to inhibition of HIF-1 dimerisation on the transcriptome and proteome of the cells, would
identify monomer functions of the α subunit. Furthermore, treatment of cells with both HIF1α siRNA and endogenously expressed cyclo-CLLFVY would target the HIF-1 pathway at both
the mRNA and protein levels.
Cell viability assays of T-REx-HRE cells also showed that disruption of HIF-1 dimerisation
resulted in increased growth inhibition by the glycolysis inhibitor 2-DG. Upregulation of HIF1α has been associated with poor prognosis and resistance to chemotherapy and inhibition of
HIF-1 signalling has been shown to increase activity of and decrease resistance to a number
of chemotherapeutic agents. The T-REx-HRE cell line provides a facile method of testing the
activity of therapeutic agents with and without disruption of HIF signalling. The MTT assay
used is a convenient, inexpensive method to assess cell viability however it does not provide
information on the mechanism of cell death. The use of an alternative assay, such as
ApoToxGlo assay (Promega) would allow multiplex detection of viability, necrosis and
apoptosis in cells.322 Alternatively, cells could be stained with a dye such as fluorescein
conjugated to the protein annexin A5 which binds to cells that have expressed
phosphatidylserine on the cell surface, which is characteristic of apoptosis.323 Flow
cytometery could be used to quantify the number of cells undergoing apoptosis following
treatment.
The T-REx-CLLFVY and T-REx-HRE cell lines provide novel tools to study the hypoxia
pathway by expression and in situ cyclisation of the HIF-1 dimerisation inhibitor CLLFVY.
However, this methodology is not limited to this cyclic peptide. A 6-mer cyclic peptide that
inhibits HIF-1 and HIF-2 dimerisation has recently been identified in the Tavassoli
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laboratory. Integration of this inhibitor as the extein sequence between Npu split inteins
would result in a cell line expressing this the peptide, induced by doxycycline and cyclised in
situ by SICLOPPS as with cyclo-CLLFVY in T-REx-CLLFVY cells. These two cell lines could be
used to compare and contrast the effect of inhibiting HIF-1 only and inhibiting HIF-1 and HIF2.
Furthermore, the methodology is not limited to the HIF pathway; it has wide ranging
applications to directly study the cellular consequences of inhibiting any protein-protein
interaction with a suitable cyclic peptide. For example the peptide cyclo-SGWTVVRMY
(CP61), a potent inhibitor of C-terminal binding protein (CtBP) dimerisation identified
through screening of a SICLOPPS library in a bacterial RTHS.154 CtBP1 and CtBP2 are closely
related, evolutionarily conserved, transcriptional co-repressors that have been linked to
tumourigenesis and tumour progression.324 A well as CtBP dimers, a number of distinct roles
of CtBP monomers have been identified, demonstrating the value of a CtBP dimerisation
inhibitor to study CtBP mediated gene expression, compared to siRNA techniques.325, 326 The
integration of the CP61 sequence as the extein sequence between split inteins onto the
chromosome would allow facile study of the role of CtBP dimers and monomers on tumour
progression, in particular on the expression of tumour suppressor genes.
Chapter 3 aimed to expand the knowledge of the transcriptional regulation of HIF-1 in
developing tissue by analysis of the methylation status of the HIF-1α and EPO HREs. This was
achieved through bisulfite sequencing of the HRE containing region of the HIF-1α promoter,
which was unmethylated, and the EPO enhancer, which was partially methylated. Also,
bisulfite sequencing of the HIF-1α promoter from normal adult tissue revealed the HRE was
unmethylated in these samples too. These results suggested the HIF-1α transactivation loop
was active in developing tissue and that this could lead to increased expression of HIF-1
target genes such as EPO. In addition, partial methylation of the EPO HRE in embryonic tissue,
and the lack of methylation of the HIF-1α HRE in adult tissue highlighted the importance of
post-transcriptional regulation of HIF-1α expression.
Sequencing of the HRE regions of other HIF-1 target genes such as VEGF and CAIX would
allow these conclusions to be expanded upon. The analysis of methylation status of the HIF1α HRE in adult tissue was limited by the samples available. Further bisulfite sequencing of
this region from different adult tissue types would allow a more detailed comparison of cell
function and HIF-1α HRE methylation status. In addition, the use of tissue types with direct
tumorigenic cell line equivalents would allow direct analysis of the effect of tumourigenesis
on the methylation status of HIF-1.310, 311
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Chapter 5:
5.1
5.1.1

Materials and methods

Equipment
Molecular Biology

All equipment and media was sterilised in a Touchclave-R autoclave (LTE Scientific Ltd, UK).
A Hydrus 300 pH meter (Fisher Scientific, UK) was used to measure pH of buffers. A Cary 100
Bio UV-Visible Spectrometer (Agilent Technologies, UK) was used to measure optical density
of cell cultures.
Bacterial cultures were centrifuged in a ThermoScientific Heraeus Biofuge Primo R. A
Nanodrop ND-1000 Spectrometer (Nanodrop technologies, USA) was used to measure
nucleic acid concentrations. Enzyme X was used for choosing restriction sites and to aid
primer design and pDraw software was used to calculate annealing temperatures for primers
for PCR reactions. Standard PCR reactions were carried out on a Bio-Rad MyCycler™ Thermal
Cycler (Bio-Rad, USA). Reverse transcription reactions were carried out on a Mastercycler
personal (Eppendorf, UK). A Bio-Rad CFX Connect Real Time System was used to carry out
qRT-PCR reactions. The associated CFX software was used to set the threshold for CT
calculations. Agarose gels were run with Bio-Rad sub-cell systems and power packs. Quantity
One software and a Bio-Rad Gel Doc were used to image the gels. SDS-PAGE electrophoresis
and Western blotting was carried out using a Bio-Rad Mini Protean 3 Cell system and power
pack. DNA purification was carried out using GeneJET miniprep and GeneJET PCR purification
kits (both ThermoScientific, UK). DNA gel purification was achieved with GeneJET gel
extraction kits (ThermoScientific, UK). Sequencing and primer synthesis were carried out by
Eurofins MWG Operon (Germany).

5.1.2

Cell Culture

Mammalian cells were incubated in normoxia in a HeraCell 150I incubator (Fisher Scientific,
UK). Mammalian cells were incubated and manipulated under hypoxia in a H35
Hypoxystation (Don Whitley Scientific, UK). A Trinocular Inverted Microscope for 96 well
plates (Fisher Scientific, UK) was used to view mammalian cells. Mammalian cell cultures
were centrifuged in a Heraeus Biofuge Primo Centrifuge (ThermoScientific). Plates were
agitated on a IKA VIBRAX VXR basic orbital shaker. Fluorescence microscopy was carried out
on a Zeiss Axio Vert.A1 microscope fitted with a HXP 120V light box and 10X, 20X and 40X
phase contrast objectives. Zeiss fluorescence filter sets used (with excitation/ emission
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wavelengths in nm) were: Filter set 02 (365/420), Filter set 31 (565/ 620) and Filter set 46
(500/535).
RNA extraction and purification was carried out with Reliaprep RNA Miniprep systems
(Promega, UK). Luciferase activity was measured using a GLOMAX MULTI+ detection system
(Promega, UK). Cells were sonicated in a Clifton Ultrasonc SW1H Bath.

5.1.3

Peptide synthesis

Reverse phase HPLC was carried out on a Waters HPLC system (Waters, UK). Samples were
manually injected into a Waters flex inject system into the HPLC system containing a Waters
1525 binary pump. Elution was monitored by a Waters 2998 photo diode array detector at
220 nm (amide backbone) and 280 nm (aromatic amino acids). Solvent was removed in vacuo
on a Buchi rotary evaporator.
ESI-MS samples were analysed using a ZMD (Waters, Manchester, UK) mass spectrometer
equipped with a single quadrupole analyser. Electrospray ionisation mass spectrometry (ESIMS) samples were analysed using a ZMD (Waters, UK) mass spectrometer equipped with a
single quadrupole analyser, samples were injected via flow injection using a Waters 600
pump (flow rate 0.1 ml /minutes MeCN) and Waters 2700 autosampler.

5.2

Materials

All chemicals were purchased from Fisher Scientific (UK), unless otherwise stated.
Restriction enzymes and buffers were bought from New England Biolabs (UK). Polymerase
enzymes were purchased from Promega (UK) or Life Technologies (UK). Primers were
synthesised by Eurofins MWG Operon (Germany). Mammalian cell culture reagents were
bought from Life Technologies (UK). MCF7 cells were gifted by Dr. Jeremy Blades’ Group
(Southampton General Hospital, UK). T-REx-293 cells were gifted by Dr Noel Howarth
(Institute for Life Sciences, Southampton, UK). RNA purification and reverse transcription
reagents were purchased from Promega (UK). TaqMan qRT-PCR reagents were purchased
from Life Technologies and SYBR qRT-PCR reagents from Promega (UK). For peptide
synthesis all amino acids and Wang resins were purchased from Novabiochem, UK or Matrix
Innovations, Canada. All DMF and acetonitrile used was HPLC grade, purchased from Fisher
Scientific, UK.
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5.3

Statistical analysis

Statistical analysis of data was performed with Prism 6 (GraphPad Software Inc.). Statistical
significance was evaluated with an unpaired t-test for comparisons between two means and
analysis of variance followed by Bonferroni method for multiple comparisons. A value of P
<0.05 was considered to denote statistical significance. Significant differences between
means are indicated on figures, *P ≤0.05, **P ≤0.01, ***P ≤0.001 or ****P≤0.0001.

5.4
5.4.1

General methods for Molecular Biology
Preparation of Luria Broth (LB) Medium

A suspension of 6.25 g of LB powder in 250 mL deionised water was autoclaved at 121°C on
the media cycle and left to cool to room temperature prior to use.

5.4.2

Preparation of Luria Broth (LB) Agar plates

A suspension of 10 g LB agar powder in 250 mL deionised water was autoclaved at 121°C on
the media cycle. Prior to use, the LB agar was melted in a microwave and allowed to cool to
approximately 50°C before the relevant antibiotic was added. Around 25 mL of agar was used
for each plate.

5.4.3

Preparation of SOC Medium

To 50 mL of freshly autoclaved LB broth, 500 μL 1 M MgCl2, 500 μL MgSO4 and 500 μL 20%
glucose solution (w/v) were added. All solutions were made with autoclaved deionised
water. The solution was filtered through a 0.22 μm sterile filter (Millipore, UK) and stored in
10 mL aliquots at 4°C.
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5.4.4

Preparation of Antibiotics

The antibiotics used were made up to the concentrations shown in Table 12 using sterile
deionised water and filtered through a 0.22 μm sterile filter (Millipore, UK) and stored at 4°C.
Table 12: Concentrations of antibiotics used.

Antibiotic

Stock concentration

Volume for 10 mL

Working

(mg/mL)

culture (μL)

concentration
(μg/mL)

Ampicillin

20

50

100

Chloramphenicol

10

35

35

5.4.5

Preparation of TBFI buffer

The buffer was prepared according to the quantities given in Table 13. The resulting solution
was then adjusted to pH 5.8 with 1% acetic acid and made up to 200 mL with sterile
deionised water.
Table 13: Composition of TBFI buffer.

Component

Quantity

Final concentration

Calcium chloride

0.29 g

10 mM

Manganese chloride

2.00 g

50 mM

Potassium acetate

0.59 g

30 mM

Rubidium chloride

2.42 g

100 mM

Glycerol

30 mL

15% v/v
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5.4.6

Preparation of TBFII buffer

The buffer was prepared according to the quantities given in Table 14. The resulting solution
was then adjusted to pH 6.5 with 1 M NaOH and made up to 100 mL with sterile deionised
water.
Table 14: Composition of TBFII buffer.

Component

Quantity

Final concentration

MOPS

0.21 g

10 mM

Calcium chloride

1.10 g

10 mM

Rubidium chloride

0.12 g

75 mM

Glycerol

30 mL

15% v/v

5.4.7

Strains and plasmids

DH5α (chromosomal genotype:fhuA2 lac(del)U169 phoA glnV44 Φ80' lacZ(del)M15 gyrA96
recA1 relA1 endA1 thi-1 hsdR17) was from the E. coli Genetic Stock Centre (Yale, USA).
pARCBD-Npu was constructed by J. Townend, University of Southampton. pcDNA5/FRT/TO,
pIRES2-eGFP and pOG44 were kind gifts from Dr. N. Wortham, University of Southampton.

5.4.8

Preparation of E. coli Strain Culture Stocks

Stocks of each strain were prepared by adding 100 μL dimethyl sulfoxide (DMSO) to 900 μL
of the culture (grown from a single colony from a plate, in 10 mL LB broth with the relevant
antibiotic, overnight). The stocks were stored at –80°C. Strains were re-grown by inoculating
10 mL LB broth, containing the relevant antibiotic, with a small amount of the frozen stock.

5.4.9

Preparation of Chemically Competent Bacterial cells

A culture of the strain was grown by inoculating 10 mL LB broth with a small amount of the
frozen stock and incubated overnight at 37°C, with agitation. The overnight culture was then
used to make a 1% culture in 250 mL LB broth and incubated at 37°C, with agitation, until an
OD600 of 0.5-0.7 was reached. The culture was then centrifuged (3100 rpm, 4°C, 15 minutes)
to pellet the cells. The supernatant was discarded and the cell pellet resuspended in 5 mL
TBFI buffer before repeating centrifugation. The supernatant was discarded, and the cell
pellet resuspended in 1 mL TBFII buffer. The cell solution was then flash frozen in aliquots of
100 μL in PCR tubes and stored at -80°C.
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5.4.10

Bisulfite treatment of DNA

DNA was bisulfite treated using Imprint DNA modification kit (Sigma Aldrich, UK) according
to the manufacturers instructions.

5.4.11

General procedure for PCR

Genes for cloning were amplified by the polymerase chain reaction (PCR) using the general
procedure in Table 15.
Table 15: Reagents for general PCR reaction.

Component

Volume (μL)

Final concentration

Polymerase buffer (5X or 10X)

5 or 10

1X

dNTP mix (10 mM)

2

200 μM

Forward primer (10 pmol/μL)

2

0.2 μM

Reverse primer (10 pmol/ μL)

2

0.2 μM

Template

1

Variable

DNA polymerase

0.1-1

~1.25 units

Deionised water

Up to 50 μL

All reagents were allowed to thaw completely, on ice. The buffer, primers and dNTPs were
mixed with a vortex and briefly centrifuged before use. The reaction was run on a
thermocycler according to the protocol in Table 16 or as described in the enzymes’ general
protocol (from the manufacturers’ website).
Table 16: General running protocol for PCR reactions. The annealing temperature 'X' varies
depending on the melting temperature of the primers. The extension time ‘Y’ varies according to the
product length.

Step

Temperature (°C)

Time

Cycle

Initial denaturation

95

6 minutes

1

Denature

95

30 s

Anneal

X

30 s

Extend

72

Y

Final extension

72

5 minutes
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5.4.12

General procedure for colony PCR

A 10 μL scale PCR reaction was made up on ice as described in Table 17 and half a colony
picked off a plate was added as the template.
Table 17: Reagents for colony PCR reaction.

Reagent

Volume (μL)

Deionised water

6.25

GoTaq 5X green buffer

2

dNTPs (10 mM)

1

Forward primer (10 pmol/ μL)

0.25

Reverse primer (10 pmol/ μL)

0.25

GoTaq DNA polymerase

0.05

Template

Colony

All reagents were allowed to thaw completely, on ice. The buffer, primers and dNTPs were
mixed with a vortex and briefly centrifuged before use. The reaction was run on a
thermocycler according to the protocol in Table 18.
Table 18: Running protocol for colony PCR reactions. The annealing temperature ‘X’ varies
depending on the melting temperature of the primers. The extension time ‘Y’ varies according to the
product length.

Step

Temperature (°C)

Time

Cycle

Initial denaturation

95

6 minutes

1

Denature

95

30 s

Anneal

X

30 s

Extend

72

Y

5.4.13

25

General procedure for qRT-PCR

qRT-PCR was carried out using TaqMan gene expression assays (Invitrogen, UK) specific to
the gene being studied. Reactions were prepared according to the proportions given in Table
19, per sample, for each gene expression assay. All samples were run in triplicate, alongside a
no template control and two housekeeper genes.
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Table 19: Reagents for TaqMan qRT-PCR reactions.

Reagent

Vol (μL)1X

cDNA

1

2X TaqMan gene expression master mix

10

20X TaqMan gene expression assay

1

Nuclease free water

Up to 20 μL

Reactions were set up in the dark, as the fluorophore on the TaqMan probes are light
sensitive. The 20 μL PCR samples were loaded into a 96 well plate, taking care not to allow
any bubbles to form in the wells and the plate was sealed. The plate was loaded into the qRTPCR instrument immediately, and run according to the protocol given in Table 20. Relative
quantitation of gene expression was calculated using the comparative CT method (∆∆CT) and
normalised to the expression of the housekeeper genes.
Table 20: General running protocol for qRT-PCR reactions.

Step

Temperature (°C)

Time

Hold

50°C

2 minutes

Initial denature

95°C

10 minutes

95°C

15 s

60°C (+ plate read)

1 minute

Hold

95°C

10 s

Melt

65°C to 95°C, increment 0.5°C for 5 s

5 s per increment

Cycle (x 40)

(Melt curve starts)

each (+ plate read)
END
Alternatively, qRT-PCR was carried out using GoTaq qRT-PCR master mix. With primers
specific for the gene (or integrated construction) being studied. For qRT-PCR of inteins FP:
GTTGTTAAGCTTGGCCGCCACCATGGGCATG and RP:
GGAATTCAAGCTTTCATTGAAGCTGCCACAAGG were used. For qRT-PCR of β-actin FP:
ATTGGCAATGAGCGGTCCCG and RP: AGGGCAGTGATCTCCCTCTG. Reactions were prepared
according to the proportions given in Table 21, per sample, for each primer pair. All samples
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were run in triplicate, alongside a no template control, expression of β-actin was used to
normalise expression of the inteins.
Table 21: Reagents for SYBR qRT-PCR reactions

Reagent

Vol (μL) 1X

GoTaq qRT-PCR Master Mix

25

Nuclease free water

Up to 40

FP (10 pmol/ µL)

1.25

RP (10 pmol/ µL)

1.25

cDNA was diluted 1:10 in sterile dH2O and 10 µL added to appropriate wells. qRT-PCR master
mix was added to each well, the plate sealed and run according to the protocol above (Table
20).

5.4.14

General procedure for site directed mutagenesis

Mutation of a single base pair on a plasmid was achieved by site-directed mutagenesis.
Primers were designed with the desired mutation at the centre of the primer, flanked by 15
bp of the plasmid sequence either side of where the mutation. Forward and reverse primers
were complementary to each other such that they annealed to complimentary locations on
opposite strands of the template.
A PCR reaction was set up on ice as described below (Table 22).
Table 22: Reagents for site directed mutagenesis PCR reaction.

Reagent

Quantity

Pfu DNA polymerase buffer (10X)

5 µL

dNTP mix (100 mM)

1 µL

Forward primer (10 pmol/μL)

1.25 µL

Reverse primer (10 pmol/ μL)

1.25 µL

Template

50 ng

DNA polymerase

1 µL

Deionised water

Up to 50 μL
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All reagents were allowed to thaw completely, on ice. The buffer, primers and dNTPs were
mixed with a vortex and briefly centrifuged before use. The reaction was run on a
thermocycler according to the protocol given in Table 23.
Table 23: Running protocol for site directed mutagenesis PCR. The annealing temperature ‘X’
varies depending on the melting temperature of the primers. The extension time ‘Y’ varies according to
the product length: 1 minute/kb plasmid length.

Step

Temperature (°C)

Time

Cycle

Initial denaturation

95

2 minutes

1

Denature

95

30 s

Anneal

X

1 minute

Extend

68

Y

Final extension

68

20 minutes

18

1

The reaction was cooled to 37°C and treated with 2 µL DpnI (37°C, 3 hours). The reaction was
then purified and transformed into DH5α chemically competent cells.

5.4.15

General procedure for Reverse Transcription

Reverse transcription (RT) reactions were carried out using GoScript cDNA synthesis kit
(Promega, UK). The kit components and purified RNA were defrosted in an ice/water bath.
Each component was briefly mixed and centrifuged before use. RNA/ primer mix was
prepared on ice for each reaction according to the quantities in Table 24. The mix was heated
at 70°C for 5 minutes then chilled in ice/water for 5 minutes and centrifuged for 10 s to
collect the condensate.
Table 24: Reagents for RNA/primer mix for reverse transcription reaction.

Reagent

Quantity

Experimental RNA

1 μg

Primer oligo dT (500 μg/ mL)

1 μL

Random primer (500 μg / mL

1 µL

Nuclease free water

To 11.5 μL

A reverse transcription master mix was prepared on ice for each reaction, according to the
quantities in Table 25. 8.5 μL of reverse transcription mix was added to each RNA/primer
mix sample on ice for a final reaction volume of 20 μL. The reaction was run on a
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thermocycler according to the protocol in Table 26. The cDNA was then used for qRT-PCR
reactions or stored at -20°C.
Table 25: Reagents for master mix for reverse transcription reaction.

Reagent

Volume (μL)

GoScript 5X reaction buffer

4.0

MgCl2 (25 mM)

2

dNTPs (10 mM)

1

RNasin (40 U/ μL)

0.5

GoScript reverse transcriptase

1

Table 26: Running protocol for reverse transcription reaction.

Step

Temperature (°C)

Time

Anneal

25

5 minutes

Extend

42

1h

Reverse transcriptase

70

15 minutes

inactivation

5.4.16

Preparation of Plasmids

The strain containing the plasmid was grown from the frozen stock in 10 mL LB broth with
the relevant antibiotic at 37°C with agitation, overnight. The culture was centrifuged (3100
rpm, 4°C, 15 minutes) to pellet the cells, and the pellet was then gel purified.

5.4.17

General Procedure for Restriction Digests

Restriction digests of plasmids/ PCR products were set up as detailed below (Table 27). All
reagents were allowed to thaw completely and the buffer was thoroughly mixed with a vortex
mixer prior to use.
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Table 27: Reagents for restriction digest of plasmid/ PCR product.

Reagent

Quantity

Plasmid/ PCR product

500 ng

Appropriate buffer

5 μL

BSA (if required)

5 μL

Restriction enzyme 1

1 μL

Restriction enzyme 2

1 μL

Deionised water

Up to 50 μL

Information on the buffer and BSA requirements and the time for digestion was found on the
NEB website. The digestions were carried out at 37°C in a water bath for the time required by
each enzyme. This was followed by heat inactivation as stated in the enzyme properties on
the NEB website. The digestion were then analysed and purified by agarose gel
electrophoresis.
Dephosphorylation of digested plasmids using thermosensitive alkaline phosphatase
After heat inactivation of the digested plasmid, 1 μL of thermosensitive alkaline phosphatase
(TSAP) was added directly to the reaction mixture, and the reaction incubated at 37°C for a
further 45 minutes. The TSAP was irreversibly inactivated by heating at 74°C for 15 minutes.
The digested, TSAP treated plasmid was then analysed and purified by agarose gel
electrophoresis and gel purification using the GeneJET gel purification kit, according to the
manufacturer’s instructions.

5.4.18

Preparation of Agarose Gels for Electrophoresis

1% agarose gels were prepared by dissolving 1 g of agarose in 100 mL tris-acetate-EDTA
(TAE) buffer (Table 28) by heating in a microwave. The solution was left to cool for 10
minutes then 2 drops of ethidium bromide solution (0.625 mg/ mL) were added and the
solution swirled before pouring into an appropriate mould and allowing to set.
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Table 28: Composition of TAE buffer for agarose gel electrophoresis.

Component

Quantity

Final concentration

Tris base

242 g

2M

Glacial acetic acid

57.1 mL

1M

EDTA (0.5 M)

100 mL

50 mM

Deionised water

Up to 1 L

The samples (generally 5 μL mixed with 1 μL loading dye) were loaded onto the gel with 2Log DNA ladder (NEB, UK)

5.4.19

Gel Purification of digested DNA

DNA was extracted from agarose gels and purified using GeneJET gel extraction kit
(ThermoScientific, UK) according to the manufacturer’s instructions.

5.4.20

Preparation of SDS-PAGE gels for protein visualisation

A Mini Protean 3 Cell instrument (Bio-Rad, UK) was used according to the manufacturers
instructions to carry out sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE). SDS-PAGE gels (10 or 15%) were made using the quantities shown in Table 29and
Table 30. The resolving gel was moulded and allowed to set for ~30 minutes before the
stacking gel was added. Protein samples were prepared by heating for 10 minutes at 100°C
with an equal volume of 2X Laemmli buffer (100 mM Tris-HCl, 4% SDS, 2% glycerol, 50 mM
Dithiothreitol (DTT) and trace bromophenol blue, pH 6.8). The gels were run at 100 V for 40
minutes, or until the dye front had reached the end of the gel in 1X SDS running buffer (25
mM Tris base, 192 mM Glycine, 0.1% SDS, pH 8.3).
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Table 29: Composition of 10 and 15% resolving gels for SDS-PAGE. Volumes are sufficient for four
gels.

Component

Volume (mL)
10%

15%

Deionised water

14.35

10.6

1.5 M Tris-HCl, pH 8.8

7.5

7.5

10% (w/v) SDS

0.3

0.3

Acrylamide/ bisacrylaminde

7.5

11.25

(40%/ 0.8%) (w/v)
10% (w/v) ammonium persulfate 0.15

0.15

TEMED

0.02

0.02

Table 30: Composition of stacking gel for SDS –PAGE. Volumes are sufficient for four gels.

Component

Volume (mL)

Deionised water

6.18

0.5 M Tris-HCl, pH 6.8

2.5

10% (w/v) SDS

0.1

Acrylamide/ bisacrylaminde (40%/ 0.8%)

1.26

(w/v)
10% (w/v) ammonium persulfate

0.05

TEMED

0.01

Gels were then stained with blue Coomassie dye (50 methanol, 10% acetic acid, 0.05%
brilliant blue) for 8 minutes and visualised after soaking in destain solution (50% methanol,
40% water, 10% glacial acetic acid) for 1 hour.

5.4.21

General sticky end ligation protocol

Ligation of the restriction enzyme digest plasmid backbone (vector) and PCR product (insert)
were set up as shown in Table 31. T4 DNA ligase buffer was thawed and separated into
aliquots of 10 μL after purchase to minimise freeze-thaw of the buffer. Before use, the aliquot
of T4 ligase buffer was fully thawed and mixed well using a vortex mixer.
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The amount of vector and insert required was calculated using the following equations:
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 𝜇𝐿 = 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 𝑡𝑜 𝑏𝑒 𝑡𝑎𝑘𝑒𝑛 (𝑛𝑔) 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 (𝑛𝑔 𝜇𝐿!! )
Where the amount of vector to be taken is 90.0 ng
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 𝑛𝑔 𝜇𝐿!!
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 𝑛𝑔 × 𝑆𝑖𝑧𝑒 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 𝑏𝑝 × 𝑅𝑎𝑡𝑖𝑜 𝑆𝑖𝑧𝑒 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 (𝑏𝑝)
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 (𝑛𝑔 𝜇𝐿!! )

=

Where molar ratio varied from 1:1 to 1:6
Table 31: General reagents for sticky end ligation. Volume of vector and insert is dependent on size
and concentration.

Reagent

Volume (μL)
No insert

Vector

1:1

1:3

1:6

Dependent on size and concentration

Insert

-

Dependent on size and concentration

T4 DNA ligase buffer

1.5

1.5

1.5

1.5

T4 DNA ligase

1.5

1.5

1.5

1.5

Water

Up to 15 μL

The ligation reactions were incubated at 4°C overnight then the ligase inactivated by heating
at 70°C for 10 minutes.
5 μL of each mixture was transformed directly into competent cells.

5.4.22

General TA ligation protocol

TA ligations of PCR products amplified with a Taq family polymerase into pGEM vectors was
carried out using pGEM Easy-T vector system (Promega, UK) according to the volumes in
Table 32. The 2X rapid ligation buffer was thawed and mixed by vortex vigorously before use.
The amount of vector and insert required was calculated using the following equations:
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 𝜇𝐿 = 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 𝑡𝑜 𝑏𝑒 𝑡𝑎𝑘𝑒𝑛 (𝑛𝑔) 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 (𝑛𝑔 𝜇𝐿!! )

Where the amount of vector to be taken is 50.0 ng
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 𝑛𝑔 𝜇𝐿!!
=

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 𝑛𝑔 × 𝑆𝑖𝑧𝑒 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 𝑏𝑝 × 1 𝑆𝑖𝑧𝑒 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 (𝑏𝑝)
𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 (𝑛𝑔 𝜇𝐿!! )
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Table 32: General reagents for TA ligation. Volume of insert 'X' is dependent on its size and
concentration.

Reagent

Volume (μL)

2X buffer

5

pGEM Vector (50 ng)

1

Insert

X

T4 DNA ligase

1

Water

Up to 10 μL

The reaction was made up according to quantities in Table 20, mixed by pipetting and
incubated at 4°C overnight then the ligase inactivated by heating at 70°C for 10 minutes.
5 μL of each mixture was transformed directly into competent cells. Sequencing of
recombinant TA vectors was carried out by Eurofins MWG Operon (Germany) using T7
promoter forward primer (TAATACGACTCACTATAGGG).

5.4.23

Transformation of plasmids into Chemically Competent Cells

5 μL of plasmid or ligation reaction mixture was added to one 100 μL aliquot of chemically
competent cells and left on ice for 30 minutes before heat shocking at 42°C for 30 seconds in
a water bath. The cells were then transferred into 895 μL of room temperature SOC media
and the cultures incubated at 37°C with agitation for 1 hour. 100 μL of each culture was
spread onto LB agar containing the relevant antibiotic and the plates incubated overnight at
37°C. For each set of cells, a water control was carried out to confirm their sterility.

5.5

General methods for Cell culture

5.5.1

Mammalian cell culture conditions

All cell culture reagents were purchased from Life Technologies unless otherwise stated. All
cells were cultured at 37°C in a humidified 5% CO2 atmosphere. T-REx-293 cells were
maintained in DMEM containing 10% foetal bovine serum (FBS), 100 µg/ mL zeocin and 15
µg/ mL blasticidin and integrated T-REx cell lines were cultured in DMEM containing 10%
FBS, 100 µg/ mL hygromycin B and 15 µg/ mL blasticidin. MCF-7 cells were maintained in
DMEM supplemented with 10% FBS and 1% penicillin/ streptomycin. 786-O cells were
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maintained in RPMI-1640 medium containing 10% FBS. Unless otherwise stated, T-REx cells
were dosed with 1 µg/ mL doxycycline to induce expression of integrated constructs.

5.5.2

Mammalian cell passaging

Cell passaging was achieved by removing the culture medium, washing the cells with PBS (10
mL) and then incubating the cells at room temperature with 4 mL trypsin (0.05%) for 2
minutes or until all cells had detached from the surface of the flask. The trypsin was
neutralised and the cells resuspended by the addition of 6 mL culture medium. The
resuspended cell solution was transferred to a 15 mL centrifuge tube and centrifuged (1000
rpm, 4 minutes). The supernatant was removed and the cell pellet resuspended in 4- 10 mL
fresh medium and the desired amount of cells were transferred into a fresh 75 cm3 flask.
Culture medium was then added to the flask to make the total culture volume 12 mL.

5.5.3

Preparation of Mammalian cell stocks

Cell culture medium was aspirated from the cell culture flask and the cells washed with PBS
(10 mL) then incubated with 4 mL trypsin (0.05%) at room temperature for 2 minutes or
until all cells had detached from the flask surface. The trypsin was neutralised and the cells
resuspended by the addition of 6 mL culture medium. The resuspended cell solution was
transferred to a 15 mL falcon tube and centrifuged (1000 rpm, 4 minutes). The supernatant
was removed and the cell pellet was resuspended in 10 mL fresh culture medium. The cells
were counted using a haemocytometer and the required amount of cells were transferred to a
falcon tube (3 million cells per stock). The cells were centrifuged (1000 rpm, 4 minutes) to
form a pellet, and the supernatant was removed. The pellet was resuspended in freezing
solution (50% FBS, 10% DMSO (v/v); 1 mL per stock) and separated into 1 mL aliquots in
cryotubes. The stocks were then cooled to -80°C slowly in an isopropanol box, then
transferred to liquid nitrogen for storage.

5.5.4

Thawing of frozen mammalian cell stocks for cell culture

The frozen stock was thawed rapidly in a 37°C water bath and immediately added to culture
medium (10 mL). The cells were spun down (1000 rpm, 4 minutes) and the supernatant
removed. The pellet was resuspended in culture medium (12 mL), transferred to a 75 cm3
flask and incubated at 37°C.
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5.5.5

Extraction and purification of RNA from mammalian cells

Cells were collected by trypsinisation, transferred to a 15 mL falcon tube and centrifuged
(1000 rpm, 4 minutes). The supernatant was removed and the cell pellet was washed in 2 x 2
mL PBS then resuspended in 500 μL lysis buffer ‘BL’ containing 5 µL thioglycerol (Reliaprep
RNA miniprep kit, Promega, UK). To homogenise the cells, the mixture was mixed by vortex
thoroughly and passed through a 19-gauge syringe five times and snap frozen in liquid
nitrogen.
The extracted total RNA was thawed quickly in cold water and purified using Reliaprep RNA
miniprep kit spin columns according to the manufacturers instructions (Promega, UK). RNA
was eluted in DEPC (diethylpyrocarbonate) treated deionised water (1% v / v) to avoid the
introduction of any RNase enzymes to the RNA or stored at -20°C with the addition of 1%
RNasin.

5.5.6

Transient transfection of plasmids

Transfection of plasmid DNA into mammalian cells was achieved using Fugene 6 transfection
reagent (Promega, UK). Cells were plated in 6 well plates with 2 x 105 MCF7 cells, 6 x 105 TREx cells or 3 x 105 786-O cells per well 24 hours prior to transfection. Cell densities were
optimised to reach 50-80% confluency on the day of transfection. The transfection mixtures
were then prepared: to serum free media, the Fugene 6 and plasmids to be transfected were
added (in a 6:1 transfection reagent: plasmid ratio). The total volume of each transfection
mixture was 200 µL. The solutions were incubated at room temperature for 15 minutes then
added drop wise to the plated cells and the cells incubated for a further 24 hours (37°C). In
co-transfection experiments total amount of DNA was constant.
For transfected cells being using in luciferase assays, the media was aspirated from the cells
and each well was washed with PBS (2 mL) then trypsin (0.05%, 1.5 mL). The cells were
incubated at 37°C for 2 minutes or until all the cells had detached from the plate, then the
trypsin neutralised and the cells suspended by the addition of fresh media (2 mL). The cells
were counted and re-plated in an opaque 96 well plate in triplicate with 5000 cells per well in
culture medium, with a total volume of 100 µL per well. The cells were incubated for a further
24 hours (37°C) then transfection efficiency calculated by measuring the firefly luciferase
activity using the bright-glo assay system according to the manufacturer’s instructions.
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5.5.7

Transient transfection of siRNA

T-REx cells were plated in 6 well plates at a density of 2 x105 cell per well in a total volume of
1.5 mL per well, 24 hours prior to transfection. Cell densities were optimised to reach 5080% confluency on the day of transfection. Silencer Select EPAS-1 siRNA (s4700, Life
Technologies) or Silencer Select Negative Control No. 2 siRNA (4398047, Life Technologies)
was diluted in 200 µL OptiMEM to allow a final concentration of 5 nM in the well.
Lipofectamine RNAiMax transfection reagent (Life Technologies) was diluted in 200 µL
OptiMEM to allow a final concentration of 25 pmol in the well. Both dilutions were incubated
at RT for 5 minutes. The diluted siRNA and the Lipofectamine solutions were mixed together
and incubated at RT with gentle agitation for 10 minutes. The cell culture medium was
changed to 1 mL OptiMEM then 400 µL siRNA/Lipofectamine solution was added for each
well. Cells were incubated for 24 h, then treated.
For HIF-2α knockdown studies, 24 h post transfection, the media was replaced with DMEM
or DMEM containing 1 µg / mL Dox and incubated in normoxia or hypoxia for 24 h, then, RNA
was extracted for downstream analysis.

5.5.8

Extraction and purification of proteins via the chitin binding domain

Transfected cells were scraped in 6 mL cold PBS, collected and snap frozen in liquid nitrogen.
Cell suspensions were then defrosted under cold running water then centrifuged (3200 rpm,
4°C, 4 minutes). The resulting pellet was resuspended in 30 µL radioimmunoprecipitation
assay (RIPA) buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1% NP-40, 0.5% Sodium
Deoxycholate, 0.1% SDS, 1 mM DTT, 1 X protease inhibitor cocktail) and incubated on ice for
20 minutes to lyse the cells. The cells were further lysed by sonication in a sonicator ice water
bath (2 x 30 s). The sample was then centrifuged (10,500 rpm, 4°C, 10 minutes) to pellet the
insoluble membrane, and the lysate collected. Chitin beads (NEB, UK) were re-suspended four
times in 1 mL chitin buffer (20 mM Tris-HCl, 1 mM tris(2-carboxyethyl)phosphine (TCEP), 0.5
mM NaCl, pH 7.8), removing the supernatant after each centrifugation (2500 rpm, 4°C, 5
minutes). The protein lysate was added to 50 µL washed beads and incubated on ice for 1
hour with gentle mixing. The supernatant (unbound fraction) was then decanted and stored
on ice and the beads washed four times with chitin buffer. After the last wash, 20 µL chitin
buffer was left in the bead sample. The 20 µL beads or 20 µL unbound fraction were
combined with 20 µL of 2X Laemmli buffer and the protein solution denatured by heating at
90°C for 10 minutes. Samples were then loaded onto a 15% SDS-PAGE gel along with a 170
kDa PageRuler Prestained Protein Ladder (ThermoScientific, UK) and run at 150 V for 45
minutes in SDS running buffer. The gel was stained for 8 minutes in Coomassie dye stain, then
destained overnight and visualised.
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5.5.9

Analysis of cell viability by MTT assay

T-REx cells were plated at a density of 15,000 cells per well in a 96 well plate in a total
volume of 100 µL per well, 24 h prior to treatment. The cell culture medium was replaced
with DMEM or no glucose DMEM containing no drug, 1 µg/ mL Dox or 3 mg/ mL 2DG and
incubated for a further 24 h in normoxia or hypoxia. A treatment of 4% DMSO was used as a
positive control. Cells were media changed to no phenol red DMEM and 10 µL of12 mM MTT
(3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide) in PBS was added to each
well. Plates were returned to incubation (normoxia or hypoxia) for 4 h. Cells were visualised
to ensure the presence of intracellular punctate purple precipitate. After incubation, 75 µL
media was removed carefully as to not disturb or remove the precipitate from the well then
100 µL DMSO was added to each well. Plates were shaken on an orbital shaker for 5 minutes
until all the precipitate had dissolved then the absorbance of each well measured at 570 nm
in a microtitre plate reader. Experiments were conducted in triplicate and results were
normalised to the absorbance of a media only control.

5.6

Specific procedures

5.6.1

Construction of the HRE-Npu-CLLFVY vector (pGL2 backbone)

The Npu-CLLFVY construct was made via PCR of the plasmid pARCBD-Npu (constructed by
Jaime Townend, University of Southampton) using GoTaq DNA polymerase (annealing
temperature 55°C, extension time 45 s, 30 cycles) with the primers NpuCLLFVY-FP:
TTCATTGCTAGCAACTGCCTGCTGTTTGTGTATTGCCTGTGCTATGAT and CBDrev:
GGAATTCAAGCTTTCATTGAAGCTGCCACAAGG. This produced a PCR fragment with the
peptide sequence CLLFVY between the split Npu intein.
The PCR product and the pARCBD-Npu vector were then simultaneously digested with
HindIII and NheI in accordance with the manufacturers instructions. The pARCBD-Npu vector
was treated with TSAP and the digestion products purified and ligated at a ratio of 1:3
(vector: insert).
5 µL of the ligation mixture was then transformed into DH5α chemically competent cells and
plated onto chloramphenicol selective agar. After incubation overnight, colony PCR was
carried out with 5AF1 (GCATTTTTGTCCATAAGATTAGC) and 5AR1
(CATGTTTGACAGCTTATCATCG) primers to verify the ligation had been successful. Two
colonies that contained the insert were grown overnight and miniprepped. Sequencing with
5AF1 primer confirmed the presence of the Npu-CLLFVY construct in pARCBD with no
mutations.
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The Npu-CLLFVY construct was then amplified from the pARCBD-Npu-CLLFVY vector via PCR
using GoTaq DNA polymerase (annealing temperature 60°C, extension time 1 minute, 30
cycles) with the primers NpuCLLFVY-FP-PstI:
GTTGTTCTGCAGGCCGCCACCATGGGCATGATTAAAATCGCCAC and NpuCLLFVY-RP-ClaI:
GTTGTTATCGATTTGAAGCTG.
The Npu-CLLFVY PCR product and the plasmid pGL2-TK-HRE were simultaneously digested
with PstI and ClaI in accordance with the manufacturer’s instructions. The pGL2-HREx3
vector contained three copies of the HRE (5’-GTGACTACGTGCTGCCTAG-3’) from the
inducible nitric oxide synthase promoter 260. The pGL2 vector was treated with TSAP and the
digestion products purified and ligated at a ratio of 1:3 (vector: insert).
5 µL of the ligation mixture was then transformed into DH5α chemically competent cells and
plated onto ampicillin selective agar. After incubation overnight, colony PCR was carried out
with NpuCLLFVY-FP-PstI and NpuCLLFVY-RP-ClaI primers to verify that the ligation had been
successful. Two colonies that contained the insert were grown overnight, miniprepped and
sequenced with NpuCLLFVY-FP-PstI, however they both showed a point mutation at position
351 bp of guanine substituted for adenine. The mutation was in the N-intein region of
construct and would cause a glutamic acid to glycine amino acid mutation, so would likely
affect intein splicing.
Site-directed mutagenesis was conducted on the mutated pGL2-Npu-CLLFVY plasmid with
Pfu DNA polymerase (annealing temperature 56°C, extension time 5 minutes, 18 cycles) with
the primers pGL2 SDM FP: ACCGTGGCGAACAGGAAGTGTTTGAGTATTGC and pGL2 SDM RP:
GCAATACTCAAACACTTCCTGTTCGCCACGGT. The reaction was then treated with DpnI and
the digestion products purified.
5 µL of the purified DNA was then transformed into DH5α chemically competent cells and
plated onto ampicillin selective agar. Sequencing with NpuCLLFVY-FP-PstI confirmed the
presence of the Npu-CLLFVY construct in pGL2 with no mutations .

5.6.2

Construction of the HRE-Npu-Scramble vector (pGL2 backbone)

As with HRE-Npu-CLLFVY, HRE-Npu-Scramble (CFVLYL) was constructed from pARCBD-Npu
using GoTaq DNA polymerase (annealing temperature 55°C, extension time 45 s, 30 cycles)
with the primers Npu-CFVLYL -FP:
TTCATTGCTAGCAACTGCTTTGTGCTGTATCTGTGCCTGTCGTATGAT and CBDrev:
GGAATTCAAGCTTTCATTGAAGCTGCCACAAGG. This produced a PCR fragment with the
peptide sequence CFVLYL between the split Npu intein.
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The PCR product and the pARCBD-Npu vector were then simultaneously digested with
HindIII and NheI in accordance with the manufacturers instructions. The pARCBD-Npu vector
was treated with TSAP and the digestion products purified and ligated at a ratio of 1:3
(vector: insert).
5 µL of the ligation mixture was then transformed into DH5α chemically competent cells and
plated onto chloramphenicol selective agar. After incubation overnight, colony PCR was
carried out with 5AF1 (GCATTTTTGTCCATAAGATTAGC) and 5AR1
(CATGTTTGACAGCTTATCATCG) primers to verify the ligation had been successful. Two
colonies that contained the insert were grown overnight and miniprepped. Sequencing with
5AF1 primer confirmed the presence of the Npu-CFVLYL construct in pARCBD with no
mutations.
The Npu-CFVLYL construct was then amplified from the pARCBD-Npu-CFVLYL vector via PCR
using GoTaq DNA polymerase (annealing temperature 60°C, extension time 1 minute, 30
cycles) with the primers NpuCLLFVY-FP-PstI:
GTTGTTCTGCAGGCCGCCACCATGGGCATGATTAAAATCGCCAC and NpuCLLFVY-RP-ClaI:
GTTGTTATCGATTTGAAGCTG.
The Npu-CFVLYL PCR product and pGL2-HREx3 were simultaneously digested with PstI and
ClaI in accordance with the manufacturer’s instructions. 5 µL of the ligation mixture was then
transformed into DH5α chemically competent cells and plated onto ampicillin selective agar.
After incubation overnight, colony PCR was carried out with NpuCLLFVY-FP-PstI and
NpuCLLFVY-RP-ClaI primers to verify that the ligation had been successful. Sequencing with
NpuCLLFVY-FP-PstI confirmed the presence of the Npu-CFVLYL construct in pGL2 with no
mutations.

5.6.3

Construction of the SV40-Npu-CLLFVY vector (pGL3 backbone)

The Npu-CLLFVY construct was amplified from the pGL2-HRE-NpuCLLFVY vector using
GoTaq DNA polymerase (annealing temperature 55°C, extension time 1 minute, 30 cycles)
with primers: CLLFVY Npu HindIII FP: GTTGTTAAGCTTGGCCGCCACCATGGGCATG and
CLLFVY Npu Xbal RP: GTTGTTTCTAGATTGAAGCTGCCACAAGGCAG.
The PCR product and the plasmid pGL3 SV40 promoter vector (Promega, UK) were
simultaneously digested with HindIII and Xbal according to the manufacturer’s instructions.
The pGL3 vector was treated with TSAP and the digestion products purified and ligated at a
ratio of 1:3 (vector: insert). 5 µL of the ligation mixture was then transformed into DH5α
chemically competent cells and plated on to ampicillin selective agar. After incubation
overnight, colony PCR was carried out with pGL2 seq FP (CCTCGGCCTCTGAGCTATTCC) and
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CLLFVY Npu Xbal RP primers to verify that the ligation had been successful. Two colonies
that contained the insert were grown overnight and miniprepped. Sequencing with pGL2 seq
FP confirmed the presence of the Npu-CLLFVY construct in pGL3 with no mutations.

5.6.4

Construction of pmCherry-Npu-CLLFVY vector

The Npu-CLLFVY construct as amplified from pGL2-HRE-NpuCLLFVY using GoTaq DNA
polymerase (annealing temperature 65°C, extension time 1 minute,30 cycles) with primers
CLLFVY Npu SacI FP: GAGCTCGGCCGCCACCATGGGCATGATTAAAATC and CLLFVY Npu Gly
linker SalI RP: GTCGACGCCGCCGCCGCCTTTAATTTTAATGGTAC to introduce SacI and SalI
restriction sites to the construct. The RP also encoded a 4 amino acid linker (GlyGlyGlyGly) at
the 3’ end of the construct to prevent the inteins interfering with mCherry folding once the
insert was cloned to make an mCherry fusion construct. As the insert lacked overhang for
restriction digest, the PCR fragment was TA cloned into a pGem vector, transformed into
DH5A chemically competent cells and plated onto AMP selective agar. A positive colony was
grown overnight and miniprepped. The resulting plasmid (pGEM-Npu-CLLFVY) and
pmCherry were simultaneously digested with SacI and SalI according to the manufacturer’s
instructions. Digested pmCherry was then treated with TSAP, the digestion products gel
purified and ligated at a ratio of 1:3 (vector: insert). 5 µL of the ligation mixture was then
transformed into DH5α chemically competent cells and plated on to ampicillin selective agar.
After incubation overnight, colony PCR was carried out with internal primers to verify that
the ligation had been successful. Two colonies that contained the insert were grown
overnight and miniprepped. Sequencing with CLLFVY Npu SacI FP and CLLFVY Npu Gly linker
SalI RP confirmed the presence of the Npu-CLLFVY construct fused to mCherry in pmCherry
with no mutations (Figure 12).

5.6.5

Construction of pcDNA/FRT/TO/Npu/CLLFVY

The intein construct was first cloned into pcDNA5/FRT/TO (from Dr. Noel Wortham IFLS,
Southampton; commercially available from Invitrogen, USA), an inducible expression vector
encoding a CMV promoter followed by a tetracycline operator upstream of a multiple cloning
site. The vector also encodes an FRT recombination site upstream of a hygromycin resistance
gene to allow site-specific FRT recombination into a suitable cell line, and polyclonal selection
using hygromycin.
The Npu-CLLFVY construct was amplified from pGL2-Npu-CLLFVY with Npu CLLFVY FP
(GTTGTTAAGCTTGGCCGCCACCATGGGCATG) and Npu CLLFVY RP Xhol
(GCTTCTCGAGTCATTGAAGCTGCCAGAA) by PCR (Ta= 65°C, extension time 1 minute, 30
cycles) to introduce HindIII and XhoI restriction sites. The PCR product was then used as the
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template in another PCR reaction with CLLFVY Npu FP and Npu CLLFVY RP ApaI NotI
(ATTATTGGGCCCGCGGCCGCTTCTCGA; Ta=59°C, extension time 1 minute, 30 cycles) to
introduce NotI and ApaI restriction sites to the 3’ end of the fragment. The PCR product and
the vector pcDNA5/FRT/TO were digested with ApaI and HindIII according to the
manufacturer’s instructions (NEB). The vector was treated with TSAP and the digestion
products ligated at a ratio of 1:3 (vector: insert). 5 µL of the ligation reaction was transformed
into DH5α chemically competent cells and plated at 10% dilution on to carbenicillin selective
agar and incubated at 37°C overnight. Colony PCR with internal primers (Npu CLLFVY FP and
Npu CLLFVY RP ApaI NotI) suggested successful ligation and one positive colony was grown
up overnight miniprepped. Sequencing with CMV FP and BGH RP confirmed the presence of
the Npu-CLLFVY construct in pcDNA5/FRT/TO with no mutations.

5.6.6

Construction of pcDNA/FRT/TO/Npu/CLLFVY/IRES/GFP

An internal ribosome entry site (IRES) followed by GFP was then cloned into
pcDNA5/FRT/TO/NpuCLLFVY (pCDNA5/NpuCLLFVY) to use as a secondary marker of
successful integration and to quantify levels of gene expression after induction with
doxycycline. pIRES2-eGFP (Dr. Noel Wortham) was digested with XhoI and NotI-HF according
to the manufacturers instructions (NEB) and the digestion products separated on a 1%
agarose gel. The band at ~1300 bp, containing the IRES-GFP DNA fragment was isolated and
purified. pcDNA5/ NpuCLLFVY was also digested with XhoI and NotI-HF then treated with
TSAP. The digested vector and IRES-GFP fragment were ligated at a ration of 1:1 (vector:
insert). 5 µL of the ligation reaction was transformed into DH5α chemically competent cells
and plated at 10% dilution on to carbenicillin selective agar and incubated at 37°C overnight.
Colony PCR with external primers (CMV FP and BHG RP) suggested successful ligation and
one positive colony was grown up overnight miniprepped. Sequencing with CMV FP and BHG
RP confirmed presence of IRES-GFP downstream of Npu-CLLFVY with no mutations.

5.6.7

Construction of pcDNA5/FRT/HRE/TO/Npu/CLLFVY

A DNA fragment encoding three copies of the HRE from the inducible nitric oxide synthase
promoter (5’-GTGACTACGTGCTGCCTAG-3’) upstream of two copies of the Tet Operator 2
promoter (5’TCCCTATCAGTGATAGAGA-3’) was synthesised by IDT. The promoter fragment
was amplified by PCR with HRE TET FP SpeI (ATCGTAACAAACTAGTGTGAC) and HRE TET RP
HindIII (CAGTAAGCTTAAGTTTAAACGC) to introduce SpeI and Hind III restriction sites. The
HRE-TOx2 PCR product and the vector pcDNA5/FRT/TO/NpuCLLFVY were digested with
SpeI and HindIII according to the manufacturer’s instructions (NEB). The vector was treated
with TSAP and the digestion products ligated at a ratio of 1:3 (vector: insert). 5 µL of the
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ligation reaction was transformed into DH5α chemically competent cells and plated at 10%
dilution on to carbenicillin selective agar and incubated at 37°C overnight. Colony PCR with
internal primers (HRE TET FP SpeI and HRE TET RP HindIII) suggested successful ligation
and one positive colony was grown up overnight miniprepped. Sequencing with CMV FP and
BGH RP confirmed the presence of the HRE-TOx2 promoter in pcDNA5/FRT/TO/NpuCLLFVY with no mutations.

5.6.8

Construction of pcDNA5/FRT/TO/mCherry

pcDNA5/NpuCLLFVY was digested with HindIII and NotI according to the manufacturer’s
instructions (NEB) to remove the intein construct; the 5058 bp plasmid backbone was
treated with TSAP and gel purified. pmCherry was digested with HindIII and NotI according
to the manufacturer’s instructions (NEB) and the 741 bp mCherry sequence insert was gel
purified. Digested backbone and insert were ligated at a ratio of 1:3 (vector: insert) then
transformed into DH5α chemically competent cells and plated at 10% dilution on to
carbenicillin selective agar and incubated at 37°C overnight. Colony PCR with external
primers (CMV FP and BHG RP) suggested successful ligation and one positive colony was
grown up overnight miniprepped. Sequencing with CMV FP and BHG RP confirmed presence
mCherry in pcDNA5 with no mutations.

5.6.9

Integration of intein constructs into T-REx-293 cell line

Integration plasmids (pcDNA5/NpuCLLFVY, pcDNA5/NpuScram, pcDNA5/GFP,
pcDNA/HRE/NpuCLLFVY and pcDNA5/mCherry) were maxi-prepped from a 250 mL culture
in LB broth using GeneJET maxiprep kit (Thermo Scientific). Flp-In T-REx 293 cells (from Dr.
Noel Wortham) were plated in 6 cm plates with 8 x 105 cells per plate, in DMEM complete
medium. The cell line expresses the Tet repressor from pcDNA6/TR (Invitrogen) and
contains a single integrated FRT site. After 24 hours incubation, the cells were co-transfected
with integration plasmid and pOG44 at a ratio of 1 :9 µg (pcDNA5 to pOG44) a total of 3 µg of
DNA was used. A no-recombinase control transfected with pcDNA5 only, and a no DNA
control treated with transfection reagent only, were also performed. 24 hours post
transfection, each integration or control plate was passaged at a 1:4 dilution into selective
DMEM complete medium containing 15 µg/ mL blasticidin and 200 µg/ mL hygromycin to
select for positive transformants. Cells were maintained in selective media (200 µg/mL
hygromycin) until defined foci became visible on integration plates, at which point cells on
control plates were detached and had stopped growing. Once confluent, integrated T-RExNpu-CLLFVY, T-REx-Npu-Scram, T-REx-GFP, T-REx-HRE-Npu-CLLFVY and T-REx-mCherry
cells were passaged and hygromycin concentration reduced to 100 µg/ mL. Stocks of each cell
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line were prepared in freezing media (50% FBS, 10% DMSO, 40% DMEM complete with no
antibiotics).

5.6.10

Procedure for Western immunoblotting for HIF-1α and HIF-2α
protein

MCF7 cells plated on 6 well plates with 0.8 x 106 cells per plate and incubated overnight in
normoxia (20 % O2, 37°C). Cells were then incubated for 16 h in hypoxic conditions, scraped
in 1 mL cold PBS and collected. Collected cells were snap frozen in liquid nitrogen then
defrosted in cold water and the cells pelleted (3200 rpm, 4 minutes, 4°C). Cells were then
further lysed by incubation with 30 µL RIPA buffer for 1h on ice, then sonication in an ice
water bath (2 x 6 x 30 s). Cell debris was pelleted (13000 rpm, 4°C, 4 minutes) and the
supernatant containing soluble proteins collected. 30 µg protein was then incubated with 2X
Laemmli buffer and the proteins denatured by heating at 90°C for 10 minutes. Proteins were
separated on a 10% SDS-PAGE gel under denaturing conditions (150 V, 40 minutes) and
transferred to a PVDF membrane (Invitrogen; 250 mA, 2 h). The membrane was blocked with
5% nonfat powdered milk and 0.1% Tween-20 in PBS and subjected to immunoblot analysis.
Rabbit Anti-Human HIF-1α (NB100-449, Novus Biologicals) or Mouse Anti-Human HIF-2α
(NB100-132, Novus Biologicals) was diluted (1:200) in 5% milk-PBS/Tween and then
incubated with the membrane overnight at 4°C. anti-Rabbit horseradish peroxidase
secondary antibody (7074, Cell Signalling) was used for HIF-1α and anti-Mouse horseradish
peroxidase conjugated secondary antibody (7076, Cell Signalling) was used for HIF-2α.
Bound immunocomplexes were detected using ECL prime Western blot detection reagent
(RPN2232, GE Healthcare).

5.6.11

Procedure for Western immunoblotting for CBD-labelled proteins

Either, protein from transfected cells were extracted as purified on chitin binding beads as
described above (5.5.8) and 20 µL beads or 20 µL unbound fraction were combined with 20
µL of 2X Laemmli buffer and the protein solution denatured by heating at 100°C for 10
minutes.
Alternatively, treated T-REx cells were collected via trypsinisation and the cell pellet washed
twice in PBS. Cells were then lysed in intein extraction buffer and incubated on ice with
agitation for 20 minutes then sonication in an ice water bath (2 x 6 x 30 s). Cell debris was
pelleted (13000 rpm, 4°C, 4 minutes) and the supernatant containing soluble proteins
collected. 30 µg protein was then incubated with 2X Laemmli buffer and the proteins
denatured by heating at 90°C for 10 minutes.
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For both, proteins were separated on a 15% SDS-PAGE gel under denaturing conditions (140
V, 40 minutes) and transferred to a PVDF membrane (Invitrogen; 250 mA, 2 h). The
membrane was blocked with 5% nonfat powdered milk and 0.1% Tween-20 in PBS and
subjected to immunoblot analysis. Mouse monoclonal anti-CBD (E8034S, NEB) was diluted
(1:500) in 5% milk-PBS/Tween and then incubated with the membrane overnight at 4°C.
anti-Mouse horseradish peroxidase conjugated secondary antibody (7076, Cell Signalling)
was used. Bound immunocomplexes were detected using ECL prime Western blot detection
reagent (RPN2232, GE Healthcare).

5.6.12

Procedure for detection of cyclo-CLLFVY in cell lysate

T-REx-CLLFVY and T-REx-293 cells were seeded in T75 flasks and left to settle for 24 h. Cells
were then media changed to DMEM containing 1 µg/ mL Dox and incubated for a further 24
h. Cells were scraped and collected in 2 x 2mL ice cold PBS and pelleted (1000 rpm, 4
minutes). The PBS was removed and the pellet frozen in liquid nitrogen.
A stock solution of PMSF lysis buffer was prepared according to the quantities in Table 33. A
working solution was prepared of 895 µL PMSF lysis buffer stock, 100 µL protease inhibitor
cocktail (to a final concentration of 1 X) and 5 µL 100 mM PMSF (to a final concentration of
0.4 mM). Cells were thawed and resuspended in 400 µL working solution PMSF lysis buffer.
Cells were lysed by freeze thaw in liquid nitrogen followed by warm water for three minutes
each, three times. One drop of TFA was added to precipitate proteins. Lysate was centrifuged
(8000 rpm, 30 minutes, 4°C) to pellet cell debris and proteins. The supernatant was collected
and passed through a 10 kDa cut off filter. The flow through was collected for analysis.
Table 33: PMSF lysis buffer stock solution.

Component

Volume

Final concentration

PBS (-MgCL2, -CaCl2)

5 mL

1X

EDTA (0.5 M)

50 µL

5 mM

EGTA (100 mM)

20 µL

2 mM

Cell lysates were analysed by running on a Waters Atlantis T3, amide capped C18, 5 µm, 6
x100 mm column using the solvent system HPLC program 2 described below (Table 35).
Seven one-minute fractions were collected between 20 and 27 minutes of the run and
analysed by ESI+ mass spectrometry.
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5.6.13

Procedure for Duolink proximity ligation assay

8 well chamber slides (177445, Nuc Lab-Tek) were pretreated with poly-D-lysine (50 µg/mL
in PBS, 100 µL per well) for 30 minutes then each well washed with 2 x 200 µL PBS. T-RExHRE cells were plated on the slides at a density of 2 x 104 cells per well, with a total volume of
300 µL per well and incubated in normoxia overnight. Wells were then media changed to
DMEM or DMEM contained 1 µg/ mL Dox and incubated in normoxia or hypoxia for 24 h.
Following incubation, the media was removed and cells washed in PBS twice. Washing steps
were performed gently, using a pastette to add PBS then tapping off the solution after
washing. Cells were then fixed in 100 µL 2% formaldehyde in PBS, RT 10 minutes. Cells were
washed once in PBS. Cells were permeabilised with 0.5% Triton-X 100 in PBS, RT 10 minutes.
Cells were incubated with Duolink Blocking Reagent for 1h then treated with the primary
antibodies Rabbit Anti-Human HIF-1α (NB100-449, Novus Biologicals) and Mouse AntiHuman HIF-1β (H00000405-B01P, Abnova) were diluted (1:500) in PBS, overnight at 4°C. A
technical control with no antibodies and a negative control with anti-HIF-1β only were
included on each slide (normoxia and hypoxia). Slides were placed on a wet tissue and
covered with a box during incubation at 4°C to provide humidity, this arrangement was also
used during the following incubation steps at 37°C.
For the remainder of this protocol, treatments were tapped off and washing steps conducted
in (separate) boxes containing 70 mL of the appropriate wash buffer on an orbital shaker,
after washing, excess wash buffer was tapped off before the next treatment. Fresh wash
buffer was used for each wash step. Reactions were conducted on a scale of 40 µL per well.
PLA probes were diluted 1:5 in antibody diluent. The chambers were removed from the slides
and the slides washed in 1X wash buffer A for 2 x 5 minutes. PLA probe solution was added to
each sample and the slides incubated at 37°C for 1h. The slides were washed in 1X Wash
Buffer A for 2 x 5 minutes. The ligation stock was diluted 1:5 in sterile dH2O and 1 µL Ligase
per reaction added to this solution. The ligation-ligase solution was added to each sample and
the slides incubated at 37°C for 30 minutes. The slides were washed in 1X Wash Buffer A for 2
x 2 minutes. The Amplification stock was diluted 1:5 in sterile dH2O and 0.5 µL Polymerase
per reaction added to this solution. The Amplification-Polymerase solution was added to each
sample and the slides incubated at 37°C for 100 minutes.
The slides were washed in 1X Wash Buffer B for 2 x 10 minutes followed by 0.01X Buffer B
for 1 minute, then left to dry at RT in the dark. Once dry, the slides were mounted with
Duolink In Situ Mounting Medium with DAPI and the coverslip sealed with nail varnish. Once
dry, the samples were visualised by fluorescent microscopy. To allow comparison between
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hypoxic and normoxic samples, the same fluorescence brightness level, exposure time and
processing settings were used for all samples on both slides.

5.6.14

Hypoxia Focused Microarray

Hypoxia focused microarray was conducted with TaqMan Array 96- well plate Human
Hypoxia (Applied Biosystems). A master mix of TaqMan qRT-PCR master mix (1080 µL) and
cDNA and nuclease free water (1080 µL) was made up. 20 µL of this master mix was added to
each well of the array plate. The plate was run according to the protocol in Table 20. Each
plate contained a duplicate of one sample; separate samples were run on the same day to
improve consistency. Each plate was prepared just prior to running. Data was analysed using
BioRad CFX connect software.

5.6.15
5.6.15.1

Solid phase peptide synthesis of cyclo-CLLFVY
Fmoc deprotection

During solid-phase peptide synthesis, 20% piperidine/ dimethylformamide (DMF) (v/v)(20
ml) was added to the protected peptidyl resin in a sinter funnel to remove the N-terminal
fluorenylmethyloxycarbonyl (Fmoc) groups. The mixture was bubbled with argon for 30
minutes. The solution was then filtered and washed with DMF (3 x 10 ml) followed by
alternating dichloromethane (DCM) (3 x 10 ml) and diethyl ether (3 x 10 ml) washes. The
ninhydrin test was used to confirm complete deprotection. If the ninhydrin test showed
incomplete Fmoc deprotection, the process was repeated.
5.6.15.2

Amino acid coupling

The Fmoc protected amino acid (1.5 mmol), Hydroxybenzotriazole (HOBt) (203 mg, 1.5
mmol) and then N,N-Diisopropylcarbodiimide (232 µl, 1.5 mmol) were added to DMF (3 ml).
The solution was stirred for 15 minutes and then added to Fmoc deprotected peptidyl resin
(0.5 mmol) in a sinter funnel. The coupling reaction was bubbled with argon for 2 hours. The
resin was filtered, washed with DMF (3 x 10 ml) and alternating DCM (3 x 10 ml) and diethyl
ether (3 x 10 ml). Ninhydrin test was used to detect complete coupling, if free amines were
detected the process was repeated.
5.6.15.3

Ninhydrin test: Test for free amines

Solution A (100 µl) and solution B (25 µl) were added to a small sample of resin and then
heated to 125°C for 1-2 minutes. A resin colour change from yellow/colourless to
blue/purple indicated the presence of free amines.327
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Solution A: KCN(aq) (0.4 mL, 0.001 M) in 20 mL pyridine.
Solution B: Ninhydrin (1.25 g, 7.02 mmol) in ethanol (25 ml).
5.6.15.4

Peptide cleavage from resin and side chain deprotection

A cleavage cocktail of TFA (9.5 ml), water (0.25 ml) and triisopropylsilane (0.25 ml) was
added to the Fmoc deprotected peptidyl resin. The mixture was stirred for 2 hours under
argon. The resin was then filtered and the solvent removed from the filtrate liquor in vacuo.
In order to remove traces of TFA, DCM (10 ml) was added to the residue, and removed in
vacuo, this was repeated 3 times. The residue was finally dissolved in minimal DCM (3-4 ml)
and added to cold diethyl ether (80 ml) drop-wise. The solution was incubated at -80°C for 20
minutes and the precipitated peptide was collected by centrifugation (4000 rpm, 20
minutes). The supernatant was removed and the pellets dried in vacuo overnight, to leave the
crude peptide.
5.6.15.5

Cysteine aldrithiol (spy) protection

After cleavage from the resin the free thiol of cysteine was protected by a pyridinesulfenyl
group (spy) using 2,2'dipyridyl sulfide (aldrithiol-2, 10 equivalents (eq)). The protected
crude peptide was dissolved in DMF (30 ml) and aldrithiol-2 was added to the mixture and
stirred for 16 hours. Solvent was removed in vacuo and the solution filtered. The solution was
then purified using HPLC program 1 (Table 34) and lyophilised, yielding a colourless solid.
5.6.15.6

Linear peptide cyclisation

Linear spy protected peptide was dissolved in DMF in high dilution (1 ml/mg), N-(3Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (3 eq) and HOBt (6 eq). The
reaction mixture was stirred for 24 hours under argon; after which the solvent was removed
in vacuo. The remaining solution was filtered and purified by HPLC using HPLC program 1
(Table 34), the solvents were then removed by lyophilisation.
5.6.15.7

Removal of aldrtihiol (spy) protection from cyclo-CLLFVY

Cyclo-CLLFVY(spy) (1 eq) was dissolved in DMF (100 µl/mg), and water (10 µl/mg) was
added followed by TCEP (1 eq). After approximately 1 hour MeCN (0.5 ml) and water (0.5-1
ml) were added to the reaction mixture, which was filtered and purified using HPLC program
1 (Table 34) and solvents were removed by lyophilisation yielding a colourless solid.
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5.6.15.8

HPLC purification and peptide analysis

Linear and cyclic peptides were purified using a prep reverse-phase HPLC with a Waters
Atlantis prep OBD T3 amide capped C18, 5 µm, 19 x100 mm column (Waters, UK) and the
solvent system HPLC program 1 described below (Table 34).
Table 34: HPLC program 1. HPLC solvent program used to purify linear and cyclic peptides.

Time

Flow (ml /

% A (H2O, 0.1% TFA)

% B (MeCN, 0.1% TFA)

(minutes)

minute)

0

17

95

5

1.0

17

95

5

10.0

17

40

60

15.0

17

40

60

15.5

17

95

5

20.0

17

95

5

20.1

0

95

5

Peptide purity was analysed by running samples of the compound on a Waters Atlantis T3,
amide capped C18, 5 µm, 6 x100 mm column using the solvent system HPLC program 2
described below (Table 35). This program was also used to detect cyclo-CLLFVY in T-RExCLLFVY cell lysate (5.6.13).
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Table 35: HPLC program 2. Solvent system used to analyse the purity of synthesised peptides.

Time

Flow (ml /

% A (H2O, 0.1%

(minutes)

minute)

TFA)

0

1

95

5

10.0

1

95

5

20.0

1

40

60

30.0

1

40

60

31.0

1

95

5

34.5

1

95

5

35.0

0

95

5
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