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ABSTRACT

Single-minded 2 (SIM2), a class I basic Helix-Loop-Helix/PAS (bHLH/PAS) transcription factor, is essential 

for early development, and the short isoform (SIM2s) is selectively up-regulated in pancreatic and prostate 

tumours.  Mechanistic role(s) for SIM2 that are essential for development and in these cancers is unknown, 

largely due to the fact that few bona fide target genes have been described for SIM2.  SIM2 must 

heterodimerise with the obligate class II partner factor ARNT to regulate transcription.  Surprisingly, these 

studies reveal SIM2 plays a role in the regulation of the ARNT homologues, ARNT1 and ARNT2.  Two non-

exclusive mechanisms were identified; enhanced protein stabilisation, and the specific increased 

transcription of ARNT2.  The regulation of ARNT by a class I family member was found to be unique to the 

SIM homologues.  These findings suggest novel insights into how elevated levels of SIM2s in tumours may 

confer increased transcriptional activities and/or increase the availability of the essential partner factor for 

other class I family members to promote their respective activities and functions in developmental and/or 

tumourigeneic processes.  Furthermore, microarray studies in prostate DU145 cells identified the pro-cell 

death gene, BNIP3 (Bcl-2/adenovirus E1B 19kDa interacting protein 3), as a novel target of SIM2s

mediated repression.  Further validation showed BNIP3 repression in several prostate and pancreatic 

carcinoma derived cell lines with ectopic expression of human SIM2s via SIM2s activities at the proximal 

promoter hypoxia response element (HRE), the site through which bHLH/PAS family member, Hypoxia-

Inducible Factor 1α (HIF1α), induces BNIP3.  SIM2s attenuates BNIP3 hypoxic induction via the HRE, and 

increased hypoxic induction of BNIP3 occurs with siRNA knockdown of endogenous SIM2s in prostate 

PC3AR+ cells. BNIP3 is implicated in hypoxia-induced cell-death processes.  PC3AR+ cells expressing 
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ectopic SIM2s have enhanced survival upon treatment with hypoxia mimetics, DP and DMOG. LC3-II 

protein levels fail to induce in PC3AR+/SIM2s DMOG and hypoxia treated cells, suggesting SIM2s may 

attenuate autophagic cell-death processes, perhaps via BNIP3 repression.  These data show, for the first 

time, SIM2s cross-talk on an endogenous HRE. SIM2s functional interference with HIF1α activities on 

BNIP3 may indicate a novel role for SIM2s in promoting tumourigenesis.  Moreover, SIM2 expression has 

previously been implicated in the Hedgehog (Hh) signalling pathway during mouse brain development.  The 

Hh-pathway is known to promote pancreatic and prostate tumour growth, and these studies indicate that 

SIM2s is indeed implicated in promoting and/or maintaining Hh-signalling in cell lines of these cancer types.  

Likewise, aberrant Androgen Receptor (AR)-signalling is implicated in prostate tumour development, and 

androgen-independent AR activity is a hallmark of aggressive prostate cancer.  Unexpectedly, SIM2s 

expression was found to up-regulate endogenous AR protein levels in prostate carcinoma PC3AR+ cells.  

Furthermore, SIM2s expression is associated with androgen-dependent wtAR-transcriptional 

responsiveness in these cells, and SIM2s co-immunoprecipitates with endogenous AR in a hormone 

independent manner.  Together these data suggest, for the first time, that SIM2s may function as a co-

activator, and concomitant with enhancing AR levels, aid AR-signalling in prostate cancer cells.  In 

summary, these studies sought to identify molecular mechanisms by which aberrant levels of SIM2s 

expression in solid tumours of the prostate and pancreas may promote tumour development.  Several novel 

mechanisms for SIM2s activities were identified which implicate SIM2s in tumour processes.  Namely 

SIM2s was found to be implicated in:

1) promoting pro-tumourigeneic Hh and AR signalling pathways

2) regulation of the common partner factor ARNT, and

3) attenuation of hypoxically-induced cell-death processes in tumour cells via the direct transcriptional 

repression of the novel SIM2s target gene, BNIP3.
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1.1 bHLH/PAS Family of Transcriptional Regulators – General 

background

The bHLH-PAS [basic Helix-Loop-Helix-Per-Arnt-Sim homology] transcription factors respond to a number 

of physiological and developmental cues such as hypoxic stress, exposure to xenobiotics, circadian rhythms 

and neurogenesis [1, 2]. Gene targeting studies in mice have revealed all bHLH-PAS family members are 

essential for development.  Commonly, homozygous deletions are either embryonic lethal, or mice die 

shortly after birth due to developmental defects [1-3]. These factors form a subfamily of the evolutionarily 

conserved bHLH proteins, distinguished by the PAS domain juxtaposed to the bHLH at the N-terminus 

(Figure 1.1) (for review [4, 5]).  The basic region binds the DNA, and the HLH is the primary dimerisation 

interface. The distinguishing PAS domain acts as a secondary dimerisation interface to the bHLH domain, 

and is also known to mediate a number of biochemical functions, including small molecule binding, 

contribution to DNA binding and target gene specificity [5-7]. 

In 1996 Hirose et al aligned the PAS regions of identified family members to date including, rat Arnt 

(Arylhydrocarbon Receptor Nuclear Transporter), Arnt homologues 1 and 2 from mouse, drosophila

melanogaster Per, and the murine factors Single-minded (Sim), Arylhydrocarbon Receptor (AhR) and 

Hypoxia-Inducible Factor 1 alpha (HIF1α), and consequently were the first to identify that the family divided 

into two sub-groups [8]. bHLH/PAS proteins fall within one of two classes; class one (I) comprises, among 

others in mammals, the AhR (or Dioxin receptor DR), SIM and HIF-1α and NPAS4 (or NXF); class two (II) 

contains ARNT1 and ARNT2 [5, 8-10].   Class II members are able to homodimerise, whereas Class I

heterodimerise with ARNT1 or ARNT2 to form transcriptionally functional heterodimers [4, 5, 11].  The 

molecular mechanisms which underpin activation of gene targets by these factors in response to 

environmental cues or stimuli are best characterised for HIF1α and AhR, in response to hypoxic stress or 
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FIGURE 1.1: Schematic example of conserved regions of the bHLH-PAS family of
transcriptional regulators.

Family members are characterised by the N-terminal basic-Helix-Loop-Helix (bHLH)

DNA binding and 1! dimerisation domain, followed by two repeat PAS domains, PAS A

and PAS B, also required for DNA-binding and a 2! dimerisation domain, followed by the

C-terminal transcription regulating region. Class I family members all heterdimerise with

the Class II family member, ARNT. Functional roles and mechanisms of activation

and/or regulation are also indicated for the family members represented.
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exposure to xenobiotics, respectively. The Hypoxia Inducible Factor (HIF) will be discussed in more detail 

as an example of a bHLH/PAS protein activated by an environmental signal, as it is one of the most studied, 

and consequently better understood, family members.  

1.1.1. The Hypoxia Inducible Factor

The chronic response to low oxygen tension, or hypoxia, has been found to be largely mediated by the 

transcription inducing activities of the Hypoxia Inducible Factors, including HIF1α and a closely related non-

redundant homologue, HIF2α [12-14], which drive the expression of many genes encoding proteins required 

for the hypoxic response; including those involved in vascularisation, erythropoiesis, the glycolytic pathway, 

and glucose uptake  (for review see [12, 13]). These bHLH-PAS family members are stabilised and 

transcriptionally activated in hypoxic conditions via the inhibition of oxygen-dependent post-translational 

mechanisms (reviewed by [14]).   In essence, the oxygen-dependent prolyl-hydroxylase (PHD) enzymes 

specifically hydroxylate two proline residues in the C-terminus of HIF in normoxic conditions [15]. 

Hydroxylation confers recruitment of VHL (von-hippel-lindau) protein, a component of the E3-ubiquitin ligase 

complex which subsequently poly ubquitylates HIF to format it for degradation via the proteosome [16-18]. 

During hypoxia, HIF remains non-hydroxylated to avoid VHL mediated degradation. Secondly, inhibition of 

the oxygen-dependent asparagine hydroxylase, Factor Inhibiting HIF (FIH), allows interaction between HIF 

and the transcriptional co-activator, CBP/p300 [19, 20]. Following stabilisation and activation of HIF in 

response to hypoxia, HIF/ARNT heterodimers initiate transcription via the hypoxia response element (HRE) 

DNA sequences 5’-C/TACGTG-3’ in the regulatory regions of hypoxia responsive genes, including; 

erythropoietin (EPO) [21] and vascular endothelial growth factor (VEGF) [22]. These mechanisms of 

hypoxic stabilisation and activation of HIF are outlined in figure 1.2. Interestingly, oxygen-independent 
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mechanisms of HIF regulation have also been reported and are gradually becoming better understood 

(reviewed in [23], also see [24] further discussed in Chapter 6). 

1.2  The Single-minded (SIM) bHLH/PAS Family Members

First identified in Drosophila melanogaster, dSim has been found to be a master regulator of cell lineage-

specific development in the central nervous system (CNS) ([25-29]; for review see, [30]). Single minded 

orthologues have also been identified in a number of other organisms, including xenopus, zebrafish, rodents

and humans [9, 31-38].  Two mouse and two human Sim genes have been isolated thus far through 

homology to dSim, and are termed mSim1 and mSim2, and hSIM1 and hSIM2 respectively [9, 34-38].

These proteins share extremely high sequence conservation in the bHLH and PAS regions required for 

DNA-binding and partner factor heterodimerisation; where in comparison to dSim, both mouse and human 

Sim homologues share 87-90% and 69-70% identity in the bHLH and PAS regions respectively. Indeed, 

mouse and human Sim1 share approximately an overall 98% identity across these regions, and likewise 

mSim2 and hSIM2 share 99% amino acid identity [38][S. Woods, PhD Thesis 2004]. Such high levels of 

conservation in these regions required for DNA-binding and partner factor heterodimerisation begs the 

question as to how these non-redundant homologues might  confer alternate (and specific) transcriptional 

responses, the answer to which remains to be determined. 

Human SIM1, located on chromosome 6, produces a single transcript [38]. Conversely, human SIM2, 

located on chromosome 21, has had up to five different RNA species identified from northern blot analysis 

of RNA samples from human foetal kidney tissue and cultured neuro- and glio-blastoma and embryonic 

human kidney cell lines [38-40]. Alternative splicing produces a short Sim2 protein variant in mice and 

humans [38, 41]. The designated ‘short’ isoform of human SIM2 (SIM2short or SIM2s) studied here was 
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FIGURE 1.2: The HIF1α and the Hypoxic Response.

(A) Schematic of HIF1α indicating the carboxy terminal regulatory and transactivation

domains; N-TAD & C-TAD, N and C-terminal activation domains, ODDD, oxygen

dependent degradation domain. When oxygen is available, Proline (P) residues in the

ODDD, and an Asparigine (N) in the C-TAD, are hydroxylated via the oxygen dependent

PHD’s (proyl hydroxylases) and FIH (factor inhibiting HIF), respectively. (B) (i) In

normoxia, HIF1α-mediated transcription is inhibited as hydroxylation of HIF inhibits co-

activator (CBP/p300) binding and results in VHL binding and poly-ubiquitination (Ub) of

the protein and subsequent degradation via the proteasome. (C) In hypoxia (low oxygen

tension), HIF1a is stabilised, and heterodimerises with ARNT and interacts with co-factors

to mediate a transcriptional response via binding to the enhancer elements in target genes

such as Vegf, Glut-1 and Epo.
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identified using 3’ RACE on foetal kidney mRNA and a foetal kidney cDNA library screen by Chrast and co-

workers (1997). This arises from a 4.4 kb transcript and is due to an alternate read-through event into the 

last intron of SIM2, resulting in a 570 amino acid protein which contains only one of the two SIM2 repression 

regions and a final 44 residues of unique C-terminal sequence [38]. The full length 667 residue SIM2 ‘long’ 

protein (SIM2Long or SIM2L) arises from the 6 kb transcript (Figure 1.3). The other 3.6, 3.0, and 2.7kb 

SIM2 mRNA transcripts identified are yet to be studied further. How the minor divergence between C-

termini of full length human SIM2L and SIM2s may confer alternate transcriptional activities or functions 

remains to be fully elucidated. More recently a short form of mouse Sim2 has been characterised. mSim2s 

is a 579 amino acid protein with an overall 87% amino-acid identity with human SIM2s. Interestingly 

however, the variable ‘short’ regions between the mouse and human orthologues are actually quite 

divergent, sharing only 20% amino acid homology [41].  How these differences may confer alternate 

transcriptional functions of Sim2s in mice and humans remains to be investigated.

Analyses of expression patterns of Sim1 and Sim2 in xenopus, zebrafish, chick, rodents and humans has 

provided a starting point to postulate functional roles for the Sim family members [31, 35, 36, 38, 39, 42, 

43].  Each mammalian Sim homologue was found to have partially overlapping, but differing expression 

patterns and molecular properties.  Most of our understanding comes from studies in mice as will be 

described in the following sections.

1.2.1. SIM expression patterns in development

Despite the broad screening for the Sims in various tissues and in wholemount sections of the developing 

embryo from zebrafish, mice and humans, the consensus overlap for expression for each homolog, as 

outlined in Table 1.1, is in essence refined to the brain, kidney and skeletal muscle. The gene expression of 
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mSim1 and mSim2 overlap in some regions of the CNS, but is distinct in other regions.  CNS development is 

common to both dSim and mSim [30].  Both mammalian homologues are functionally required for the 

development of several neuroendocrine lineages within the hypothalamus [39, 44, 45]. dSim expression has 

been reported to influence muscle development in the embryo [26] and mSim1 has also been identified as 

an early gene marker of presomitic mesoderm and lateral dermatome by its expression in the somites [46], 

suggesting a role for the Sim transcripts in muscle. Indeed, both transcripts are present in the developing 

and adult skeletal muscle [34, 47], and Sim1 and Sim2 expression is associated with limb muscle formation 

in the developing mouse and chick [42]. Interestingly, work from our laboratory in cultured cells has recently 

shown mSim2 to co-express with, and directly influence the gene expression of, the skeletal muscle factor 

Myomesin2 (Myom2) [48]. Myom2 is differentially expressed and regulated during rodent muscle 

development in a tightly spatial-temporal manner [49-51]. Whether Myom2 is directly targeted and regulated 

by the Sims during muscle development is yet to be tested experimentally.

Mammalian Sim1 and Sim2 transcripts are expressed in the adult and developing kidney [36, 38, 43], and as 

is found in developing limb muscle [42], the transcripts are expressed in a non-overlapping fashion [36]. 

mSim1 is expressed to a lesser extent that mSim2 in these tissues [35].  Early mSim2 expression is also 

seen in the facial cartilage and palate, as well as trunk muscles and cartilage, ribs, vertebrae and lung [34-

36, 39, 46].  All human homologues (SIM2s, SIM2L and SIM1) have also been reported to be co-expressed 

in heart, testis and tonsil tissues [43]. Human SIM2s and SIM2L were also detected in the normal tissue 

cDNAs of adult prostate, breast and lung, and foetal heart [38, 40, 43, 52, 53]. Human SIM1 expression is 

present in many of the same tissues as SIM2, except SIM2 is exclusive in the lung and prostate and SIM1 is 

expressed exclusively in bone marrow, placenta, liver (adult and foetus), ovary and pancreas [43]. Recently, 

an mSim1 equivalent has been identified in the brain and kidney of zebrafish, (delineated here as, zSim1) 

[32]. However, the zebrafish kidney is yet to be screened for the recently identified mSim2 equivalent, which 
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ZEBRAFISH MOUSE HUMAN

Embryo Adult Embryo Adult Embryo Adult

SIM1

Brain

kidney
No 

studies 

as yet

Brain

CNS

Kidney tubules
Somites (early 
muscle)
Genital 

eminence

Dermis

Hypothalamus

Kidney
Skeletal 
muscle

Hypothalamus

Kidney
Liver

Hypothalamus

Tonsil

Kidney
Testis

Skeletal 
muscle
Heart

Bone marrow

Breast

Placenta

Liver

Ovary

Pancreas

SIM2

Pancreas
Intestine

No 

studies 

as yet

Brain

Kidney
Craniofacial -

palate

Ribs

Skeletal 
muscle
Vertebrae

Lung

Limbs

Hypothalamus

Kidney
Lung

Skeletal 
muscle

Hypothalamus

Kidney
Skeletal 
muscle
Heart

Hypothalamus

Tonsil

Kidney
Testis

Skeletal 
muscle
Lung

Heart

Prostate

SIM2-
short

(yet to be found) Kidney
Skeletal muscle

Kidney
Skeletal 
muscle
Heart

Tonsil

Kidney
Testis

Skeletal 
muscle
Lung

Heart

Breast

Pancreatic, 
Colon and 

Prostate 
tumours

TABLE 1.1: Summary of expression patterns of the Single minded family members in
zebrafish, mouse and humans.

Expression patterns determined from a combination of wholemount in situ and RT-PCR

approaches. Italics – main consensus of expression of both homologues.
See section 1.2 for reference details
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was found in the pancreas and intestine (delineated here as, zSim2) [33].  Interestingly, the zSim2

equivalent, which shares approximately 96% amino acid identity in the bHLH-PAS region with mSim2, 

shares only 18% C-terminal amino acid identity with that of mSim2 [33].  Bioinformatic alignment of the two 

zebrafish Sims however, shows 54% predicted amino acid identity (data not shown). Functional roles for the 

Sims in zebrafish remain to be determined.  

1.2.2. Targeted Deletion Studies

Homozygous null mutation of single-minded in D. Melanogaster is embryonic lethal and characterised by the 

failure of CNS cell development and defective ventral muscle patterning [25, 26, 28, 54, 55]. Loss of mSim1

results in animal death shortly after birth, concurrent with hypocellularity of neuroendocrine lineages in the 

hypothalamus [45]. Heterozygote mSim1 mice show that disruption of developing hypothalamic 

neuroendocrine pathways can cause obesity [56], and that importantly, haploinsufficiency of Sim1 results in 

hyperphagic feeding behaviour  [57]. Interestingly mSim2 expression, which overlaps with mSim1 in the PVN 

(paraventricular nucleus) of the hypothalamus, also contributes to hypothalamic development and 

neuroendocrine hormone gene expression, however, it appears to do so downstream of mSim1 [44].  Two 

targeted disruption studies of mSim2 have shown that mSim2-/- mice have developmental defects distinct 

from mSim1-/- mice, however, phenotypic discrepancies due to loss of mSim2 in these mice exist between 

the two studies [3, 58].  Both studies concur that the postnatal death of mSim2-/- mice within days after birth 

is due to breathing failure, despite marked differences in phenotype.  Goshu et al (2002) attribute failure of 

lung inflation to compromised structural components required for breathing, including rib protrusions, 

abnormal vertebrae, diaphragm hypoplasia, pleural mesothelium tearing and abnormal muscle attachments.  

Shamblott and co-workers however, see in their F2 double mutant mice severe defects in craniofacial 

architecture, especially in the palate which they report as contributing to the aerophagia.  Interestingly, the 



CHAPTER  |  1

20

founder mouse was identical for each study, the only difference being that the F1 heterozygous female used 

in the Goshu et al (2002) study was backcrossed for five generations, prior to selecting for the double 

mutant.  The mSim2-/- mice in both studies displayed disrupted phenotypes in regions that corresponded to 

normal mSim2 expression patterns [3, 58], and hence both models may provide insight into mSim2

regulation and function in differing genetic backgrounds.

1.2.3. Activation and Regulation of SIM

There is little comprehension of the regulatory and activation mechanisms of Sim. dSim and the mammalian 

Sim homologues are predominantly nuclear proteins, and nuclear localisation signals (NLS) have been 

identified in both human SIM1 and SIM2 [54, 55, 59, 60]. Where activation and controlled cytoplasmic-

nuclear shuttling of other bHLH/PAS family members occurs in response to a ligand or external 

environmental cue, the restricted spatial and temporal expression pattern appears to control the activity of 

each Sim [30]. 

The activation of dSim gene expression has been found to be under the control of Twist, Dorsal and Notch, 

whereas repression is mediated by by Su(H) (Supressor of Hairless) and Hairless, requiring the co-

repressors Groucho (Gro) and CtBP (C-terminal Binding Protein) [61-67]. Snail also plays a direct role in the 

repression, and the Notch-dependent activation, of dSim expression in the embryo [62, 67-69]. Interestingly, 

where Notch signalling is required for activation of dSim expression, both mouse and human Sim2

expression, reported specifically for the expression of the short isoforms, is repressed by active NOTCH 

signalling, and also C/EBPβ, in human breast cancer MCF-10A cells and mouse mammary tissue [70]. As 

NOTCH signalling has not been directly correlated to Sim1 expression in mice or humans, it remains to be 

determined if mechanisms of Notch-mediated regulation of Sim are conserved for both mammalian 
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homologues.  A small 60bp region (-1385 to -1325) in the promoter of human SIM2 has been shown to 

strongly confer the transcriptional activation of SIM2 expression, in which the authors have identified 

consensus binding sites for E2F, c-Myb and E47 transcriptional regulators [40], although the identification of 

a specific regulatory factor(s) responsible for transactivation at this particular region remains to be shown. 

Studies in mice have also revealed that Sonic Hedgehog (Shh) expression, and signalling, also contributes 

to mSim2 in the developing forebrain [71], yet the mechanism(s) by which this occurs also remains to be 

defined. In summary, there are yet to be any reports unifying, or providing any insight into how and in what 

context, these currently independently identified mechanisms may co-ordinate the expression and regulation 

of the SIM2 gene. However, it is interesting to note that in Drosophila Delta to Notch signalling de-represses 

dE2F1 inhibition to drive proliferation during eye development, where Delta expression requires secreted 

Hedgehog (dHh) protein [72]. Furthermore, c-Myb and C/EBP co-operate with a Notch-related protein, 

GABP, to drive mNE (neutrophil elastase) promoter activity in mouse fibroblast NIH3T3 cells [73]. Perhaps 

together these studies may provide a model to investigate how various factors may interact and co-ordinate 

to regulate Sim(2) expression in mice and Drosophila. 

Even less is understood about the direct mechanisms of Sim1 expression and regulation, bar the interesting 

report from in vitro studies that the mSim1 promoter contains a DR/Arnt2 responsive xenobiotic response 

element (XRE), and that in vivo, mSim1 expression appears to be elevated in the hypothalamus and kidney 

of mice three days following treatment with dioxin  [74]. 

Although this thesis is concerned with investigating mechanisms controlling gene transcription and function 

mediated by the SIM2 protein - ie ‘downstream’ of SIM2 gene expression and regulation -  further 

knowledge of these latter processes would also greatly aid further work and an understanding of the 

function of SIM2 in development, and as discussed later, in disease.
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1.2.4. Molecular Mechanisms and Properties of the Single-minded Proteins

Partnered with Tango (Tgo, the Drosophila Arnt ortholog, referred to hereafter as dArnt), nuclear dSim can 

both activate midline gene expression and repress lateral CNS gene expression, the latter indirectly via

activating the expression of repressive factors [27, 54, 75].  Thus dSim has only been reported to act as a 

transcriptional activator but is able to both positively and negatively regulate lineage-specific transcription. 

The DNA consensus sequence recognised by dSim/dArnt is an asymmetric E-Box-like sequence, 5’-

(G/A)(T/A)ACGTG-3’, termed the CNS midline enhancer element (CME) [76]. dSim regulation of the gene 

slit is conferred via a single CME DNA binding site has been identified within the intronic CNS midline 

enhancer of slit [77], whereas multiple functional CME enhancer sequences have been found in the 

regulatory regions of toll, breathless and dSim itself [76, 78]. Functional dSim/dArnt CME enhancers 

identified to date contain the core 5’-ACGTG-3’ element.

The molecular mechanisms and functions of the mammalian Sim homologues in mice and humans remain 

largely unknown. There is some understanding about the transcriptional properties of Sim1, perhaps more 

so of Sim2. Nuclear localisation signals have been identified in hARNT, hSIM1 and hSIM2, which are found 

to be nuclear [60, 79], as are human and mouse SIM2s [41, 80-82], and mSim1 and mSim2 [59]. Like other 

Class I bHLH/PAS family members, the mSim1 and mSim2 proteins do not homodimerise but bind the 

common bHLH/PAS partner factors Arnt, and Arnt2 [8, 9, 34, 35, 46, 47]. Sim2 is able to heterodimerise with 

Arnt2 in in vitro systems to activate transcription of reporter genes [41, 46], however, unlike mSim1/mArnt2, 

which has been shown to function for the specific development of the hormone secretory regions of the 

hypothalamus [83, 84], no endogenous function for the Sim2/Arnt2 heterodimer has been identified. As 
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mentioned in the previous section (section 1.2.3) a signalling mechanism(s) that affects the localisation 

and/or dimerisation of the SIMs with ARNT partner factors is yet to be found.

The search to discern direct target genes of the mammalian SIM family members is rapidly progressing with 

the utilisation of advancements in computer based bioinformatics tools and microarray technology.  Liu and 

colleagues (2003) recently published microarray data potentially identifying 268 downstream target genes of 

mSim1/mArnt2 in a neuroendocrine tumour cell context [83]. However, bona fide direct target genes for the 

mSim1/mArnt complexes remain to be established. Only in the last year has direct gene targets of 

Sim2/Arnt emerged [48, 82]. Indications of the transcriptional properties and what the endogenous DNA-

binding response element(s) may be, for the mammalian SIMs came largely from reporter gene studies. 

Mouse and human SIM proteins are able to bind DNA via the core [underlined] 5’-(T)ACGTG-3’ CME in the 

presence of Arnt or Arnt2 in reporter gene studies driven by a synthetic promoter [8, 9, 41, 46, 84].  Contrary 

to earlier in vitro studies indicating mSim2L to be a transcriptional repressor [34, 36, 59], it has recently 

emerged that SIM2 is also capable of activating transcription in an ARNT-transactivation-domain-dependent 

manner [41, 48]. The molecular mechanisms that differentiate between these two transcriptional outcomes 

remains to be determined, however in the case of Sim2s may be part due to the loss of one of the C-terminal 

repression domains (Figure 1.3A) [41].  This transactivation outcome may also be conferred via the context 

of specific DNA-binding elements, as studies by Woods and colleagues (2008), including work from this 

thesis, have identified a novel mammalian SIM/ARNT non-canonical E-Box DNA binding element, 5’-

AACGTG-3’ in the endogenous promoter of the novel human target gene Myomesin 2 (MYOM2). We have 

termed this the S2RE (SIM2 Response Element)  Specifically, this site was identified following studies in 

which the transcriptional control was first found to be conferred from an element within the 1.3kb promoter 

sequence directly upstream of the start of transcription. Several putative SIM2 DNA-binding site elements 

were found containing the core 5’-ACGTG-3’ motif, particularly two 5’-AACGTG-3’ sites. Interestingly, site-
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directed mutagenesis studies of these putative elements in the 1.3kb promoter of hMYOM2, from 5’-

AACGTG-3’ to mutant 5’-AAAAAG-3’ motifs, revealed that both transiently expressed mSIM2L and hSIM2s 

were able to mediate transactivation of luciferase reporter gene expression solely via one of these sites (site 

1) in HEK293A cells (Figure 1.4A). Moreover, stably expressed hSIM2s.myc was only found to be bound to 

DNA at site 1, and not site 2, of the endogenous hMYOM2 promoter in HEK293A cells (Figure 1.4B)[48]. 

No genes prior to this study have shown mammalian SIM2 to confer transcriptional control via direct DNA-

binding activities at this novel non-canonical E-Box sequence. It is via this site that the long and short 

isoforms of SIM2 activate gene expression via the transactivation domain of ARNT [48].  

Despite the loss of one of the repression regions, SIM2s has recently been shown to confer transcriptional 

repression via direct binding on the promoter of the newly identified target gene, SLUG [82]; however, the 

exact DNA-binding element and mechanism of this repression are yet to be defined. Three mechanisms 

have been previously identified by which Sim2 acts as a transcriptional repressor.  The transactivational 

property of Arnt is silenced in the mSim2/Arnt complex by the repression activity found in the carboxy 

terminus of mSim2 [9, 46] (Figure 1.3A & Bi).  Murine Sim2 can also repress transcription of reporter genes 

by interfering with the transactivating mSim1/Arnt and HIF-1α/Arnt heterodimers, via sequestering Arnt [9, 

46] (Figure 1.3Bii).  Furthermore, the DNA binding basic regions of the mammalian SIMs and HIF-1α are 

highly conserved and the mSim2/Arnt complex can also act as a repressor through competition for the 

hypoxia response element (HRE) from HIF-1α, which also contains the core 5’-ACGTG-3’ [59] (Figure 

1.3Biii). Conversely, the mSim1/Arnt heterodimer acts as a transcriptional activator on this same response 

element in synthetic reporter studies [59]. Existing literature on mSim1 activity contains data which appears 

contradictory, but this may be indicative of the transcriptional activity of mSim1 being context dependent [34, 

35, 83].  Model reporter gene transfection studies indicate that, as is for Sim2, the activation properties of the 

mSim1/Arnt heterodimer may be largely due to the presence of Arnt [46, 59].  
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1.3  SIM2 and Disease

1.3.1. SIM2 and the eitology of Downs Syndrome

Human SIM2 is located in the Downs Syndrome critical region (DSCR) of chromosome (Ch) 21. Similarly, 

mSim2 maps to chromosome 16 which is syntenic to the DSCR of Ch 21 in humans [35, 36, 38, 39, 85-87].

Downs Syndrome (DS) is caused by the presence of three partial or whole copies of chromosome 21 in 

humans.  Overexpression of mSim2 has been utilised for constructing a biochemical paradigm to aid 

elucidation of the role of mSim2 in development and disease [71, 86].  The effects of ectopic mSim2

expression are of interest since the chromosomal location and expression pattern of mSim2 in the mouse 

suggests human SIM2 as a candidate gene in the etiology of DS [35, 36, 39, 40, 85, 87, 88]. Chen et al

(1995) were the first to identify human SIM2 in chromosome 21 and propose it as a dosage contributor to 

DS due to the cited data of expression making it feasible for contributing to craniofacial defects and mental 

retardation seen in humans [87]. Mice trisomic for an artificial bacterial chromosome encoding mSim2

display no obvious histopathological abnormalities, however, like in previous partial trisomy Chr 16 mouse 

models of DS, they observed increased sensitivity to pain and anxiety related reduced exploratory 

behaviour [86] and impaired learning and memory [89], hence causing it to be postulated that SIM2 may  

play a role in mental retardation of DS [40, 87].  Supporting a role for SIM2 in the etiology of DS is the 

expression of mSim2 in tissues affected by DS. These include the developing forebrain [88], ribs, 

vertebrae, kidney, skeletal muscle of limbs, and craniofacial structures [34-36, 38, 40, 46, 86].  Interestingly, 

the gross anatomy of lung, heart, gut, skeletal muscle and kidney in the trisomic mice for mSim2 was 

unchanged compared to normal littermates [86]. How SIM2 expression may affect the etiology of DS

remains to be determined [88, 90].  
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1.3.2. SIM2 and Cancer

The emphasis on discerning a role for SIM2 in the pathology of DS has shifted in light of more recent data 

linking SIM2s with the progression and severity of certain forms of solid tumours, and consequently the 

expression status of SIM2s is emerging as an interesting candidate for a solid tumour marker. Select up-

regulation of SIM2s has been identified in solid tumours of the pancreas, colon and prostate [43, 80, 81, 91-

94]. These are three of the most lethal of human cancers (see review [95]).  Although the focus has mainly 

been on SIM2s in these tumour types, SIM2L mRNA has also been found to be expressed in tumours and 

tumour derived cell lines of the pancreas [43] and in prostate tumours [81], but not, or at much lower levels 

[40], in corresponding normal cell lines or benign tissue samples, respectively. Indeed, several independent 

microarray studies find SIM2 to be consistently up-regulated gene in prostate tumours, compared to 

corresponding benign tissue [81, 93, 94]. SIM2 over-expression in human pancreatic carcinoma samples 

and derived cell lines compared to normal ductal epithelium controls has also recently been found in the 

most comprehensive genome wide analysis to date [96]. Compellingly, Halverson and colleagues (2007) 

find approximately 43% of prostate tumours have elevated SIM2s protein levels, which significantly 

correlates to increased tumour aggression and a dramatic drop in estimated survival, thus the authors 

propose SIM2s levels as a novel marker of aggressive prostate cancer. Studies by Narayanan and 

colleagues have strongly linked SIM2s expression with the survival of tumour derived cell lines of the 

pancreas and colon where antisense mediated knockdown of SIM2s in cell culture and mouse xenograft 

models results in cell death and a decrease in tumour size [43, 52, 80, 91]. Conversely however, SIM2s

has recently been found to be repressed in breast cancer tumours [53]. In contrast to the colon and 

pancreatic tumour derived cell lines tested, loss of SIM2s in MCF7 breast cancer cells correlates to cell 

survival via the activation of SLUG mediated EMT (epithelial mesenchymal transition) [53, 82]. Whether 
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changes in SIM2s expression levels are required for tumour growth and/or tumour maintenance, and how 

SIM2s expression and transcriptional activities fit into the molecular profile of disease progression, is in

need of further investigation.

1.4  Thesis Aims and Approaches

The studies of this thesis sought to identify the molecular mechanisms by which aberrant levels of SIM2s 

expression in solid tumours of the prostate and pancreas may promote tumour development.  This was 

approached predominantly in two ways. Firstly, by the identification of novel SIM2s direct target genes as 

means to identify a functional role(s) for SIM2s in tumour progression, and understand potential differential 

molecular mechanisms of transcriptional activities of the long and short isoforms of SIM2 in gene regulation. 

And secondly, via investigating how the activities of SIM2s may be implicated in known tumour promoting 

signalling pathways. The context of these aims and approaches will be introduced and discussed in more 

detail within each ‘Results’ chapter (Chapters 3, 4, 5 and 6) to follow.
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CHAPTER 2

Materials and Methods
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2.1 Abbreviations

5’-Aza-dC 5-aza-2'-deoxycytidine

Amp Ampicillin

AhR arylhydrocarbon receptor

AMV avian myeloblastosis virus

APS ammonium persulphate

AR Androgen Receptor

ATP Adenosine triphosphate

βME β-mercapto-ethanol

BSA bovine serum albumin

bp base pair

cDNA coding deoxyribonucleic acid

DMOG dimethyloxallyl glycine

DMSO dimethylsulphoxide

!C degrees Celsius

cds coding sequence

C- carboxy-

ctrl control

DAPI 4',6-diamidino-2-phenylindole

DHT dihydrotestosterone

DMEM Dulbecco's modified Eagle's 

medium

DMF dimethylformamide

DNA deoxyribonucleic acid

dNTP deoxynucleotide triphosphate

Dox Doxycyline

DP 2, 2' Diprydyl

ds double stranded

DTT dithiothreitol

EDTA ethylene diamine tetra-acetic 

acid

EtBr ethidium bromide

EtOH ethanol

FA formaldehyde

FCS fœtal calf serum

FITC fluorescein isothiocyanate

Ha Haemagglutinin

HEPES 4-(2-Hydroxyethyl)piperazine-

1-ethanesulfonic acid

HIF Hypoxia inducible facot

h hour

HRE Hypoxic Response Element

HRP Horseradish peroxidase

IF immunofluoresence

IGEPAL IGEPAL CA-360
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Ig Immunoglobulin

IP immunoprecipitation

IPTG isopropyl-β-D-

thiogalactopyranoside

kDa kiloDalton

L Litre

LB Luria broth

μl microlitre

ml milliltre

min minute

M molar

mAmp mini-Amps

mM millimolar 

OD    optical density 

O/N    overnight (typically 16h)

N-    amino-

NEB    New England Biolabs

PAGE polyacrylamide gel 

electrophoresis

PBS phosphate buffered saline

PCR polymerase chain reaction

PFA paraformaldehyde

PMSF phenylmethyl sulphonyl 

fluoride

Puro    Puromycin

PVDF    Polyvinylidene Fluoride

RNA ribose nucleic acid

RO reverse osmosis

rpm revolutions per minute

RPMI Roswell Park Memorial Inst.

RT room temperature

S2RE SIM2 Response Elment

SIM Single minded

siRNA small interfering RNA

shRNA short hairpin RNA

SAP     Shrimp alkaline phosphatase

SDS sodium dodecyl sulphate

sec second

TBE Tris/borate/EDTA

TE Tris/EDTA

TEMED N,N,N1,N1-tetramethyl-

ethylenediamine

TES N-tris(hydroxymethyl)methyl-2-

aminoethane sulphonic acid

Tween-20 polyoxyethylene-sorbitan 

monolaurate

V volt

v/v volume per volume
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WCE whole cell extract

w/v weight per volume

XRE xenobiotic response element

2.2 Materials
2.2.1 General materials and specialised equipment

ITEM MAIN SUPPLIER

3MM chromatography paper Whatman

AnaeroGen™ Sachet Oxoid

StepOne Plus Real-time PCR system Applied Biosystems

Bioruptor Diagenode

Bottle-top filters - 500ml, 0.22 or 0.45 μM Corning

Cryomold Tissue-tek

Cryotube™ vials Nunc™

Disposable pipettes (2, 10 and 25 ml) Falcon

Flip-cap tubes - 1.5ml Eppendorf

Flip-cap tubes - 1.7ml low retention Axygen

Glass pipettes Chase Instruments

Luminometer, Glomax Promega

Luminometer, TD 20/20 Turner designs

Microscope slides (1 - 1.2mm thick) Sail Brand

Minisart syringe top 0.2 or 0.45 μM filters Sartorius

Needles, various guage Terumo®

Nitrocellulose           Pall Corporation
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Protran nitrocellulose transfer membrane Schleicher & Schuell

PVDF BIO-RAD

Scalpel blades Swann Morton®

Screwcap tubes 5, 10, 50ml Falcon

Sealed plastic containers (Hypoxia Chamber) Supermarket standard

Sigmacote SIGMA-ALDRICH

Spectramax plate reader Molecular Devices

Syringes, various volumes Becton Dickinson

Tissue culture vessels, various Falcon

X-ray film AGFA

2.2.2 Chemicals and Reagents

All chemicals and reagents were of analytical grade or of the highest purity available. The majority of 

common laboratory materials were obtained from SIGMA-ALDRICH Inc. Specialized reagents and their 

suppliers are listed below.

5’-Aza-dC SIGMA-ALDRICH

Acrylamide (acryl/bis 29:1) Astral Scientific

Alpha-MEM Invitrogen/Gibco BRL™

ATP SIGMA-ALDRICH

Agarose, DNA grade SIGMA-ALDRICH

Amp SIGMA-ALDRICH

Apoprotinin SIGMA-ALDRICH

APS BDH Chemicals
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Bacto-agar Difco Labs

Bacto-tryptone Difco Labs

Betaine (5M)          SIGMA-ALDRICH 

Benchmark pre-stained protein markers                   Invitrogen™

Bestatin SIGMA-ALDRICH

BIGDYE™ Versions 3 to 6 Amersham

BioTaq reaction buffer, 10x Bioline

Bisbenzimide stain (Hoechst 33258) SIGMA-ALDRICH

Blastacidin Invitrogen

BSA SIGMA-ALDRICH

Bradford protein assay reagent BIO-RAD

Bromophenol blue SIGMA-ALDRICH

Cyclohexamide SIGMA-ALDRICH

DAPI Invitrogen/GIBCO

DHT (100mM stcok in EtOH) Gift, W. Tilley, Hanson Centre,SA.

DMEM Invitrogen/Gibco BRL™

DMOG           Chemicon

DP SIGMA-ALDRICH

DMSO SIGMA-ALDRICH

DNA 1kb Plus Ladder Life Technologies

dN6 Random hexamers Geneworks

dNTPs (25mM each) Finnzymes

Dox SIGMA-ALDRICH

DP SIGMA-ALDRICH
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DTT SIGMA-ALDRICH

EDTA SIGMA-ALDRICH

EtBr SIGMA-ALDRICH

FA BDH AnalaR

FCS JRH Biosciences

Formamide BDH AnalaR

Fugene 6 Roche Molecular Biochemicals

Galactolight substrates Applied Biosystems

Glycine Amresco

Horse Serum CSL

Hydroquinone SIGMA-ALDRICH

Hygromycin Invitrogen

IGEPAL SIGMA-ALDRICH

Imidazole SIGMA-ALDRICH

IPTG SIGMA-ALDRICH/BioVectra

LiCl (8M) SIGMA-ALDRICH

LipofectAMINE™ 2000 Invtrogen/Gibco BRL™

MG132 BioMol

Mineral oil           BIO-RAD

OCT Tissue-tek

Oligofectamine Invitrogen

Passive lysis buffer, 4x Promega

PFA SIGMA-ALDRICH

PIPES SIGMA-ALDRICH
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Pfu Turbo polymerase buffer, 10X Stratagene®

PMSF SIGMA-ALDRICH

Protease Cocktail Inhibitor (100x) SIGMA-ALDRICH

Protein (Bradford ) Assay Reagent , 4x BIO-RAD

rec-protein G-sepharose Zymed

Protein-G agarose/salmon sperm DNA Upstate

Puromycin SIGMA-ALDRICH

Rapid ligation buffer, 2x Promega

Restriction enzyme reaction buffers New England Biolabs

RPMI-1640 Invitrogen/Gibco BRL™

RNaseZAP™ Ambion

RNAZol B Tel-Test Inc.

Shrimp Alkaline Phosphatase Buffer, 10x Amersham Pharmacia

SDS SIGMA-ALDRICH

Skim milk powder Diploma (supermarket)

Sodium azide SIGMA-ALDRICH

Sodium bisulphite SIGMA-ALDRICH

SUPERase-In™ Ambion

T4 DNA ligase buffer, 10x New England Biolabs

T4 DNA polymerase buffer, 10x New England Biolabs

Taq polymerase reaction buffer, 10x New England Biolabs

TEMED SIGMA-ALDRICH

TRI-Reagent Ambion

Tris Amresco
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Triton X-100 SIGMA-ALDRICH

Trypan Blue SIGMA-ALDRICH

Trypsin-EDTA Invitrogen/Gibco BRL™

Tween-20 SIGMA-ALDRICH

WST-1 reagent ROCHE

X-Gal BioVectra

Zeocin Invitrogen

2.2.3 Commerically available kits 

All kits used as per manufacturers’ instructions/recommendations.

Galactolight β-galactosidase Luciferase Reporter Assay Applied biosystems

Dual Luciferase™ Reporter Assay System Promega

Imobilon™ Western Chemilumenescent reagents              Millipore

Luciferase Assay System Promega

QIAprep spin Mini-prep Kit QIAGEN

Qiafilter Midi Plasmid Prep kit QIAGEN

Qiaquick PCR Purification kit QIAGEN

QIAquick Gel Extraction Kit QIAGEN

RNeasy Mini-prep Kit QIAGEN

PureLink Genomic DNA Purification Kit Invitrogen

pGem-T® Easy Vector System Promega

Quickchange site-directed mutagenesis kit Stratagene

SlowFade Light Antifade kit Molecular Probes/Invitrogen



CHAPTER  |  2

38

Superscript III cDNA synthesis kit Invitrogen

SuperSignal Westpico ECL reagents Pierce

BIOTAQ DNA polymerase PCR kit Bioline

Ez-ChIP Kit Upstate

2.2.4 Enymes

BIOTAQ DNA polymerase Bioline

Double stranded DNA restriction enymes NEB

Platinum SYBR Green qPDR Supermix-UDG reagent Invitrogen

Platinum Pfx DNA polymerase Invitrogen

PfuTurbo® DNA polymerase Stratagene

Shrimp alkaline phosphatase USB

Taq DNA Polymerase NEB

T4 DNA ligase Geneworks

2.2.5 Antibodies 

Unless specified, all antibodies are purified.

Details of dilution and incubation conditions used for western blot and/or IF analysis provided below where 

applicable.

2.2.5.1 Primary Antibodies

anti-Actin rabbit polyclonal (Sigma); WB 1:1000/2% skim-milk/PBS-T – 1h RT.

anti-Alpha-Tubulin rat polyclonal (Serotec); WB 1:1000/1% skim-milk/PBS-T – 1h RT.
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anti-AR rabbit polyclonal (Santa Cruz); WB 1:500/2% skim-milk/PBS-T – O/N 4°C.

anti-ARNT MA515 mAb (Affinity BioReagents); 1:100 (of 1:20 stock) 2% skim-milk/PBS-T – 2hrs RT

anti-ARNT1#51 [59] and anti-ARNT1#30 rabbit polyclonal sera raised against the N- (residues 1-142) and 

C- (last 34 residues) termini of human ARNT1, respectively. Dr. M. Whitelaw; WB 1:500 or 1:400, 

respectively, 5% skim-milk/PBS-T - O/N 4°C.

anti-ARNT1 goat polyclonal (Santa Cruz); used for IP only.

anti-ARNT2 rabbit polyclonal (Santa Cruz); WB 1:500/1% skim-milk/PBS-T – O/N 4°C.

anti-BNIP3 Ana40 mAb (Sigma); WB 1:1000-1500/5% skim-milk/TBS-T – 1.5-3hrs RT.

anti-GLI1 rabbit polyclonal (Santa Cruz); IF only  1:200 in 1% BSA/TBS-T block solution O/N at 4°C.

anti-HIF1α mAb (BD Biosciences); WB 1:400/2% skim-milk/PBS-T – 3.5hrs RT.

anti-HIF1α rabbit polyclonal (ab2185, Abcam); used for ChIP only.

anti-HIF1α-CAD #207 rabbit polyclonal sera [97]; WB 1:1000/2% skim-milk/PBS-T – O/N 4°C 

obtained from the laboratory of Prof. J. Pouysségur, CNRS UMR6543, University of Nice, France, was used 

for detection of mouse HIF1α. 

anti-IgG goat polyclonal (Santa Cruz) isotype match to anti-hSIM2s for ChIP negative control only.

anti-IgG rabbit polyclonal (Upstate) isotype match to anti-HIF1α for ChIP negative control only.

anti-IPF, rabbit polyclonal – IF only, 1:400/1% BSA/TBS-T O/N 4°C. Kind gift from Prof. H. Edlund, 

University of Umeå, Sweden. 

anti-LC3B rabbit polyclonal (Abcam); WB 1:500/2% skim-milk/PBS-T – 90min at RT.

anti-Myc rabbit polyclonal (Abcam); WB 1:5000/2% skim-milk/PBS-T – 1.5-3hrs RT.

anti-RPT1 (AhR) MA1-514 mAb (Affinity BioReagents); WB 1:1000/2% skim-milk/PBS-T - O/N 4°C.

anti-SHH goat polyclonal (Santa cruz); WB 1:500/2% skim-milk/PBS-T – O/N 4°C

anti-hSIM2s goat polyclonal (Santa Cruz); used for IP, ChIP and WB 1:500/2% skim-milk/PBS-T – O/N 

4°C, also IF were a dilution 1:50 in 1% BSA/TBS-T block solution was applied O/N at 4°C.
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anti-SQSTM1/p62 mAb (Santa Cruz); WB 1:500/2% skim-milk/PBS-T- O/N 4°C

Note:  For sequential immunoblot detection of proteins on the same membrane, order of antibodies 

optimised for non-interference of previously used antibody in a manner corresponding to the animal in which 

the antibody was generated: commonly- 1st, mouse; 2nd, rabbit; 3rd, goat; 4th, rat. Incubation time periods for 

immunoblot detection, with gentle mixing/orbital shaking, listed above with each antibody.

2.2.5.2 Secondary Antibodies

Horseradish peroxidase-conjugated secondary antibodies used were anti-goat, anti-mouse, anti-rabbit 

(Pierce), and anti-rat (Dako), used routinely at 1:5000-10000/1-2% skim-milk/PBS-T, or TBS-T were 

appropriate, typically 1hr at RT for immunoblot (see below, section 2.3.4.4) 

Alexa-fluor-labelled-594 and -488 secondary antibodies used for immunofluoresence were anti-goat, anti-

mouse, anti-rabbit (all from Invitrogen), typically used at a dilution of 1:1000/1% BSA/TBS-T, incubated on 

tissue section for 1hr at RT. 

.

2.2.6 Solutions

2.2.6.1 General solutions and buffers

Cyclohexamide 1mg/ml, dissolved in water, stored at -20°C

DAPI (5mg/ml) 10mg dissolved in 2ml MQ-water. Working stock 1mg/ml (1000x).

DNA load buffer (6x) 50% (v/v) glycerol, 0.01% (w/v) bromophenol blue, 0.01% (w/v) xylene 

cyanol, 0.1mM EDTA pH 8.0.

DMOG Dissolved in DMSO to 1M (1000x stock)

DP Dissolved in DMSO to 100mM (1000x stock)
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IF block solution 1% BSA/TBS-T

IP buffer 250mM NaCl, 20mM HEPES pH 8.0, 0.1% Igepal, 1mM EDTA

IPTG (1M) 0.238g dissolved in 1ml MQ-water.

LB 1% (w/v) bacto-tryptone (Difco), 0.5% (w/v) yeast extract (Difco), 1% (w/v) 

NaCl. NaOH used to adjust pH to 7.0.

Mouse tail tip Lysis Buffer  50mM Tris pH 7.5, 0.1M EDTA, 0.1M NaCl, 1% SDS

PBS 20mM NaPhosphate pH 7.6 and 137mM NaCl.

PBS-T PBS plus 0.1% (w/v) Tween-20.

PFA (4%) 4g dissolved in 100ml of boiling (by microwaving) PBS + 25μl of 5M 

NaOH. Stored at 4°C for up to 2 days.

Ponseau Stain 0.5% Poncaeu S (w/v), 1% glacial acetic acid (v/v) in MQ-water.

Reaction Buffer (RB) (10x) 250mM Tris pH 9.0, 160mM (NH4)SO4

RIPA cell extract buffer 150mM NaCl, 1.0% Igepal, 0.5% sodium deoxycholate, 0.1% SDS, 50mM 

Tris pH 8.0.

SDS load buffer (4x) 50mM Tris pH 6.8, 20mM DTT, 8% (w/v) SDS, 40% (v/v) glycerol and

0.01% (w/v) bromophenol blue.

Separation Buffer (4x) 1.5M Tris, 0.4% (w/v) SDS, 1M HCl used to adjust pH to 8.8.

SOC 0.1ml 1M MgSO4, 0.1ml 1M MgCl2, 0.2ml 20% (w/v) glucose and 9.6ml LB.

Stacking buffer (4x) 0.5M Tris, 0.4% (w/v) SDS, 1M HCl used to adjust pH to 6.8.

TBE 216g Trizma base, 110g Boric acid and 18.6g EDTA plus water to 1L and 

pH adjusted to 8.3 using NaOH

TBS 50mM Tris pH 7.5, 150mM NaCl

TBS-T TBS plus 0.1% (w/v) TritonX-100

TE (100x) 121.1ml of 1M Trizma base and 37.22ml of 0.1M EDTA upto 1L with water.
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Whole Cell Extract Buffer 20mM HEPES, 0.42M NaCl, 0.5% (v/v) Igepal, 25% (v/v) Glycerol, 0.2mM 

EDTA, 1.5mM MgCl2. pH adjusted with NaOH to 7.8. 1xPI cocktail and 

1mM DTT added fresh.

Western blot block solution 10% skim-milk/PBS-T or TBS-T

Western Transfer Buffer Semi-dry: 25mM Tris pH 8.4, 0.25M glycine and 20% Methanol.

Wet: 48mM Tris, 1.93M glycine, 0.01% SDS and 20% Methanol.

X-gal (50mg/ml) Dissolved in DMF, stock stored at -20°C.

2.2.6.2 ChIP Solutions:

Nuclear Isolation Buffer 5mM PIPES pH 8 adjusted with KOH, 85mM KCl, 0.5% Igepal and 1xPIs

SDS Lysis Buffer 1% SDS, 10mM EDTA, 50mM Tris pH 8.1.

Dilution buffer 16.7mM Tris-HCl pH 8.1, 1.2mM EDTA, 167mM NaCl,0.01% SDS, 1.1% 

Triton X-100

Low salt wash buffer 20mM Tris-HCl pH 8.1, 2mM EDTA, 150mM NaCl, 0.1% SDS, 1% Triton 

X-100

High salt wash buffer 20mM Tris-HCl pH 8.1, 2mM EDTA, 500mM NaCl, 0.1% SDS, 1% Triton

X-100

LiCl wash buffer 0.25M LiCl, 110mM Tris pH 8.1, 1mM EDTA, % Igepal-CA630, 1% 

deoxycholic acid (sodium salt)

Elution buffer 100mM NaHCO3, 1% SDS

Proteinase K 600ug Proteinase K in 60μl of 50mM Tris-HCl pH 8.0, 10mM CaCl2

2.2.7 Primers and oligonucleotides

Typically, primers synthesised by Geneworks, SA, Australia
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2.2.7.1 Sequencing

BS Reverse primer 5’-AACAGCTATGACCATG-3’ (pBSK)

Puro Vector Sense 5’-AGTTCAATTACAGCTCTT-3’ (pEF/IRESpuro)

Puro Vector Antisense 5’-AACGTTAGGGGGGGGGGA-3’ (pEF/IRESpuro)

Antisense pEF-BOS 5’-GGCCCTCTAGATGCATG-3’ (pEF-BOS)

pGL3reverse 5’-GCCGGGCCTTTCTTTATG-3’ (pGL3-promoter)

Cam primer 1 5’-GCTCTTACGCGTGCTAGC-3’ (pGL3-promoter)

Luc27C (reverse) 5’-TATGCAGTTGCTCTCCAG-3’ (Firefly Luciferase)

CMV Forward 5’- CGCAAATGGGCGGTAGGCGTG -3’ (pcDNA5/FRT/TO)

BGH Reverse 5’-TAGAAGGCACAGTCGAGG-3’ (pcDNA5/FRT/TO) 

2.2.7.2 cDNA and Semi-Quantitative RT-PCR primer sequences

5’- 3’ Sense Antisense
hSIM2s [52] TGGAGGACCGCCTTGTCTACCT GCCCAAAGCGTGAGGGTTCTGTCT
hSIM2L [52] TGCCCTTCGTGCTGCTCAACTACC AGGAAACCAAGCCCCCAGCA
hARNT1 [52] TCTGTCATGTTCCGGTTCCGGTCT TCAAGGGGCTTGCTGTGTTCTGGT
hARNT2 ATGATGAGCTCAGCCTCTGC AGAAAACGGTGGAAACATGC
mARNT2 CCTTCAGCTCTTCCGTGG TCTGGGCAGTAGAAGCCT
hMMP16 GTAAAGCTATTCGCCGTGCC CACTGTCGGTAGAGGTCTTG
hXAGE-1 CAAACACAGAACCACACAGCCA ACCAGCTTGCGTTGTTTCAGC
hPTPRR CCATTGGCTGTCAACAGCTG CAGCAGCTCATCCAGTCATC
hPTP-SL TTAGAAAGCCTGGGACCTGC GCAAAACAGAAAGTCCGACG
hPTPBR7 GCAAACACTATGCGGAGAGC TTGATGTGCACTTGCTGGGG
hPSA ATGAGCCTCCTGAAGAATCG GCACACAGCATGAACTTGGT
hS100P ATGACGGAACTAGAGACAGCCATGGGC GGAATCTGTGACATCTCCAGCGCATCA
hTMEFF2 AACTCTCGAGATCATGCGCG ACGCAAGTCACAGTGTCTCC
hBTG1 CCGTGTCCTTCATCTCCAAG TTTGGAAGGGCTCGTTCTGC
hHSPA10/8 AAACGTCTGATTGGACGCAG GCACGTTTCTTTCTGCTCCA
hGAGEB1 AGAGAGGATGAGGGAGCATC CAGCCTGAACCATTTCAGCG
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hPHLDA1
/TDGA51 GATCACGCTGCAGATGGTGC TCCCACTTCCTCAAGTCCTC

hIER3
/IEX-1 ATGTGTCACTCTCGCAGCTG AAGCCTTTTGGCTGGGTTCG

hSPOCK2 CGTCCATCTCGCAGTACAGC CGCCTGTTGCTCCAGCTTAC
hEREG ATGGAGATGCTCTGTGCCGG CAGACTTGCGGCAACTCTGG
hBNIP3 GACGGAGTAGCTCCAAGAGC CTGGTGGAGGTTGTCAGACG
mBNIP3 CAGCATGAATCTGGACGAAG TCCAATGTAGATCCCCAAGC
hARv1 ACTGAGGAGACAACCCAGAAG ATTGGTGAAGGATCGCCAGC
hSHH [98] CAGCGACTTCCTCACTTTCC GGAGCGGTTAGGGCTACTCT
hGLI1 [98] TACTCACGCCTCGAAAACCT GTCTGCTTTCCTCCCTGATG
hIHH [98] CCCCCTCCACTCCAATAAAT AAAATTCTCCCATGGGCTTC
hSMO [98] TTACCTTCAGCTGCCACTTCTACG GCCTTGGCAATCATCTTGCTCTTC
GAPDH
(m&h) GGAGCCAAAAGGGTCATC ACCACCCTGTTGCTGTAG

2.2.7.3 Real-time qPCR primers

5' - 3' Sense Antisense
hSIM2s GGGTCAGGTCTGCTCGTG AAGCGTGAGGGTTCTGTCTC
hSIM2L AGCAGCTCGTCTCCAGCTAA GTGTCCTCGCCGAACCTG
hARNT2 TGAAGTGTTCCAGGACATGC AGAAAACGGTGGAAACATGC
hBNIP3 TGCTGCTCTCTCATTTGCTG GACTCCAGTTCTTCATCAAAAGGT
hPOLR2a GAGAGTCCAGTTCGGAGTCCT CCCTCAGTCGTCTCTGGGTA

2.2.7.4 ChIP primers (gDNA)

5' - 3' Sense Antisense
HUMAN

hARNT2 promoter -7500
S2RE site 1 TGTCCCTGTTGTTCTCCAAG CCATCCCTTTGTCTCTTCCA

hARNT2 promoter -7100
CME/E-box site 2 AACAAGGGGAAAGCAGGAAT CCCACCAATTATGCTCCAGT

hARNT2 promoter -6550
E-box site 3 GAACAGGCATGTGACTCGAA ACCAGGCATCTGGACTTCAC

hARNT2 promoter -2340
E-box site 4 ATTGTGCGTAGCCCAGTTCT ACTTCCCAAGTCTGGAGTCG
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MOUSE
mBNIP3 Proximal

promoter HRE CGGTCCACTTCTGCATTAGA CACTGGACTGAGGGACAAGG

mBNIP3 Intron 1
S2RE site 1 GAACGTGCTGGGTAAGTGCT CATCAGGAAGTGGCAACAAA

mBNIP3 Intron 1
S2RE site 2 TGGAGGAGGATCCTGTTGAC AATCCCAGCACTAGGGAGGT

mACTIN intron 1 [99] CGGTGTGGGCATTTGATGA CGTCTGGTTCCCAATACTGTGTAC

mChromosome 7
(3kb upstream of mBNIP3) GGGGAGGGAGTTTTTGAGAC TGTGTCAGGATCTGGGTTCA

2.2.7.5 gDNA primers

For identification of hSIM2s transgenic mice: see Chapter 6.

1. mIPF1 5’3 (sense): 5’-GGG AAG AGG AGA TGT AGA CTT -3’

2. hSIM2s antisense #2: 5’-TTG GAG CAG GTG GTG -3’

3. mIPF1-AR (antisense): 5’-GAGCTGAGCTGGAAGGT-3’

Primers 1 & 2 give a 790bp product for transgene. Primers 1 & 3 gDNA control PCR gives 700bp amplicon.

(E. Palsson, University of Umeå, Sweden)

hARNT2 promoter- ChIP studies see section 2.2.7.4 for primer sequences.

mBnip3 promoter – generating promoter reporter constructs see section 2.2.8.3 below, and ChIP primers

(promoter and intron 1) see section 2.2.7.4 above.

2.2.7.6 gDNA bisulphite specific primers

methBNIP3prmHRE LEFT: 5’-TTTTTTTATTAGTAGGATGGAAAGA -3’

methBNIP3prmHRE RIGHT: 5’- AAAAAACTCACAAAACAAAAC -3’
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2.2.7.7 Primers for cDNA synthesis

Oligo-dT15 primer Promega or Geneworks

Random Hexamers (dN6) Geneworks

2.2.7.8 siRNA oligonucleotides and shRNA oligonucleotides

All siRNA oligonucleotides were chemically synthesized by Qiagen. siControl and siSIM2s-1759 were 

labeled with 3’Alexafluor546 used to assess transfection eff iciency into cel ls. siControl: 5’-

aacgtacgcggaatacaacga-3’ [100]; siScrambled: 5’- gtactaccgttgttataggtg-3’ (sequence ex. Ambion); 

siSIM2s-1759:  5 ’-aaccctcacgctttgggcaaa-3’; siSIM2s-2 a :  5 ’-ctgtgctttcttgctctcaat-3’ .  SIM2s-2a siRNA 

oligonucleotide was generated by Qiagen, using their proprietary HP Flexible siRNA design service. All 

others designed using online algorithms provided by Qiagen, Ambion siRNA Target finder, and/or using 

Xcel siRNA design template written by Maurice Ho. See below section 2.2.11, Bioinformatic resources.

Primers designed and used to generate construction of stable integrated tet-inducible shRNA expression 

[101]  in DU145 cells. shSIM2s-1759;  19mer target sequence of siRNA in lowercase and underlined, loop 

sequence in uppercase. shSIM2s_1759_F:  5’ – TTCAAGAGAtttgcccaaagcgtgagggtttttttacccagc – 3’, 

shSIM2s-1759-R:  5’ – aaaTCTCTTGAAtttgcccaaagcgtgagggttgatctctatcac – 3’.  All subcloning, generation 

of recombinant expression vectors for lentiviral infection and generation of stably integrated shRNA DU145 

cell lines, by C. Bindloss.

2.2.8 Plasmids

2.2.8.1 Cloning vectors

pBluescript (pB) KS and pBSK.
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2.2.8.2 Mammalian Expression vectors 

Plasmids generated by others

pEF-BOS-cs - J. Langer, Robert Wood Johnson Medical School, New Jersey USA.

pEF-IRESpuro  [102]  source vector for pEF-IRESpuro6 with modified multiple cloning site used for all work 

contained in this thesis, generated by D. Peet.

pEF/mSIM2s(Myc)2/IRESpuro and  pEF/mSIM1(Myc)2/IRESpuro – S. Woods [59].

(any such vectors using this backbone are referred to hereafter as, ie; mSIM2.myc-IRESpuro and 

mSIM1.myc-IRESpuro, respectively)

pEF-BOS-hARNT1v3.HA – R. Kewely, as described in [59]. 

hHIF1α(no tag)-IRESpuro – D. Lando [20].

hAhR-pEF-BOS – M. Kleman.

pDR-hSIM1 - S. Antonarkis, Laboratory of Human Molecular Genetics, Department of Genetics and 

Microbiology and 2GraduateProgram of Cellular and Molecular Biology, Geneva University Medical School, 

1211 Geneva, Switzerland; [38]. Sequence identifier Genbank accession number: U70212. 

hGLI1-pBKS – (GLI1 cDNA -79 to 3522) Gift from Dr. Bert Volgelstein, The Howard Hughes Medical 

Institute & Sidney Kimmel Comprehensive Cancer Center, Baltimore, USA [103].

Tet-inducible tH1 promoter driven shRNA lentiviral vectors were a kind gift from Dr. S. Barry, Children’s 

Health Research Institute, SA, Australia [101].

Plasmids I have made during the course of this PhD

hSIM2s.myc-IRESpuro (corrected) - Source clone hSIM2s.myc (2xMyc tag) in IRESpuro (original clone) 

made by S. Woods. Single nucleotide site mutation(C->T) resulted in an A -> V mutation at amino acid 63. 

This was corrected using a site-directed mutagenesis splice-overlap PCR approach using Pfu turbo DNA 

polymerase. Step 1: PCR amplification and purification of the N-terminus of hSIM2 using primers; SIM2-
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1 N h e F ;  5 ’-CTAAGCTAGCATGAAGGAGAAGTC-3 ’ ,  a n d  t h e  r e v e r s e  p r i m e r  h S I M 2-6 8 R ;  5 ’-

GGCTGTCCCCACGCGTCTCCTAAAC-3’, which incorporated the corrected nucleotide (underlined). Step 

2: PCR amplification of approximately 350bp c-term of site mutation, using a forward primer also 

incorporating corrected nucleotide (underlined), hSIM2-59F; 5’-GTTTAGGAGACGCGTGGGGACAGCC-3’, 

with SIM2-184R; 5’- GTGGATGACCTTGTATCC-3’. Step 3: Purified PCR products (which overlap in 

sequence 12-13bp either side of the corrected nucleotide) together provide the template for splice-overlap 

PCR, using primers SIM2-1NheF and SIM2-184R. Step 4: Resulting 552bp PCR product of corrected 

sequence following splice-overlap PCR then restriction digested with Nhe1/Sac1. Step 5: Corrected N-

terminal sequence subcloned back into Nhe1/Sac1 digested hSIM2s.myc-IRESpuro original backbone to 

create corrected hSIM2s.myc-IRESpuro - verified by sequencing. All references to hSIM2s.myc in this 

thesis are of this corrected hSIM2s.myc clone. Use of this clone recently published [48]. 

hSIM2L.myc-IRESpuro - Subcloned out of hSIM2L.myc-FRT/TO (see below) Nhe1/EcoRv and ligated  into 

myc-IRESpuro) backbone cut Nhe1/EcoRV (excised hSIM2s cds from hSIM2s.myc-IRESpuro).

hGLI1-IRESpuro - Human GLI1 cDNA  excised from hGLI1-pBKS Sal1/Xba1 and ligated into  Xho1(Sal1 

compatible end)/Xba1 pEF/IRESpuro backbone. Full length sequencing confirmation of cds. Aligns with 

Genbank accession number clone: NM_005269.

Tet-inducible cDNA expression – using the Flp-In™ T-Rex™ System form Invitrogen.

Expression vectors: pcDNA5/FRT/TO©, and pOG44

hSIM2s.myc-FRT/TO - 1.7kb coding sequence insert subcloned into vector AflII/Not1 from similarly digested 

source vector hSIM2s.myc-IRESpuro.

hSIM2L.myc-FRT/TO (and cloning of human SIM2L cDNA) - Using primers hSIM2s-sense [80] (see section 

2.2.7.2 above) and hS2LEcoRVRev: 5’- CAATGATATCCCTCCCGTTGGTGATGATGAC-3’, PCR amplified 



CHAPTER  |  2

49

the carboxy-terminus of endogenous SIM2L from human skeletal muscle cDNA using Platinum Pfx DNA 

polymerase (Invitrogen) (see section 2.3.2.3 below for furter detail). PCR product then restriction digested 

with BamH1/EcoRV.  hSIM2s.myc-FRT/TO also digested BamH1/EcoRV to remove ‘short’ specific C-

terminus, which was replaced with the ‘Long’ specific cloned C-terminus to create hSIM2L.myc cDNA insert 

of approximately 2kb. Cloned hSIM2L c-term same sequence as Genbank accession number: U80456.

hHIF1α(not tag)-FRT/TO - HIF1α cds 2.6kb insert subcloned into vector BamH1/EcoRV using BamH1/Pml1 

insert from source vector hHIF1α(notag)-pEF-BOS.. 

hAhR(no tag)-FRT/TO - hAhR 2.7kb cds insert subcloned into vector EcoRV/Not1 from source vector 

hAhR(no tag)-IRESpuro.

Made by others:

hSIM1.myc-FRT/TO - Subcloning of hSIM1 cDNA from pDR-hSIM1 into FRT/TO carried out by A. 

Raimondo.

2.2.8.3 Reporter Plasmids

pGL3-basic-Firefly luciferase – no promoter or enhancer sequences (Promega).

pGL3-promoter-Firefly luciferase  - with minimal SV40 promoter (Promega).

pRLSV40 - Renilla luciferase internal control plasmid with minimal SV40 promoter (Promega).

pRLTK – Renilla luciferase internal control plasmid with minimal thymidine kinase promoter [104].

pCMX-beta-galactosidase – Beta-galactosidase reporter plasmid under the control of the CMX promoter 

used as an internal normalising control for enhancer/promoter driven Firefly luciferase expression (gift D. 

Dowhan, Diamantia Institute, Australia.)

PB3-luciferase – pGL3basic vector containing 3 repeats of the Probasin androgen responsive minimal 

promoter (gift W. Tilley, Hanson Research Institute, Australia).
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8x3’GliBS-p δ51-LucII – Synthetic enhancer of consecutive 8x3’Gli binding sites (BS) – 5’- GAACACCCA-3’ 

-  to drive Firefly luciferase expression (gift from Dr. Hiroshi Sasaki, Laboratory of Developmental Biology, 

Institute for Molecular and Cellular Biology, Osaka University, Japan) [105]. Empty vector control needed 

(pδ510LucII) for 8x3’Gli3BS-Luciferase reporter (Chapter 6, section 6.4.2), thus removed the Gli binding 

site (BS) enhancers with BamH1/BamH1 restriction digestion, followed by re-ligation of the vector 

backbone.

1.3kb Myom2promoter-Luciferase – C. Proco & S. Woods [48].

Plasmids I have made during the course of this PhD

1kb mBnip3promoter-Luciferase and DNA binding site mutants

1.2kb of the mouse BNIP3 promoter was amplified from NIH3T3 genomic DNA, made using Purelink 

Genomic DNA purification Kit (Invitrogen), using Pfu Turbo polymerase (Stratagene) as per manufacturers’ 

instructions. Primers; sense: 5- ATGAGGAGCTCTTGGGGAACTATGGGTCAAC -3’, and antisense: 5’-

GTATCGCTAGCAGCAAGCCAGGGGTAAAGAT -3’. Subcloned Sac1/Nhe1 into pGL3-Basic vector (with 

technical assistance from M. van Bekkum). 1kb mBnip3 promoter was then excised and ligated into native 

pGL3basic, Xho1/Xho1. Site directed mutagenesis of mBnip3 regulatory region HRE 5’-CACGTG-3’ and 

S2RE 5’-AACGTG-3’, binding sites to mutant 5’-AAAAAG-3’ sites, was carried out using the following 

primers: HRE; mBnip3promHREmut_F:  5 ’-CCGGCGCACGCGCCGAAAAAGCCACACGCTCCC-3’, 

mBnip3promHREmut_R:  5 ’- GGGAGCGTGTGGCTTTTTCGGCGCGTGCGCCGG-3 ’ .  S 2 R E ;  

mBnip3promS2REmut_F:  5 ’- GTACTGGGGACAGAACCAGATCTGAAAAAGCTGGGTAAGTGCTC-3’, 

mBnip3promS2REmut_R: 5’- GAGCACTTACCCAGCTTTTTCAGATCTGGTTCTGTCCCCAGTAC-3’, using 

Quickchange site-directed mutagenesis kit.
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1.3kb Myom2-mutant S2RE site 1 (and site 2) -promoter-Luciferase

Using Quickchange site-directed mutagenesis kit,  ‘Site 1’ and ‘Site 2’  S2RE (5’-AACGTG-3’) binding sites 

within the 1.3kb Myom2promoter-Luciferase plasmid were mutated. Site 2 mutant construct previously 

generated by S. Woods. To obtain single S2RE site 1 and double mutant constructs of the 1.3kb Myom2 

promoter in pGL3bsic, the following primers were used for site directed mutagenesis, S2RE site 1; forward: 

5’-GCCTCTGATACCCCAGTGTGAGAAAAAGGAGTTTCTTAAGGC-3 ’ ,  r e v e r s e  5 ’-

GCCTTAAGAAACTCCTTTTTCTCACACTGGGGTATCAGAGGC-3 ’ ,  u s i n g  e i t h e r  t h e  n a t i v e  1 . 3 k b  

Myom2promoter- or 1.3kb Myom2promoterSite2mutant-pGL3basic plasmid templates, respectively.

2.2.9 Bacterial strain

DH5α: This strain of E.Coli was used for the propogation and subcloning of DNA. [Genotype: 

Φ80lacZ∀M15, recA1, endA1, gyrA96, thi-1, hsdR17(rK-,mK+), supE44, relA1, deoR, ∀(lacZYA-arg F)U169].

2.2.10 Cultured mammalian cell lines

Unless specified, cell lines originally obtained from ATCCC-derived Discipline of Biochemistry, School of 

Molecular & Biomeical Science, The University of Adelaide, cell line stocks.

Mouse fibroblast NIH3T3, and embryonic carcinoma P19 cells.

Human embryonic kidney HEK293A (Kind gift from Prof. K. Williams, Flinders University, Australia) 

HEK293 Flp-In™ TRexTM (Invitrogen)

Human carcinoma derived cell lines: Prostate; DU145, PC3AR+ and LNCaP (kind gifts from W. Tilley, 

Hanson Centre); Pancreatic; PANC-1, CAPAN-1, CFPAC (kind gift from Prof. Lorenz Pollinger, Karolinska 

Institute, Sweden).
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2.2.11 Electronic Bioinformatic Resources

Human and mouse genomic DNA sequence data obtained f rom onl ine database,  BLAT -  

http://genome.brc.mcw.edu/cgi-bin/hgBlat.

‘TESS’ (Transcription Element Site Search) online software utilised to search for putative SIM2 DNA-binding 

sites as described; http://www.cbil.upenn.edu/cgi-bin/tess/tess?RQ=SEA-FR-Query. 

Bioinformatic epigenetic analysis of corresponding region of the human [-1162 to +538] and mouse [-1120 

to +580] BNIP3 regulatory regions was performed using ‘Methprimer’ and ‘EMBL EMBOSS’ online software; 

www.urogene.org/methprimer/index1.html; http://www.ebi.ac.uk/emboss/cpgplot/index.html., respectively.

siRNA oligonucleotide design: Independent online design algorithm tools used from both Qiagen 

(www.qiagen.com) and Ambion (www.ambion.com), also designed in reference to rational siRNA design 

r u l e s  u s i n g  t h e  X c e l  s i R N A  d e s i g n  t e m p l a t e  w r i t t e n  b y  M a u r i c e  H o ,  

http://ihome.ust.hk/~bokcmho/siRNA/siRNA.html.

Genomic  DNA p r imers  des igned  w i th  on l i ne  so f tware ,  P r imer3 (http://frodo.wi.mit.edu/cgi-

bin/primer3/primer3_www.cgi), or Methprimer  (as above).

Oncomine™ Research online microarray database - http://www.oncomine.org/
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2.3 Methods

2.3.1 Bacterial culture

Aseptic technique was utilised for handling of bacterial cultures. 

2.3.1.1 Growth and maintenance of bacteria

Bacteria were grown in liquid cultures of LB, or on solid media,  LB plus 1.5% (w/v) bacto-agar (Difco), 

supplemented with antibiotic for selection of transformed bacteria when appropriate – 100ug/ml ampicillin 

(Amp) or Amp mimetic carbenicillian.  Typically, cultivation from frozen stocks was carried out by using 

aseptic technique streaking cells directly from a frozen stock onto a solid medium growth plate with the aim 

to obtain a single colony for continued growth following incubation of the plate O/N at 37°C.

Frozen stocks of overnight cultures of transformed DH5a bacteria mixed with final concentration of 16-20% 

Glycerol were stored at -80°C.

2.3.1.2 Preparation of Chemically Competent (CC) DH5α for Heat Shock Transformation 

[Cells were prepared by others by the following protocol]

LB agar plates were streaked from frozen stock of bacteria and allowed to grow O/N at 37°C. The following 

day 500ml of LB was inoculated with the freshly plated bacteria. Liquid cultures were grown at 37°C with 

shaking till an OD600 of 0.4-0.6 was obtained. Liquid cultures in growth flasks were chilled on ice for 10min, 

then cultures were transferred to sterile 500ml screw cap centrifuge bottles and centrifuged for 10min at 

3000rpm/4°C. Cell pellets were gently resuspended in 200ml (40% of the original culture volume) of ice cold 

TFBI and incubated in ice for 10min. Following a second 10min spin at 3000rpm/4°C, cell pellet was gently 

resuspended in 0.04 volumes of ice cold TFBII (20ml) and incubated on ice for 15min. 100-200μl of cells 

were aliquoted into pre-chilled (on ice) labelled microfuge tubes, and then snap frozen in a dry ice/EtOH 
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bath, then stored at -80°C. Typical competency was between 5x106-107 cfu (colony forming units)/μg of 

plasmid (circular) DNA.

TFBI solution: 30mM Potassium Acetate (KAc), 0.1M Rubidium Chloride (RbCl), 10mM Calcium Chloride 

(CaCl2(2H2O)), 50mM Manganese Chloride (MnCl2(4H2O)), 15% (v/v) Glycerol. pH adjusted with 0.2M 

glacial acetic acid to 5.8, then filter sterilised.

TFBII solution: 10mM MOPS(acid), 75mM Calcium Chloride, 10mM Rubidium Chloride, 15% (v/v) Glycerol. 

Potassium Hydroxide (0.1M)  used to adjust pH to 6.5, then filter sterilised.

2.3.1.3 Heat Shock Transformation of CC DH5α Bacteria

Prior to transformation, CC bacteria were taken from -80°C and allowed to thaw on ice for 10-20minutes.

With Intact plasmid:

Typically 10-50ng of purified plasmid DNA was gently mixed with 30-50ul of CC bacteria and incubated on 

ice for 5-10min. This was followed by a brief incubation of the mix at 42°C (heat shock) for 60-90sec, then 

back on ice for 2min. Mix was then resuspended in SOC to a final volume of no more than 150ul, then 

plated onto a LB agar plate containing Amp antibiotic and incubated at 37°C O/N.

Pre-thawed and then re-frozen to -80C samples of CC bacteria were commonly used for this protocol.

With Ligation mix:

5-7μl of ligation reaction (see 2.3.3.11) was gently mixed with 50-100μl of CC bacteria and incubated on ice 

for 20min in a microfuge tube.  The mix was then heat shocked at 42°C for 2min, then chilled on ice for 

2min. 200-400μl of SOC was added to mix and incubated with gentle constant inversion/agitation (on a 

rotary wheel) at 37°C for 45min. Cells were then centrifuged at 6500rpm for 15sec, and supernatant 

removed such that 150μl remained in which to resuspend the pellet prior to plating onto a pre-warmed 

LB(Amp) agar plate. Plates were then incubated O/N at 37°C. Previously unthawed CC bacteria were 

always used for this protocol.
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2.3.2 Manipulation of Nucleic acids

2.3.2.1 Preparation of plasmid DNA

Plasmid DNA was propagated by the transformation and growth of CC DH5α (see 2.3.1.3 ). Plasmid DNA 

was then extracted from overnight liquid growth cultures of transformed bacteria as per the standard 

protocol of Qiagen mini and midi plasmid kits (see product information for commercially available kits 2.2.3).

2.3.2.2 PCR from Plasmid template using Pfu Turbo

The high fidelity DNA polymerase PfuTurbo  was used to generate PCR products ultimately used for protein 

expression. As per manufacturers’ recommendations for reaction conditions using 1-10ng of plasmid DNA 

template in a 25μl reaction, standard PCR program was 35x cycles of 94°C 30sec, 55-60°C 30sec, 72°C 

1min. 

2.3.2.3 Cloning human SIM2L C-term using Platinum Pfx DNA polymerase 

The high fidelity DNA polymerase Pfx (Invitogen) was used for the cloning of the c-terminal region (940bp) 

of human SIM2L from human skeletal muscle cDNA. As per manufacturers’ instructions, using1μl of cDNA 

template, 40xPCR cycles of 94!C 30sec, 56!C 30sec, 68!C 1min, using primers hSIM2sSense [80] and 

hSIM2LEcoRV-Rev. Optimised PCR reaction conditions used 2x PCRx Enhancer Solution (Invitrogen) to 

obtain single amplicon of expected size. (see section further further sub-cloning details).

2.3.2.4 PCR from genomic DNA template using Biotaq DNA polymerase

See section 2.3.5.2 for PCR amplification of bisulphite converted gDNA.

See section 2.3.9 for PCR amplification of ChIP enriched (sheared) gDNA.
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2.3.2.5 Semi-quantitative RT-PCR

Typically, semi-quantitative RT-PCR (sqRT-PCR) in a 25μl reaction volume using 1μl of cDNA template was 

performed using Biotaq DNA polymerase as per manufacturers’ instructions, plus final concentration of 1M 

betaine, or Taq DNA polymerase  in 1xRB PCR reaction buffer. Primers used see sections 2.2.7.2 and 

2.2.7.3. General PCR program: denature 94!C for 5’, then limiting cycles of 94!C, 30”; 60!C, 30”; 72!C, 

30”. Limiting cycle numbers for each primer set, relevant to each cell line, can be found in the appropriate 

figure legends. Single PCR amplicons were separated by 1% (w/v) TBE agarose gel electrophoresis stained 

with ethidium bromide (EtBr) and visualised by UV detection. 

2.3.2.6 Quantitative Real-Time RT-PCR

Quantitative real-time RT-PCR (qPCR) was carried out using Platinum SYBR Green qPDR Supermix-UDG 

reagent as per manufacturers’ instructions, and PCR performed in triplicate 15μl reactions, using 1μl of 

cDNA template per reaction, performed and analysed using StepOne Plus Real-time PCR system and 

‘QGene’ analysis software [106]. 

2.3.2.7 Restriction digestion of plasmid or purified PCR product

Typically, 1-5U of restriction enzyme per 1μg of purified DNA was used for digestion in compliance with the 

recommendations of the NEB catalogue and technical reference book (updated annually). 

2.3.2.8 Dephosphorylation of linear double stranded DNA

Final concentration of 1xSAP buffer was added to purified digested DNA with 1U (1μl) of the Shrimp 

Alkaline Phosphatase (SAP) enzyme, and mixed well. Sample incubated at 37!C for 30-45min, followed by 
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15min at 70!C to heat inactivate the enzyme. Dephosphorylated DNA then used for downstream 

applications.

2.3.2.9 Electrophoretic separation and visualisation of nucleic acids

EtBr stained 0.75-2.5% (w/v) TBE agarose gel electrophoresis was used for the separation, and subsequent 

UV light visualisation using a UV transilluninator, of nucleic acids.

2.3.9.10 DNA purification from enzymatic reactions

Following PCR or enzymatic digestion, DNA was purified using the Qiaquick PCR purification Kit (Qiagen) 

as per manufacturers’ protocol.

2.3.2.11 DNA purification from Agarose gels

Linearised DNA to be purified was carefully excised from the agarose gel with a scalpel blade using UV 

transillumination to show EtBR stained DNA, then purified using the Qiaquick Gel purification kit  (Qiagen) 

as per manufacturers’ instructions. 

2.3.2.12 Ligation of purified DNA fragments

Typically, ratios of insert:vector backbone of 3:1 and 5:2 were used as calculated by the Promega equation:

        ((ng of vector x kb size of insert)/kb size of vector)x(insert/vector ratio) = ng of insert needed  

Purified and dephosphorylated linearised vector and insert DNA was mixed together with final concentration 

of 1x ligation buffer and 1U of T4 DNA ligase in 10μl, and incubated O/N at 16°C, or for longer periods at 

4°C.
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2.3.2.13 Purification of genomic DNA

Mammalian cultured cells:

Purelink Genomic DNA purification Kit was used for the purification of mammalian gDNA from cultured cells 

(DU145) as per manufacturers’ instructions. Purified gDNA stored at -20!C.

From mouse tail samples:

Tail tips (1-2mm) samples from 3 week old pups were incubated in 300μl Mouse tail tip lysis buffer  plus 

15μl of 10mg/ml Proteinase K dissolved in the same lysis buffer O/N at 56°C. Following a brief vortex, 

remaining un-dissolved solid material (cartilage and hair etc) was removed from the soluble material with a 

pipette or separated by 10 min spin at 14 000 rpm at RT, and S/N removed to a new tube. Genomic DNA 

was then precipitated with the addition of 0.7 volumes of isopropanol, and mixed by gentle inversion 

approximately 6 times. Sample was then spun for 1min at max speed and S/N removed from gDNA pellet. 

Pellet was then washed with 200μl of 70% EtOH, followed by 1min spin at max speed. S/N was removed 

and pellet air-dried for 30-40 min, then 100μl of 1xTE added to pellet and allowed to stand at RT O/N (min) 

to dissolve gDNA. Samples then stored at 4°C. 1μl used for template in 25μl PCR reaction.

2.3.3.14  Isolation of Total RNA

Total RNA was chloroform extracted from cells lysed with Tri-reagent as per manufacturers’ instructions

from mammalian cultured cells or frozen tissue. Equal volume of 70% EtOH was added to the collected 

aqueous phase, containing RNA, which was then purified and eluted from Qiagen RNAeasy mini columns 

as per manufacturers’ instructions. 0.5-1ug of total RNA visualised by UV light detection following EtBR 

stained agarose gel electrophoresis. Quality of extracts assessed by the apparent ratio of 28S:18S 

ribosome bands (2:1 expected) and lack of any evidence of degradation.
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2.3.2.15 cDNA synthesis from mRNA in total RNA extracts

Typically, cDNA was synthesised from 1-2μg of total RNA using Superscript III (Invitrogen) reverse 

transcriptase, utilising a protocol adapted from manufacturers’ recommendations. In essence, total RNA 

diluted in 8μl of MQ, to which 1μl of Oligo-DT15 (500ng/ul stock), 1μl of random hexamers (dN6, 300ng/ul 

stock) and 2μl of 5mM dNTP mix, mixed by brief vortex and incubated at 65!C for 5min, to allow primer 

annealing, then 1min on ice. Then, 4μl of 5xFirst-strand buffer, 1μl 0.1M DTT, 2μl SUPERase-In™ (20U/μl 

stock) and 1μl of Superscript III are added to make a final reaction volume of 20μl. Reaction mixed by brief 

vortex, followed by brief spin, and incubated at RT for 5min before 60-90min incubation at 50!C for cDNA 

synthesis. Synthesis was stopped by heat inactivation of the enzyme at 70!C for 15mins. If 1μg total RNA 

template was used for synthesis reaction, cDNA made up to 25μl with TE. If 2μg total RNA used for cDNA 

synthesis template, cDNA sample made upto 50μl with TE. Note; for directly comparative samples, the 

same amount of total RNA template and reaction conditions were used to control for synthesis efficiency. 

Typically, 1μl of cDNA used per 25μl PCR reaction for semi-quantitative RT-PCR, or 1μl per 15μl qPCR 

reaction.

2.3.4 Microarray 

Two independently derived polyclonal LNCaP or DU145 cell lines with stable ectopic expression of myc 

tagged human SIM2s, and two independently derived polyclonal Control (empty-vector) puromycin resistant 

cell lines, were each grown in duplicate 75cm2 flasks, maintained in usual growth conditions and allowed to 

reach 80-90% confluency prior to harvesting. Total RNA was extracted using Tri-Reagent (Ambion) and 

purified using Qiagen RNeasy mini kit. For both LNCaP and DU145 cell lines, 20ug of purified total RNA for 

each sample, 8 samples in total, representing 2xControl, 2xSIM2s polyclonal cell lines, each grown in 

duplicate (see Figure 4.1, Chapter 4)  from which independent RNA extracts were made, was supplied to 
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the Adelaide Microarray Facility (Adelaide, SA, Australia), who performed all cDNA synthesis and dye 

labelling reactions. Labelled cDNA was subsequently hybridised to a human 19K oligonucleotide array chip 

(Adelaide Microarray Facility, SA, Australia). All data compilation and statistical analysis was completed by 

the Adelaide Microarray Facility.

2.3.5 Epigenetic methods: Detection of gDNA methylation by bisulphite 

conversion 

All methods below were carried out wearing powder free gloves, using nuclease free plastic ware, plugged 

pipette tips, in a ‘plasmid-free’ and ‘PCR-product’ free area to avoid ‘DNA’ cross-contamination to which this 

protocol is highly susceptible. The following protocols were carried out INDEPENDENTLY in triplicate, n=3. 

Method supplied by Prof. E. Whitelaw & Dr. S. Chong at QIMR, Australia.

2.3.5.1 Bisulphite conversion of gDNA

Day One: Sodium bisulphite hydroquinone conversion solution made fresh. Note; sodium bisulphite powder 

stock must be used within 2 months of opening. The following recipe is enough for six samples: Do not 

airate solution at anypoint, gentle mixing required. Firstly, 2.7g of Sodium bisulphite (Sigma) was dissolved 

in 5ml of MQ-water standing at RT with the occasional very gentle swirl-rotation to mix, typically this took up 

to 90mins.  Meanwhile, the 4.4mg/ml hydroquinone solution was made, ie: 0.22g in 50ml of MQ-water. This 

dissolved easily. Carefully, 333μl of 4.4mg/ml hydroquinone solution and 200μl of 10M NaOH was added to 

the dissolved soldium bisulphite in 5ml and mixed by gentle inversion only. Previously un-thawed purified 

gDNA stored at -20!C since its preparation was thawed at RT, then immediately put on ice. gDNA extracts 

were then quantified by spectrometry and 1μg of gDNA aliquots were taken and made up to 100μl with MQ-

water for conversion and kept on ice. No gDNA control samples were also included. For denaturation of 
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gDNA prior to conversion, 3M NaOH was prepared fresh from 10M NaOH stock. 300μl of 3M NaOH was 

added to 1μg of gDNA in 100μl of MQ-water in a well sealed 1.5ml eppendorf tube and incubated in a 55!C 

water bath for 30min. Then, 900ul of the conversion solution added to denatured gDNA (final volume 1.3ml) 

and overlayed with mineral oil, and incubated for 20hrs in 55!C waterbath. 

Day Two: Desalting DNA clean-up and desulphonation. Nearly all mineral oil was carefully removed from 

each (1.3ml) sample (including no gDNA control) which was then subsequently cleaned-up using Qiaquick 

PCR purification kit as per manufacturers’ instructions. gDNA was eluted from columns with 2x40μl MQ-

water pH 8.0, giving a final eluate volume of 80μl. 8μl of freshly made 3M NaOH from 10M stock, was then 

added to each sample, gently mixed, and incubated at for 15min in a 37!C waterbath. After which, gDNA 

was then EtOH precipitated by adding 44ul of 6M ammonium acetate and 450ul of 100% EtOH, mixed 

gently, and incubated at -80!C for 30min. Samples were then spun in a microcentrifuge at 14000rpm for 

15min at 4!C, supernatant carefully removed from precipitated DNA pellet with a pipette, and gently washed 

with 150ul 70% EtOH, followed by another 14000rpm spin at 4C. EtOH wash carefully removed and gDNA 

pellet allowed to air dry. gDNA was then dissolved gently in 30μl of MQ-water pH 8.0 with heating at 70!C 

for 90sec. Converted gDNA samples then stored at -20!C till used for PCR.

2.3.5.2 Bisulphite converted specific gDNA PCR

Specific amplification of bisulphite converted gDNA of the human BNIP3 proximal promoter region 

containing the HRE was carried out using the bisulphite specific primers; methBnip3prmHRE LEFT and 

methBnip3prmHRE R (see section 2.2.9.6) and BIOTAQ DNA polymerase, as per manufacturers’ 

recommendations, in a 50μl reaction volume including 1.5μl of 10uM stock of each primer, 2μl of 5mM 

dNTP mix and 2.5U of BIOTAQ DNA polymerase. Two rounds of 35xcycles of PCR using an annealing 

temperature of 60°C and with changes in reaction conditions modified as follows. Round 1 PCR: 3μl of 
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bisulphite converted gDNA sample for PCR template, 3mM MgCl2; Round 2 PCR utilised 2μl of round 1 

PCR as template, buffer adjusted to 6mM MgCl2. 50mM stock of MgCl2 used. Half (25μl) of the round 2 

PCR reaction was subjected to 1% (w/v) agarose TBE gel electrophoresis and resultant single PCR 

amplicon was agarose gel purified and stored at -20!C.

2.3.5.3 Combined bisulphite restriction analysis (COBRA)

This protocol is used to assess the efficiency of conversion. 5’-CCCAAA-3’ in native gDNA becomes 5’-

TTTAAA-3’ upon complete conversion creating a Dra1 restriction site. Such a site was contained within the 

mBnip3 promoter region under investigation. Complete digestion of the round 2 PCR product with Dra1, as 

shown by an expected change in size, indicates complete conversion. The remaining 25μl of round 2 PCR 

reaction mix was subjected to restriction digestion with Dra1 as per NEB recommendations, and then 

subjected to EtBr stained 1% agarose (w/v) TBE gel electrophoresis and visualisation with UV-light.

2.3.5.4 Ligation of bisulphite converted specific PCR amplicon into pGem-Teasy vector and 

generation of individual clones for sequencing analysis

Utilising the 3’-A-overhang following PCR using a Taq polymerase, 3μl of gel purified bisulphite converted 

round 2 PCR product was ligated into 1μl pGem-Teasy vector using 1μl T4 DNA ligase with 2xRapid 

Ligation buffer in 10μl, incubated overnight at 16!C. Next day, 40μl of chemically competent DH5α heat 

shock transformed with 5 μl of the ligation reaction and then plated onto solid 10cm diameter LB media 

plates supplemented with 100 μl of 0.1M IPTG and 40 μl of 50 mg/ml X-gal. Single colonies then individually 

selected and cultured for propagation and plasmid purification. Mimimum of 5 individual clones arising from 

a single conversion were analysed by sequencing for detection of methylation. Clones were deemed 

individual due to variations in methylation patterns or sites of conversion (see Chapter 5).
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2.3.5.5 Treatment with 5’-Aza-dC

DU145/SIM2s.myc cells were plated in a 6-well tray, and the next day at approximately 30% confluency, 

complete growth media was supplemented with 0, 1, 5 or 10 μM 5’-Aza-dC, and cells were further incubated 

for 48h prior to harvesting for WCE.

2.3.6 Cell culture

Handling of all cell cultures and materials was done with sterile aseptic technique, in a UV sterilised laminar 

flow fume hood.

2.3.6.1 Thawing and generation of frozen cell line stocks

Vials of cells removed from liquid nitrogen or -80°C stocks thawed immediately in 37°C water bath and then 

resuspended in pre-warmed (RT or 37°C) complete growth media. Media replaced 24h later, then 

maintained as usual. Typically, frozen stocks generated by resuspending cell pellet to 1-2x107 cells/ml in 

90% growth media + 10% DMSO freezing medium and aliquoting into Nunc# Cryo-tubes  and freezing to -

80°C.  1ml vials of cells frozen to -80°C were then be transported on dry ice to liquid nitrogen long term 

storage.

2.3.6.3 Routine maintenance of cell lines

Human pancreatic, and prostate carcinoma derived cells were maintained in RPMI-1640 (Gibco) 

supplemented with final concentration of 1mM sodium pyruvate (Gibco), and mouse NIH3T3 and P19 cells 

were maintained in Dulbecco’s modified Eagle’s medium (Invitrogen), and Alpha-MEM (Gibco), respectively. 
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2.3.6.9 Dual Luciferase/Renilla or Beta-galacosidase Reporter assays

Transient transfection of 293A or NIH3T3 cells at 50% and 30% confluency, respectively, in 24-well tray 

format was performed using Fugene6 (Roche) as per manufacturer’s instructions. Each transfection 

contained equal final DNA levels, including 100-150ng of pGL3basic luciferase reporter construct with equal 

concentration of pCMX-beta-galactosidase (gift D. Dowhan) or  pGL3-Renilla in a 10:1 ratio pGL3-

Luciferase:pGL3-Renilla,  with 100-150ng of hSIM2s or mSIM2L expression vector, with or without 10ng 

carboxy-terminal heamagglutinin tagged hARNT1.  Mouse 1kb Bnip3promoter reporter studies: 24 hours 

later NIH3T3 cells were either harvested or subjected to an additional incubation for 16 hours in a hypoxia 

chamber. Human 1.3kb Myom2 promoter reporter studies: 293A cells were incubated for 48hrs post 

transfection before harvesting. Cells were lysed with 100μl 1xPassive Lysis Buffer. 

Luciferase/Beta-gal assays: 10μl of each lysate was analysed in 96 well tray format for measurement of 

luciferase activity, using 50μl Luciferase Assay Substrate (Promega) (Luciferase light emmision immediately 

measured using the Glomax luminometer), followed by incubation with the Galacto-light substrates (Applied 

Biosystems): 70μl Galacto-light, 1 hour incubation, then addition of 100μl Galacto-light Accelerator, for 

immediate analysis of control beta-galactosidase for normalisation, as per manufacturer’s instructions, using 

the Promega Glomax luminometer system.

Luciferase/Renilla assays: 5-10μl of lysate analysed as per Promega Dual Luciferase Assay protocol. In 

brief, 25ul of LARII reagent mixed with lysate to measure Firefly luciferase levels, followed by the addition of 

25ul of Stop’n’Glo for an independent measure of Renilla luciferase levels for normalisation. Light emission 

data collected using the TD 20/20 Luminometer.
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2.3.7  Mice and mouse tissue preparation

Transgenic mice for ectopic expression of hSIM2s in the pancreas were generated by Prof. H. Edlund and 

E. Palsson, and maintained in animal house facility of the University of Umeå, Sweden.

Animals were killed by ethically approved methods and tissue was dissected and supplied for analysis by 

the technical assistance of others at the University of Umeå, and at the Karolinska Institute, Sweden.

2.3.7.1 Preparation of fresh frozen tissue sections for IF

The following protocol was optimised for maintaining pancreatic tissue morphology.

Freshly harvested mouse pancreatic tissue was placed in a Cryomold suspended in OCT (Tissue-tek) gel, 

carefully wrapped in aluminium foil, and parcels then snap frozen in liquid nitrogen and stored at -80°C. 

Frozen tissue blocks were transported on dry ice to -20°C Cryostat in which tissue sections (<10μm) were 

cut from the frozen tissue bocks and gently placed onto glass Superfrost-plus slides. Tissue sections were 

only allowed to dry onto slides for 5-10min at RT, then fixed immediately with freshly made 4% PFA for 

10min at RT. (Further details of following IF protocol are in section 2.3.8.6).

2.3.8 Protein analysis

2.3.8.1 Preparation whole cell extracts and quantitation of protein yields

Media aspirated off adherent cells grown in 6-well trays, rinsed with cold PBS, and ice cold WCE buffer or 

RIPA buffer, with freshly added 1xPI cocktail and 1mM DTT, added directly to adherent cells. Tray rocked at 

4°C for 10min, lystate and cellular debris collected into a 1.5ml tube and further incubated at 4°C on an 

orbital shaker, followed by a 35-40min 14 000xrpm centrifugation in a microcentrifuge at 4°C. Cleared 

whole cell extracts collected to a new tube and stored at -80°C.  Similar process applied to cell pellets 

collected using trypsin. Cells treated in a hypoxia chamber were removed from the chamber, harvested and 
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lysed all at 4°C. Volume of WCE or RIPA buffer used for lysis at a minimal 2.5:1 WCEB:cell (pellet) volume, 

v/v, ratio. (References from which protocol adapted [59, 107]).

Poretin yields were determined by Bradford protein assay (BIORAD) as per manufactiurers instructions,

calculated from OD600 measures with reference to a BSA concentration standard curve.

2.3.8.2 Immunoprecipitation

0.5mg of  WCE was diluted to ~1.6μg/μl in IP buffer plus fresh 1x Protease Inhibitor (PI) cocktail from 100x 

stock, then pre-cleared using rec-proteinG-sepharose. Pre-cleared diluted WCE was then mixed with 2ug of 

goat polyclonal hSIM2s or IgG control antibodies, or no antibody, and mixed gently for 1h at 4!C. Protein-

antibody complexes were then conjugated to the rec-proteinG-sepharose for 2h with gentle mixing at 4!C, 

followed by 4x washes with IP buffer. Final pellet was resuspended in SDS load buffer, boiled, and 

separated by 8% SDS-PAGE, followed by transfer to nitrocellulose for immunoblot analyses as described 

below. 

2.3.8.3 Denaturing gel electrophoresis

Denaturing SDS-PAGE was used for the separation of proteins for western (immunoblot) analyses. 

Typically, gels were prepared on the previous day using the Biorad mini-gel apparati, and once set stored at 

4°C wrapped in moist paper towel and plastic. The (bottom) separating gel (8-13.5%) containing;1x 

Separation buffer, 8-13.5% (v/v) acrylamide [29:1, acrylamide:bisacrylamide], 0.08%  (v/v) TEMED and 

0.08% (w/v) APS, was overlayed with 20% (v/v) EtOH immediately after pouring and allowed to set at RT. 

Once set, the EtOH was removed and top of gel rinsed with RO-water, and the (top) stacking gel containing 

1xStacking buffer, 4.5-5% acrylamide, 0.08%  (v/v) TEMED and 0.08% (w/v) APS, was poured over the 

bottom gel, and comb to form wells in the top gel set in place. Set gel was then assembled in the Biorad gel 
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running apparatus with 1xGTS running buffer. Typically, 35-50ug of whole cell protein extract (see 2.3.8.1) 

in 1xSDS load buffer were boiled at 96C for 5-10min, briefly centrifuged, then loaded into wells with a fine 

(blunt) needle syringe. Commonly, gel electrophoresis took 90-120min at 100-110V constant at RT. 

2.3.8.4  Western Blot

Protein transfer to nitrocellulose or PVDF membrane

Following SDS-PAGE, proteins from the denaturing SDS gels were transferred to PVDF or nitrocellulose 

membrane (8cm x 10cm) using a wet transfer system at 4!C, typically 70mins at constant 250mA, or with a 

semi-dry electroblotter at RT, typically 25min at 25 volts, as per manufacturers’ instructions, with 

appropriate buffers (see section 2.2.6.1).

Ponceau staining of membrane

Efficiency of protein transfer was sometimes assessed by incubating the membrane with Ponceau stain 

immediately post-transfer and before ‘blocking’. After 2-3min/RT/gentle rocking incubation of the stain, 

membrane was washed several times with MQ-H2O to reveal clearly visible red protein bands above the 

background. Stain is subsequently removed following blocking of the membrane (see below).

Immunoblot chemiluminescent detection of protein

Membranes were ‘blocked’ in a 10% skim-milk/PBS-T or TBS-T solution for minimum 60min/RT/gentle 

rocking, followed by incubation with primary antibodies (dilutions and incubation times and temperatures  

described in section 2.2.5) with gentle rocking, or orbital shaking. Following incubation with primary 

antibody, membranes were washed 3x with PBS-T for 5min at RT with gentle rocking, then incubated for 

45-60min with appropriate secondary antibody at RT with gentle rocking, or orbital shaking. Membranes 

were then washed again 3x with PBS-T for 5min at RT with gentle rocking, air-dried and on a flat surface, 

chemiluminescent reagents added directly to the ‘protein’ surface of the membrane and incubated for 5mins 
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using Super Signal, or 1min using Imobilon chemiluminesence reagents. Membranes were then blotted dry 

between two pieces of whatman paper, then exposed to film, and developed.

2.3.8.5 Chemiluminescent quantification using ImageQuant v 5.2

Quantification of chemiluminesent immunoblot data was done using ImageQuant v5.2 (Molecular 

Dynamics) software, analysed with XCEL, and normalised to loading controls, including alpha-tubulin and 

primary antibody non-specific background bands. Details of quantification and normalisation controls 

described within appropriate figure legends.

2.3.8.6 Assesment of protein half life

Subconfluent cells were treated ith 60ug/ml cyclohexamide (CHX) for the time periods indicated. For several 

time points individual wells were treated such that the slongest treatment time was applied first, then 

through to the shortest time point applied, for even confluency of cells at the time WCE were harvested. 

Equal amounts of protein for each time point of CHX treatment were separated by SDS-PAGE followed by 

western blot analysis. Quantification of relative protein levels was carried out as described in section 

2.3.8.5.

2.3.8.7 Immunofluoresence of fresh frozen tissue sections

Following the fixation of tissue on glass slides (see section 2.3.7.1) pancreatic tissue samples then gently 

washed with TBS-T, then blocked with 1% BSA/TBS-T block solution for 60-90min at RT. Slides were then 

wiped clean and dry around tissue samples (were needed a Pap pen was used to border samples) and 1° 

antibody solution, typically diluted 1:50-400 in block solution, was applied to the slide (usually 150μl/slide) 

and left to incubate O/N at 4°C in a humid chamber. Following 3x washes with TBS-T, 1:1000/1% 

BSA/TBS-T diluted alexa-fluor-labelled secondary antibodies were applied to tissue samples incubated for 
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1hr at RT. Slides were then washed 3x TBS-T, slides were prepared for mounting and mounted using the 

SlowFade Light Antifade kit, which included a 10min incubation at RT with Equilibration Buffer  and then 

mounted with the Antifade aqueous mounting medium which also contained the nuclei counterstain, DAPI, 

and then covered with a glass slide, and stored in a humid chamber at 4°C till analysed. If mounting media 

without DAPI was used, DAPI was applied diluted with the secondary antibody. Analysis and images were 

obtained by confocal microscopy.

2.3.9 Chromatin immunoprecipitation

This protocol was carried out using powder free gloves, plugged pipette tips, nuclease free solutions, 

polypropylene and/or low retention tubes.

Subconfluent DU145 or NIH3T3 cells were grown in a 75cm2 flask or 10cm dish with or without 8 hours of 

hypoxia were fixed with final concentration of 1% Formaldehyde (Sigma) added to growth media, gentle 

swirl to mix, for 10 minutes at RT, stopped by 128mM final concentration of 1.67M glycine. Cells were then 

harvested using a cell scraper and collected into 50ml conical bottom tube, and spun at 1500rpm for 5min. 

Media containing inactivated formaldehyde is gently poured off cell pellet, which is then washed once with 

10ml ice-cold PBS, spinning at 1500rpm for 5’ on a table centrifuge to gently pellet the cells and PBS wash 

gently aspirated off cell pellet. Cell pellet then resuspended gently in 1ml ice-cold PBS and trasferredto a 

1.5ml eppendorf tube, followed by 2xbreif pulse spins to 4000rpm in microfuge at 4!C, before PBS wash 

gently removed from cell pellet. Cells were then lysed in freshly made Nuclear Isolation Buffer for 10min at 

RT, with 4x brief vortex of samples during that time to aid lysis. Following a 5min 4000rpm spin at 4!C in a 

microcentrifuge, the nuclear pellet from approximately 2x106 cells (for one IP sample) was then 

resuspended in 200μl freshly made SDS lysis sonication buffer plus 1xPIs as per Ez-ChIP kit protocol 
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(Upstate), and snap frozen in an ethanol/dry ice bath, samples were then stored at -80!C for a few hours, or 

long term if not to be used the same day. Typically, 1x10cm dish of 80-90% confluent NIH3T3 cells is 

enough for 3xIPs, therefore, the nuclear pellet was resuspend in 600μl of SDS lysis buffer, then aliquoted to 

200ul samples for sonication. Either the same day, or the next, nuclear pellets in sonication buffer were 

thawed and then sonicated using the Bioruptor (Diagenode), set on high for 30” on/30” off for 7.5-10 

minutes, in an ice-cold water bath. After sonication, samples were transferred on ice to be immediately spun 

at 12000rpm for 15min at 4C. 180μl of soluble chromatin (supernatant) can be easily collected from each 

200μl sonication aliquot. At this time, a 20-30μl sample of the soluble chromatin was taken to assess 

sonication efficiency. To do so, the sample of soluble chromatin was incubated overnight at 65!C in a well 

sealed tube to reverse the crosslinks. After which an equal volume of water and Proteinase K to a final 

concentration of approximately 0.8μg/ul (ie: 2.5μl of 20mg/ml stock to 60μl of diluted chromatin) was added 

and the sample incubated at 42°C for three hrs. Sheared gDNA was then purified with Qiagen QIAquick 

columns as manufacturers’ protocol and eluted with 30μl of kit elution buffer (10mM Tris, pH 8.5), quantified 

by spectrometry, and ~1μg of purified sheared gDNA subjected to EtBR stained 1%  agarose gel

electrophoresis to determine predominant size of sheared gDNA. Ideally, a predominance of 200-500bp 

was sought, and obtained, via optimisation of nuclear pellet ‘concentration’, volume and sonication time.

Following the collection of soluble chromatin, ChIP was then performed as per Ez-ChIP protocols with 

salmon sperm blocked protein-G resin (Upstate), using 2μg of goat polyclonal anti-hSIM2s (Santa Cruz), 

goat-polyclonal IgG (Santa Cruz), rabbit polyclonal anti-HIF1α (ab2185, Abcam), and rabbit polyclonal IgG 

(Upstate) antibodies for immunoprecipitations.  Eluted ChIP DNA, using freshly made ChIP elution buffer,

was purified using Qiagen DNA purification Spin column, and then analysed by PCR, using BIOTAQ 

polymerase as per manufacturer’s instructions, supplemented with 1M betaine (Sigma). Typically 2μl of 

purified gDNA was used as template in a 25μl reaction, including 1μl of each 10μM primer and 1U of 
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BIOTAQ. See section 2.2.7.4 for ChIP primer sequences. PCR program used as described above, using 

35-40x cycles. PCR products visualised by UV-light detection following EtBR stained 2.5% agarose (w/v) 

TBE gel electrophoresis. 
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CHAPTER 3

SIM2 stabilisation and regulation of its 
obligate partner factor, ARNT 
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3.1 INTRODUCTION

3.1.1 Arylhydrocarbon Receptor Nuclear Translocator (ARNT): Expression 

and transcription inducing activities

Murine Arylhydrocarbon Receptor Nucelar Translocator Arnt (or Arnt1) and Arnt2 are close homologues, 

and share an overall 54% amino acid similarity between mouse, rat and humans (Figure 3.1). The region of 

highest shared homology is in the bHLH-PAS N-terminus, with 81% in mice [8], and overall 80.2% between 

mouse, rat and human (Figure 3.1). Analysis of truncated mutants of mArnt2 in growth studies in yeast 

revealed a C-terminal trans-activation domain (TAD) in the last 37 amino acids which is relatively conserved 

to the Arnt1 trans-activation domain [8, 108], and overall approximately 60% in mice, rats and humans, 

whereas the rest of the carboxy-terminus after the PAS domain is divergent, sharing only 39% homology in 

humans and rodents (Figure 3.1) [8, 109].  

ARNT1 is ubiquitously expressed, whereas the homologue ARNT2 has a highly restricted expression 

pattern, mainly in the brain and kidney [5, 8, 110, 111] and only lowly expressed in muscle during embryonic 

development [111].  Targeted deletion of Arnt1 results in embryonic lethality between E9.5 and E10.5 with 

signs of disrupted foetal development including defects in neural tube closure, embryonic placenta 

vascularisation and angiogenesis of the yolk sac and brachial arches [112, 113]. Arnt2-deficient mice die 

shortly after birth and are characterised by impaired hypothalamic development [2, 114]. These 

characteristics phenocopy the mSim1 knockout mouse and is concordant with the hypothesis that 

Arnt2/Sim1 functions as a heterodimer in vivo [2, 84].  Interestingly, others report that no difference in 

embryonic CNS development was observed between wildtype and Arnt2-/- mice [114], which is also in 

contrast to a previous report for Arnt2 being required for rat PC12 neuronal cell survival [109].  



FIGURE 3.1: Shared amino acid homology of ARNT1 and ARNT2 orthologues in
human, mouse and rat.

Overall shared amino acid homology between human, mouse and rat orthologues of

ARNT1 and ARNT2 shown (boxed values). Average percent (%) shared homology

of human, rat and mouse for each homologue in blue. Average % homology between

ARNT1 (A1) and ARNT2 (A2) of human, rat and mouse in green, and marked with

arrows. N-terminal basic Helix-Loop-Helix-PAS (bHLH-PAS) region and C-terminal

transactivation domain (TAD) marked. Accession numbers used for alignments: hA1

= NM_001668; hA2 = NM_014862; mA1 = NM_001037737; mA2 = NM_007488;

rA1= NM_012780; rA2 = NM_012781. Amino acid (aa) residue numbers indicated

within brackets ( ). References: Hirose et al (1996) Mol. & Cell Biol. 16(4):1706-1 and Drutel et al

(1996) Biochem. Biophys. Res. Comm. 225; 333-339.
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Arnt1 and Arnt2 are partially redundant before E8.5 as discerned from genetic interaction studies by Keith 

and colleagues crossing compound heterozygote Arnt1+/-, Arnt2+/-  mice, where severe under-representation 

or absence of the expected Mendelian distribution of embryos with less than two wild-type alleles of either 

Arnt1 or Arnt2, in any combination before E8.5, was found. Thus the authors suggest a model for a dose-

dependent requirement for either Arnt to fulfil essential overlapping functions before E8.5, whereafter the 

requirement for Arnt1 becomes more critical for development [114].  The nature of these overlapping 

functions for Arnt1 and Arnt2 remain to be determined, however, insights into their overlapping, and 

evidence for their unique, transcriptional roles are apparent in their interactions as bHLH-PAS class II 

obligate partner factors for class I family members such as HIF1α and AhR in response to hypoxia and 

xenobiotics, respectively [5, 114, 115].  In particular, through binding HIF1α, both Arnt1 and Arnt2 are able 

to induce expression of endogenous HIF1α/Arnt target genes, such as Glut-1, Vegf and Pgk, and induce 

expression of hypoxic response element (HRE) driven reporter genes [114, 115].  Although Vegf and Pgk

are only induced 75% of wildtype levels in Arnt2-/- neurons after 16h hypoxia, major disruptions in the 

vascular endothelial network observed in Arnt1-/- mice are not found in the Arnt2-/- mice, indicating that 

Vegf expression levels are effectively normal in Arnt2-deficient mice [114].  In contrast however, due to a 

single amino acid difference in the PASB region, unlike Arnt1, Arnt2 is unable to bind ligand activated AhR 

to induce expression of xenobiotic response element (XRE) driven reporter gene, and endogenous 

AhR/Arnt1 CYP1A1 expression [115, 116]. 

Transiently expressed Arnt1 has been found to form homodimers which bind and activate transcription of 

reporter genes via palindromic enhancer (E-box) 5’-CACGTG-3’ elements in the promoter [5, 117]. 

However, until only recently there had been no reports of endogenous targets of the homodimer, and hence 

the in vivo relevance and function of Arnt/Arnt was unclear. Insight into the endogenous transcriptional 

activities of the Arnt homodimer recently emerged from Arpiainen et al (2007) in the first, and thus far only,
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report of active Arnt homodimer regulating gene expression. Transcription of the Cytochrome P450 (Cyp) 

2a5 gene was increased upon the binding of Arnt/Arnt to an E-box in the promoter of Cyp2a5 [118]. Arnt2 

has also been shown to homodimerise in yeast two-hybrid experiments [8, 34]. Transient expression of 

Arnt2 in Arnt1- and Arnt2-deficient Hepa-1 c4 cells results in the transactivation of a reporter gene driven by 

the Cyp1a1 promoter indicating that Arnt2 homodimers may be able to regulate Cyp1a1 gene expression 

[8]. In contrast, in a study by others stable ectopic expression of Arnt2 in the same Arnt-deficient Hepa-1 c4 

cells had no effect on the endogenous levels of Cyp1a1 gene expression as measured by real-time PCR 

[115].  Thus, as was initially so for Arnt1, in the absence of any reports of endogenous target genes for the 

Arnt2 homodimer, the possible physiological relevance or function of Arnt2/Arnt2 in gene regulation remains 

unclear. 

3.1.2 Regulation of ARNT

Very little is understood about the mechanisms of regulation of ARNT1, and nothing about ARNT2, at the 

protein level. In recent years, two studies have emerged with novel insights into the mechanisms of ARNT1 

protein regulation via interactions with non-bHLH-PAS proteins and how the consequent changes in ARNT1 

stability via these interactions impacts on its role as an obligate bHLH-PAS partner factor. In particular, 

Kang and co-workers (2006) found BRCA1 to modulate AhR/ARNT1 xenobiotic (TCDD) stress induced 

induction of CYP1A1 and CYP1B1 in breast cancer MCF-7 cells. Their findings suggest BRAC1 interacts 

with ARNT1, without which ARNT1 becomes de-stabilised upon treatment with TCDD and xenobiotic 

stress-inducible gene expression is attenuated [119].  Also, treatment of Hep3B cells with curcumin, a 

putative tumour inhibitor, has been shown to promote destabilisation and proteasomal degradation of 

ARNT1 (where ARNT1 mRNA remains unchanged), resulting in the inhibition of HIF1α activities as 

measured by the attenuation of induction of HIF1α regulated genes such as EPO and VEGF [120].  
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However, endogenous ARNT1 levels remain unchanged upon treatment with the proteasome inhibitor 

MG132 in curcumin-untreated Hep3B cells in this study [120], consistent with a previous report by others in 

mouse adrenal Y1 cells [121], indicating that proteasomal degradation is not the usual mechanism of 

ARNT1 degradation. There may be a number of possible mechanisms that ensue in response to stressors 

or stimuli that contribute to regulating the stability of ARNT1.  There is a dearth of knowledge on the cues 

and mechanisms for the transcriptional regulation of ARNT1 and ARNT2.  The only definitive indication of 

upregulation of ARNT1 was observed in a recent study by Arpianen and co-workers (2007), where both 

ARNT1 mRNA and protein was found to be increased in murine primary hepatocytes cultured for 24h 

following liver perfusion [118]. The mechanisms that resulted in this upregulation of ARNT1 however, 

remain to be investigated. In all there have been very few studies exploring possible mechanisms of 

regulation for Arnt1 or Arnt2, largely due to the belief that they function only as generic partner factors for 

the Class I bHLH/PAS factors.  

3.1.3 The role of ARNT as a regulator of bHLH-PAS family members

Although mechanisms that function to regulate and stabilise ARNT remain to be fully investigated, roles for 

ARNT in the regulation of class I bHLH-PAS family members have been described.  The expression, and 

thus the transcriptional activities, of ARNT have been implicated in the gene regulation of class I bHLH-PAS 

family members by Gunton and co-workers (2005), who reported a down regulation in expression of AhR, 

HIF1α and HIF2α mRNAs upon siRNA-mediated knockdown of endogenous ARNT1 in Min6 cells [122], 

however, the mode of this regulation remains unknown. Better understood are the recent findings indicating 

a role for ARNT in the regulation of HIF1α at the protein level. Although ARNT is not thought to be required 

for hypoxic stabilisation of HIF1α [123], ARNT1 has long been implicated in the oxygen-independent 

stabilisation and regulation of HIF1α [24, 124]. Initial insights into regulatory cross-talk between these 
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bHLH-PAS family members were first observed by Forsythe et al (1996) upon analysis of Hepa-1 c4 ARNT-

deficient cells subjected to hypoxic growth conditions.  These experiments showed little hypoxic induction of 

endogenous HIF1α in the nucleus compared to the greatly enhanced hypoxic induction of HIF1α in Hepa-1 

c4 cells with ectopic expression of Arnt1, or in Hepa-1 c4 revertant (Arnt-proficient) RB13 and wild-type 

Hepa-1 cells, suggesting that  HIF1α may not be stable without ARNT [22]. Consistent with this 

observation, others have shown that transiently expressed full-length HIF1α, and a novel ubiquitously 

expressed isoform of HIF1α, HIF1α417, have enhanced protein levels upon co-transfection of ARNT1 in 

HEK293 cells [124]. Cyclohexamide treatment studies in HEK293 cells with transient expression of 

HIF1α417 and/or ARNT1, showed that the half-life of HIF1α417 was greatly prolonged in direct correlation of 

ARNT1 co-expression [124]. Recent work by Isaacs et al (2004) have also demonstrated in human renal 

carcinoma 786-O cells that co-expression of ARNT1 greatly enhances the half-life of transiently expressed 

full length HIF1α. In addition, siRNA-mediated knockdown of endogenous ARNT1 resulted in a dramatic 

reduction in HIF1α levels, demonstrating that the regulation of HIF1α is dependent on ARNT1 levels in 

these cells [24]. As 786-O cells are VHL-deficient HIF1α is not degraded via the oxygen dependent VHL-

mediated ubquitination and degradation pathway in these cells [5]. Therefore the oxygen-independent 

mechanism of ARNT1 stabilisation of HIF1α in these cells was identified to be via the ability of the ARNT1 

bHLH-PAS region to compete with the molecular chaperone Hsp90 for binding to HIF1α, whereby ARNT1 

binding attenuated the proteasomal degradation of HIF1α mediated via the Hsp90 pathway [24]. This mode 

of stabilisation conferred through the bHLH-PAS interaction of ARNT1 with HIF1α may also account for the 

ARNT-dependent stabilisation of the HIF1α417 splice variant, which due to a premature stop contains only 

one of two sites of prolyl hydroxylation and no oxygen dependent degradation domain (ODDD) [124]

required for VHL-mediated degradation [5].  
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3.1.4 The regulation of bHLH-PAS class II family member ARNT by class I 

family members?

The oxygen-independent regulation of HIF1α by ARNT1 [22, 24, 124] provides a precedent for regulation of 

a class I bHLH-PAS family member by a class II bHLH-PAS family member. However, as there are yet to 

be any reports of a class I family member being implicated in the gene or protein regulation of ARNT, thus 

the cross-regulation of these family members appears to be one way. Indeed, data thus far showing Arnt2

mRNA levels to remain unchanged upon hypoxic treatment of cultured murine embryonic hippocampal and 

cortical neurons [125] does not indicate a role for HIF1α in the gene regulation of Arnt2. Likewise, 

endogenous ARNT1 protein levels are seen to remain unchanged in a number of cell lines treated with 

hypoxia (thus stabilising and activating HIF1α) [22, 59, 123, 126], and upon TCDD treatment to activate 

AhR [121, 126]. Taken together, these data support the established notion that the expression and 

activities of class I bHLH-PAS family members HIF1α and AhR do not affect (class II) ARNT levels. Indeed, 

as ARNT is ubiquitously and constitutively expressed [5, 8, 127], and in light of these observations, the 

protein levels of ARNT have been specifically utilised as a loading control for western blot analyses [59, 

121]. It was upon implementation of using ARNT1 levels as a loading control for immunoblot experiments in 

the course of these studies that the surprisingly unexpected and novel reciprocal cross-regulatory 

relationship between bHLH-PAS class II family member SIM and ARNT was revealed. This chapter will 

discuss these novel findings and subsequent work conducted to further understand and elucidate the 

mechanism(s) of what turns out to be an apparently SIM-specific relationship with the regulation of ARNT. 
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3.2 RESULTS & DISCUSSION

3.2.1 Manipulating SIM2s expression results in correlating changes in   

ARNT1 protein levels in prostate carcinoma DU145 and LNCaP cells

A minimum of three independently derived polyclonal cell lines for either empty-vector puromycin control 

(Control), or stable ectopic expression of carboxy-terminal myc tagged human SIM2s (SIM2s.myc), were 

derived from human prostate carcinoma DU145 and LNCaP cells for microarray studies aimed at identifying 

novel putative targets of SIM2s (as discussed in Chapter 4).  Upon western blot analysis of endogenous 

ARNT1 protein levels in these polyclonal cell lines a dramatic increase in ARNT1 protein (~87kDa) was 

observed in cell lines with stable ectopic expression of SIM2s.myc compared to Control cell lines (Figure 

3.2A). To assess whether the increase in protein was due to an increase in message levels ARNT1 mRNA 

levels were analysed by semi-quantitative RT-PCR. This analysis revealed, however, no change in ARNT1

mRNA levels with stable ectopic expression of SIM2s.myc compared to empty-vector controls in 

independently derived polyclonal cell lines (Figure 3.2B). This indicates that there may be a possible post-

transcriptional mechanism of ARNT1 regulation correlating to SIM2s expression.

It is notable in figure 3.2A the appearance of higher molecular weight products of ectopically expressed 

SIM2s.myc, particulary in this figure in the samples derived from the LNCaP cell lines. This material was 

commonly observed following western blot analysis of SIM2s.myc, to varying levels of detection, in all cell 

lines made for stable, transient, or inducible expression of SIM2s throughout the studies for this thesis. 

Reports by others provide evidence for the nature of the post-translational modification (PTM) that may 

account for these higher molecular weight species of SIM2, namely Okui et al (2005) reported the poly-

ubiquitination of transiently expressed SIM2 in human embryonic kidney 293 cells, and treatment of cells 

with the proteosome inhibitor MG132 prevented degradation of SIM2 [128]. Non-ubiqutinated SIM2 is the 



FIGURE 3.2: (A) Stable ectopic expression of SIM2short.myc correlates with an
increase in endogenous ARNT1 protein levels however, (B) ARNT1 mRNA
levels remain unchanged in human prostate carcinoma DU145 and LNCaP
cells across independently derived polyclonal cell lines compared to empty-
vector Control (Ctrl) polyclonal cell lines.

(A) 50μg WCE were separated by 8% SDS-PAGE followed by sequential

immunoblotting of proteins as marked. # = cross reactivity of anti-ARNT

(ARNT1 87kDa) mAb with ARNT2 (lower band ~75kDa). (B) Semi-quantitative

RT-PCR single amplicons visualised following EtBr stained 1% agarose gel

electrophoresis. Limiting cycles of PCR used: GAPDH 25x, ARNT1 25x, SIM2s

40x.
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predominant species detected and the presence of modified SIM2 does not affect the ability to investigate 

and assess the functionality of the SIM2 isoforms as part of transcriptional complexes in cell culture based 

studies [48, 59][and the work of this thesis]. Consequently, further studies into alternate possible forms of 

PTMs of SIM2 were not persued for this thesis, and the presence or absence of detectable higher molecular 

weight forms of ectopically expressed SIM2 will not be discussed. 

The increase in ARNT1 protein was initially observed using the commercially available mouse monoclonal 

anti-ARNT MA-515 antibody (from Affinity BioReagents). Two alternate independently derived rabbit 

polyclonal antibodies generated in our laboratory, one against the C-terminus of ARNT1, anti-ARNT1 #30 

(last 34 residues), and the other to the N-terminus (residues 1-142)  #51, also detected increased ARNT1 

protein in DU145/SIM2s.myc cells (Figure 3.3). Further, siRNA oligonucleotide mediated knockdown of 

stable ectopic SIM2s.myc (using siSIM2s-1759 siRNA) in DU145 and LNCaP cells resulted in the reduction 

of ARNT1 protein (Figure 3.4) by western analysis compared to scrambled siRNA control treated cells,  

confirming that ectopic SIM2s.myc expression is indeed associated with the increase in endogenous 

ARNT1 protein.  To assess if this observation is indicative of an endogenous function for SIM2s in these 

cells, puromycin resistant control DU145 cells were treated for siRNA knockdown of endogenous SIM2s 

using the SIM2s-specific siRNA oligonucleotide, siSIM2s-1759, which successfully knocks-down ectopic 

SIM2s protein (Figure 3.4). A clear reduction in ARNT1 protein was observed in siSIM2s-1759 treated, 

compared to scrambled siRNA control treated, DU145/Control cells (Figure 3.5A). To date, (and not for 

want of testing and in-house development), there are no commercially available antibodies that detect 

endogenous SIM2s protein by western analysis, thus detection of siRNA-mediated knockdown of 

endogenous SIM2s protein is unable to be assessed. However, semi-quantitative RT-PCR analysis of 

endogenous SIM2s mRNA levels in siRNA oligonucleotide treated cells from a duplicate experiment 

(harvested for total RNA), shows there is a decrease in SIM2s mRNA with siSIM2s-1759 treatment 
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compared to scrambled siRNA control oligonucleotide treatment (Figure 3.5B), which correlates to the 

reduction in ARNT1 protein observed (Figure 3.5A). Consistent with the observation that SIM2s expression 

has no impact on ARNT1 mRNA levels; no change in ARNT1 mRNA was observed with siSIM2s-1759-

mediated knockdown of endogenous SIM2s in DU145/Control or LNCaP/Control cells (Figure 3.5B).  

Together these data indicate an endogenous role for SIM2s in the regulation of ARNT1 at the protein, but 

not message, level in DU145 cells. 

The reduction in ARNT1 protein on siRNA-mediated knockdown of endogenous SIM2s in DU145 cells 

(Figure 3.5A) suggests that there is a requirement for SIM2s expression in the regulation of ARNT1 protein 

in these cells. This supports the observation of increased ARNT1 protein levels upon ectopic expression of 

SIM2s.myc in many independently derived polyclonal cell lines, and across several different carcinoma 

derived cells, as not being an artefact of prolonged constitutive stable expression of randomly integrated 

(and potentially several copies of) SIM2s cDNA(s). However, to address this latter issue more closely, 

human embryonic kidney 293 cells engineered to allow inducible expression of cDNA from a defined single 

locus, the 293Flp-TRex® cells (293F, Invitrogen), were exploited for controlled expression studies of 

SIM2s.myc and analysis of ARNT1 protein levels. ARNT1 protein levels were seen to increase with 12 

hours of 1μg/ml doxycycline (Dox) induced expression of SIM2s.myc, and these levels remained unchanged 

from 18 to 24 hours of induced expression compared to un-induced (UI) controls (Figure 3.6A, panel i ). 

This effect was not enhanced by increased Dox concentration to 5ug/ml, nor longer SIM2s.myc induction 

times of up to 48h (Figure 3.6B, panel i). These data further support the emerging model of a close 

association between SIM2s expression and the regulation of ARNT1 protein levels from these studies. 
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FIGURE 3.4: Endogenous ARNT1 protein levels decrease on siRNA
knockdown of ectopic SIM2s.myc in prostate carcinoma DU145 and LNCaP
cells.

Cells were treated 2x100nM siRNA, 24hrs apart, total treatment time 72hrs

before cells were harvested for either WCE or total RNA. 50μg WCE were

separated by 8% SDS-PAGE and subjected to sequential immunoblot

analysis for proteins as marked. Representative of minimum n=2-3 each cell

line.
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In summary, these data show for the first time that SIM2s expression closely correlates to the regulation of 

ARNT1 protein levels, specifically that SIM2s expression appears to be required for the post-transcriptional 

mechanism(s) that results in the increased ARNT1 protein. 

3.2.2 Increase in ARNT1 and ARNT2 protein levels upon stable SIM2s.myc 

expression in human carcinoma, and mouse fibroblast, derived cell lines 

SIM2s expression being implicated in the regulation of ARNT1 protein levels described here is the first 

report of a class I bHLH-PAS family member being involved in protein regulation of a class II family 

member.  Where the identification of increased ARNT1 protein (~87kDa) was detected using the anti-ARNT 

MA-515 mAb, curiously, a faint lower band at ~75kDa was also sometimes observed with immunoblot 

analysis of ARNT1 in LNCaP and 293F whole cell extracts (Figures 3.2A, & 3.6, panels sets i, respectively, 

marked with a # symbol). This monoclonal antibody was generated against a peptide corresponding to the 

C-terminal 34 amino acids of the human ARNT1 transactivation domain. Bioinformatic sequence analyses 

reveals that this region shares high amino acid sequence similarity (61.7%) to the ARNT1 homologue, 

ARNT2 (Figure. 3.7), thus it is possible, however previously unreported, that ARNT2 is detectable using 

this antibody. As Arnt2 has a calculated MW of ~75kDa, it may indeed be the fainter band sometimes 

observed below ARNT1 (~87kDa) following SDS-PAGE separation of protein extracts and immunoblot 

analyses. Interestingly, these indications of ARNT2 protein were observed to be enhanced where SIM2s 

was ectopically expressed, thus the potential up-regulation in ARNT2 protein levels upon SIM2s ectopic 

expression was assessed using an ARNT2 specific rabbit polyclonal antibody. An increase in ARNT2 

protein was confirmed in 293F/SIM2s.myc upon Dox induction of SIM2s.myc expression (Figure 3.6, panel 

sets ii). ARNT2 protein levels were also specifically assessed in LNCaP/SIM2s.myc and DU145/SIM2s.myc 

cell lines, and enhanced ARNT2 protein observed compared to respective puromycin-resistant control cell 
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lines (Figure 3.8A) along with ARNT1. Increased ARNT1 protein was also found in a third prostate 

carcinoma PC3AR+ cell line upon stable ectopic expression of SIM2s.myc, however, ARNT2 protein was 

not detected (Figure 3.8A). RT-PCR analysis of ARNT2 mRNA in PC3AR+ cells revealed that ARNT2 is 

not expressed in the cells (Figure 3.9A).  

The correlation between ARNT1 and ARNT2 (collectively referred to as ARNT hereafter) regulation and 

SIM2s has been observed in both human prostate and kidney derived cell lines, indicating that the 

mechanism(s) of this association may be indicative of a general function of SIM2s, and not restricted to 

prostate carcinoma derived cells lines. To further support this notion, ARNT levels in human pancreatic 

carcinoma derived cell lines, PANC-1, CFPAC, and HPAC, with or without stable ectopic expression of 

SIM2s, were analysed. Consistent with that observed in prostate carcinoma and embryonic kidney 293F 

cells, both ARNT1 and ARNT2 protein levels were elevated in SIM2s.myc expressing pancreatic carcinoma 

cell lines (Figure 3.8B).  Indeed, stable ectopic expression of human SIM2s.myc in mouse fibroblast 

NIH3T3 cells also resulted in an increase in endogenous Arnt1 and Arnt2 protein levels (Figure 3.8C). 

3.2.3 ARNT2 may be a novel direct target of SIM2s transcription

Consistent with that observed previously in prostate carcinoma cell lines, semi-quantitative RT-PCR 

analysis of CFPAC and PANC-1 SIM2s.myc  over-expressing cell lines showed no change in ARNT1

mRNA levels (Figure 3.9A), further indicating that the increase in ARNT1 protein observed in these cells 

upon SIM2s.myc expression is perhaps a general a post-transcriptional phenomena. Surprisingly, however, 

semi-quantitative RT-PCR assessment of ARNT2 mRNA in prostate DU145 and LNCaP, and pancreatic 

CFPAC, cells with stable expression of SIM2s revealed up-regulation of ARNT2 message (Figure 3.9A). A 

quantitative assessment of ARNT2 mRNA levels following siSIM2s-2a-mediated knockdown of endogenous 
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FIGURE 3.7: C-terminal 34 amino acids of the hARNT1 transactivation domain
(TAD) used for the generation of the mouse monoclonal anti-ARNT MA-515
antibody (Affinity BioReagents) in red, and shared amino acid homology of the
TAD of ARNT1 and ARNT2 orthologues in human, mouse and rat.

Bioinformatic clustalW alignments showing overall shared homology between

human, mouse and rat orthologues. 21/34 amino acids (61.7%) in hARNT1 (in

bold) share exact homology with hARNT2 (also in bold). Accession numbers used

for alignments: hA1 = NM_001668; hA2 = NM_014862; mA1 = NM_001037737;

mA2 = NM_007488; rA1= NM_012780; rA2 = NM_012781. References: Hirose et al

(1996) Mol. & Cell Biol. 16(4):1706-1 and Drutel et al (1996) Biochem. Biophys. Res. Comm. 225;

333-339.
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SIM2s in human prostate carcinoma DU145 cells (n=3) strongly suggests that SIM2s may play an 

endogenous role in regulation of ARNT2 mRNA expression levels (Figure 3.9B). This was supported by 

data obtained in a preliminary study of the effects of siSIM2s-1759-mediated knockdown of endogenous 

SIM2s in LNCaP human prostate cancer cells (Figure 3.9C). These findings indicate that the increase in 

ARNT2 protein observed in relation to SIM2s expression arises from an alternate mechanism(s) to that for 

ARNT1 as the increase in translated product in DU145, LNCaP and CFPAC cells is likely due to increased 

ARNT2 mRNA levels in SIM2s.myc expressing cells. 

There are no reports of ARNT2 regulation. Here, endogenous ARNT2 expression levels were shown to be 

intimately linked to endogenous SIM2s levels in DU145 cells (Figure 3.9B), suggesting a requirement for 

SIM2s expression in the regulation of ARNT2 mRNA levels.  Interestingly, expression studies in rodents 

further support the notion that Sim2 is up-stream of Arnt2 regulation. There is a distinctive pattern of 

overlapping expression of Sim2 and Arnt2 in the kidney of adult rodents [34, 109-111]. In situ expression 

studies in developing mouse kidney indicate that Sim2 expression, first detected at E10.5 and in tubules by 

E12.5 [25], precedes that of Arnt2, for which the earliest reports are at E13 [111] and in the tubules by 

E15.5 [110].  Thus, Sim2 expression appears to be upstream of Arnt2 gene expression in the developing 

kidney, and may be indicative of the endogenous temporal requirement of Sim2 expression for subsequent 

expression and regulation of Arnt2. Whether SIM2 expression is required to mediate direct transcriptional 

regulation of ARNT2 was investigated next.  The presence of putative SIM2/ARNT binding sites in the 

regulatory region of ARNT2 (Figure 3.10A) highlights the possibility that SIM2 may, via binding these sites, 

control direct transcriptional regulation of ARNT2.  

Bioinformatic searches of 10kb 5’ and 12kb 3’ from the start of the first exon of ARNT2 in human and mouse 

identified several potential binding sites for SIM2s/ARNT transcriptional activities (Figure 3.10A). These 
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sites contain the core 5’-ACGTG-3’ found in recently identified SIM2 target genes during the course of these 

studies, as discussed in Chapter 1 and Chapter 5, and sites found to be SIM2 responsive in synthetic 

promoters, including the classical CME (central midline element) 5’-TACGTG-3’, the canonical palindromic 

E-box (and HRE) 5’-CACGTG-3’ (refer to Chapter 5), and the novel SIM2 Response Element (S2RE) 5’-

AACGTG-3’ [9, 41, 48, 59] (Figure 3.10A). These are all possible sites through which SIM2s/ARNT may 

regulate ARNT2 expression.  Few identical sites are conserved in a positional manner between mouse and 

human promoters however, there is the striking conservation of a S2RE and E-box, clustered within 400-

600bp of each other in the regions around 9-10kb, and 7-8kb, respectively, 5’ of the first exon (Figure 

3.10A, marked with a ∃ symbol), and in the human promoter, these two sites actually includes an 

overlapping CME/E-box (5’-GTGCACGTA-3’) and is also associated with another palindromic E-box 550bp 

downstream. These sites are labelled 1, 2, and 3 in Figure 3.10A. Similarly, postionally conserved 

sequences containing the core 5’-ACGTG-3’ were also found a little over 2kb upstream of the start of exon 

1 in both the mouse and human ARNT2 promoters (Figure 3.10A, marked with a # symbol, and termed site 

4 in human promoter). Furthermore, two S2REs are also clustered within 1kb of each other inside the first 

intron (Figure 3.10, marked with an asterix). To directly assess if SIM2s may be regulating the expression 

of human ARNT2 via transcriptional activities at the promoter, possible SIM2s DNA-binding at the putative 

promoter sites 1-4 was examined by chromatin immunoprecipitation (ChIP) from human prostate 

DU145/SIM2s.myc cells. Although subtle, SIM2s was found at the palindromic E-box site 4 (Figure 3.10B, 

compare lane 3 to control lane 2), but not at the further upstream identical E-box sequences at site 3 or at 

site 2, nor was there any indication of SIM2s associated with the DNA at the S2RE (site 1) (Figure 3.10B) 

(representative of n=2 independent experiments). These data indicate that SIM2s-mediated regulation of 

ARNT2 protein levels may indeed be at the level of transcription, as found here in DU145 cells, where 

ARNT2 mRNA levels are intimately linked with SIM2s expression. Further studies are required to confirm if 

ARNT2 is indeed a direct target of SIM2s transcription, and moreover another example of SIM2s capability 



FIGURE 3.9: ARNT2 is a putative target of SIM2s-mediated mechanisms of regulation.
(A) Where endogenous ARNT1 mRNA levels remain unchanged in prostate and
pancreatic carcinoma cell lines upon stable ectopic expression of SIM2s.myc
compared to control, endogenous ARNT2 mRNA levels increase in DU145, LNCaP
and CFPAC cells. (B and C) Endogenous ARNT2 mRNA levels are reduced
concomitant with siRNA-mediated knockdown of endogenous SIM2s in prostate
carcinoma LNCaP and DU145 cells.

(A) Semi-quantitative RT-PCR; limiting PCR cycles used as follows for each primer set:

GAPDH 25x, SIM2s 35x, except DU145 40x, ARNT1 25x, except PANC-1 using 30x;

ARNT2 30x, except PANC-1 38x and CFPAC 35x. ARNT2 is not expressed in

PC3AR+ cells, 40x PCR cycles used. Control represents IRESpuro-empty vector

Control derived cell lines, except for CFPAC where the parent cell line was used. (B)

Quantitative-PCR assessment of the fold-change in ARNT2 or SIM2s mRNA levels

following induced expression of siSIM2s-2a in DU145 cells for 72hrs. n=3 independent

experiments. Error bars SEM. Unpaired, two-tailed Students T-Test used. Significance

* P∀0.029. (C) siRNA mediated knockdown in LNCaP cells: 2x100nM siRNA

oligonucleotide transfections 24h apart, total RNA harvested 72h after first treatment.

sqRT-PCR, cycles; ARNT1 25x, ARNT2 35x, SIM2s 33x. Single amplicons of expected

size identified following 1% EtBr stained agarose gel electrophoresis. Representative

preliminary experiment only.
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FIGURE 3.10: Is the human ARNT2 gene a direct target of SIM2s transcriptional activities? ChIP
studies indicate DNA binding of SIM2s at the canonical E-Box 5’-CACGTG-3’ approximately 2kb
downstream of the start of the hARNT2 gene, but not at other identified putative binding sites,
including identical E-box sequences, further upstream.

(A) Bioinformatic search for putative sites for SIM2/ARNT binding 10kb upstream, and ~12kb into the

first intron, of the gene ARNT2, in human and mouse. Genomic DNA sequences were obtained

following human and mouse BLAT analyses of ARNT2, accession numbers: NM_014862 and

NM_007488, respectively. [human/mouseBLAT online software: http://genome.ucsc.edu/cgi-

bin/hgBlat]. Genomic sequences were then searched using online software TESS [Transcription

Element Search System: http://www.cbil.upenn.edu/cgi-bin/tess/tess] for potential sites for

SIM2/ARNT heterodimer binding. Search strings used, and identified positions are indicated, as are

genomic DNA 1000bp intervals to and from the ATG translation start site (+1) in exon 1. Start of exon

1 indicated. # = Conserved sequences similarly clustered close together. # = Sites conserved in a

positional manner containing core 5’-ACGTG-3’. Putative sites 1 to 4 for ChIP analysis indicated. (B)

PCR analysis of ChIP of SIM2s of binding activities on the human ARNT2 promoter from human

prostate DU145/SIM2s.myc cells. Representative n=2.
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to mediated transactivation of gene expression as found for the regulation of Myom2 [48]. This study also

raises interesting questions regarding binding site recognition and specificity of SIM2s, as particular to this 

context it remains to be determined why SIM2s appears to show a preference for one of three identical 

binding sequences. 

The presence of conserved canonical E-box sequences highlights the possibility that ARNT (1 and 2) 

homodimers, enriched due to increased protein levels upon SIM2s.myc expression, may have the capacity 

to also regulate ARNT2 transcription through this site as a downstream effect of SIM2s expression, perhaps 

incojunction with, and/or interacting with, SIM2s/ARNT on the DNA.  In vitro DNA binding studies of the 

bHLH-PAS factors performed in 1995 by Swanson and colleagues identified that ARNT homodimers prefer 

this canonical sequence 80% of time, however they have also been shown to bind the 5’-AACGTG-3’ 

sequence [the sequence of the endogenous Myom2 S2RE] the other 20% [129]. Thus the S2REs also 

identified in the ARNT2 regulatory region could theoretically function as a site for ARNT homodimer DNA-

binding. However, there are no reports to date of ARNT-self regulation. Moreover, co-immunoprecipitation 

experiments from DU145/SIM2s.myc and LNCaP/SIM2s.myc cells, where ARNT2 mRNA is found to be 

increased, reveal that endogenous ARNT1 and ARNT2 protein, although in slight excess to SIM2s.myc in 

DU145 cells, predominantly co-immunoprecipitate with SIM2s.myc (Figure 3.11), thus formation of 

ARNT/ARNT homodimers is not evident in these cells.  Hence, considered together, these observations 

suggest that any possible changes in ARNT2 transcription that may arise from bHLH-PAS dimer DNA-

binding activities would more likely arise from those of SIM2s/ARNT, than ARNT/ARNT on the ARNT2

regulatory region.

In summary, the increase in ARNT protein levels upon ectopic expression of human SIM2s found across a 

number of different tissue-derived human and mouse cell lines indicates a general, and not cell type 
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specific, mechanism(s) of ARNT regulation that occurs as a function of SIM2s expression.  Specifically, the 

increase in ARNT1 protein level appears to arise from a post-transcriptional mechanism(s) of enhanced 

stabilisation that requires SIM2s expression, whereas multiple, and perhaps not mutually exclusive, 

mechanisms for the direct regulation of ARNT2 gene expression and regulation of protein levels appear to 

occur upon SIM2s expression.

3.2.4 Regulation of ARNT levels is specific to mammalian homologues of 

SIM, and not other bHLH/PAS family members, AhR and HIF1α

The long and short isoforms of SIM2 share high amino acid identity in their bHLH-PAS DNA-binding and 

ARNT dimerisation domains [38], thus the possibility exists that the two isoforms may perform similar, if not 

in certain contexts the same, functional roles.  Consequently, the effect of human SIM2L expression on 

ARNT protein levels was also assessed in human prostate PC3AR+, DU145 and LNCaP cell lines. ARNT1 

protein was also found to be highly increased upon stable expression of SIM2L.myc compared to controls 

(Figure 3.12A), and like that observed upon SIM2s expression, ARNT1 mRNA levels remained unchanged 

upon SIM2L.myc expression in DU145 cells by semi-quantitative RT-PCR analyses (Figure 3.12B). 

ARNT2 protein levels were also observed to be dramatically enhanced in DU145 and LNCaP cells upon 

stable expression of SIM2L.myc, but not in PC3AR+ cells where ARNT2 is not found to be expressed

(Figures 3.8, 3.9, & 3.12A).  Preliminary semi-quantitative and quantitative-real-time RT-PCR analysis also 

shows increased ARNT2 mRNA levels upon SIM2L.myc expression in DU145 cells, like that seen 

previously in several SIM2s stable cell lines, compared to control cells (Figures 3.12B & C). Taken 

together, these data indicate that the long isoform of SIM2 may play a similar role, if not the same, as 

SIM2s, in the regulation of ARNT levels. The murine homologue to SIM2L (mSim2L), which shares overall 

89.6% amino acid identity to human SIM2L [38], also showed an increase in endogenous ARNT1 protein 



FIGURE 3.11: Ectopic SIM2s.myc co-immunoprecipitates both endogenous partner factors
ARNT1 and ARNT2, in human prostate DU145 (A & B), where they are in excess, and in
LNCaP (C) cells.

50μg of whole cell extract (WCE) representing 10 or 20% ‘input’ were separated by 8% SDS-

PAGE with 10 or 20% ‘depleted’ supernatant and samples from immunoprecipitation of SIM2s

from 0.5 or 0.25mg of DU145/SIM2s.myc and LNCaP/SIM2s.myc whole cell extracts using

anti-hSIM2s antibody, compared to isotype IgG antibody, or no whole cell extract,

immunoprecipitation controls. Immunoblot detection of proteins as indicated. (A)

Immunoprecipitated SIM2s.myc shown in lane 5 [(i) panel set 1] above IgG HC. Longer

exposure of anti-hSIM2s immunoblot lanes 3-5 [(i) panel set 2] shows 10% input levels of

SIM2s.myc (lane 4). ARNT1 and ARNT2 levels remain in excess following immunodepletion of

SIM2s.myc from DU145/SIM2s.myc WCE, (A) compare lanes 6 & 7, panel set 3, and (B)

compare lanes 5 & 6, respectively. HC = heavy chain; * = non-specific background band.

Representative n=2.
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endogenous partner factors ARNT1 and ARNT2, in human prostate DU145 (A & B),
where they are in excess, and in LNCaP (C) cells.

(C) Ectopic SIM2s.myc co-immunoprecipitates with both endogenous ARNT1 and

ARNT2 in LNCaP cells (lane 11), however, analysis of depleted supernatant

(compare lanes 3 & 4)does not indicate if the partner factor is in excess to

SIM2s.myc, or not. # = ARNT2 protein detection due to anti-ARNT antibody cross-

reactivity. Representative n=2.

(i)

(ii)

(iii)



FIGURE 3.12: (A) Stable
ectopic expression of both
human SIM2 isoforms,
short and long (myc
tagged), correlates to
increased protein levels of
both ARNT1, and ARNT2
(where expressed), in

human prostate carcinoma
PC3AR+, DU145 and
LNCaP cell lines. (B)
Preliminary observation:
Ectopic expression of
human SIM2L.myc (myc
tagged) in DU145 cells also
results in increased
endogenous ARNT2
mRNA levels by sqRT-
PCR, (B), and quantitative
PCR (C), compared to
ARNT1 and POLR2A
mRNA levels, respectively.
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(A) 50μg of whole cell extract was separated by 8% SDS-PAGE followed by sequential

immunoblots of proteins as marked. # = cross reactivity of anti-ARNT antibody to

ARNT2 (75kDa). * = non-specific background bands. Representative of n=3

independent experiments for each cell line. Note: data shown here in (A), previously

shown in part in figure 3.5.A. (B & C) Preliminary observation. cDNA synthesised from

total RNA, and then subjected to semi-quantitative (B), and quantitative (C), RT-PCR,

normalised to ARNT1 and POLR2a mRNA levels, respectively. Error bars, SEM of

three replicate reactions.
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levels in initial analyses of human prostate LNCaP cells stably expressing ectopic C-terminal myc-tagged 

mouse Sim2L (Figure 3.13). Interestingly, when the mouse Sim2 homologue, mSim1, which shares 89.4% 

amino acid identity in the N-terminal DNA binding and PAS domains and only 15.3% in the carboxy-regions 

[38], was stably over-expressed in LNCaP cells, an increase in endogenous ARNT1 protein was also 

observed in two independently derived polyclonal cell lines, compared to puromycin resistant controls 

(Figure 3.13). Immunoblot detection of ARNT1 in the LNCaP/mSim1.myc cells also indicates an increase 

in ARNT2 protein levels (~75kDa species, just below ARNT1 at ~87kD, Figure 3.13) due to the cross-

reactivity of the anti-ARNT MA-515 antibody as discussed in section 3.2.1, indicating that like SIM2, mSim1 

may also play a role in the regulation of ARNT2 protein levels in these cells. Together this indicates that the 

regulation of ARNT levels may be a general function of both mammalian SIM homologues, by as yet 

undefined mechanisms. 

Thus far the regulation of ARNT1 protein levels appears to be specific to SIM bHLH-PAS family members 

as there is an absence of any previous reports of a class I bHLH-PAS family member affecting the 

regulation of the class II bHLH-PAS family members, and common partner factors, ARNT1 and ARNT2. To 

analyse this more directly, 293F cells engineered for inducible expression of C-terminal myc epitope tagged 

human SIM2s, SIM2L, SIM1, and untagged Arylhydrocarbon Receptor (AhR) and Hypoxia Inducible Factor 

1α (HIF1α) were used to assess and compare ARNT1 protein levels upon expression of these class I family 

members. As SIM2 is nuclear, due a nuclear localisation signal (NLS) sequence [59, 60], SIM2-mediated 

ARNT1 regulation is likely to be occurring through SIM2 activities in the nucleus, including potential DNA 

binding activities. With this in mind, 293F cells for ectopic AhR expression were co-treated with AhR 

activating ligand, YH439 [130], to allow for nuclear localisation of ectopic AhR, and potential DNA binding 

activities (Figure 3.14B) for the duration of the induced expression [1ug/ml doxycline (Dox) for 18.5 hours]. 

HIF1α is stabilised and translocates to the nucleus in hypoxic growth conditions [5, 123], thus to ensure 
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stabilisation of induced ectopic HIF1α and optimal activity, 293F/HIF1α cells were grown in hypoxic 

conditions (<1% O2) for the duration of induced expression (Figure 3.14C). 293F cells engineered for 

induced expression of the human homologues of SIM were treated with 1ug/ml Dox for 18.5 hours and 

cultured in normal growth conditions (Figure 3.14A).  Analysis of whole cell extracts showed the anticipated  

increase in ARNT1 protein levels upon induced expression of all three human SIM homologues, however 

strikingly, no change in ARNT1 protein levels upon induced ectopic expression of AhR and HIF1α, co-

treated in their respective manners to optimise function (Figure 3.14). Thus consistent with the lack of any 

previous report of enhanced ARNT1 protein levels upon hypoxic induction of HIF1α, or associated with 

active AhR, endogenous ARNT1 protein levels did not increase upon induced expression and nuclear 

localisation (activation) of HIF1α and AhR as they did upon induction of SIM2 and SIM1 in these cells 

(Figure 3.14), supporting the emerging model of SIM-specific regulation of ARNT1. 

3.2.5 Investigating post-transcriptional mechanisms of SIM2s-mediated 

increase of ARNT1 and ARNT2 proteins 

Thus far these studies have indicated that SIM2-dependent increases in ARNT1 protein appear to arise 

from a post-transcriptional mechanism, as mRNA levels remain unchanged (refer sections 3.2.1-3). 

Modes of regulation, that do not include increased transcription or mRNA stability, that may account for the 

elevated levels of ARNT1 and ARNT2 protein include enhanced translation and post-translational 

mechanisms of enhanced protein stability. To gain some insight into which of these mechanisms at the 

translation and post-translation level may account for SIM2s-dependent elevated ARNT protein levels, 

human prostate DU145 cells, with and without stable ectopic expression of SIM2s.myc were treated with the 

translation inhibitor cycloheximide (CHX). Chemiluminescent western blot analysis, and subsequent 

densitometric quantification from independent experiments (n=2-3), revealed a half-life (t1/2) of 
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FIGURE 3.14: Increase in protein levels of endogenous ARNT is specific to SIM
bHLH-PAS family members.

Whole cell extracts were harvested after 18.5 hours of induced (Doxycycline

1μg/ml) expression of human bHLH-PAS family members cDNA in 293Flp-TRex®

cells, which for (B) AhR and (C) HIF1α expression also included co-treatment

with ligand YH439 (10μM) or hypoxic (<1% O2) growth conditions, respectively.

50μg whole cell extracts were separated by 8% SDS-PAGE followed by

sequential immunoblot analysis of proteins as indicated. Symbols; # = ARNT2

(75kDa) cross-reactivity with anti-ARNT MA-515 mAb, and ∃ = residual ARNT1

signal on anti-RPT1 imunoblot. ARNT1 detected on a duplicate immunoblot

following SIM1.myc induction. Data representative of that from two independently

derived polyclonal cell lines for each bHLH-PAS family member, human

SIM2s.myc and SIM2L.myc (Myc tagged), and untagged human AhR and HIF1α,
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generated by A. Raimondo, 2008.
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approximately 16 hours for ARNT1 in DU145/Control cells (Figures 3.15A & C). However, the half-life of 

ARNT1 was greatly extended beyond the 20 hour time-course of this experiment in DU145/SIM2s.myc 

cells, indicating dramatically enhanced protein stability (Figures 3.15A & C). The extent to which ARNT1 

protein is ‘stabilised’ in DU145/SIM2s.myc cells above that in DU145/Control cells was predicted to be 

approximately 10-fo ld  ( t1/2 ~175h) from extrapolation of the mean (n=3) of ARNT1 levels in 

DU145/SIM2s.myc cells with up to 20h CHX treatment (Figure 3.15D). There is, however, no significant 

difference in mean ARNT1 levels from 0 to 20h after CHX treatment (P=0.11, paired students TTEST; 

Figure 3.13.C) indicating no change in ARNT1 levels over this time, thus this extrapolation is likely to be 

inaccurate and the SIM2s-dependent increase in ARNT1 half-life much greater 10-fold.  Intriguingly, the 

(regular non-enhanced) half-life of ARNT1 in DU145 cells of 16h is much longer than that found for ARNT1 

in previous studies. Specifically, pulse chase experiments of transiently expressed mouse Arnt1 in (monkey 

kidney) COS-7 cells found the t1/2 to be 10.8h [131]. Interestingly in this same study, a mutant form of 

mArnt1 found in Hepa1 C4 cells that fails to heterodimerise with mAhR characterised by a Gly (G) to Asp 

(D) residue change at 326, was found to have an enhanced degradation rate of 3.5h from transient 

expression pulse chase experiments in COS-7 cells [131].  The degradation rate of endogenous ARNT1 

has also been reported to be 4.8h from quantitation of western blot analyses of ARNT1 following CHX 

treatment in human (hepatoma) Hep3B cells [120]. Due to the variation in these studies, there is no 

consensus for the turnover rate of ARNT1, and this variation may reflect differences between the mouse 

and human homologues, or perhaps more likely, the cell contexts in which these studies were conducted. 

Indeed, the higher ARNT1 half-life in the prostate cancer DU145 cells used here may already reflect the 

effect of elevated endogenous levels of SIM2s expression found to be characteristic of prostate cancers and 

tumour derived cell lines [52, 80, 81, 93]. This supposition could be tested via the assessment of ARNT1 

degradation in a SIM2s-negative expressing context, such as upon siRNA-mediated knockdown of 
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endogenous SIM2s in DU145 cells, or upon comparison of ARNT1 half-life in non-tumourigenic primary 

prostate epithelial cells (PrECs). 

As shown in Figure 3.10B, increased SIM2s-mediated ARNT2 transcription may account for the increase in 

ARNT2 protein in the cell lines where ARNT2 mRNA levels were found to be up-regulated upon SIM2 

expression. However, ARNT2 mRNA levels remained unchanged in PANC-1 cells upon SIM2s.myc 

expression where ARNT2 protein levels greatly increased (Figures 3.8B and 3.9A) (refer section 3.2.3), 

indicating that ARNT2 protein levels may also be regulated via SIM2s activities in a similar manner as 

ARNT1.  Interestingly, increased ARNT2 protein stability is also evident in DU145/SIM2s.myc cells, as the 

mean (n=3) t1/2 of ARNT2 was extended from <4 hours in DU145/Control cells (Figure 3.15A), to 10-11 

hours (Figures 3.15Bii & E). This finding shows that ectopic SIM2s expression also allows for enhanced 

ARNT2 stabilisation.  Consequently, this finding provides evidence for a potential mechanism of ARNT2 

regulation that may account for the increase in ARNT2 seen in PANC-1 cells where ARNT2 mRNA levels 

are unchanged upon SIM2 expression (Figure 3.9B), consistent with current findings for SIM2-dependent 

stabilisation of ARNT1.  Moreover, these data are also particularly interesting as it indicates that multiple 

mechanisms are simultaneously contributing to enhancing ARNT2 protein levels in these cells.

Interestingly, the half-life of ARNT2 extends to mirror that of ectopically expressed SIM2s.myc (~10-11h, 

Figures 3.15Bi & F), whereas, ARNT1 stabilisation extends well beyond this. Whether this correlation 

between the turnover of endogenous ARNT2 and SIM2s.myc protein levels is co-incident or indicative of 

alternate post-translational SIM2s-requiring mechanism(s) of stabilisation for ARNT1 and ARNT2 that may 

also be connected to the rate of SIM2s.myc degradation, remain to be determined. Furthermore, it still 

remains to be specifically determined whether or not mechanisms of increased translation are working in 

conjunction with those of protein stabilisation in the SIM2-mediated regulation of ARNT protein levels.



FIGURE 3.15: The average t1/2 of endogenous ARNT1 is greatly extended in
SIM2s.myc expressing DU145 cells, as is that of ARNT2 which mirrors the average
t1/2 of stably expressed SIM2s.myc.

DU145 cells with or without stable ectopic expression of myc tagged SIM2s were

treated with 60ug/ml cyclohexamide (CHX) for the specified times, lysed, and whole

cell extracts (WCE) normalised for equal protein concentration. (A) 60μg or (B) 50μg

[(i) and (ii) independent blot sets] of WCE were separated by 8% SDS-PAGE,

followed by sequential immunoblot analysis of proteins as indicated. Representative

experiment data set from three independent experiments, except Control ARNT1

analysis, n=2. * = non-specific background band. ∃ = residual ARNT1 (~87kDa)

signal from previous immunoblot with anti-ARNT mAb.
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These studies also find the half-life calculated here for human SIM2s.myc of ~10-11h (Figure 3.15F) to be 

much longer than that the previously reported of 2h for transiently expressed mSim2L.myc calculated from 

pulse chase experiments in 293T cells [59], which is quite a striking difference for two highly homologous 

proteins.  As the t1/2 of the short isoform of SIM2 in humans, or mice, has not been investigated or reported 

on prior to these findings, it remains to be determined if there are cell-type, or species specific modes of 

SIM2 regulation. Alternatively, this difference in stability of the two isoforms may provide the first insight into 

potential alternate mechanisms of regulation for the two highly homologous isoforms of SIM2, which in all 

likelihood, would impact on their respective transcriptional activities and functions. 

Exactly how SIM2s contributes to ARNT1 and ARNT2 stabilisation, whether it is facilitating post-

translational modifications, and/or co-factor binding to ARNT to prevent degradation, whether via direct or 

indirect interactions remain to be investigated. A possible means by which ARNT may be stabilised in a 

SIM-specific manner may be via the recruitment of as yet unidentified SIM-specific co-factors to the 

SIM/ARNT dimer via the highly conserved SIM bHLH-PAS domains, or facilitating the recruitment of 

previously identified ARNT1-stabilising co-factors such as BRCA1 [119], which then function to mediate 

post-translational modifications to ARNT and/or provide a complex that protects ARNT from degradation. 

However, the fact that ectopic SIM2s is largely interacting directly with ‘stabilised’ ARNT 1 and ARNT2, as 

indicated by co-immunoprecipitation studies in several prostate carcinoma cell lines (Figure 3.11), may be 

indicative of SIM2s mediating protein stabilisation via direct interactions with ARNT. The bHLH-PAS region 

is the region of highest amino acid conservation between ARNT1 and ARNT2 (Figure 3.1)[8, 109], and thus 

may be the region that confers the ability of SIM2 to stabilise both ARNT1 and ARNT2. Indeed, others have 

shown that ARNT-mediated stabilisation of HIF1α is conferred through the bHLH-PAS domain of ARNT 

[24]. Dimerisation between SIM2 and ARNT occurs via the N-terminal bHLH-PAS domains of each protein 
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[9, 34, 35]. Human SIM homologues share 87.2% (mouse 89.4%) amino acid identity in their N-terminal 

DNA-binding and dimerisation (bHLH-PAS) domains, but only 18% (mouse 15.3%) in the carboxy-terminal 

half [38]. Bioinformatic alignment of N-terminal bHLH-PAS regions of human HIF1α (1-329) [132] and AhR 

(1-385) [133], to that of SIM2 (1-351) [38], shows only 39% and 26% amino acid identity, respectively (Data 

not shown. Accession numbers for sequences used; NM_001530, NM_001621 & NM_005069). Thus, in 

light of the emerging evidence supporting a SIM-specific mechanism of regulation of ARNT, the mode of 

interaction and mechanism of stabilisation may likely to be conferred via the SIMs’ specific capacity to 

interact with ARNT via these highly conserved PAS domains, in a manner unique to SIM and not shared by 

other class I bHLH-PAS family members.  Indeed, in vitro yeast two-hybrid studies using GAL4 activation 

domain and DNA-binding domain fusion proteins show that the heterodimerisation between Sim1 and Sim2 

with either Arnt1 or Arnt2 is much more efficient than that between Arnt 1 and Arnt2, and AhR [34]. 

However, although Sim2 dimerises with Arnt1 more efficiently than HIF1α, Sim1 does not, and the 

interaction between HIF1α and Arnt2 is much stronger than that between Sim1 and Sim2 with Arnt2 [34]. 

Thus the strength of SIMs’ interactions with ARNT may not fully account for the ability of SIM2 to stabilise 

ARNT, however, the specificity of the interaction with ARNT may confer the stabilisation just as ARNT is 

able to protect HIF1α from Hsp90-dependent degradation via the specificity of binding conferred through the 

bHLH-PAS [24]. 

The studies presented here for the first time specifically show a clear association between SIM2s 

expression and increased stability of ARNT1 in prostate DU145 cells and strong evidence of a mechanism 

of SIM2-dependent ARNT1 regulation in other tissue and tumour-type derived cell lines from the kidney, 

and pancreatic and prostate tumours. This may be indicative of the potential for multiple and/or alternate 

mechanisms of ARNT1 stabilisation that may be dependent on the specific differential molecular expression 

profile of cells, such as those found in cell lines derived from tumours.
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Regulation of class II bHLH-PAS family members by a class I family member is unprecedented. The current 

studies presented here are the first to provide any evidence for cross-regulation of ARNT by other bHLH-

PAS family members from a series studies arising following the unexpected observation of an increase in 

endogenous ARNT1 protein levels upon ectopic expression of bHLH-PAS class I family member SIM2s.  

The work presented here shows novel mechanisms of SIM-dependent ARNT1 stabilisation, and also for the 

first time SIM2s-mediated mechanisms of enhanced stabilisation and gene expression levels of ARNT2.  

These findings present a fascinating new insight into the regulation of ARNT by SIM2s as part of what is 

emerging to be the complex, cross-regulatory roles of the bHLH-PAS family. Determining the mechanisms 

and physiological relevance of SIM(2)-dependent stabilisation and regulation of ARNT remains a fascinating 

line of investigation. The full plethora of ARNT activities remain to be described. However, as ARNT is 

central to mediating the transcriptional responses of developmentally vital factors such as HIF1α, AhR and 

SIM2 [5], and is also implicated in the progression of diseases such as cancer via co-mediation of the 

hypoxia response [134], as is SIM2s itself [43, 52, 53, 80-82, 91].  These novel insights presented here into 

the regulation of ARNT potentially implicate SIM2 into these functions of ARNT.  Further understanding 

these inter-dependent relationships between bHLH-PAS family members will ultimately impact on future 

research into the roles and requirements of ARNT in both development and disease.
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CHAPTER 4

Searching for novel gene targets of 
SIM2 in cancer 
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4.1 INTRODUCTION

Pancreatic, colon and prostate adenocarcinomas are three of the most lethal of human cancers.  Select up-

regulation of the short isoform of Single-minded 2 (SIM2s) has been identified in carcinoma derived cell 

lines and solid tumours of these cancer types [43, 80, 81, 91-94] and the expression status of SIM2s is 

emerging as an interesting candidate for a solid tumour marker of these tumour types. Several independent 

microarray studies find SIM2 to be one of the most consistently up-regulated gene products in prostate 

tumours, while not being expressed in corresponding benign tissue [81, 93, 94].  Analysis of human clinical 

samples revealed that elevated SIM2s protein levels in prostate tumours significantly correlated to 

increased tumour aggression and a dramatic drop in estimated survival, highlighting the potential use of 

SIM2s levels as a novel marker of aggressive prostate cancer [81]. Studies have linked differential SIM2s 

expression to tumour cell survival and growth [43, 53, 91], however the molecular mechanisms of SIM2s 

function in these cancers is unknown.  Whether changes in SIM2s expression levels are required for tumour 

initiation and/or tumour maintenance remain important questions that need to be answered for its potential 

use as an early detection marker and a target for the development of chemo-preventative therapeutics.

Knowledge of how and why SIM2s expression may promote tumour progression and aggression could be 

gained from an understanding of its transcriptional activities and the genes it regulates, and consequently 

how the differential regulation of gene products by SIM2s may link SIM2s to disease pathogenesis.

However, few bona fide target genes have been described for the mammalian SIM2 orthologues, and these 

only appeared in the literature in 2008 [48, 82].  Recently, we described Myomesin 2 (MYOM2) as a direct 

target of SIM2 transcription following microarray studies of human kidney 293T cells with, and without, 

stable ectopic expression of a constitutively active chimera of mouse Sim2L (mSim2/AD.myc) [48].

Interestingly our report [48] showed positive gene regulation by mSim2L and hSIM2s on the human MYOM2
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promoter via a specific binding element [48]. These data suggest, for the first time that SIM2 harbours both 

transactivating and, as previously described, repressive capabilities [34, 41, 47, 48, 82]. However, there are 

no reports of changes in MYOM2 expression being associated with oncogenesis, indeed data mining of 

recently published genome-wide analysis of pancreatic cancer shows no change in MYOM2 expression 

levels between tumour and tumour derived cell lines and normal tissue controls [96]. Hence the SIM2-

mediated regulation of MYOM2, which codes for a myosin binding protein that is expressed in muscle 

sarcomeres and characterised as an intracellular member of the immunoglobulin superfamily [49, 50], does 

not provide any insight into how SIM2 may be playing a functional role in the tumourigenesis of the 

pancreas, prostate, or any other type of solid tumour where SIM2 is misregulated. 

Interestingly, during the course of the present study the gene SLUG was found to be a direct target of 

SIM2s-repression in breast cancer MCF-7 cells in 2008 [82]. Contrary to prostate, pancreatic and colon 

cancers, a reduction or loss of SIM2s expression is associated with increased breast tumourigenicity, and 

as the alleviation of SLUG repression drives cancer growth via SLUG-mediated EMT (epithelial 

mesenchymal transition) this work links the functional loss of SIM2s with tumour progression for the first 

time [53, 82].  Converse to breast cancers, loss of SIM2s in pancreatic and colon cancer cells, and colon 

cancer cell xenografts, has been found to be associated with decreased tumour cell survival [43, 91]. 

Microarray analysis following antisense-mediated knockdown of SIM2s in colon cancer RKO revealed 

GADD45alpha (growth arrest and DNA damage gene), a key stress response gene associated with 

apoptosis, to be repressed in a SIM2s-mediated manner , however it has not been defined as a direct target 

of SIM2s-repression [91]. Thus, prior to the studies presented here, direct SIM2s target genes in the 

tumour context of enhanced levels of SIM2s expression, such as cancers of the prostate, pancreas or colon 

[43, 52, 80, 81, 91, 93, 94, 96] remained to be identified. Consequently, any insight into how and why 

SIM2s may be playing a role in the progression of these cancer types via an understanding of the genes it 
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regulates represented a novel avenue to advance knowledge of SIM2s transcription and its putative role in 

tumourigenesis. 

The following studies were undertaken to determine novel targets of SIM2s transcriptional activities 

in a tumour cell context in the hope of ultimately discovering if there is a mechanistic role and 

functional requirement for SIM2s in the development of these solid tumour types.

4.2 RESULTS & DISCUSSION

4.2.1. Experimental approach for the identification of novel targets of SIM2s 

regulation in human Prostate carcinoma derived cells

Prostate cancer cells were chosen for these experiments for at the time these studies were initiated, several 

independently published microarray studies had found SIM2 to be the second most consistently up-

regulated gene in prostate tumours, while not being expressed in corresponding benign tissue [81, 93, 94],

thus providing the most comprehensive set of independent findings associating SIM2s up-regulation in any 

tumour type. Likewise, no studies had, or since have, looked at the molecular roles and requirements for 

SIM2s in prostate cancer, thus providing an uncharted paradigm to determine how SIM2s may fit into the 

developmental program of this tumour type.  

This study sought to understand how aberrantly high levels of SIM2s in prostate cancer [80, 81, 93, 94],

which correlates to tumour aggression [81], may promote tumour growth and/or maintenance by seeking to 

discover direct target genes of SIM2s using microarray studies of independently derived prostate carcinoma 
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cell lines upon stable ectopic expression of SIM2s.  Similarly, ectopic expression of mSim2 in mice has 

been useful for constructing a biochemical paradigm to aid elucidation of the role of mSim2 in development 

and the eitology of Down Syndrome [71, 86].  Modern DNA microarray technologies for large-scale profiling 

of changes in gene expression of the entire transcriptome has developed greatly since it was first 

established in 1995 [135] and is now a routinely used method for such studies.  The discovery of direct 

target genes of transcription factors have been successfully found following microarray analysis of cells in 

which the factor has been constitutively overexpressed, such as Cyclin K as a target of p53 [136], and 

indeed MYOM2 as a target of SIM2 [48]. The studies here were designed to incorporate duplicate 

experiments utilising two prostate carcinoma derived cell lines for cross-comparison purposes to determine 

if a ‘gene set’ that is differentially regulated observed upon ectopic SIM2s expression is common to prostate 

cancer cells, and not necessarily the outcome of a cell-type specific response, as the former potential 

finding may provide indicators of how SIM2s may function in the oncogenesis of all solid tumour types 

where SIM2s is aberrantly misexpressed (Figure 4.1B).  Analysis of SIM2s mRNA levels in common human 

prostate carcinoma cell lines by semi-quantitative RT-PCR revealed somewhat lower expression of 

endogenous SIM2s in DU145 and LNCaP cells compared to PC3AR+ cells (Figure 4.1A).  Consequently

these two former cell lines were chosen from which to engineer independently derived polyclonal cell pools 

exhibiting stable ectopic expression of carboxy terminal myc tagged human SIM2s (SIM2s.myc) to emulate 

an aberrant increase in SIM2s in prostate cancers compared to benign samples as previously observed 

from several studies by others [81, 93, 94]. This was achieved using the pEF-IRES-puro vector integration 

and expression system which routinely provides high levels of transgene expression following selection for 

successful integration indicated by Puromycin antibiotic resistance in cells [102]. This method has 

previously provided successful stable ectopic expression of the constitutively nuclear mammalian SIM 

homologues in cultured cells [48, 59, 60][S. Woods, PhD Thesis 2004]. Puromycin resistant control 

(Control) pools were generated by incorporation of the empty expression vector in these cells. As described 
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in Chapter 3, ectopic expression of SIM2s.myc in these cells resulted in a concomitant increase in 

endogenous levels of the obligate partner factor ARNT (Chapter 3, Figure 3.2A) .   Moreover, co-

immunoprecipitation experiments revealed endogenous ARNT dimerises with SIM2s.myc in the derived 

DU145 and LNCaP cells. Importantly, analysis of supernatant following immunoprecipitation revealed that 

although SIM2s.myc was not immunodepleted from LNCaP/SIM2s.myc whole cell extracts using this 

method, nor was endogenous ARNT, suggesting that for the major proportion of ectopic SIM2s.myc 

endogenous ARNT was not limiting the formation of SIM2s.myc/ARNT heterodimers. Furthermore, 

endogenous ARNT protein remained in excess of SIM2s in DU145 cells. (Refer to Chapter 3, Figure 3.11).

Consequently further ectopic expression of the obligate partner factor ARNT was not required to obtain

near-complete and complete heterodimerisation of ectopic SIM2s in LNCaP and DU145 cells, respectively,

to promote SIM2s/ARNT activity.

The design of the microarray experiment is represented in Figure 4.1B. The two independently derived 

puromycin resistant polyclonal cell lines were developed for both SIM2s.myc over expression and empty-

vector control. These cell lines were created for a minimum of two independent pair-wise comparisons 

between control and SIM2s.myc expression, to serve as biological replicates. For example, Control 

polyclonal cell lines B and C, compared to SIM2s.myc polyclonal cell lines D and E (refer to Figure 4.1C). 

To control for variation due to cell culture growth conditions, each polyclonal cell line was cultured in 

duplicate to obtain two independently derived samples for microarray analysis (refer to Figure 4.1B, 

independent samples coloured in blue and black). Each microarray chip is hybridised with differentially 

labelled cDNA samples of both a Control and SIM2s.myc polyclonal cell line using the Cy3 or Cy5 fluorofore 

labels. Differential gene regulation was then determined from a measure of the predominant hybridised 

fluorescent product.  Dye swap labelling reactions on biological replicates, and between independently 



Example of Microarray Experimental Design: 4 x pairwise analyses

1.      Control B 1 (Cy3)      versus      SIM2s.myc D 1 (Cy5)

2.      Control C  1 (Cy5)     versus      SIM2s.myc D 2 (Cy3)

3.      Control B 2 (Cy5)      versus      SIM2s.myc E 1 (Cy3)

4.      Control C 2 (Cy3)      versus      SIM2s.myc E 2 (Cy5)
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FIGURE 4.1: Microarray approach for the identification of differentially regulated genes upon aberrant
expression of SIM2s in Prostate carcinoma derived cells.

(A) Assessment of SIM2s mRNA levels in human prostate carcinoma derived cell lines.

Representative semi-quantitative RT-PCR of SIM2s mRNA levels with and without, stable ectopic

SIM2s.myc expression. SIM2s PCR used limiting cycles of 35x, equal cDNA template used,

synthesised from same amounts of total RNA extracts. GAPDH PCR used 25x cycles. Amplicons

separated by EtBr stained 1% agarose gel electrophoresis. All SIM2s images obtained at the same

UV light intensity. (B) Combinatorial analysis to ultimately identify a common set of genes regulated

by SIM2s in ‘prostate cancer’, and not those specific to either LNCaP or DU145 cells. (C) Biological

replicates for both 10μg/ml puromycin resistant Control, ie: cell lines B & C, and stable human

SIM2s.myc (Myc tagged) expression, ie: cell lines D & E, are independently derived polyclonal cell

lines, compared for identification of differential gene regulation by microarray analysis requiring 4

x19k human cDNA oligo microarray chips for pairwise analyses which includes, Cy3/Cy5 dye swap

analysis of biological replicates, and of independent RNA extractions, 1 & 2, of each polyclonal cell

line. 20μg of total RNA extract for each sample condition were prepared from 80-90% confluent cell

monolayers and supplied to the ‘Adelaide Microarray Centre’, Adelaide, South Australia, for cDNA

synthesis with Cy-dye labelling, followed by hybridisation to human 19K oligo microarray chips, and

subsequent data analysis.

LNCaP/SIM2s.myc DU145/SIM2s.myc

Common SIM2s target 

genes in ‘prostate cancer’?

C

B

DU145 PC3AR+ LNCaP

A

SIM2s

GAPDH

Control

No RT

SIM2s.myc

+ + + + + +

+ + + + + +
No RT No RT



CHAPTER  |  4

105

derived samples from the same biological sample served as internal dye-labelling and hybridisation controls

for the microarray (Figure 4.1C). 

Although a number of genes were differentially regulated in 293T upon mSim2/AD.myc expression in a 

fashion that may link SIM2 to a potential functional role in cancer progression, as will be discussed later, the 

cDNA microarray used in that study was only capable of detecting 8000 mRNA species, thus the spectrum 

of differential gene regulation to be observed was limited. The development of a cDNA microarray platform 

that represented 19000 mRNA species provided an excellent opportunity to obtain a more comprehensive 

profile of differential gene regulation upon SIM2 overexpression.  Also, by analysing the effects of stable 

ectopic expression of the short isoform of human SIM2 in a solid tumour cell context, there is the potential 

for insights into isoform specific transcriptional targets to emerge. 

4.2.2. Identification of putative targets of SIM2s from microarray studies of human 

prostate carcinoma LNCaP±SIM2s.myc cells

4.2.2.1. LNCaP microarray results and semi-quantitative RT-PCR validation

The data obtained for differential gene regulation upon SIM2s.myc expression in LNCaP cells was 

assessed for genes with the highest fold change in expression and/or that may link SIM2s expression and 

transcriptional activities with a role in tumour growth. The top 30 genes are shown in table 4.1. Note the 

22.3 fold increase in SIM2 message, although the oligonucleotide tag for SIM2 on the array does not allow 

for distinguishing between endogenous or ectopic SIM2s mRNA levels, nor differences in SIM2 isoform 

expression. Interestingly, prostate specific antigen (PSA), which is represented twice on the microarray, 

appears twice in the top 30 to be up regulated upon SIM2s.myc expression (rank 9 and 22) greater than 2-
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fold. Increases in serum measures of PSA is regularly used as a diagnostic for the onset and progression 

of prostate cancer [137] (for reviews see [138, 139]), thus this immediately highlighted a link between SIM2s 

expression and prostate cancer. Likewise, changes in expression of other genes consistent with a link for 

SIM2s in cancer included; the down regulation of matrix metalloproteinase 16 (MMP16 or MT3-MMP), as 

MT-MMP protein family members, including MMP16, have been found to be generally downregulated in 

prostate carcinomas [140]; the down regulation of the B-cell translocation gene 1 (BTG1) due to its role as 

an antiproliferative agent in the regulation of angiogenesis [141]; also the up regulation of heat shock 70kD 

protein 10 (HSPA10 or otherwise known as HSPA8 & HSC71) which had been reported in 2004 to be 

enhanced at the protein level in cisplatin (an anti-tumour agent) resistant cervical carcinoma A431/Pt cells 

compared to cisplatin-susceptible control A431 cells [142]. Elevated levels of protein tyrosine phosphatase 

(PTP) receptors are associated with tumour development and are the target for the development of cancer 

therapeutics (for review see [143, 144]). Consequently the up-regulation of PTP receptor type R (PTPRR), 

the most dramatic differential regulation observed upon SIM2s.myc expression of 3.9-fold, was of interest 

for further validation. The down regulation of TMEFF2 (transmembrane protein with EGF-like and two 

follistatin-like domains 2), also known as TENB2, was of note as TMEFF2 expression is associated with 

disease progression and androgen independence in prostate cancer [145].   Interestingly however, 

conflicting links between SIM2s expression and differential gene regulation were also observed, such as the 

2.8-fold down regulation of G antigen, family B, 1 (prostate associated) mRNA (GAGEB1), also known as 

GAGE-9 or P antigen family, member 1 (PAGE1) (rank 7, Table 4.1). GAGEB1/PAGE1 was first 

characterised as a gene involved in LNCaP prostate cancer progression model in 1998 where its mRNA 

levels were found to significantly increase with tumour cell line metastatic potential and aggression [146]. 

Likewise, XAGE1, a member of the XAGE subfamily of the GAGE family to which GAGEB1/PAGE1

belongs, is also down regulated (1.9-fold) upon SM2s.myc expression, and as in situ profiling of XAGE-1

mRNA expression in prostate carcinomas has shown it to be up regulated compared to matched normal 
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tissue [146], together the microarray data is not consistent for a link between SIM2s expression and the 

regulation of these GAGE family members and the progression of prostate tumours. Most intriguingly 

however was the up regulation of S100P (S100 calcium-binding protein P) (rank 10, Table 4.1) which at the 

time this list was generated was emerging as a early marker for pancreatic cancer and was also identified 

as being upregulated in prostate cancer [147-149], thus highlighting a potential shared mechanism through 

which SIM2s may contribute to the changes in the genetic profile of both these cancer types. 

To validate the microarray findings for the effect of SIM2s.myc expression on the gene expression profiles 

of the above mentioned genes, semi-quantitative (sq) RT-PCR analysis was carried out on cDNA samples 

generated from independently extracted total RNA samples of polyclonal LNCaP/Control line A and 

LNCaP/SIM2s.myc line A (referred to hereafter as the ‘A’ cell line set) used for the microarray. MMP16, 

XAGE1, PTPRR, PSA, S100P and TMEFF2 all showed changes in mRNA levels consistent with the 

microarray analysis, however, BTG1 and HSPA10 failed to show any difference in gene expression upon 

stable expression of SIM2s.myc as indicated in the microarray, and GAGEB1 was slightly down regulated 

upon SIM2s expression in opposition to the microarray findings (Figure 4.2A). Consequently, the latter 

three genes were excluded from further investigation. These differences in expression between sqRT-PCR 

results and microarray analyses indicated the expected potential for variation in gene expression profiles 

between the independently derived SIM2s.myc polyclonal cell lines, thus a number of selected putative 

targets were selected for further validation studies. This included independent sqRT-PCR analysis of the 

other cell lines used for the microarray, LNCaP/Control cell line B and LNCaP/SIM2s.myc cell line B (the ‘B’ 

cell line set). Figure 4.2B(i) lanes 2 and 3 show the differential gene regulation between the Control and 

SIM2s expressing B cell lines; consistently MMP16 and PTPRR and to a slightly lesser extent, PSA, were 

found to be regulated in the same manner as indicated from the microarray and in the ‘A’ cell line set 

(Figure 4.2A). Interestingly however, S100P was found to be down regulated in LNCaP/SIM2s.myc B cells 
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compared to the control (Figure 4.2B), contrary to the microarray data and validation in the ‘A’ cell line set. 

Likewise, when analysed in third set of independently derived Control and SIM2s.myc expressing polyclonal 

cell lines, cell line set ‘C’ not used for the microarray experiment, a reduction in S100P expression upon

ectopic SM2s expression was also observed (Figure 4.2B(ii)), indicating that the up regulation reported 

from the microarray was due to the apparently aberrant dramatic increase in S100P in the 

LNCaP/SIM2s.myc A cell line, inconsistent with two other independently derived SIM2s.myc expressing 

cells. The repression of MMP16, the slight increase in PSA  and the dramatic increase in PTPRR upon 

SIM2s expression was also consistent upon validation using the independent cell line set ‘C’ not used in the 

microarray (refer to lanes 2 & 3, Figure 4.2C for PTPRR levels, and lanes 2 & 4, Figure 4.3A for MMP16

and PSA representative data). The repression of XAGE-1 was found to be unchanged in all other cell line 

sets tested upon SIM2s.myc expression (data not shown) thus was not further investigated as a putative 

target of SIM2s in these studies.

4.2.2.2. Independent validation studies and investigating SIM specificity in the regulation of putative 

SIM2s target genes in LNCaP cells.

The mouse orthologues of human SIM2 and SIM1 are highly conserved in their DNA binding and 

dimerisation regions (refer to Introduction Chapter 1, Figure 1.3A), and in vitro studies show shared 

abilities to bind the same promoter derived consensus sequences [34, 38, 41, 46, 48, 59, 129], thus there is 

the potential for shared target genes.  There is a however a high level of divergence in the carboxy-terminal 

regions of the homologues which confer their transcriptional properties (refer to Figure 1.3A, Chapter 1) 

indicating possible divergent roles in the regulation of the same genes via a common DNA binding site.  Yet 

targeted deletion studies of both Sim2 and Sim1 in mice have shown that the homologues are not 

developmentally redundant [58], thus how the SIMs may confer specificity for DNA-binding and gene 



FIGURE 4.2: Validation of differential gene regulation observed from microarray analysis of
LNCaP cells with ectopic expression of SIM2s.myc and analysis of potential mammalian
homologue SIM specificity of differential regulation.

(A) Preliminary validation of putative SIM2s targets utilising independently derived RNA/cDNA

from Control (puromycin resistant) and SIM2s.myc stable polyclonal cell pools used in the

microarray. Note converse regulation of S100P in pools C, which were not used in the array.

(B) Preliminary investigation of mammalian SIM homologue specificity of select putative

targets. Independently derived RNA/cDNA of Control and SIM2s.myc polyclonal pools B

which were used in the microarray. (C) Identification of specific differential regulation of the

short isoform of PTPRR by mammalian SIM homologs in LNCaP cells.Semi-quantitative RT-

PCR analysis of differentially regulated genes from independently derived polyclonal cell

lines, as described, with, or without, stable ectopic expression of myc tagged human SIM2s in

human prostate LNCaP cells. Preliminary analysis only of differential regulation of putative

human SIM2short targets in polyclonal LNCaP cell with stable ectopic expression of (murine)

mSIM2Long and mSIM1 (myc tagged). All PCR reactions past robust controls. No RT

controls not shown. PCR amplicons of expected size identified following 1% agarose

electrophoresis, stained with EtBr. Limiting cycles of PCR used: GAPDH, PSA & HSPA10

20x; MMP16 & S100P 25x; XAGE-1, GAGEB1, PTPRR, PTPBR7,PTP-SL, BTG1 & TMEFF2

30x;

S100P

PSA

PTPRR

MMP16

GAPDH

B

PTPRR

TMEFF2

BTG1

GAGEB1

XAGE1

GAPDH

S100P

PSA

HSPA10

MMP16

A

S100P

(i)

(ii)

lanes 1 2 3 4 5

GAPDH

PTPBR7 – long

PTP-SL – short

PTPRR 

both isoforms

C

lanes 1 2 3 4 5
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regulation is an open question. In an attempt to gain an insight into the potential specificity for SIM2s 

regulation of these putative target genes from the microarray, LNCaP polyclonal cell lines with stable 

expression of the c-terminal myc tagged long isoform of mouse Sim2 (mSim2L.myc) and Sim1 

(mSim1.myc) were engineered and assessed in a preliminary screen by sqRT-PCR for differential gene 

regulation.  PTPRR gene expression was found to be up regulated in all SIM expressing cell lines, and 

similarly S100P expression appeared to be down regulated. Interestingly, the repression of MMP16

appeared to be SIM2 specific, with mSim1.myc expression having little effect compared to Control.  

Likewise, the slight increase in PSA mRNA levels observed upon SIM2s.myc expression appeared to be 

SIM2 isoform specific as mSim2L.myc expression appeared to have no effect, yet the stable over 

expression of mSim1.myc did appear to result in a down regulation of PSA expression (Figure 4.2B(i), 

compare lanes 2-5).  There are two isoforms of PTPRR, the long isoform, PTPBR7, and the short, PTP-SL, 

that arise from alternate transcription start sites [150, 151].  The microarray oligonucleotide and validation 

PCR primers used for these studies do not differentiate between the two isoforms.  Despite limited links to a 

role in tumour development in the literature, the dramatic change in expression levels upon SIM expression 

highlighted PTPRR as an interesting candidate as a direct target of SIM transcriptional activities.  To identify 

if there was a SIM homologue specific profile of PTPRR isoform gene expression, both isoforms were 

analysed by sqRT-PCR in the stable SIM expressing LNCaP cell lines.  Expression of the long isoform, 

PTPBR7, was unchanged upon SIM expression, whereas the short isoform, PTP-SL was dramatically up 

regulated, yet not in a SIM homologue or isoform specific manner (Figure 4.2C). 
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4.2.2.3. siRNA-mediated knock down studies to determine how intimately SIM2s expression is 

associated to the differential regulation of putative target genes in LNCaP cells.

Following the validation of differential gene regulation upon SIM2s.myc expression in LNCaP cells, 

assessing if the effect of ectopic SIM2s expression on the expression of these genes was indicative of 

endogenous SIM2s activities, and perhaps whether or not the regulation is the outcome of direct SIM2s-

mediated transcription, was examined next.  Both ectopic and endogenous SIM2s were targeted for siRNA 

knockdown in the LNCaP puromycin resistant Control and SIM2s.myc expressing cell lines not used in the 

microarray using synthesised double stranded siRNA oligonucleotides; siSIM2s-1759 to specifically target 

SIM2s, and a scrambled non-specific control oligonucleotide, siControl.  The effect of 72 hours treatment 

with the siRNAs on SIM2s expression and on the expression levels of the putative targets was assessed by 

sqRT-PCR. Figure 4.3, panel (i) indicates an approximate reduction of endogenous and ectopic SIM2s

mRNA levels of 50%.  The up regulation of S100P expression detected upon endogenous and ectopic 

knockdown of SIM2s was consistent with SIM2s-mediated repression of S100P (panel (ii)). Interestingly, 

where the microarray and independent validation studies showed MMP16 to be repressed upon SIM2s.myc 

expression, siRNA knockdown of SIM2s.myc resulted in a further reduction in MMP16 levels, which was 

also reflected upon siRNA knockdown of endogenous SIM2s (panel (iii)).  These results were inconclusive 

as to the nature of SIM2s-mediated regulation of MMP16, and thus further clarification studies are required 

if it is to be pursued in the future as a putative target of SIM2 regulation.  

Unlike the regulation of S100P, the level of SIM2s.myc knockdown achieved had no effect on the induction 

of PTP-SL, which failed to be detectable in the LNCaP/Control cell line (panel (iv)).  Similarly, no effect of 

SIM2s knockdown was observed on the expression levels of PSA (panel (v)).  These preliminary data 

indicate that the induction of PTP-SL and PSA upon SIM2s.myc expression in LNCaP cells may not be a 

result of direct regulation by SIM2s, but perhaps a secondary or downstream effect of SIM2s expression.  



Control C S2s.myc CP
C

R
 -

v
e

SIM2s

GAPDH

S100P

PTP-SL

FIGURE 4.3: S100P is a putative direct target of SIM2s activities in prostate carcinoma
cell lines. Preliminary observations of the increase in S100P mRNA levels on siRNA
knockdown of endogenous and ectopic SIM2s in LNCaP cells, whereas PTP-SL and
PSA levels remain unchanged. MMP16 levels change conversely to expectations.

Subconfluent cells were treated 2x100nM siRNA 24 hours apart, then total RNA was

extracted 72hrs after first treatment followed by semi-quantitative RT-PCR analysis.

Limiting cycles of PCR used: GAPDH, MMP16 & S100P 25x; PTP-SL 30x;

endogenous SIM2s (lanes 2 & 3) 33x, ectopic SIM2s (lanes 4 & 5) 25x.

MMP16

PSA

lanes 1 2 3 4 5
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Or perhaps the absence of any effect on PTP-SL and PSA induction upon treatment with siSIM2s-1759 may 

also be indicative of the level of SIM2s knock down achieved was not sufficient to reduce SIM2s activities 

associated with the regulation of these genes. 

Due to either inconsistent results or lack of any effect upon siRNA-mediated knockdown of SIM2s, MMP16, 

PTP-SL and PSA, were not further investigated as putative direct target genes of SIM2s transcription. The 

consistent results indicating S100P is down regulated in a SIM2s-responsive manner highlighted it as a 

potential candidate for future investigation.

4.2.3. Microarray studies in human prostate carcinoma DU145±SIM2s.myc cells

4.2.3.1. Analysis of microarray data and independent validation studies.

As outlined in figure 4.1, a second microarray experiment of the same design as that for LNCaP cells was 

planned for another prostate carcinoma derived cell line, DU145, to not only validate the LNCaP microarray, 

but to ultimately identify a common gene set that is regulated in a SIM2s-dependent manner in prostate 

cancer.  The outcome of combined statistical analysis of these two experiments will be detailed in section 

4.2.4, however, consideration of these data is only relevant following the internal validation of the microarray 

profiling changes in gene expression upon SIM2s.myc expression in DU145 cells.  As was carried out for 

the LNCaP microarray data set (section 4.2.1), the following studies sought to determine if the changes in 

gene expression upon ectopic SIM2s.myc in DU145 cells by microarray were consistent by sqRT-PCR 

detection in an independent polyclonal cell line.  A select number of putative target genes were analysed 

due to links and implications in the literature that connect these genes to tumourigenesis and the degree of 

change in expression levels upon SIM2s.myc expression.  Of particular interest was PHLDA1/TDGA51

(pleckstrin homology-like domain, family A, member 1/T-cell death-associated gene 51), which was 
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represented twice, by two independent oligonucleotides for detecting this gene, inside the top 10 ranking 

genes, at position 5 and 8, indicating a consistent 2.3-fold down regulation upon stable SIM2s expression in 

the DU145 cells (Table 4.2).   In itself this representation inside the data list is a form of internal validation, 

and consistently, was found to have reduced expression in an independent SIM2s.myc over-expressing 

DU145 polyclonal cell line by sqRT-PCR (Figure 4.4A(i)).  At the time of these studies the literature did link 

PHLDA1 with prostate or colon cancers, however, reports existed of increased PHLDA1 expression in 

pancreatic cancer [152, 153].  These studies were in apparent opposition to how enhanced levels of SIM2s 

may correlate to PHLDA1 levels in pancreatic cancer.  Yet PHLDA1 remained an intriguing subject as a 

putative target of SIM2s as it had been described to play an essential role in the induction of apoptosis in T-

cells [154], and its down regulation was associated with resistance to apoptosis in melanoma [155], which 

may reflect cancer specific roles.  The role of PHLDA1 in apoptosis was a key indicator suggesting that 

putative SIM2s-mediated down regulation of a pro-apoptotic factor as a potential mechanism by which 

SIM2s may promote prostate and/or colon tumour growth.  Likewise, the reduced levels of the established 

pro-cell death factor BNIP3 (BCL2/adenovirus E1B 19kD-interacting protein 3) [156-158] upon SIM2s 

expression observed from the microarray (Table 4.2, rank 14), and independently validated (Figure 

4.4A(ii)), also provides a potential mechanism for SIM2s-mediated resistance to tumour cell death.  And 

again similiarly, the stress inducible IER3/IEX-1 (immediate early response gene X-1), which functions to 

promote cell death when over expressed, was also confirmed to be repressed upon ectopic SIM2s.myc 

expression (Table 4.2, rank 96 2.46-fold down regulation, and Figure 4.4A(iii)).  Repression of IEX-1 is 

associated with reduced apoptosis, however, other varied roles for IEX-1 have also been described in cell 

cycle regulation and particularly, cell survival.  Interestingly, these pro- and anti-apoptotic activities occur in 

a cell context and stress-specific manner (for review [159]). 
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The microarray of the top thirty differentially regulated genes showed a predominance of down regulation 

upon SIM2s.myc expression (Table 4.2), however strikingly, greatest fold-change observed in expression 

levels was the up regulation of SPOCK2 (sparc/osteonectin, cwcv & kazal-like domains proteoglycan 

(testican) 2) by 6-fold (Table 4.2, rank 11).  Independent validation consistently showed enhanced SPOCK2

mRNA levels upon ectopic expression of SIM2s in DU145 cells (Figure 4.4A(iv)).  This level of differential 

regulation highlighted SPOCK2 as a putative target gene of interest, also supported by a report that 

SPOCK2 is required to facilitate cell migration in human glioma U251 cells by inhibiting interference of 

membrane-type 1 matrix metalloproteinase (MT1-MMP) [160], the latter of which has been shown to 

promote prostate DU145 and LNCaP cell in vitro migration and xenograft metastasis, and is a suggested 

target for preventing cancer metastasis [161].  Considered together, the interesting hypothesis arises that 

perhaps enhanced levels of SIM2s indirectly promote MTI-MMP-mediated mechanisms of cell migration via 

the up regulation of SPOCK2 to aid aggressive prostate cancer development.  Interestingly, the SIM2s-

associated repression of Epiregulin (EREG)  (Table 4.2, rank 3, 2.97-fold down regulation, and Figure 

4.4A(v)), and AREG (amphiregulin) (Table 4.2, rank 76, an unvalidated  fellow  EGF family ligand for ERBB 

family receptors which clusters in the same region of chromosome 4 with EREG [162]), also supports a 

putative role for SIM2s in the development of the more aggressive prostate tumours. Specifically, a study by 

Tørring et al (2005) revealed that AREG and EREG are upregulated in human prostate CWR22 cell mouse 

xenografts following castration, a process which ultimately lead to a decrease in tumour size [163], 

indicating that elevated levels of EREG and AREG levels are associated with hormone-sensitive prostate 

tumour cell-death processes. Similarily, EREG expression was found to be elevated upon microarray 

analysis of prostate carcinoma PC3 cells treated with MG132, an agent found to promote prostate tumour 

cell death [164], thus also associating elevated EREG with cell death processes.  These findings considered 

in reference to the correlation bewteen SIM2s expression and repressed EREG and AREG mRNA levels, 

provides a preliminary basis for the notion of a putative mechanism by which SIM2s inhibits the up 
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regulation of these ligands via their transcriptional repression, which consequently renders the tumour 

insensitive to androgen-ablation therapy, thus providing the opportunity for the tumour to transform into a 

recurrent aggressive androgen-insensitive tumour.  Unfortunately, this link does not apparently translate to 

a potential role for SIM2s in the development of pancreatic cancers where both ligands have been reported 

to be upregulated [152, 165]. Indeed EREG is reported to stimulate pancreatic cancer cell growth [165]. 

Despite not fulfilling the profile of a putative target through which SIM2s-mediated regulation may drive the 

progression of prostate and pancreatic solid tumours, the high ranking nature and extent of change in gene 

regulation indicated in the microarray data, highlighted it as an interesting candidate for investigation. 

In summary, putative SIM2s target genes selected from the DU145 microarray data for independent 

validation by sqRT-PCR included, PHDA1/TDAG51, BNIP3, IER3/IEX-1, SPOCK2 and EREG.  All genes 

displayed the same mode of differential regulation upon stable ectopic SIM2s expression in an independent 

polyclonal cell line consistent with that observed in the microarray. 

4.2.3.2. Investigating the SIM specificity of putative target gene regulation in DU145 cells

To discern if other Sim species might also regulate the target genes obtained by microarray , a selection of 

the independently validated putative SIM2s targets were assessed for mRNA expression upon stable 

ectopic expression of carboxy-terminally myc tagged murine orthologues of full length Sim2 (mSim2L.myc) 

and Sim1 (mSim1.myc) in DU145 cells. These preliminary studies revealed that the mRNA levels of BNIP3

were found to be slightly reduced upon expression of all SIM homologues. However, human SIM2s 

conferred greater repression than mSim2L, and yet interestingly, a similar level of reduced BNIP3 was 

observed upon both mSim1 and hSIM2s expression (Figure 4.4B(i)), indicating that the regulation of BNIP3 

may be a shared gene target of  all SIM factors.  EREG expression was found to be repressed to the same 



FIGURE 4.4: (A) Independent validation of candidate SIM2s target genes identified from microarray
studies on prostate DU145!SIM2s.myc expression. (B) Preliminary investigation into specificity of
differential gene regulation by mammalian SIM homologues stably expressed in DU145 cells.

cDNA from independently derived polyclonal DU145 cell line for human SIM2s.myc expression, not

used in the microarray, or with stable ectopic expression of murine SIM2Long.myc and mSIM1.myc,

analysed by semi-quantitative RT-PCR to validate the differential regulation of observed in

microarray analyses, compared to a polyclonal puromycin resistant Control cell line. Limiting cycles

of PCR used: GAPDH & BNIP3 25x, all others 28x.

BNIP3

GAPDH

No RT

B

SPOCK2 / TESTICAN2

no RT

BNIP3

EREG
P

C
R

 -
v
e

GAPDH

A

IER3 / IEX-1

SPOCK2 / TESTICAN2

PHLDA1 / TDGA51(i)

(ii)

(iii)

(iv)

(v)

(vi)

(i)

EREG(iii)

PHLDA1 / TDGA51(ii)

(iv)

(v)



CHAPTER  |  4

115

extent by both isoforms of SIM2, however was unaffected by mSim1 expression (Figure 4.4B(ii)). 

Likewise, mSim1 expression had no effect on PHLDA1 mRNA levels, thus PHLDA1 is repressed in a 

manner specific to SIM2, and from this experiment, most potently by human SIM2s (Figure 4.4B(iii)). 

Interestingly, the striking upregulation of SPOCK2 expression was found to be specific to the short isoform 

of SIM2 (Figure 4.4B(iv)). Due to absence of any effect on mRNA levels associated with ectopic mSim1 

expression, these latter three genes may be interesting candidates for the future study of SIM2 

transcriptional specificity that may perhaps lead to insights of how these non-redundant family members 

function in development.  

4.2.4. SIM2s-mediated regulation of a prostate cancer ‘gene set’? 

4.2.4.1. Combined analysis of LNCaP and DU145 microarray data & Limitations of microarray 

analyses

In an effort to identify a direct target gene(s) of SIM2s transcription common to prostate cancer development 

microarray data of differential gene regulation upon stable ectopic expression of SIM2s from two prostate 

carcinoma derived cell lines, LNCaP and DU145 cells, were subjected to composite statistical analysis, 

carried out the Adelaide Microarray Centre, SA, to derive if common patterns of gene regulation occurred 

between the cell lines to eliminate potential cell-type specific responses. Initial inspection of the independent 

lists does not reveal any striking similarity in the ranking profile of differential gene regulation between the 

two microarray experiments (refer to Tables 4.1 & 4.2). Table 4.3A lists the top thirty genes derived from 

composite analysis of both microarray experiments. It is interesting to observe in the top thirty differentially 

regulated genes from combined analysis shows some genes that are common to those shown in either 

table 4.1 or 4.2, representing genes of interest from each of the LNCaP or DU145 microarray data sets, 

respectively, but not to both (refer to highlighted examples in Table 4.3A). Table 4.3B contains a list of 
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selected putative target genes of interest from each microarray experiment, including those independently 

validated, as they were found to be differentially regulated upon combined analysis. The down regulation of 

PHLDA1, first identified from the DU145 microarray experiment, was shown to rank highly upon combined 

analysis (Table 4.3A, rank 7, ↓1.8-fold). As indicated in the far right column of Tables 4.3A & B, PHLDA1

also appears to be down regulated in LNCaP cells upon SIM2s expression, however ranking very low at 

689, with only 1.5-fold reduction in mRNA levels. However, when gene expression of PHLDA1 was 

assessed in LNCaP±SIM2s.myc cells, PHLDA1 mRNA failed to be detected (Figure 4.5, panel ii, lanes 9 & 

10). Interestingly, where the combined analyse show SPOCK2 to be up regulated an average of 2.6-fold 

upon combined analysis, analysis of the individual data sets reveals that SPOCK2 mRNA levels are 

unchanged in LNCaP/SIM2s.myc cells, confirmed by independent sqRT-PCR validation (Figure 4.5, panel 

i, lanes 9 & 10), which indicates the combined analyses is revealing misleading indicators of shared modes 

of regulation of putative target genes across both cell lines. In a similar manner, combined analysis 

indicates IER3/IEX-1 is downregulated in both cell lines, however examination of microarray data from 

LNCaP cells indicates IER3 expression levels remain unchanged in LNCaP/SIM2s.myc cells (Table 4.3B), 

and indeed, are undetectable by sqRT-PCR in LNCaP cells (Figure 4.5, panel iv, lanes 9 &10).  Together 

these findings not only reveal distinct differences in the genetic profiles of these two prostate carcinoma 

derived cell lines, but also the limitation or flaw in the way the results of the combined assessment of the 

two microarray experiments transpire. Namely it appears these results largely represent the average of fold 

change observed between each microarray. Thus dramatic changes observed in either microarray data set, 

such as the 6.11-fold increase of SPOCK2 in DU145/SIM2s.myc cells, would bias the result and instead of 

ranking genes in a fashion showing consistent modes and degree of differential gene regulation upon 

ectopic SIM2s expression shared between the two microarray experiments, inappropriately attributes a 

shared degree of differential regulation. Indeed the absence of statistical significance of these combined 

analyses, as indicated by the P value, beyond the first gene listed below SIM2s, H4FN (H4 histone family, 
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FIGURE 4.5: Differences in the genetic expression profiles between prostate
carcinoma derived cell line lines revealed upon semi-quantitative RT-PCR assessment
of differential regulation of putative SIM2s targets from DU145!SIM2s.myc microarray
in LNCaP and PC3AR+ prostate carcinoma cell lines with, or without, stable ectopic
expression of human SIM2s.myc.

cDNA from independently derived polyclonal human DU145, LNCaP & PC3AR+ cell

lines ! human SIM2s.myc expression, analysed by semi-quantitative RT-PCR to

validate the differential regulation of genes found from DU145 microarray studies,

compared to a polyclonal puromycin resistant Control cell lines. GAPDH gene

expression serves as loading control. No RT controls shown. Limiting cycles of PCR

used: GAPDH 25x, SPOCK2/TESTICAN2 30x, all others 28x.
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GAPDH
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member N, Table 4.3A), is a supporting indicator that the fold-changes in gene expression level reported 

upon combined analysis are not necessarily representative differential gene regulation in both cell lines. 

4.2.4.2 Close examination of differential gene regulation of putative SIM2s target genes in LNCaP, 

DU145 and PC3AR+ prostate carcinoma derived cell lines

As the combined analysis of the LNCaP and DU145 microarray data sets failed to provide indicators of 

shared modes of gene regulation upon SIM2s expression, these studies were extended a little further to 

definitively ascertain if the putative SIM2s target genes of interest from each microarray are cell-type 

specific or not. As afore mentioned, a common mode of transcriptional regulation across a number of 

independently derived prostate carcinoma cell lines would provide a compelling indicator that misregulation 

of that gene is commonly associated to SIM2s misexpression, and perhaps consequently to prostate 

carcinogenesis. Highlighted in table 4.3B are the putative target genes of interest chosen from each 

microarray experiment which were analysed for differential regulation by sqRT-PCR upon stable ectopic 

expression of SIM2s in LNCaP, DU145 and a third prostate carcinoma derived cell line, PC3AR+ cells. 

These were selected due to the degree of differential regulation found in their respective microarray 

experiments, and/or for their connection to a potential role for SIM2s in solid tumours, with the aim to 

exclude cell-type specific changes in gene regulation and determine if any may link SIM2s to prostate 

tumourigenesis in general. Of the selected putative targets identified and validated from the DU145 

microarray shown in Figure 4.4, none displayed a shared mode differential regulation across all prostate 

carcinoma cell lines, in fact all where highly divergent between cell lines (Figure 4.5).  The findings from this 

limited screen ultimately excluded these putative target genes from further investigation at this time as it 

was within these stringent parameters that a future gene candidate for studying the transcriptional roles of 

SIM2s would be conducted. The global assessment of the transcriptome across many prostate tumour 
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samples and derived cell lines compared to normal controls [93, 166], have thus far only been published in 

part.  Access to these entire data sets would have greatly aided definitively ascertaining if there is indeed a 

correlation between high levels of SIM2s in prostate cancers and the observed levels of these putative 

targets. If such analyses are conducted in the future, this may provide supporting evidence for 

distinguishing between the differential gene regulation observed in DU145/SIM2s.myc cells as being cell-

type specific or perhaps reflective of gene regulation events occurring in tumours where SIM2s is aberrantly 

up regulated. Until such analyses, these candidate putative target genes remain the potential subject of 

future investigation.

4.2.4.3 S100P and BNIP3 are differentially regulated in a consistent manner in LNCaP, DU145 and 

PC3AR+ prostate cancer cells upon stable ectopic expression of SIM2s

Interestingly, the predominant down regulation of S100P initially observed in LNCaP/SIM2s.myc cells was 

also found to occur in DU145/SIM2s.myc cells by PCR despite the DU145 microarray data indicating no 

change (Figure 4.6, and refer to Table 4.3B). The down regulation of S100P was also further validated in 

PC3AR+/SIM2s.myc cells (Figure 4.6). These data support the notion that S100P gene expression is 

regulated in a SIM2s-responsive manner. Unfortunately, the predominant repressive mode of S100P gene 

regulation due to SIM2s expression does not link a functional role for SIM2s into the genetic fingerprint of 

prostate, pancreatic or gastric cancer development where S100P is found to be upregulated [148, 149, 167-

169]. Consequently, S100P was not studied further as a putative target of SIM2s transcription in this solid 

tumour context. Whether this change in S100P expression in response to SIM2s reflects mechanisms of 

regulation that may occur in an alternate context to tumourigenesis, such as during certain developmental 

processes, remains an open question. 



S100P

GAPDH

No RT

LNCaP PC3AR+ DU145

FIGURE 4.6: S100P mRNA is found to be repressed on stable SIM2s.myc 
expression in the three independent prostate carcinoma cell lines, LNCaP, 
PC3AR+ and DU145

Semi-quantitative RT-PCR analysis of S100P mRNA levels in polyclonal

cell lines with stable expression of myc tagged SIM2s, compared to

puromycin resistant Control lines as indicated. GAPDH indicates equal

loading. * = primer dimers. GAPDH mRNA detected using 25x (limiting)

cycles of PCR, S100P levels detected in LNCaP & PC3AR+ cDNA samples

using 25x cycles, and 30x cycles in DU145 cDNAs.
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Of all the putative validated target genes investigated, one did fit the proforma for further investigation as a 

direct target of SIM2s transcription. Message levels of the pro-cell death gene, BNIP3, where found to be 

repressed upon stable ectopic expression of SIM2s in all three prostate tumour lines tested (data not shown 

and Figure 5.1, Chapter 5), in a manner consistent with that indicated by the microarray data (see 

summary notes in Table 4.3B).  Interestingly, in an independent study by others BNIP3 message levels 

were also reported to increase 2.3-fold upon antisense knock down of SIM2s in colon carcinoma RKO cells 

by microarray [91], thus providing supportive data consistent for SIM2s-mediated repression of BNIP3

expression. Likewise, microarray analysis of 293T cells with stable ectopic expression of the constitutively 

active mSim2/AD.myc protein, which contains the activation domain (AD) of mouse AhR in place of the 

Sim2L C-terminal repression regions, revealed a 1.55-fold increase in BNIP3 mRNA (S. Woods, PhD thesis 

2004), which again supports the notion that BNIP3 gene expression may be regulated in a SIM2 responsive 

manner. These microarray findings, and the independent validation studies shown here, provided 

consistent indicators of SIM2-mediated regulation of BNIP3 and consequently a compelling basis for further 

study investigating the notion that SIM2s-mediated repression of the pro-cell death factor BNIP3 may 

functionally link high levels of SIM2s expression with tumour cell survival. These studies are described in 

Chapter 5.

4.2.5 Identifying inherent limitations of sensitivity in the microarray 

approach used for the present study

It was apparent upon analysis of all the microarray data that the fold changes in gene expression reported 

did not consistently correspond to the change in levels observed upon sqRT-PCR analysis. Particular 

examples of note include the distinct ‘switching on’ of SPOCK2 in DU145/SIM2s.myc cells (see section 

4.2.3). The microarray data indicated a 6-fold increase in levels upon SIM2s expression, however, 
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SPOCK2 mRNA was undetectable in the Control cell line following 40 cycles of PCR (refer to Figure 4.5). 

Another example; the absence of any report of a change in the expression of S100P in DU145/SIM2s.myc 

cells by microarray which was indeed evident upon PCR detection (refer to Figure 4.6, and Table 4.3B), 

and as was discussed in the previous chapter (Chapter 3), the consistently observed up regulation in 

ARNT2 mRNA levels in response to ectopic SIM2s.myc expression in both LNCaP and DU145 cells was 

not detected by microarray (data not shown). This is clearly evident upon comparison of the reported 

difference in SIM2 levels between the Control and SIM2s.myc cell lines by microarray, and the fold-change 

calculated following quantitative-PCR (qPCR) analysis. The microarray oligonucleotide for the detection 

SIM2 does not differentiate between ectopic or endogenous SIM2, or between the two isoforms. SIM2 

levels were reported to be enhanced 22.3 and 32.9-fold in the LNCaP and DU145 SIM2s.myc expressing 

cell lines, respectively, by microarray (Figure 4.7, A(i) & B(i)), whereas specific qPCR analysis of SIM2s

mRNA levels reveals a significantly greater fold change, namely an average of 1150-fold and 700-fold, 

respectively (Figure 4.7, A(ii) & B(ii)). Together, these results indicate the dramatically reduced sensitivity 

of detection of changes in gene expression by the microarray approach used here, and consequently a 

limitation of this experimental system for discovering subtle, yet potentially biologically important, changes in 

gene expression.

4.2.6 Summary Comments

Aberrantly elevated levels of SIM2s have been found to be characteristic of aggressive prostate tumours 

[80, 81, 166]. Consequently SIM2s was stably over-expressed in LNCaP and DU145 prostate carcinoma 

cells to profile changes in gene expression by microarray that occur when SIM2s is highly misexpressed in 

cells of this tumour type.  These studies were designed to aid the discovery novel targets of SIM2s 



Figure 4.7: Microarray determination of SIM2s mRNA over-expression in LNCaP (A) and DU145
(B) polyclonal cell lines is approximately 50x & 20x less than that determined by quantitative
PCR, respectively, indicating the much reduced sensitivity of microarray analysis for changes in
mRNA expression levels.

cDNA synthesised from total RNA extracts of puromycin resistant polyclonal cell lines used for

qPCR analysis of SIM2s mRNA normalised to POL2RA levels. qPCR data graphed using ‘Qgene’

software. SIM2s.myc cell lines not used in the microarray for independent validation studies are

also assessed and included in data analysis to show consistency of SIM2s mRNA

overexpression levels across independently derived polyclonal cell lines for each cell type. Error

bars SEM. (Aii) Data representative of two independent experiments, performed in triplicate, (Bii)

n=3 independent experiments, performed in triplicate.
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transcription that may provide an insight into how SIM2s may play a role in the tumourigenesis of the 

prostate, and also potentially of the colon and pancreas.  

A number of interesting candidate target genes for SIM2s emerged from these studies, and although not 

investigated further beyond the studies presented here, it is interesting to observe that since the time of 

these studies reports have recently emerged in the literature that further support the implication that SIM2s 

may play a role in their regulation.  Particularly, positive IER3/IEX-1 expression in pancreatic cancer has 

recently been found to correlate to better prognosis and patient survival [170]. Consequently, it may be 

inferred that negative IER3 expression does not correlate to a better patient outcome, indeed a negative 

correlation between IER3 expression and tumour invasiveness was also observed [170]. This study 

provides a new supporting link consistent for a putative role for SIM2s in the repression of IRE3, as found in 

DU145/SIM2s.myc cells in the present study, thus perhaps a role for SIM2s in the development of more 

aggressive cancers.  Conversely however, the latest genome-wide global analysis of pancreatic cancer [96]

further supports previous findings of significant PHLDA1, EREG [152, 153, 165] and S100P [148, 149, 167-

169] up regulation in this cancer type, thus providing more evidence to discount the apparent down 

regulation of these genes upon SIM2s expression in prostate cancer cell lines as being indicative of a 

transcriptional role for SIM2s shared across the progression of these two tumour types. 

Intriguingly however, recent studies have also revealed potential new contexts in which SIM2 may regulate 

selected genes highlighted in our microarray study. A study by Kim et al (2007) showed EREG, AREG and 

SLUG to all be significantly upregulated upon induced overexpression of the transcription factor WT1 by 

microarray. Further study found these genes to be direct targets of WT1 transcription [171].  These findings 

are of particular interest as SLUG has recently been described as a direct target of SIM2s repression [82], 

and the microarray studies presented here in section 4.2.2 indicate that EREG and AREG are also 
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repressed in response to SIM2s expression. Interestingly, WT1 binds to region of the EREG promoter 

between -171 to +200 [171], which from bioinformatic analyses, also contains a putative 5’-AACGTG-3’ 

SIM2 Response Element (S2RE) at +39 (data not shown), which may function as a site through which 

SIM2s may play a direct role in the regulation of EREG, and perhaps more significantly, do so by opposing 

function of WT1. The region where WT1 was found to bind the SLUG promoter, -714 to -205, by Kim and 

colleagues does not correlate to  -2800 to -2247 of the SLUG promoter where SIM2s was found to bind [82]. 

However, the region of WT1 binding does containa number of E-boxes, as reported by Laffin and co-

workers (2008), but were not analysed for SIM2s binding [82]. These E-boxes can function as sites for 

SIM2s DNA-binding and mediation of SIM2s-transcription, as found during the studies presented in Chapter 

5, and as such could also be sites through which SIM2s may interfere with the role of WT1 in the regulation 

of SLUG. Intriguingly, SIM2 was found to be overexpressed in a subclass of syndromic Wilms Tumours that 

have mutant loss-of-function WT1 and characterised by a gain-of-function mutant beta-catenin (CTNNB1) 

[172] which perhaps indicates a specific context where SIM2 may preferentially have the opportunity 

regulate these genes in the absence of functional WT1 in kidney cancer.  

The microarray studies described in this chapter were carried out to facilitate the discovery of a novel direct 

target of SIM2s transcription. Not only to further determine the molecular mechanisms of SIM2s-mediated 

gene regulation, but importantly, to provide a novel insight into how increased SIM2s activities may be 

implicated in the initiation, and/or maintenance and progression of tumours of the prostate, pancreas or 

colon. To this end, several interesting candidate target genes were investigated, however, ultimately 

SIM2s-mediated repression of the pro-cell death gene, BNIP3, initially observed in DU145 cells, was 

selected for more comprehensive studies as detailed in the following chapter (Chapter 5) describing this 

work.  



CHAPTER 5

SIM2s regulation of the 
pro-cell death gene BNIP3
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5.1 INTRODUCTION

Microarray experiments revealed down regulation of Bcl-2 nineteen-kilodalton interacting protein (BNIP3)

mRNA upon ectopic expression of SIM2s, which was independently validated by semi-quantitative RT-PCR 

in DU145/SIM2s.myc stable expressing cells not used for the microarray study (refer to Chapter 4, Figure 

4.4B and Figure 5.2). At the time these studies were initiated, BNIP3 had long been regarded as a pro-cell 

death BH3-only Bcl-2 family member [for review see [173]]. However since that time, BNIP3 has been 

implicated in three types of cell death; apoptotic, necrotic and autophagic arising from a number of alternate 

pathways. BNIP3 homodimers bind to the outer mitochondrial membrane via its TM domain, causing an 

increase in ROS (reactive oxygen species) and loss of mitochondrial membrane potential (∀%m), and the 

release of cytochrome c leading to the induction apoptotic, necrotic and autophagic cell death pathways. 

Also, BNIP3 has been found to mediate Beclin-1 induced autophagic cell death via sequestering Bcl-2 away 

from Beclin-1, and via binding to Rheb and consequently inhibiting the ability of Rheb to activate mTOR (for 

review see [174])(Figure 5.1). Autophagy is a cellular response to stressful stimuli, such as hypoxia and 

starvation, which can result in cell death, or interestingly cell survival outcomes, reflected in evidence from 

cancer studies where autophagy plays roles in both tumour suppression and tumour growth (for review see; 

[175, 176]). The precise molecular mechanisms that occur in response to specific stress stimuli, and/or 

tumour microenvironment, that regulate autophagy to either prevent or promote tumourigenesis remain to 

be determined. In pancreatic and colon tumours, notably tumour types were SIM2s is found to aberrantly 

up-regulated [52, 80], the loss of BNIP3, either by hypermethylation or transcriptional repression, correlates 

to inhibition of cell death, tumour progression, chemoresistance and worsened prognosis in vivo [177-184].

In contrast, up-regulation of BNIP3 sensitizes carcinoma cells, including those of the pancreas, to hypoxia-

induced cell death [185-187]. Unfortunately, there is no current understanding of how regulation of BNIP3 

affects prostate cancer progression and patient outcomes. However, these findings suggest a putative role 
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membrane potential (∀#m), and the release of cytochrome c leading to the induction
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inhibiting the ability of Rheb to activate mTOR.

Figure adapted from review by Burton and Gibson (2009) Cell Death and Differentiation.
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for SIM2s in cancer via repression of BNIP3, with inhibition of BNIP3-mediated cell-death being a possible 

mechanism of tumour progression. 

The following studies sought to determine if the gene BNIP3 was a direct target of SIM2s repression, 

and the mechanisms by which this occurs. And furthermore, investigate the functional outcomes 

associated with SIM2s-mediated down-regulation of BNIP3 in prostate cancer cells.

5.2 RESULTS & DISCUSSION

5.2.1 Validation of the BNIP3 gene as a target of repression by SIM2s

As down-regulation of BNIP3 associated with ectopic SIM2s expression was first identified in prostate 

carcinoma DU145 cells, further studies were required to assess if this was indeed a general, and not cell-

type specific, response. Excitingly, further validation of BNIP3 repression upon stable ectopic expression of 

SIM2s in other human prostate carcinoma derived cell lines; PC3AR+, and to a lesser extent in LNCaP, and 

across tumour cell types, in the pancreatic cancer lines CFPAC and PANC-1, was found (Figure 5.2). 

Repression was evident at both the message and protein levels in these carcinoma derived cell lines 

(Figures 5.2 A&B, respectively). Stable and transient expression of hSIM2s also repressed mBNIP3

expression in mouse NIH3T3 fibroblasts and mouse P19 embryonic carcinoma cells, respectively (Figure 

5.2). siRNA-mediated knock down of stably expressed SIM2s, using two independent siRNA 

oligonucleotides, alleviated BNIP3 repression as shown by western analysis in PC3AR+/SIM2s.myc cells 

(Figure 5.3Ai), which was also evident at the RNA level (Figure 5.3Aii). Likewise, BNIP3 levels were 

enhanced upon treatment of parent prostate PC3AR+ and DU145 cells for specific siRNA-mediated 
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5.2.2 Investigating the possible indirect mechanism of SIM2s-mediated 

repression of BNIP3 via promoting hyper-methylation of the BNIP3

promoter 
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FIGURE 5.2: BNIP3 levels decrease upon stable ectopic expression of SIM2s.myc.

(A) Decrease in BNIP3 mRNA measured by semi-quantitative (sq) RT-PCR of human

prostate DU145, LNCaP and PC3AR+, and pancreatic CFPAC and PANC-1, carcinoma

cell lines and mouse NIH3T3 fibroblast and embryonic carcinoma P19 cell lines. cDNAs

made from total RNA extracts from puromycin resistant or parent control cell lines and

cells with either stable or transient over-expression of human SIM2s.myc were analysed

by semi-quantitative RT-PCR. Single amplicons separated 1% agarose gel

electrophoresis, stained with EtBR. PCR cycles used: GAPDH 25x in human cells, 30x

in mouse derived cell lines; BNIP3 25x, except pancreatic lines, 30x, and 35x & 40x in

NIH3T3 & P19 cells, respectively; SIM2s in human cells 35x, 25x and 30x in NIH3T3

and P19 cells, respectively. (B) BNIP3 protein levels decrease on ectopic expression of

SIM2s.myc in human prostate DU145, LNCaP and PC3AR+, and pancreatic CFPAC

and PANC-1, carcinoma cell lines. 35μg WCE from puromycin resistant Control cells or

cells with stable ectopic expression of SIM2s.myc were separated by 12% SDS-PAGE,

and then subjected to immunoblot detection of proteins as marked.
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FIGURE 5.3: Repression of BNIP3 is downstream of SIM2s activities. 

(A) Repression of BNIP3 is alleviated on siRNA knockdown of ectopic hSIM2s.myc 
(S2s.myc). (Ai) Two independent siRNA oligonucleotides, siSIM2s-1759 & siPanSIM2-2, and 
a scrambled control siRNA were used to treat PC3AR+/SIM2s.myc cells in 2x100nM doses 
24h apart. (Ai) WCE or (Aii) total RNA, were harvested 72h after first treatment. (i) 35�g 
WCE separated by 12% SDS-PAGE, followed by sequential immunoblot analysis of BNIP3, 
hSIM2s.myc, and �Tubulin as loading control. Representative of n=3.  (ii) Semi-quantitative 
RT-PCR of BNIP3 mRNA, compared to GAPDH mRNA levels as loading control, separated 
by 1% agarose gel electrophoresis. No RT = no reverse transcriptase controls. (B & C)
BNIP3 levels are enhanced in a manner consistent with siRNA-mediated knockdown of 
endogenous SIM2s. (B) Western analysis of BNIP3 levels in parent PC3AR+ and DU145 cell 
lines following transfection of siSIM2s-1759. 12% SDS-PAGE separation and immunoblot 
analysis of 35�g WCE. Representative of n=2 for each cell line. (C) Quantitative-PCR 
assessment of the fold-change in BNIP3 mRNA levels following induced expression of 
siSIM2s-1759 in DU145 cells. n=3, error bars SEM. 
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FIGURE 5.4: Bioinformatic analysis of the CpG content of mouse and human BNIP3 promoter and
regulatory regions.

(A) Proximal promoter HRE and surrounding sequence is conserved between mice and humans. (B) The

human (i) BNIP3 regulatory region is more CG rich, and has 2.5x more CpG motifs than that of mouse

(ii). Online bioinformatic tools: EMBL EMBOSS http://www.ebi.ac.uk/emboss/cpgplot/ and

‘Methprimer’ http://www.urogene.org/methprimer/index1.html, both predicted the same CpG islands. Input

sequences for 1700 bp of the BNIP3 regulatory regions analysed are shown. Human sequence analysed

previously defined CpG island by Okami et al (2004) Cancer Res. 64(15): 5338-46. Graphs generated by

Methprimer and subsequently annotated to include EMBOSS results and positions of proximal promoter

HRE and ATG translation start site. (C) Closer analysis of the CpG content in the region surrounding the

HRE in mice and humans. Vertical red lines represent CpG motifs, number present in 200bp region

indicated.

Mouse    CGCCCATGCCGGCGCACGCGCCGCACGTGCCACACGCTCCCCCGCGTTCCTCCCCCACCT 416
Human    CGCCCC-----GCGCACGCGCCGCACGTGCCACACGCACCCC-ACGCCCCTGCGC-ACGC 384

*****      ************************** ****  **  *** * * ** 
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FIGURE 5.5: Stable ectopic expression of SIM2s in human prostate carcinoma DU145 cells does not
promote silencing of BNIP3 via hypermethylation of the CpG island in the regulatory region of BNIP3.

Analysis of human BNIP3 methylation status with and without stable ectopic expression of

SIM2s.myc in prostate carcinoma DU145 cells by epigenetic analysis. Data represents three

independent sodium bisulphite conversions of three independent genomic DNA preparations (n=3)

from DU145 cells. (A) Methylated cytosines [C] are protected from bisulphite conversion and will be

detected by PCR as C, whereas unmethylated C are converted to uracil [U], which following PCR is

sequenced as a thymine [T]. (B) Bisulphite conversion specific PCR amplicons produced using

bisulphite conversion specific primers designed by online software design tool ‘MethPrimer’ were (C)

tested for complete conversion using COBRA analysis, a measure of the bisulphite creation of a

Dra1 restriction enzyme site, 5’-TTTAAA-3’ (unconverted DNA 5’-CCCAAA-3’). (D) Individual clones

sequenced over the proximal promoter of human BNIP3 containing the HRE. 19/60 CpG motifs

represented here from this region are only motifs which differed in methylation status between

clones, or were contained inside the HRE. All other motifs were unmethylated. Dark and light circles

denote methylated and unmethylated motifs, respectively. (E) Treatment with increasing amounts of

de-methylating 5’Aza-dc to DU145/SIM2s.myc cells does not increase repressed protein levels of

BNIP3 consistent with SIM2s not promoting hypermethylation as indicated by bisulphite sequencing

data. (i) 8% and (ii) 12% duplicate SDS-PAGE separation of 28μg of WCE made following 48h

treatment with 0, 1, 5 or 10μm 5’Aza-dc. Immunoblot detection of proteins as indicated.
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5.2.3 SIM2s binds to the HRE, and not the intronic S2RE, in the proximal 

promoter of BNIP3

SIM2 has been shown to exhibit crosstalk with HIF by binding to the EPO HRE in a synthetic reporter gene 

[59]. Therefore the previously identified HRE (5’-CACGTG-3’) in the proximal promoter of BNIP3 [183, 187, 

188] was investigated as a putative site for SIM2s binding (also see Figure 5.4A). Utilising a bioinformatic 

approach, further possible sites through which SIM2s might directly mediate repression of BNIP3 were 

identified, in particular, the novel S2RE, recently identified by us in the promoter of Myomensin2 (section 

5.2.3) [48]. Functional intronic DNA-binding sites for dSim have been previously identified for the regulation 

of slit [77]. Intriguingly, a putative S2RE was found to be conserved within the first intron of BNIP3 in 

human, predicted chimp, rat and mouse genes in a positional manner as is the HRE (Figure 5.6). This site 

was termed S2RE ‘site 1’. Other putative S2RE sites were identified upstream of the HRE in the rat, and a 

second S2RE (site 2) downstream of S2RE site 1 identified in mouse (Figure 5.6).

Bioinformatic analysis of the region of the mouse BNIP3 promoter corresponding to the previously defined 

CpG island by Okami and co-workers (2004) in the human promoter showed a markedly reduced CG 

content (Figure 5.4B, compare (i) and (ii), and as shown in blue in Figure 5.6), making it ultimately a more 

amenable region for PCR analysis of chromatin immunoprecipitation (ChIP) assays and the generation of 

BNIP3 promoter luciferase reporter constructs (Figure 5.6). These methods were used initially to examine 

if the mechanism of SIM2s repression of BNIP3 was via direct binding at the identified HRE and S2RE sites.

Stably expressed hSIM2s in mouse NIH3T3 cells results in mBNIP3 repression as observed in human 

carcinoma cell lines (Figure 5.2A). Human SIM2s was found bound to the proximal promoter HRE, and 

interestingly, neither of the downstream intronic S2REs of the mBNIP3 promoter in normoxic growth 
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conditions by ChIP (Figure 5.7A). HIF1α binding at these sites was not examined as HIF1α protein is 

rapidly degraded in normoxia [189] and not detectable in these cells in these growth conditions (Figure

5.8A), nor do ChIP studies by others find HIF1α to be bound to the BNIP3 promoter in normoxia [187]. 

Luciferase gene expression under the control of 1kb of the mBNIP3 promoter (Figure 5.6) in NIH3T3 cells 

shows that SIM2s transcriptional repression requires a functional HRE, as HRE mutant constructs fail to be 

repressed, despite the presence of a functional S2RE (Figure 5.7B), indicating that the S2RE is not 

required for SIM2s mediated repression of BNIP3. The level of repression observed was not as great as 

expected in comparison to the repression observed on the endogenous promoter by measures of BNIP3

mRNA in these cells (Figure 5.2), which may be indicative of the requirement for other regulatory 

elements/co-factor binding not present in the promoter region of the reporter gene. Taken together, this 

shows for the first time functional SIM2s recognition of an endogenous HRE.

5.2.4 SIM2s attenuates the hypoxic induction of BNIP3 

BNIP3 is hypoxically up-regulated in a wide variety of tumours and tumour derived cell types [190] and has 

long been established as a target gene of HIF1α/ARNT1 via binding to the HRE in the proximal promoter 

[188]. To ascertain if SIM2s-mediated repression of BNIP3 via the HRE seen in normoxic growth conditions 

has any impact on the ability of hypoxia to induce BNIP3 expression, human prostate carcinoma and mouse 

fibroblast cells stably expressing hSIM2s were subjected to 16 hours growth in a hypoxic chamber (< 1% 

O2) and BNIP3 protein levels assessed by western analysis. Across all lines, while hypoxic induction of 

HIF-1α was clearly seen, induction of BNIP3 was attenuated in hSIM2s.myc expressing cells as compared 

to control cells (Figure 5.8A). This suggests SIM2s may directly interfere with HIF1α activities in hypoxia. 

This interference appears to be despite the marked reduction of SIM2s.myc protein levels during hypoxic 

treatment (Figure 5.8A, panel set ii.). This reduction in SIM2 protein levels during hypoxia has been 



FIGURE 5.6: Schematic diagram of bioinformatically identified conserved binding consensus
sequences in the regulatory region of the BNIP3 gene which includes the proximal promoter,
the first exon and part of the first intron, in human, (predicted) chimp, rat and mouse.

HRE = Hypoxia Response Element, 5’-CACGTG-3’

S2RE = SIM2 Response Element, 5’-AACGTG-3’ [human and (predicted) chimp, CACGTT]

‘Core’ = core element, all 5’-(G)ACGTG-3’

CpG islands as defined by ‘Methprimer’ and ‘EMBL EMBOSS’ analyses are shown in blue.

Sites of ChIP analyses, and segment of the regulatory region studied by luciferase reporter

analyses of mBNIP3 regulatory region are also shown.
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FIGURE 5.7: (A) SIM2s.myc is found at the proximal promoter HRE, and not the 
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mBNIP3 proximal promoter, and not the intronic S2RE, is required for SIM2short repression 
of 1kb mBNIP3prom-Luciferase reporter activity in normoxic growth conditions.

NIH3T3 cells with stable ectopic expression of human SIM2s.myc compared to empty vetctor 
Control stable cell line. (A) PCR analysis of ChIP of SIM2s.myc binding activities on the 
mBNIP3 regulatory region, compared to �-Actin (intron 1) PCR as background control. 
Representative n=2. (B) Stable cell lines were transfected with each reporter construct 
(details see Figure 5.5) and allowed to grow under normal growth conditions for 24hrs. 
Ratios of luciferase reporter activity were calculated relative to co-transfected beta-
galactosidase, and data represented as percent reporter activity where reporter activity in 
control cell line is normalised to 100%. Error bars SEM, n=4.
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FIGURE 5.8: (A) Stable ectopic expression of hSIM2s attenuates the hypoxic induction of BNIP3 
in human Prostate DU145, LNCaP and PC3AR+ carcinoma cell lines, and mouse NIH3T3 
fibroblasts. (B) siRNA-mediated knockdown of endogenous SIM2s in PC3AR+ cells enhances the 
hypoxic induction of BNIP3.

(A) Whole cell extracts were made from both puromycin resistant empty-vector Control cells and 
cells engineered for SIM2s.myc stable expression, grown under usual normoxic (N) growth 
conditions, or treated with 16hrs hypoxia (H) (<1% O2), then 35�g subjected to (i)  12% and (ii) 
8% duplicate SDS-PAGE separation, and sequential immunoblot blot analysis of proteins as 
labelled. Representative of n=3 for each human, and n=2 mouse, cell lines. (B) Quantitative-PCR 
assessment of the fold-change in BNIP3 mRNA levels in PC3AR+ cells relative to hPOL2RA
expression levels following 2x100nM treatments of siSIM2s-1759 or siRNA scrambled control, 
and harvested 72hrs after first treatment where the cells were subjected to <1% oxygen (hypoxia) 
for the final 8hrs. n=3, error bars SEM. 

LNCaP PC3AR+DU145 NIH3T3

Control
SIM2s.myc

(i)

(ii)

+
+

+
+

25

50

50

100

150

kDa

N H

+
+

+
+

N H

+
+

+
+

N H

+
+

+
+

N H

BNIP3

�Tubulin

�Tubulin

SIM2s.myc

HIF1�

A

BNIP3

SIM2s

-80

-60

-40

-20

0

20

40

M
ea

n 
ch

an
ge

 o
f m

R
N

A
 e

xp
re

ss
io

n 
w

ith
 

si
SI

M
2s

-1
75

9 
in

 h
yp

ox
ia

 (%
) 

B



CHAPTER  |  5

129

previously observed, presumably a result of hypoxia induced global reduction in translation [59]. Consistent 

with ectopic SIM2s attenuation of hypoxic BNIP3 induction, siRNA mediated knockdown of endogenous 

SIM2s mRNA in human prostate PC3AR+ cells, results in a statistically significant moderate increase in the 

hypoxic induction of BNIP3 mRNA (Figure 5.8B)(the same result found with the use of a second SIM2s-

specifc siRNA oligonucleotide, siSIM2s-2a, data not shown), and consistently, to the same extent (an 

approximate 25% increase) as observed in normoxic DU145 cells (Figure 5.3C). Together, these studies 

indicate an endogenous role for SIM2s in the regulation of BNIP3 in normoxic and hypoxic conditions.

5.2.5 SIM2s attenuates hypoxic induction of BNIP3 via activities when 

bound to the HRE

Following from the observation that SIM2s expression correlates to an attenuation in hypoxic induction of 

BNIP3 (Figure 5.8), further studies sought to investigate if these conditions led to alternate mechanisms, 

and/or sites of activity, of SIM2s-mediated repression. To examine if the binding site profile of SIM2s to the 

BNIP3 regulatory region changed in hypoxia, subconfluent NIH3T3 cells with and without stable expression 

of hSIM2s.myc were treated with 8 hours hypoxia and subsequently used for ChIP analysis of HIF1α and 

hSIM2s.myc binding on the endogenous BNIP3 regulatory region. Clear PCR enrichment for endogenous 

HIF1α binding at the HRE in control cells was observed, but HIF1α was not found to bind to the 

downstream, putative S2RE (Figure 5.9). Interestingly, this finding is consistent with the previous studies 

by Woods et al (2008) which found HIF1α was not able to confer transcriptional regulation of a reporter 

gene via an S2RE site [5’-AACGTG-3’] which is highly similar to previously defined HRE hexamer 

sequences [5’-T/CAGTG-3’], and together these studies may contribute to future work to further define 

target sequence specificity of the bHLH/PAS heterodimers.  Furthermore, transient transfection of the 

luciferase reporter gene containing the 1kb mBNIP3 promoter (Figure 5.10A), for 24 hours followed by a 
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final 16 hours of hypoxia, showed hypoxic induction of the promoter requires the HRE, while the S2RE  

alone is unable to mediate hypoxic induction of the reporter gene (Figure 5.10A, compare columns a & g). 

Interestingly, in NIH3T3/hSIM2s.myc cells, both endogenous HIF1α and hSIM2s were found to be present 

at the HRE, and again, not at the downstream intronic putative S2RE (Figure 5.9) by ChIP. This shows that 

hSIM2s absolute preference for the HRE does not change in hypoxia. Consistent with stable ectopic 

expression of SIM2s attenuating hypoxic induction of BNIP3 in human carcinoma and mouse fibroblast cells 

(Figure 5.8A), transient expression of human SIM2s markedly attenuated the hypoxic induction of the 

mBNIP3 promoter driven reporter gene approximately 4-fold (**P<0.01) (Figure 5.10A, compare columns a 

& c). This activity required the presence of the functional HRE, while the downstream S2RE was not 

required, nor sufficient, to mediate regulation (Figure 5.10A; compare columns a & c reporter construct 1, g 

& i, reporter construct 2). 

5.2.6 Ectopic expression of SIM2L also mediates repression of BNIP3 via 

the HRE

The two isoforms of human SIM2, SIM2s and SIM2L, share identical DNA binding, and dimerisation motifs 

[38], thus it is highly likely that they share target genes, as was observed in SIM2 regulation of MYOM2

[188] (and refer to Chapter 1, Figure 1.4A). Independently derived polyclonal cell lines for stable ectopic 

expression SIM2L in human prostate PC3AR+ cells also show repression of normoxic endogenous protein 

levels of BNIP3 like SIM2s, however, SIM2L mediated repression was not to the same extent as that 

conferred by SIM2s over-expression (Figure 5.12A). Likewise, transient expression of human SIM2L was 

also able to attenuate hypoxic induction of the 1kb mBNIP3 promoter (Figure 5.10A; compare columns a, c 

& e), and like SIM2s, this activity was also dependent on the presence of the functional proximal promoter

HRE, and not the downstream S2RE (Figure 5.10A; columns g and k). It is likely that SIM2L is also able to 
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bind directly to the HRE however this is yet to be tested experimentally. Interestingly, western analysis 

showed higher levels of SIM2L protein compared to SIM2s in this reporter system (Figure 5.10B). Taken 

together, these data indicate that there are apparent differences in the potency of ectopic SIM2s.myc and 

SIM2L.myc mediated repression of BNIP3.  Indeed, it should be noted that in human prostate DU145 cells, 

where stable ectopic expression of SIM2s consistently results in reduced BNIP3 protein levels, stable 

ectopic expression of SIM2L resulted in variable effects on BNIP3 protein levels, indeed in two out of three 

independently derived polyclonal cell lines, SIM2L failed to have any effect on BNIP3 levels (Figure 5.12B).

Neither of the human SIM2 isoforms conferred any transcriptional activity via the S2RE in the first intron of 

mBNIP3. Whether there is any significance to this highly conserved putative S2RE motif inside the first 

intron of the BNIP3 gene in mammals, and if it confers potential bHLH-PAS factor-mediated regulation , 

remains an open question.

5.2.7 SIM2 repression of BNIP3 in hypoxia may also be mediated by 

sequestering the common partner factor ARNT1 from HIF1α  

ChIP data shows SIM2s is present, as is HIF1α, at the HRE in hypoxia (Figure 5.9). This indicates that 

SIM2s and HIF1α may be competing for the HRE, with SIM2s/ARNT physically interfering with HIF1α/ARNT 

(HIF1) binding activities, perhaps by limiting the availability of the HRE for HIF1. The long isoform of murine 

SIM2 has been previously shown to interfere with the transcriptional activities of HIF1α in an in vitro reporter 

context via sequestration of the class II partner factor, ARNT1, from HIF1α [9, 59].  To test if this 

mechanism may also contribute to human SIM2s and SIM2L repression of hypoxic induction of the mBNIP3

promoter, human ARNT1 was co-transfected with each isoform of SIM2 to ascertain if there are any 

differences in promoter driven luciferase activity in hypoxically treated NIH3T3 cells. The minor addition of 
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human ARNT1 alone (undetectable above endogenous levels, Figure 5.10B) caused a consistent, however 

not statistically significant, decrease in the HIF1 mediated hypoxic induction of the mBNIP3 promoter 

(Figure 5.10A, compare columns a & b, m & n). However, addition of human ARNT1 with SIM2 alleviated 

the repression exerted by SIM2 alone (Figure 5.10A, compare c & d, and e & f) yet to differing extents 

between SIM2 isoforms (Figure 5.10A, compare d & f). SIM2L repression was completely alleviated on 

addition of ARNT1 (Figure 5.10A, compare a, b & f). However, this same increase in ARNT1 with SIM2s 

was not able to completely interfere with SIM2s attenuation of the hypoxic induction of the mBNIP3 1kb

promoter (Figure 5.10A, compare a & d, and b & d). These regulatory outcomes of both isoforms with 

excess ARNT1 both require the functional HRE, and not the intronic S2RE of the BNIP3 regulatory region 

(Figure 5.10A). These data suggest the following; that not only is SIM2s present at the HRE, but when 

ARNT is limiting, SIM2 may sequester endogenous ARNT from HIF1α, thus interfering with the formation of 

functional HIF1α/ARNT heterodimers, thus contributing to the SIM2 mechanism of BNIP3 repression, and 

furthermore, in light of the differing protein levels of each SIM2 isoform in this system (Figure 5.10B), 

SIM2L is not able to do so with the same potency as SIM2s. The addition of excess ARNT may allow for 

the formation of more HIF1α/ARNT heterodimers, which are then able to ‘out compete’ SIM2/ARNT from 

the HRE. HIF1α/ARNT heterodimers are less successful when competing against SIM2s/ARNT, thus the 

latter may have enhanced binding capabilities and transcriptional activities at this site via the aid of SIM2 

isoform specific partner factors which remain to be identified. Conversely, this experiment may indicate 

alternate mechanisms of BNIP3 regulation by each SIM2 isoform independent of ARNT1 sequestration. 

Due to the identical DNA binding sequences of the two isoforms, it is highly likely SIM2L also binds to the 

HRE, indeed this study shows the functional HRE, and not the intronic S2RE, is required to exert SIM2L 

effects (Figure 5.10A). However, SIM2L binding at the HRE, with and without excess ARNT1, is yet to be 

formally characterised experimentally. This knowledge would help define how SIM2L may play a role in the 

regulation of BNIP3. And in light of the evident difference in the potency, and variability, of SIM2L to 
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mediate regulation of BNIP3 (Figure 5.10 and 5.12), it would be fascinating to further understand how the 

regulation of BNIP3 by SIM2L may differ from that conferred by SIM2s, and ultimately insight into how the 

roles of each isoform may diverge.

In summary, these data suggest that SIM2 mediated repression of BNIP3 in hypoxia may also involve 

competition for ARNT from HIF1α. This is the first evidence of SIM2 repression in the regulation of an 

endogenous target gene utilising this mechanism. The mechanisms of SIM2s-mediated repression of 

BNIP3 suggested from endogenous promoter ChIP experiments and mBnip3-promoter driven luciferase 

reporter gene studies in summarised in Figure 5.11.

5.2.8 SIM2s expression protects from prolonged hypoxia mimetic induced 

cell death in human prostate carcinoma PC3AR+ cells

As outlined in the introduction section 5.1 and figure 5.1, autophagic and apoptotic cell death programmes 

are not mutually exclusive, and BNIP3 has been implicated in both mechanisms (for review see; [174, 176]).

Aleman and colleagues have shown that cell death resulting from SIM2s antisense treatment of colon 

cancer RKO cells was apoptotic, being largely dependent on the activities of caspases 9 and 10 [91].

Mechanisms of autophagic cell death, however, have not been investigated, despite Aleman and co-

workers also reporting an increase in BNIP3 mRNA levels by microarray in SIM2s antisense treated RKO 

cells (see supplementary information [91]). This report is consistent with the current findings of this thesis of

a role for SIM2s in the repression of BNIP3, and together supports the hypothesis that SIM2s-mediated 

repression of BNIP3 may attenuate BNIP3-mediated cell-death processes to promote carcinogenesis.
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FIGURE 5.13: Ectopic SIM2short expression protects prostate carcinoma PC3AR+ cells from 
prolonged hypoxia mimetic autophagy-induced cell death.

(A) Prolonged (44h) treatment with hypoxia mimetics 100uM DP, or 1mM DMOG, compared to 
DMSO vehicle in PC3AR+ cells induces the turnover of SQSTM1/p62, a marker of hypoxia–
induced autophagy. Anti-SQSTM1/p62 western-blot (35�g WCE) analysis representative of n=4 
independent experiments. Relative average fold change of p62 levels compared to DMSO control  
of quantified chemiluminenest immunoblot data normalised to Actin protein using Image Quant 
v5.2. n=4. (B) Two independently derived puromycin resistant PC3AR+ polyclonal cell lines 
without (Control), and with stable expression of hSIM2s.myc were treated with hypoxia mimetics 
or DMSO control as described above. Analyses of cell survival from 18 to 44 hrs of hypoxia 
mimetic treatment were performed using optimised WST-1 reagent assay system (Roche) as per 
manufacturers’ instructions. Cell survival (mitochondrial activity) is represented as the average 
percent of respective DMSO vehicle treated Control or SIM2s.myc cells at each time point. n=3 
independent experiments. Error bars SEM. Unpaired, two-tailed students T-Test. Significance; ** 
P≤0.01. Values of non-statistically significant (n.s) P values are also indicated.
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5.2.9 The hypoxic induction of the autophagy marker LC3-II fails upon 

ectopic SIM2s expression in PC3AR+ cells.

BNIP3, which localises to the mitochondria, has been shown to induce mitochondrial autophagy, or 

mitophagy, mitochondrial dysfunction and cell death in mouse embryonic fibroblasts (MEFs) [192, 193]. 

Thus inherent in the WST-1 assay system for cell viability which measures mitochondrial function, is the 

potential ability to not only correlate SIM2s-mediated repression of BNIP3 with attenuation of hypoxia-

induced cell death, but more specifically with a functional outcome of BNIP3 activities at the mitochondria as 

part of hypoxic autophagic processes, although this assay has not been previously exploited to this end.  

Thus, to ascertain if SIM2s enhanced cell survival and mitochondrial activity, associated with BNIP3 

repression, is via attenuation of hypoxia-induced autophagic cell-death processes reported to be mediated 

by BNIP3 [186, 187] the processing and induction of protein levels of the autophagy marker, LC3-II [194, 

195] was specifically analysed.  The studies shown here indicate that both DP and DMOG induce cell-death 

in the context of activated hypoxia-induced autophagy by measurement of SQSTM1/p62 protein levels 

(Figure 5.13). Likewise, others have found DMOG treatment to induce autophagy to a similar level as 

hypoxia by the measurement of LC3-puncta [187], however, any further effects of DP induced ‘hypoxia’ on 

autophagic cell-death processes have not yet been reported. Interestingly, after 44 hours of prolonged 

DMOG treatment or exposure to growth conditions of less than 1% oxygen (hypoxia), LC3-II levels were 

consistently induced in PC3AR+/Control cells, but not in PC3AR+/SIM2s.myc cells (Figure 5.15). These 

data strongly suggest that the hypoxic induction of autophagy is inhibited in SIM2s expressing cells, 

concomitant with BNIP3 repression (Figures 5.15 & 5.14A, respectively). Treatment with DP, however, 

resulted in equal induction of LC3-II protein between control and SIM2s expressing cells, and interestingly 

to a greater extent than that induced with DMOG treatment in control cells (Figure 5.15A & B). Despite 

apparent equal induction of LC3-II in control and SIM2s expressing cells, SIM2s expression is still able 
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protect cells from prolonged DP-induced autophagic cell-death, indicates that alternate mechanisms also 

exist for SIM2s mediated protection from prolonged ‘hypoxia’-induced cell death concomitant with BNIP3 

repression. Taken together, these data link increased SIM2s expression with enhanced cell survival during 

hypoxic stress, concomitant with BNIP3 repression, and the attenuation of hypoxia-induced autophagic cell-

death processes. 

Intriguingly, these experiments clearly showed that attenuation of HIF1α-mediated hypoxic induction of 

BNIP3 due to the ectopic expression of SIM2s was despite a dramatic increase in HIF1α protein levels 

associated with SIM2s expression (Figure 5.14B). This striking finding reveals further insights into how 

SIM2s may function in tumours to modulate HIF1α activities to aid tumour development. Namely, in 

conjunction with attenuating HIF1α activities on BNIP3, and stabilising HIF1α protein levels, SIM2s may 

allow for HIF1α to direct its activities away from promoting cell death, and towards aiding tumour survival

and invasivness via the upregulation of HIF1α-mediated angiogenic pathways [196](see section 5.2.10

below and Figure 5.16). Further discussion of potential roles for SIM2s in the regulation of HIF1α and the 

implications for an alternate role for SIM2s in tumourigenesis is contained within the following chapter, 

chapter 6.

5.2.10 SIM2s repression of BNIP3: Correlation to tumourigenesis and 

patient prognosis? 

Mechanistic roles for SIM2s and BNIP3 in cancer remain to be fully defined, however, deregulation of both 

factors are emerging as select solid tumour markers and are associated with poor prognostic outcomes [80-

82, 174]. As previously discussed, decreased BNIP3 levels and poor prognosis [177, 182, 183] clearly 

correlates with elevated SIM2s expression [43, 80] in pancreatic cancer. Moreover, consistent with our 
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SIM2s.myc expression. Error bars SEM. Two-tailed, unpaired student T-TEST was used. 
Significance, ** P<0.01, *** P<0.001.
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findings others have reported, although not validated, in RKO colon cancer cells an up regulation of BNIP3

mRNA following antisense knockdown of endogenous SIM2s, concomitant loss of cell-viability (refer to 

supplementary data in [91]). Unlike SIM2s [81], there is no understanding of how BNIP3 levels correlate to 

prostate tumour cell survival or prognosis. Independent studies reported on the ‘Oncomine#Research’ 

database (www.oncomine.org) offer an insight into the genetic profile of prostate cancer progression in 

which SIM2 mRNA levels are significantly elevated in early stage carcinomas and advanced metastatic and 

hormone-refractory cancers compared to normal tissue controls, whereas corresponding BNIP3 levels 

remain unchanged until the onset of metastatic and hormone-refractory disease [197, 198]. These insights 

lead to the proposal that SIM2s may function to initially repress and/or inhibit BNIP3 expression in 

competition with HIF1α with the onset hypoxic growth conditions, thus attenuate hypoxic cell death 

processes to allow prostate tumour development (Figure 5.16). Once alternate pro-tumourigenic HIF1α-

mediated pathways are established in advanced tumours (reviewed by [134]) SIM2 may be unable to 

effectively compete with increasing levels of HIF1α to moderate the regulation of BNIP3 (Figure 5.16). This 

putative model for SIM2s moderation of HIF1α activities, as evidenced here via SIM2s cross-talk on the 

endogenous HRE of hypoxia inducible BNIP3, provides a possible novel mechanism which allows for the 

apparent opposing functions of HIF1α [134] in the tumourigenesis of cancers with aberrant levels of SM2s. 





FIGURE 5.16: The threshold at which the HIF1α-mediated hypoxic induction of BNIP3 would
initiate cell death processes (A), may be delayed in tumours with aberrant levels of SIM2s
via SIM2s-mediated direct repression of BNIP3 (B) thus allowing for tumour growth. SIM2s
modulation of HIF1α-mediated hypoxic induction of BNIP3 via cross-talk on the endogenous
HRE provides a possible novel mechanism which allows for the apparent opposing functions
of HIF1α in tumourigenesis.
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6.1 Hedgehog Signalling and SIM2 in Cancer: 

6.1.1 INTRODUCTION

Extensive studies in vertebrate and cell culture model systems has lead to the current comprehensive 

understanding of the highly conserved components and mechanisms of Hedgehog (Hh)-signalling following 

Hh ligand activation. The Hh signalling pathway is directly linked to cell growth and differentiation processes 

and is essential for executing the cell fate decisions required for metazoan embryonic pattern formation and 

the homeostasis of adult tissues (for reviews see  [199-201]). Consequently, the Hh pathway and its 

components are associated with a number of malformation and disease states (for review, [200]), and 

recently, mechanisms of tissue repair, stem cell renewal, and aberrant Hh activation with the pathogenesis 

of a number of tumour types (for review [202-206]).  Hh signalling confers changes in gene transcription in 

response to the long and short range signalling of the Hh ligands, such as the mammalian Sonic, Indian or 

Desert Hedgehog (Shh, Ihh and Dhh, respectively) [201, 207]. Signalling is mediated by the effectors, and 

downstream targets of Hh signalling, the latently cytoplasmic zinc-finger GLI-kruppel family of transcription 

factors. First identified as the Ci (cubitus interruptus) protein in Drosophila, three mammalian homologues 

have been identified and denoted Gli1, Gli2 and Gli3 in mice (GLI1, GLI2 and GLI3 in humans) [103, 208, 

209]. All confer transcriptional activation properties, and with the exception of Gli1, repression also. The 

positive or negative function of the Gli2 and Gli3 factors in response to the Hh-signal is context dependent 

and directed by specific modes and outcomes of proteolysis that arise in response to the Hh signal 

(reviewed in [199-201]) (Figure 6.1). In turn, the Gli factors themselves are gene targets of Hh-signalling, for 

example, Gli1 is a target of Gli3 transactivation activities in response to Shh [200, 210]. Shh activated 

signalling inhibits both the transcription of Gli3 and the formation of the Gli3 repressor (reviewed in [200]) to 

drive active signalling via the upregulation of Gli1. Conversely however, Shh gene expression itself is 
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thought to be downstream target of Gli3 repression as suggested by the ectopic expression of Shh observed 

in the developing dorsal neural tube [211] and anterior limb bud [212] of mouse embryos with targeted 

deletion of Gli3. Indeed, in Drosophila the absence of Hh ligand the Gli orthologue Ci (cubitus interuptus) is 

cleaved to its repressor form and directly inhibits hh gene expression (reviewed in [199, 201]). In this manner 

the Hh pathway is capable of autoregulation, and Gli3-mediated transcriptional repression of Gli1 and Gli2, 

as seen during kidney patterning [213], is another mechanism of pathway repression. Likewise, down-

regulation of Hh-signalling activities occurs via the Hh-signalling dependent Gli-mediated gene up-regulation 

of the transmembrane Hh ligand sensor protein, Ptch1 (Patched1). For example, the over expression of 

Ptch has been shown to attenuate the induction of Shh-signalling target genes and consequently normal 

neural tube patterning [214]. Prior to Hh ligand binding, Ptch represses the signal transduction activity of the 

seven-transmembrane Hh pathway ‘switch’ protein, Smo (Smoothened) [199, 215-217] (Figure 6.1). 

Together these mechanisms of gene regulation directed by the Gli factors contribute to the ability of the Hh-

pathway to confer a level of autoregulation as simply depicted in figure 6.1. 

A number of significant studies have recently emerged citing the importance of increased Hh-pathway 

activity in the pathogenesis of many tumour types [200, 202], however, the mechanisms that initiate Hh-

pathway activities in these cancers remain to be determined.  Aberrant Hh-signalling is intimately associated 

with the initiation and progression of digestive tract tumours, including the pancreas [95, 204, 218-221], and 

prostate [98, 100, 222-224], which are strikingly the same tumour types in which SIM2s is found to aberrantly 

misexpressed [43, 52, 80, 81, 92-94, 96]. This correlation is perhaps more than coincidence as similar 

findings have been reported for the importance of SIM2s in tumour cell survival and association with an 

aggressive disease outcome in these tumour types [43, 81], which considered together highlights the 

potential for a shared functional link between SIM2s expression and Hh-pathway activities in these cancers. 

Specifically, treatment with antisense hSIM2s in pancreatic and colon cancer derived cell lines inhibits
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tumour cell, and xenograft, growth and promotes apoptosis [43, 52, 91], indicating the essential requirement 

of SIM2s expression for tumour cell preservation. Similarly, inhibition of Hh signalling using the antagonist 

cyclopamine [225] (refer to Figure 6.1) in pancreatic carcinoma xenografts and cell lines results in cell death 

[219-221, 226, 227], indicating the essential requirement for an active Hh-pathway for the survival of tumour 

cells of this cancer type.  An apparent functional link between SIM2s and Hh-signalling is also evident in 

prostate cancer, namely where there is a strong correlation between elevated SIM2s protein levels and 

prostate cancer aggression [81], as there is likewise with Hh-pathway activation in advanced prostate 

tumours [228]. Hh-signalling activation via the over-expression of Gli1 transforms cultured primary prostate 

epithelial cells (PrEC) and enhances cell proliferation and invasiveness [98] indicating that Shh-signalling 

may be a mechanism for prostate tumour initiation. Consistently, cyclopamine-induced inhibition of Hh-

signalling also results in prostate cancer cell death [100] showing the requirement for Shh for cell survival 

and consequently inciting further investigation of the potential of cyclopamine as a treatment for advanced 

prostate cancer [229]. However, the essential requirement for SIM2s in prostate cancer initiation and cell 

survival is yet to be determined.  Although there is strong data showing the requirement for SIM2s 

expression in human colon cancer RKO cell derived tumour xenograft survival [91], there exists conflicting 

data as to the essential nature of Hh-signalling in tumour derived cell lines of the colon [221, 227, 230], thus 

firm evidence for the dual requirements of SIM2s and Hh-signalling in this cancer type remains to be shown. 

In essence, there exists a compelling putative functional link between SIM2s and Hh-pathway signalling for 

pancreatic carcinoma cell survival and progression of disease, and up to point in prostate cancer. Thus at 

the time these studies were initiated, and even still to this day, the correlation for the dual, and perhaps 

linked, requirements for SIM2s expression and Hh-signalling for pancreatic tumour cell survival remains the 

firmest.  
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Neither human SIM2 isoforms (long or short) were detectable in the normal pancreas, nor was SIM2s 

detected in early pancreatic BPH (benign pancreatic hyperplasia) samples, however, levels were greatly 

elevated in pancreatic carcinoma derived cells [43, 52, 80]. This finding has very recently been validated in 

the most comprehensive global genomic analysis to date of clinical samples of pancreatic carcinomas 

compared to benign and normal tissue [96]. Similarly, there are no detectable levels of Shh in the normal 

pancreas, indeed active Hh signalling has been found to inhibit normal pancreatic development and is 

excluded from the developing pancreas as well as the mature organ to ultimately play a role in controlling 

embryonic pancreatic expansion [231, 232]. However, abnormal Shh expression and subsequent Hh 

signalling in PanINs (pancreatic intraepithelial neoplasia, non-invasive precursor lesions) has recently been 

shown to be an early and late mediator of pancreatic tumour genesis [219]. These PanIN lesions develop in 

a stepwise sequence of carcinogenesis, from the early PanIN-1 precursor lesions, to intermediate PanIN-2 

lesions, and then become severe PanIN-3 lesions before onset of metastatic disease. All pancreatic cell 

types arise from IPF1 (or PDX1 insulin promoter factor 1/pancreatic and duodenal homeobox 1) expressing 

cells (for review [233]), and as all ductal carcinomas express IPF1 the possibility arises that PanINs may 

stem from undifferentiated precursor cells [95]. Critical stages of known genetic mutation common to all 

invasive pancreatic ductal adenocarcinomas have been identified in PanIN (for reviews, [95, 203, 234]).  

Initially there is the early activation of K-RAS (Ras-Raf-MEK signalling) and expression of HER2/NEU in 

PanIN-1 lesions. Studies in mice reveal that K-RAS mutation alone will cause low frequency metastasis, 

however for invasive tumours this is followed by the intermediate stage inactivation of the p16ink4a/p19Arf 

(Ink4a/Arf in human) locus (PanIN-2) [235, 236].  These are tumour suppressor genes located on the same 

locus which result from alternative reading frames, and are critical for the retinoblastoma (Rb) and p53 

pathways, respectively.  p16ink4a functions to control cell cycle progression by inhibiting the phosphorylation 

of Rb required for transcription of cell cycle promoting genes.  p19Arf is proposed to be part of an 

autoregulatory loop that controls the levels of p53 in the cell, as high levels of p19Arf result in inhibition of p53 
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expression and in turn, high levels of p53 represses the p19Arf promoter.  p19Arf binds MDM2 thus preventing 

the MDM2/p53 interaction which normally results in p53 degradation.  The initial mechanism of p16ink4a/p19Arf

inactivation in cancer is in many cases found to be either loss of one or both alleles [235, 237, 238] (for 

reviews see [95, 239]). However, the promoter for both genes has been found to be silenced by methylation 

in the absence of any cell abnormality [238].  The resulting deregulation of p53, along with that of the tumour 

suppressor SMAD4, characterises the late genetic events (PanIN-3), driving the change from severe to 

invasive pancreatic cancer (for review, [234]).  Mouse models of PanINs have also revealed the activation of 

the normally quiescent Notch pathway which mediates TGFα [240], as well as expression of both matrix 

metalloproteinase (MMP7) and cyclooxygenase 2 (COX2) (for review see [95]). Abnormal Shh expression 

and Hh signalling are now also implicated in this genetic profile of PanIN as early and late mediators of 

carcinogenesis [95, 219, 220]. These findings initially emerged from the analysis of pancreata from three 

week old mice with directed misexpression of Shh under the control of the Ipf/Pdx promoter which had 

developed pancreatic lesions that phenocopy those found during the development of human pancreatic 

cancer [219]. Four years following this f inding, roles for Shh at multiple stages of pancreatic 

adenocarcinoma development have been further corroborated by Morton and colleagues (2007) [220]. 

Although the literature provides compelling evidence of a correlation between the overlapping expression 

profile and survival outcomes due to SHH and SIM2s expression in pancreatic carcinomas and tumour cells, 

it remains unknown what role, if any, SIM2s plays in pancreatic tumourigenesis and whether its expression 

may, or may not be, required in PanIN development to promote the onset of invasive cancer as is so for 

SHH. Overlapping expression patterns of SHH and SIM2 have been observed previous to the correlations 

mentioned here in pancreatic and prostate tumours.  In the E10.5 mouse embryo, Ema et al (1996b) showed

that the two murine Sim mRNA expression patterns were distributed within regions of Shh expression [34].  
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Interestingly, mSim2 expression was seen to precede and overlap with Shh expression in regions of the 

diencephalon and zona limitans intrathalamica (ZLI), whereas mSim1 expression was subsequent to that of 

Shh [71]. Sim1 expression doesn’t appear to be directly downstream of Hh signalling, as in the developing 

somites, Sim1 expression is normal in Gli2-/-/Gli3-/- embryos [216].  In mSim2-/- and mSim1-/-/mSim2-/- mice 

Shh expression remained normal, therefore mSim1 and mSim2 are not essential for Shh expression [71].  

However, significantly, misexpression of mSim2 in the dorsal CNS of transgenic mice resulted in the ectopic 

expression of Shh [71].  The data from the Epstein et al (2000) study indicate that mSim2 activity is sufficient 

to induce Shh transcription. These data provide a potential mechanism that may link SIM2s and SHH 

expression observed in pancreatic cancer survival. As aberrant misexpression of murine Sim2 is sufficient 

to upregulate Shh expression, if SIM2s becomes aberrantly misexpressed in pancreatic carcinomas, it may 

regulate and/or maintain SHH expression, and thus SIM2s and downstream SHH expression and activities 

are linked for tumour cell survival.  

The following studies sought to determine if SIM2s expression is linked to the activities of the Hh-

pathway in a cancer context, and if ectopic expression of SIM2s can initiate PanIN development in 

the pancreata of mice. 

6.1.2 RESULTS & DISCUSSION

6.1.2.1SIM2s and the regulation of SHH

To initially investigate if ectopic expression of human SIM2s could similarly regulate the expression of SHH 

in cancer cells as has been found for mSim2L misexpression in the developing mouse brain [71], and 

further, subsequently influence the Hedgehog signalling pathway, SIM2s was stably over-expressed in a 

number of human cell lines corresponding to tissues or carcinoma types which are known to express 
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endogenous levels of SIM2s [48, 52, 80, 81, 93, 96]. These cell lines included human embryonic kidney 

293A, human prostate carcinoma DU145, LNCaP and PC3AR+, and human pancreatic carcinoma CFPAC 

and PANC-1 derived cell lines (refer to Chapter 5, Figure 5.1). Strikingly, SHH levels were found to be 

dramatically increased to detectable levels upon stable ectopic expression of SIM2s (SIM2s.myc) in 

independently derived polyclonal cell lines, compared to empty-vector Control cell lines, by western blot 

analysis of (50μg) whole cell extracts from 293A and LNCaP cells (Figure 6.2A). Likewise, this associated 

increase in endogenous SHH levels upon stable expression of SIM2s was further validated in DU145 cells 

compared to empty-vector control cells, however, SHH failed to be detected with or without SIM2s.myc 

expression in PC3AR+ cells despite analysis of 70μg of whole cell extracts (Figure 6.2B). A reduction in 

enhanced endogenous SHH protein levels upon siRNA-mediated knockdown of SIM2s.myc (siSIM2s-1759), 

compared to scrambled siRNA controls (siControl), confirmed the direct relationship between increased 

SHH levels and ectopic expression of SIM2s as distinctively shown here in DU145/SIM2s.myc cells (Figure 

6.2C). 

To examine if the increase in SHH observed at the protein level was due to increased transcription and/or 

mRNA stability of SHH, SHH mRNA levels were assessed by well controlled semi-quantitative (sq) reverse-

transcriptase (RT)-PCR of cDNA synthesised from total RNA extracts from prostate DU145 cells, with and 

without stable SIM2s.myc expression. A faint, but distinct, amplicon for SHH at the expected size was 

observed only in cDNA samples from DU145/SIM2s.myc cells, and not DU145/Control cells (Figure 6.3A, 

lane 10 compared to lane 9).  Although SHH was unable to be detected by western blot analysis of whole 

cell extracts from pancreatic carcinoma CFPAC±SIM2s.myc cells (data not shown) as found for 

PC3AR+±SIM2s.myc cell extracts (see above, Figure 6.2B), a distinct upregulation of SHH message levels 

was also found upon ectopic SIM2s expression in CFPAC cells compared to levels in the parent cell line 

(Control) (Figure 6.3B, lanes 13 & 14 respectively). Semi-quantitative-RT-PCR assessment of ARNT1 and 



FIGURE 6.2: (A) An increase in endogenous protein levels of SHH is observed with stable
expression of myc tagged human SIM2s (SIM2s.myc) in embryonic kidney 293A and
prostate carcinoma LNCaP independently derived polyclonal cell pools. (B) SHH protein
also increases with stable expression of SIM2s in prostate DU145, but not in PC3AR+
carcinoma cells, where SHH levels are undetectable. (C) SHH protein levels decrease
upon siSIM2s-1759 siRNA-mediated knockdown of ectopic SIM2s in prostate
DU145/SIM2s.myc polyclonal cells, compared to scrambled control (siControl) siRNA
controls.

(A&C) 50μg or (B) 70μg of whole cell extracts from independently derived polyclonal pools

for SIM2s.myc (S2s), or puromycin resistant (Control/Ctrl) cell lines, were separated by 8%

SDS-PAGE, followed by immunoblot analysis of proteins as marked. Doted line denotes

were marker lane has been spliced out. * = non-specific background band. Representative

of minimum 3 independent experiments. (C) Cells were treated 2x100nM siSIM2s-1759,

24h apart, then whole cell extracts were made 72h after first treatment. Representative of

minimum 3 independent experiments per cell line.

A

64

50

37

64

50

81

50

37

C A C B

SIM2s.myc
IB:anti-Myc or anti-hSIM2s

αTubulin
IB:anti-αTubulin

SHH
IB:anti-SHH

A BAB

Control
SIM2s.myc

293A LNCaP

+ + + +
+ ++ +

Ctrl S2s

DU145 PC3AR+

Ctrl S2s

αTubulin
IB: anti-αTubulin

SHH
IB: anti-Shh

SIM2s.myc
IB: anti-hSIM2s

*

64

81

50

114

37

64

81

50

37

B

50

37

50

50

75

100

kDa

SIM2s.myc
IB: anti-hSIM2s

SHH
IB: anti-Shh

αTubulin
IB: anti-αTubulin

DU145

C

kDa



CHAPTER  |  6

147

ACTIN mRNA levels were used as cDNA template input/loading controls. These data indicate that SIM2s 

may confer regulation of SHH at the mRNA or transcription level.

As aforementioned, expression of mSim2L has previously been shown to be sufficient, but not necessary, 

for the expression of Shh in the embryonic mouse brain [71]. Likewise, these studies show that ectopic 

expression of human SIM2s in human carcinoma cell lines also appears to be sufficient for the upregulation 

of SHH levels. Thus, to determine if endogenous SIM2s is necessary for SHH expression in carcinoma 

derived cell lines, unlike in the developing mouse brain [71], prostate LNCaP cells were treated with 

siSIM2s-1759 siRNA for specific knockdown of SIM2s, or a scrambled control siRNA (siControl), and 

subsequently endogenous SIM2s and SHH mRNA levels were assessed by sq-RT-PCR. Excitingly, this 

preliminary study revealed a reduction in SHH mRNA levels concomitant with siRNA knockdown of 

endogenous SIM2s (Figure 6.3C).  Further studies in LNCaP, and other prostate and pancreatic carcinoma 

cell lines, to validate this finding were inconclusive due to inconsistencies in the efficacy of transiently 

transfected siRNA oligonucleotides to knock down endogenous SIM2s in these cells (data not shown) (see 

Figure 6.2C above).  This preliminary observation is in part consistent with that previously proposed by 

Epstein and co-workers (2000) [71] who showed in transgenic mice that ectopic expression of mSim2L 

enhanced expression of a lacZ reporter gene driven by the Shh Brain Enhancer-1 (SBE1) – 1.3kb genomic 

fragment from mouse Shh intron 2, indicating mSim2L is sufficient to activate Shh transcription [71].  The 

authors of this study report that in vitro gel shift studies failed show evidence of mSim2/Arnt binding within 

the 532bp region of the SBE1 said to confer reporter activity. This sequence does not contain any putative 

sites for potential mSim2L/Arnt binding, hence the transcriptional upregulation of Shh was proposed to be 

mediated indirectly [71]. Yet, the potential for mSim2L-mediated regulation via direct binding activities 

outside of this region, with the requirement of another factor(s) that functions through the 532bp fragment 

identified, was not explored. Not available to Epstein and colleagues in 2000 is the readily accessible 
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bioinformatic genomic DNA screening and analysis now available since completion of the human genome 

project in 2004 [241]. Analysis of genomic DNA 10kb upstream, and 2kb downstream, of the start of exon 1 

from both human and mouse SHH gene revealed a number of putative sites for SIM2/ARNT binding 

containing the core 5’-ACGTG-3’ sequence.  A number of sites were identified in the human SHH putative 

regulatory region analysed, however, only three sites were identified in the mouse. These sites are of 

particular interest as they are conserved between species, also in a positional manner. In particular, two 

CME 5’-TACGTG-3’ sites approximately 10kb upstream of exon 1, and 1.5kb downstream of the start of 

exon 1 inside intron 1 (Figure 6.4, each site marked with an asterix). Also, a core 5’-ACGTG-3’ site is also 

positionally conserved approximately 6.5kb upstream of exon 1 (Figure 6.4, marked with a # symbol). The 

nature of this site conservation highlights a potential bona fide role of these sites for SHH gene regulation, 

perhaps in a manner as is found for HIF1&-mediated regulation via the conserved hypoxia response 

element (HRE) of BNIP3 in humans, rats and mice [187, 188](and see findings in Chapter 5). In light of this 

new bioinformatic information, and considering the preliminary finding here that SIM2s may be essential for 

SHH expression in LNCaP cells (Figure 6.3C), until it is definitively shown otherwise in the future, contrary 

to that observed by Epstein and colleagues (2000) the short isoform of SIM2 at least may have a direct role 

in the regulation of SHH gene expression in a tumour context. 

6.1.2.2 Effect of ectopic SIM2s expression on the activities of the Hh signalling pathway in prostate 

and pancreatic carcinoma cell lines

The transcriptional activators GLI1 and GLI2  translocate to the nucleus upon Hh ligand activation of 

pathway signalling and are key mediators of the Hh-pathway response (for review [205]).  Expression of the 

GLI1 gene itself is also upregulated upon overexpression of SHH and Hh-signalling activation via direct 

GLI2 transactivation, and is thus regarded as a marker of active Hh-signalling [105, 205] (Figure 6.1).  

Therefore with this in mind, GLI1 mRNA levels were examined by sq-RT-PCR in DU145 and CFPAC cells 
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with and without ectopic expression of SIM2s to ascertain if the upregulation of SHH observed in these cells 

correlates to functional activation of Hh signalling.  GLI1 mRNA were found to be distinctly upregulated in 

both DU145 and CFPAC SIM2s expressing polyclonal cell lines compared to empty-vector or parent line 

control cells (Figure 6.3A & B, lanes 12 & 13, and 7 & 8, respectively).  Message levels of the Hh signalling 

ligand IHH, and the cell membrane receptor SMO have previously been found to upregulated 35-fold and 

1.6-fold, respectively, by quantitative RT-PCR analysis of pancreatic tumour samples compared to normal 

tissue levels [226]. In a similarly consistent manner in pancreatic carcinoma cell line CFPAC, which as 

previously been shown to not to express any endogenous levels of SHH, IHH or GLI1 [221], preliminary 

assessment of the levels of these genes in the CFPAC/SIM2s.myc polyclonal cell line by sq-RT-PCR 

revealed an increase in IHH mRNA, however, from this method of analysis no change in SMO mRNA levels 

was observed, when compared to the parent CFPAC cells (Figure 6.3B, lanes 9 to 12).  It must be noted at 

this juncture that in contrast to the evidence of increased levels of SHH protein upon ectopic SIM2s 

expression in LNCaP and DU145 cells, and increased SHH and GLI1 mRNA in DU145/SIM2s.myc cells 

presented here, microarray studies conducted subsequent to this work in these cell lines (see Chapter 4) 

failed to show any change in the mRNA levels of SHH or GLI1 upon ectopic expression of SIM2s (data not 

shown). However, as the studies discussed in Chapter 4, section 4.2.5 show, detection of differential 

changes in mRNA levels by the microarray has greatly reduced sensitivity compared to PCR methods. 

Consequently the absence of changes in the Hh signalling factors in the microarray may be attributable to 

this limitation of microarray. 

In summary, increased message levels of the Hh signalling activating ligands IHH and SHH, as well as the 

transcriptional target and important mediator of Hh-signalling, GLI1, appear to be downstream of ectopic 

SIM2s expression, which together further implicates SIM2s with the activation of Hh signalling in these 

tumour cell lines.  
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Cyclopamine is a specific Hh-pathway antagonist (refer Figure 6.1), and treatment of human digestive tract, 

pancreatic, and prostate carcinoma derived cell lines and mouse xenografts of these cancer types with 

cyclopamine has been shown to result in induced apoptosis, and decreased cell viability, invasive potential, 

and tumour volume [98, 100, 219, 221, 227, 228].  These reflect the extremely similar set of outcomes 

observed upon antisense-mediated knockdown of endogenous SIM2s in similar solid tumour-derived cell 

lines and xenografts of these types [43, 52, 91]. To further examine if ectopic SIM2s is indeed linked to 

activation and/or maintenance of the Hh-pathway, the effect of the Hh-signalling inhibitor, cyclopamine, on 

the growth of cultured prostate and pancreatic cancer cells, with and without stable ectopic expression of 

SIM2s, was investigated. Pancreatic PANC-1 cells were chosen as they have detectable endogenous levels 

of the activating ligand SHH (Figure 6.5A), and others have previously shown a dramatic 5-fold reduction in 

cell viability following treatment with cyclopamine in these cells, indicating their responsiveness to Hh-

signalling [221].  Likewise, prostate DU145 cells which also have detectable levels of SHH (Figure 6.5A) 

that increase upon SIM2s expression (Figure 6.2), have also been shown by others to be highly susceptible 

to loss of cell viability following treatment with cyclopamine compared to cells treated with the structurally 

similar control drug, tomatidine [98].  As Hh-pathway stimulation via the expression of the diffusible form of 

SHH, SHH-N, has been shown to partially rescue cyclopamine induced colon carcinoma cell death in vitro

[227] it was hypothesised that the enhanced levels of SHH observed upon SIM2s expression, for example 

in DU145 cells, may contribute to resistance to cyclopamine in SIM2s.myc cells. Consistent with these 

previous reports, cell viability and growth, assessed by the number of adherent cells, was dramatically 

reduced in PANC-1 and DU145 cells following treatment with cyclopamine compared to tomatidine control 

treated cells (Figure 6.5B, compare panels i & ii, and v & vi, respectively). Excitingly, cells with stable 

ectopic expression of SIM2s.myc appeared unaffected by treatment with cyclopamine, displaying no 

discernable difference in growth compared to tomatidine controls (Figure 6.5B, compare panels iii & iv, and 
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vii & viii). This outcome is consistent with the hypothesis that SIM2s contributes to Hh-pathway activation 

and maintenance, perhaps via the upregulation of SHH levels. 

However, as afore mentioned, treatment with Shh-N only partially rescues colon cancer derived cells from 

cyclopamine induced cell death [227]. Cyclopamine directly binds and interferes with the signal transduction 

properties of the Hh-pathway surface receptor SMO [242], and requires expression of the SMO repressor, 

and fellow membrane Hh receptor, PTCH [98, 221, 227], to inhibit Hh-signalling (Figure 6.1B). 

Cyclopamine can inhibit the Hh-pathway irrespective of SHH expression across a number of pancreatic and 

other digestive tract tumour-derived cell lines [219, 221], thus maintained activation of Hh-signalling upon 

treatment with cyclopamine can be conferred downstream of PTCH and SMO. A reduction in GLI1 mRNA is 

associated with cyclopamine treatment, indicating reduced Hh-pathway activity [100] and studies by others 

have shown a potent rescue from cyclopamine in prostate 22RV1 cells upon overexpression of GLI1, and 

not by an altered inactive form of GLI1 (GLIzfd) [98]. Likewise, in DU145 cells CMV-driven GLI1 expression 

confers resistance to the cyclopamine-induced reduction in cell viability [228], and the findings presented 

here also appear to show this same outcome upon constitutive expression of SIM2s in these same cells 

(Figure 6.5B). Therefore, given GLI1 is upregulated upon ectopic SIM2s expression highlights the further 

possibility that SIM2s may be driving Hh-pathway signalling and protecting from the cyclopamine-induced 

cell death downstream of SMO via direct, or indirect, regulation of GLI1 [71].

Active Hh signalling in cultured cells has been measured by others via luciferase gene expression driven by 

a SHH-responsive GLI-dependent synthetic promoter containing eight repeats of the GLI response element, 

5’-GAACACCCA-3’ (8xGliRE-LucII), derived from the mouse HNF-3∋ minimal floor plate enhancer [105, 

221, 243]. This tool was utilised to further investigate if ectopic SIM2s expression does indeed correlate to 

enhanced and/or maintained Hh signalling; perhaps via the upregulation of SHH expression and 
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subsequently GLI1 activities, and/or by directly affecting GLI activities. Mouse fibroblast NIH3T3 Hh-

signalling responsive cells [243] were transiently transfected with expression vectors for human SIM2s, or 

human GLI1 as a positive control, and any changes in the transcriptional activation of the 8xGliRE driven 

reporter gene was subsequently analysed by dual luciferase assay. Ectopic expression of hSIM2s was 

consistently found to correlate to an increase in transactivating GLI-dependent reporter activity, to varying 

degrees, across three independent experiments (representative experiment shown if Figure 6.6Ai).  

Although the level of SIM2s-induced activation of the reporter varied, so too did the degree by which ectopic 

hGLI1 was able to activate the reporter (data not shown). Thus, when the data are assessed in terms of the 

capacity of hGLI1 to transactivate directly, being denoted as 100%, in each given experiment, ectopic 

hSIM2s was consistently found to induce approximately 5% of the capacity of ectopic hGLI1, or in other 

terms, hGLI1 was able to consistently induce 21.5-fold [±3.4 SEM] (n=3) greater than hSIM2s (Figure 

6.6Aii, in-set graph). SIM2s-mediated activation of the 8xGliRE-luciferase reporter was of a much lower 

potency compared to that of ectopic hGLI1. This may be indicative of a putative indirect mechanism of 

pathway activation, perhaps via the upregulation of SHH levels and/or the direct, but mild, up-regulation of 

GLI1 itself, to initiate pathway activation which results in the up-regulation of endogenous GLI-activator 

transcription factors in these cells, and perhaps confers protection from cyclopamine-induced cell death. 

SIM2s/ARNT may confer direct transcriptional regulation of hGLI1 as putative sites with a core 5’-ACGTG-3’ 

for directly conferring SIM2s/ARNT transcriptional activities were identified upon bioinformatic analysis of 

13kb upstream of the start of hGLI1, clustered in a manner that does not immediately suggest random 

occurrence as four putative sites are clustered within approximately 4.5kb across the entire region of 

sequence investigated (expected random occurrence 46=1 per 4096bp) (Figure 6.6B). The likelihood of 

SIM2s being a potent regulator of GLI1 is unlikely when considered in the context of the extremely low 

potency of SIM2s-associated activation of the 8xGliRE-LucII reporter from these studies (Figure 6.6Ai). All 

three GLI proteins confer transactivational properties (for review [200]), thus any and/or all GLI proteins, not 



FIGURE 6.6: Activation of Hh signalling downstream of SIM2s expression.

(A) Activation of 8xGliBS-LucII reporter upon transient expression of human SIM2s in NIH3T3

cells normalised to pRL-TK expression. Human transient GLI1 expression serves as positive

control for reporter activation. (i) Representative dual luciferase experiment (n=1) done in

triplicate, and shown as fold change relative to empty-vector control. Inset graph (ii), hSIM2s

consistently activated the 8xGliBS-LucII reporter to ~5% the capacity of ectopic hGLI1 activation

(100%). Representative of three independent experiments (n=3), error bars/margin, SEM. (B)

Bioinformatic identification of putative sites for SIM2s/ARNT-mediated activation of hGLI1
expression. DNA sequence sourced from online resource ‘Human BLAT’

(http://genome.ucsc.edu/cgi-bin/hgBlat?command=start) from hGLI1 accession number

NM_005269 and both strands scrutinised using ‘TESS (Transcription Element Search System)’

(http://www.cbil.upenn.edu/cgi-bin/tess/tess) for site strings as indicated containing core ACGTG.

R
e
la

ti
v
e
 F

o
ld

 C
h
a
n
g
e
 A

c
ti
v
a
ti
o
n
 o

f 
8
x
G

liR
E

-L
u
c
II

90

110

130

150

170

190

0

2

4

6

8

10

12

14

Empty vector hGLI1hSIM2s

7.4-fold

189-fold

0

10

20

30

40

50

60

70

80

90

100

110

A
v
e

ra
g

e
 P

e
rc

e
n

t 
In

d
u

c
ti
o

n

o
f 

8
x
G

liR
E

-L
u

c
II

21.5±3.4-fold

hGLI1hSIM2s

(i)
(ii)

hGLI1 promoter: Direct regulation by SIM2s/ARNT?

-13028 +972 kb-10000 - 5000

exon1

+1

= S2RE AACGTG = E-box CACGTG = CME TACGTG

Site Search Strings:

A

B



CHAPTER  |  6

153

just GLI1, may be conferring the SIM2s-mediated activation of the 8xGliRE-LucII reporter (Figure 6.6A). It 

lies in future work to determine the mechanism of SIM2s-mediated upregulation of GLI1; whether it be (a) 

as a direct target of SIM2s transcription, perhaps only in response to certain environmental stimuli such as 

heightened cellular Hh responsiveness, or (b) indirectly through Hh-pathway activation via SIM2s-mediated 

SHH upregulation.  It is also interesting to consider that as SIM2s may function downstream of the SHH 

ligand binding cell surface receptors, that the enhanced levels of SHH may be a result of SIM2s inhibiting 

the expression and/or formation of the GLI3 repressor, which is observed upon pathway activation [200, 

205], and is associated with the repression of Shh gene expression in mice [211, 212].  Indeed, SIM2s may 

be promoting the expression and/or formation of the GLI3 activator, thus resulting in the up regulation of 

GLI1, and for that matter GLI2, levels upon SIM2s expression [210].  The potential link between SIM2 and 

the regulation of GLI3 and GLI2 expression and activities, and not GLI1, in specific contexts also emerges 

from close analysis of targeted deletion studies in mice. Mice which lack Gli1 expression do not display any 

developmental defects and appear normal [244], however, it is interesting to note that in mice with targeted 

deletion of either Sim2 [3, 58], or Gli2, or Gli3 [245, 246], display similarly shared phenotypes of skeletal 

and craniofacial abnormalities; namely defects in rib development and cleft palate. Although mice which 

lack Gli3 are rarely born, those that are suffer respiratory distress and die shortly after birth [246] which is 

strikingly similar to the aerophagy-induced death observed in all Sim2-/- neonate mice [58].  Perhaps these 

observations of a putative relationship between SIM2s and the regulation of the GLI factors from 

developmental processes, considered in light of the studies presented and literature discussed here, are 

indeed indicative of the mechanistic roles for SIM2s in Hh-pathway activity in tumourigenesis. 

In summary, Figure 6.7 indicates the number of potential avenues by which SIM2s may enter the Hh-

pathway, perhaps exclusively, or in a context specific combination, for pathway activation and/or signalling 

maintenance. Although the molecular mechanism(s) remains to be determined, taken together, the data 
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discussed from figures 6.3 and 6.4 indicate that ectopic SIM2s expression may be linked to activation 

and/or maintenance of Hh-pathway signalling in cultured cells. 

6.1.2.3 A role for SIM2s in tumour initiation via mediating activation of the Hh-pathway? Generating 

mice with directed misexpression of human SIM2s in the pancreas

Ectopic SIM2s expression also appears to be upstream of both SHH and GLI1 expression in pancreatic 

CFPAC and prostate DU145 polyclonal cells (Figure 6.3A & B), both key to Hh-signalling initiation and 

maintenance [205]. Misexpression of SHH in the pancreas results in the onset of precursor lesions in 3 

week old mice [219], and ectopic expression of GLI1 in primary prostate epithelial cells (PrEC) is sufficient to 

transform these cells to a cancer-like state, inducing uncontrolled cell growth in culture and the formation of 

aggressive subcutaneous xenograft tumours in nude mice [98]. The current data suggest that SIM2s 

expression correlates to activation of Hh signalling in prostate and pancreatic cancer-cell types, and 

importantly the data suggest SIM2s contributes to cell survival via activation of this pathway as over-

expression of SIM2s in SHH-positive prostate DU145 and pancreatic PANC-1 cancer cells appears to confer 

resistance to cyclopamine-induced cell-death (Figure 6.5). Given the compelling correlation from the 

literature between the requirements for both active Hh-signalling [219, 226] and SIM2s expression in 

pancreatic tumour cell survival [43, 52] that existed at the time of these studies, and the consistent 

preliminary links between SIM2s and SHH expression and Hh-pathway activation and cell survival presented 

here, understanding how SIM2s may function in pancreatic tumour formation and/or maintenance was more 

closely investigated. In particular, the following studies aimed to determine if, like Shh, ectopic SIM2s might 

also be sufficient to initiate pancreatic tumour formation via activation of the Hh-pathway, which ultimately 

may help elucidate a potential role for SIM2s in all human cancers where SIM2s is misexpressed [43, 52, 80, 

81, 91, 96].  To this end human SIM2s cDNA was ectopically expressed under the control of the pancreatic 

endoderm specific IPF promoter in the pancreas of mice. These mice were developed in collaboration with 
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L. Poellinger (Karolinska Institute, Stockholm, Sweden), and H. Edlund and co-workers (University of Umeå, 

Sweden), the latter of whom initially developed this method for ectopic expression of Shh in the pancreas  

[247] (Figure 6.8A) which resulted in the formation of pancreatic precursor cancer lesions as later identified 

by Thayer and colleagues [219]. Successful integration of the hSIM2s transgene was determined following 

PCR analysis of genomic DNA as shown for identification of transgenic F1 pups in Figure 6.8B from founder 

mice, 7191, 7192 and 7183. The pancreata of hSIM2s.myc transgenic F1 mice were next analysed by 

immunofluorescence for ectopic expression of hSIM2s compared to wild-type (WT) littermate controls. As 

hSIM2s was under the control of the IPF promoter, SIM2s expression was expected to co-localise with 

endogenous IPF. In general, staining for hSIM2s (red) appeared to be enhanced in all transgenic pups 

compared to WT littermates, however, despite the commercial anti-hSIM2s antibody (Santa Cruz) being 

previously established to successfully detect ectopic hSIM2s.myc in the nucleus of cultured cells by 

immunofluorescence (IF) (S. Woods, unpublished), distinct cellular localisation of hSIM2s cannot be 

determined from these analyses (Figure 6.9, central and right panels). Staining for hSIM2s did co-localise 

with IPF (green), however, in a ‘regional’ and not cell specific-type manner (Figure 6.9, right panels). For 

example, pancreata sections from mouse TG-7192/01 shows enhanced staining for hSIM2s in a region of 

high IPF expression, indeed, hSIM2s staining appears to extend beyond the region of positive IPF staining in 

sections from littermate TG-7192/03 (Figure 6.9, panels d-f, and m-r, respectively). Conversely, no hSIM2s 

staining was detected in some areas with IPF expression as observed in independent regions from TG-

7191/02 pancreata (Figure 6.9, compare panels g-I, with j-l). These data appear to indicate ectopic hSIM2s 

protein levels in transgenic mice, however, in a somewhat indistinct manner both in terms of cellular 

localisation and in reference to endogenous IPF expression. As Hh signalling was found to be elevated upon 

SIM2s expression in cultured cells by measures of upregulated GLI1 mRNA expression levels, GLI-

dependent reporter activity, and resistance to cyclopamine-induced cell death (Figures 6.3-6), the pancreata 

of hSIM2s-transgenic mice were next analysed for enhanced GLI1 levels as a measure of Hh-pathway 
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activity downstream of hSIM2s expression. Consistent with in vitro studies, cytosolic GLI1 (green) levels 

appeared to be elevated in transgenic mice pancreata compared to WT littermate controls, and like hSIM2s 

expression with IPF, in regions with indications of ectopic hSIM2s expression, but not always necessarily cell 

specific (Figure 6.10). As a freely diffusible form of Shh (Shh-N) mediates long-range signalling [248], it is 

conceivable that in response to hSIM2s expression, and/or hSIM2s-activated Hh-pathway, upregulated Shh 

and its long-range signalling may account for this indicator of active Hh-signalling in cells where hSIM2s is 

not apparently expressed. 

Conclusive findings from these studies of directed hSIM2s.myc misexpression in the pancreas were severely 

limited by the poor detection of ectopic hSIM2s by IF in the pancreatic tissue sample sections. However, 

despite this technical limitation, no aberrant changes in the structural morphology of the tissue or the 

appearance of any tumourigenic lesion-type structures were observed in the pancreas sections from three-

week old IPF-hSIM2s.myc transgenic mice, as were found in IPF-Shh pancreata from the same age mice by 

others [219, 247] (Figure 6.11). The intestinal-like morphology and lesions of the pancreas from IPF-Shh

mice [247] is apparent in figure 6.11  from the pattern of nuclear staining of pancreata sections from these 3 

week old mice. Thus even if hSIM2s was successfully expressed, alone it does not appear to confer the 

same potency of Hh-signalling activation, as does Shh misexpression [219], required to initiate tumour lesion 

formation by three weeks in the pancreas. Nor beyond this stage of development, as the hSIM2s transgenic 

mice failed to show any signs of ill health or impaired function of the pancreas as measured by glucose 

tolerance tests [249] (data not shown, H. Edlund personal communication) to a maximum of 10 months of 

age.



FIGURE 6.8: Generation of transgenic mice with ectopic human SIM2s in the pancreas.

(A) Human SIM2s.myc cDNA (3’ myc tagged) expression controlled by the mouse IPF

promoter for the generation of mice with hSIM2s.myc misexpression in the pancreas.

(Subcloning of hSIM2s.myc into IPF driven expression construct by Murray Whitelaw).

(B) Identification of transgenic mice. Genomic DNA was extracted from tail tips taken

from pups of founder mice, 7191, 7192 and 7183, generated by Elisabet Palsson and

Prof. Helena Edlund, University of Umeå, Sweden, then used for genomic PCR (35x

cycles) detection of ectopic human SIM2s.myc expression, compared to endogenous IPF

as loading control. Primers for detection of the hSIM2s transgene, indicated in part A,

were designed by Elisabet Palsson.
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FIGURE 6.9: Detection of transgenic human SIM2s.myc (red) expression in the
pancreata from neonate pups of transgenic founders, 7191, 7192, 7183, co-stained for
endogenous IPF (green), by immunofluorescence. Non-transgenic littermate is wildtype
control.

Immunofluorescent detection of hSIM2s.myc using anti-hSIM2s goat-polyclonal antibody

+ alexafluor594-labelled anti-goat secondary antibody (red). Endogenous IPF protein

detected using anti-IPF rabbit polyclonal antibody + alexfluor488-labelled anti-rabbit

secondary (green). Nuclei labelled with DAPI stain (blue). 40x confocal microscopy

images.
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FIGURE 6.10: Analysis of transgenic human SIM2s.myc (red) protein expression in the pancreata
from neonate pups of transgenic founders, 7191, 7192, 7183, by immunofluoresence, co-stained
for endogenous GLI1 (green). Non-transgenic littermate serves as wildtype control.

Immunofluorescent detection of hSIM2s.myc using anti-hSIM2s goat-polyclonal antibody plus

alexafluor594-labelled anti-goat secondary antibody (red). Endogenous GLI1 protein detected

using anti-GLI1 rabbit polyclonal antibody + alexfluor488-labelled anti-rabbit secondary (green).

Nuclei labelled with DAPI stain (blue). 40x confocal microscopy images.
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Figure 6.11: Nuclear staining of mouse pancreas sections reveals (A) the dramatically
altered structural morphology of the pancreas in IPF-mShh transgenic mice [1], is (B) not
observed in the pancreata of transgenic IPF-hSIM2s.myc.

Confocal microscopy images of (A) Hoerchst or (B) DAPI stained nuclei of pancreata

sections from transgenic mice (ii) compared to wild-type littermate controls (i). Photos

within set (A) and (B) are, respectively, to scale, but not between (A) and (B) image sets.

[1] Apelqvist, A., Ahlgren, U., & Edlund, H. (1997) Curr Biol. 7(10):801-4.
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6.1.2.4 Summary comments on a putative role for SIM2s in Hh signalling in prostate and pancreatic 

cancer:  Implications for tumour development 

Although the in vivo approach used in these studies to determine if human SIM2s is capable of Hh-signalling 

activation and pancreatic tumour initiation in mice pancreata was inconclusive, the in vitro data from cell 

culture studies in both pancreatic and prostate carcinoma derived cell lines shown here does provide 

supporting evidence of a role for SIM2s in the regulation of SHH levels and Hh-pathway activities, consistent 

to that previously shown by Epstein and co-workers [71], but for the first time here, in a tumour cell context.

It is important to remember that Sim2 was found to be sufficient, but not necessary for Shh expression in the 

developing mouse brain [71].  The sufficient nature of SIM2 upregulation of SHH does not exclude that 

perhaps in a tumour precursor-cell specific context, SIM2 may be able to initiate Hh-pathway activation to 

drive cell (and due to paracrine signalling, to surrounding cells) transformation to a tumourigenic state.  

However, as indicated through the discussion of these data presented here and the current literature, the 

possibility is evident that SIM2s may not necessarily play a role in initiating Hh-pathway activation in 

cancers, but function to maintain and/or hyper-induce the active signalling which ultimately drives the 

development of aggressive pancreatic and prostate tumours (reviewed in [250, 251]). SIM2s may 

perpetuate Hh-signalling via upregulation of SHH transcription, or that of the Hh pathway effectors, the GLI 

transcription factors (as outlined in Figure 6.7).  However, following the observation by Epstein and co-

workers that mSim2 is not necessary for Shh expression [71], and in light of the data presented here, it may 

be the Hh-pathway mediator GLI-kruppel family of transcription factors [103, 208, 209] that are required to 

maintain SIM2s expression. This would result in both factors contributing to an autoregulatory loop of Hh-

signalling which may critically control tumour progression and increasing severity of the tumour (Figure 6.7).  

Perhaps this occurs in a similar way to the control of expression of Myf5,  a bHLH skeletal muscle 

determining factor expressed in somites that is important for myogenic differentiation [252, 253].  Myf5

expression is shown to initially begin under the control of the EEE (early expaxial enhancer) however, 
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continuation of expression is due a GLI transcription factor binding to the GLI consensus site in its EEE, thus 

making Myf5 a long-range target of Shh through downstream GLI regulation [252-254].  Interestingly 

preliminary bioinformatics searches of the human SIM2 promoter region for putative GLI binding sequences 

(a nine base pair sequence which has a probability of occurring randomly once every 262 kilobases) has 

found two sites within 2 kilobases - one immediately prior to the start of transcription and the other within the 

first intron (data not shown).  The presence of these putative binding sites may be indicative of long-range 

Shh targeting of SIM2 via the GLI transcription factors, but this remains to be tested.  

The progression of pancreatic adenocarcinoma has been defined by a series of multiple gene misregulation 

and/or mutation events, including activation of KRAS, and inactivation of p53 and INK4a/Arf, indeed,  

activating KRAS mutations are found in approximately 90% of pancreatic adenocarcinomas (for review see  

[95]). Mice expressing an Ipf promoter driven active mutant allele of Kras (KrasG12D) develop pancreatic 

lesions which progress in the same manner as human PanINs, however at a low frequency [235, 255]. 

Further studies have shown that the frequency of lesions and the onset of aggressive metastatic cancer was 

greatly enhanced in combination with tissue specific deficiency of Ink4a/Arf, which alone does not incite 

pancreatic tumour formation [235], indicating a specific requirement for Kras activation in pancreatic cancer 

initiation and INK4a in tumour progression. It is interesting to note that the pancreatic precursor lesions from 

the IPF-Shh mouse model for pancreatic cancer also contained the Kras exon 12 mutation found in early 

human pancreatic cancers [219]. As activating mutations in Kras have been shown to initiate tumour 

formation, it is not unreasonable to infer that the disruption in Kras in the Shh transgenic mice contributed to 

PanIN initiation and/or development.  Indeed, recent studies by Morton and co-workers (2007) have since 

shown that ectopic expression of Shh in pancreatic duct epithelial cells (PDEC), although able to activate 

Hh-signalling and enhance proliferation and cell survival in in vitro studies, minimally requires both loss of 

Ink4a/Arf and ectopic expression of activating Kras to produce tumours when transplanted into the pancreata 
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of mice, where Shh or mutant Kras alone are unable to incite tumour formation on this Ink4a/Arf deficient 

genetic background [220]. Thus, in light of this study which emerged following the completion of studies 

presented here, it is important to consider that should SIM2s function to promote tumour initiation and 

progression via activation and/or maintenance of Hh-signalling, it is highly likely, inferred from the lack of any 

phenotype in the pancreas upon ectopic expression of human SIM2s, to only do so in cooperation with other 

changes in the genetic profile of disease progression, such as loss of INK4a/ARF and/or activation of KRAS. 

Consequently, the efficiency by which SIM2s may be able to do so will only become evident from future in 

vitro and in vivo model studies in such genetic backgrounds.  Only following such comprehensive studies 

can the putative role for SIM2s in Hh-pathway activation and tumourigenesis as is evident from the findings 

presented here, and the importance of this interaction for cancer development, be fully determined.

6.2 SIM2 and links to Androgen Receptor-dependent 

signalling in prostate cancer:

6.2.1 INTRODUCTION

The dependence of prostate cancer on androgens for growth and survival was first demonstrated nearly 

sixty years ago and since then androgen ablation therapy has been used for the treatment of advanced 

disease. Unfortunately however, despite early clinical remission following this treatment most patients who 

receive androgen ablation therapy go on to develop androgen-depletion independent (ADI) or hormone-

refactory cancers for which there is no currently known cure (for reviews see [256-259]). Studies in a 

mouse model of prostate cancer have likewise shown, following androgen-ablation, enhanced cell 

proliferation rates and the development of more aggressive and metastatic disease [260, 261]. The 
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response to androgens is mediated by the Androgen Receptor (AR), hence the AR is implicated in 

mediating tumour progression [256]. AR, which is also vital for the normal development of prostate tissue, 

is a member of the Nuclear Receptor Superfamily of ligand dependent transcription factors.  Following 

ligand binding, such as testosterone or dihydrotestosterone (DHT), AR undergoes a series of co-factor 

interactions and post-translational modifications resulting in translocation to the nucleus where it is able to 

bind androgen-responsive elements (AREs) to regulate the transcription of androgen-responsive genes, 

such as Probasin and Prostate Specific Antigen (PSA ) [256, 262-264]. Continued AR expression and 

transcriptional activities have been observed in human prostate tumours after androgen-ablation therapy 

[265]. AR mRNA is up-regulated in one third of clinical samples [266], and the upregulation of AR

expression was the only consistently differentially regulated gene found from global gene expression 

analyses of androgen-ablation therapy resistant human prostate cancer xenografts [267]. Increases in AR

mRNA levels in ADI tumours [266] and stabilisation of AR in recurrent prostate tumour derived cell lines 

[268] results in the hyper-sensitive response of AR to low levels of residual androgens. However, what 

regulates AR mRNA levels and protein stabilisation in recurrent cancers remains to be described. Likewise, 

spontaneous somatic mutations in the AR following androgen deprivation therapy have also been attributed 

to its continued transcriptional activities despite the reduction in normal physiological levels of testicular 

androgens in the tumour. Mutations are commonly in the ligand binding domain and broaden AR ligand 

recognition beyond testicular androgens to estrogens, progestins and adrenal androgens [265, 267, 269]. 

Although enhanced AR levels is a marker of aggressive and metastatic disease [270], and AR expression, 

activation and function appears to be important for driving tumour progression [256], debate over the 

requirement for AR signalling in prostate tumour initiation has long been unsettled. Data thus far from 

mouse models shows directed ectopic expression of wild-type(wt)-AR or a promiscuous ligand binding 

mutant form of AR in the prostate was not sufficient to initiate tumour formation [271] and thus does not 

support a direct causal role for these forms of AR in tumour formation.  However, directed overexpression of 
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AR with a gain of function mutation in the N-terminal domain, which is critical for conferring AR 

transcriptional output via interactions with the transcriptional machinery [272], was found to potently induce 

oncogenic transformation of the prostate in 100% of transgenic mice, implicating altered AR function for the 

first time with tumour initiation [271]. 

Understanding the regulation of AR levels is an important aspect of understanding the vital role for AR in the 

development of normal prostate tissue and prostate cancers. The androgen receptor has recently been 

shown to co-immunoprecipitate with ligand activated bHLH-PAS family member AhR as part of a E3-

ubiquitin ligase complex in prostate (recurrent) carcinoma LNCaP cells where the (AhR-ligand activated) 

AhR/ARNT heterodimer was shown to be the critical mediator of AR degradation independent of androgens 

[273].  High expression levels of SIM2s is a putative novel marker for aggressive prostate cancer and poor 

prognosis [81], as are enhanced levels of AR [270]; however, a direct correlation between the expression 

levels and functions of these two proteins in prostate cancer progression and prognosis is yet to be formally 

shown. As SIM2 is known to functionally interfere other class I family members via sequestration of ARNT 

to repress transcription, such as from mSim1 [46] and HIF1α [9, 59](Chapter 5), it was hypothesised SIM2s 

may be able to attenuate the degradation of AR via sequestering ARNT from AhR in a similar manner to 

inhibit the formation and function of the AhR-E3-ligase complex, thus providing a mechanism by which AR 

is stabilised and able to elicit its effect on prostate cancer development. This hypothesis remains the 

subject of another study, however, an interesting and unexpected outcome of initial pilot studies was the 

observation that independent of AhR activating ligand, endogenous AR protein levels were seen to be 

dramatically increased in prostate PC3AR+ cells with stable ectopic expression of SIM2s.myc compared to 

puromycin resistant Control cells (as represented in Figure 6.12A).  The following study was pursued in an 

attempt to understand how SIM2s may be regulating AR levels, independent of any potential AhR activities. 
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This work provides the first to link SIM2s expression with AR expression and function in prostate cancer 

cells, and implicates the expression of SIM2s in another signalling pathway in prostate tumourigenesis.

6.2.1 RESULTS & DISCUSSION

6.2.1.1 Endogenous Androgen Receptor is up regulated upon stable ectopic expression of human 

SIM2 in PC3AR+ cells. 

Endogenous levels of AR protein were observed to be dramatically increased upon stable ectopic 

expression of SIM2s.myc in whole cell extracts from prostate carcinoma PC3AR+ cells compared to 

puromycin resistant control cells where little, if any, AR was detected (Figure 6.12A). Other prostate 

carcinoma cell lines were also analysed to assess the effect of SIM2s expression on AR levels. LNCaP cells 

showed high levels of constitutive AR expression, as previously reported by others [274], however failed to 

show any differences in AR levels with, and without, SIM2s.myc expression (data not shown). In contrast, 

no AR was detected in DU145±SIM2s.myc cells (data not shown) and is likely to be attributable to AR 

silencing via promoter hypermethylation previously identified in DU145 cells [275]. Western blot analyses of 

AR levels in three prostate carcinoma derived cell lines, PC3AR+, LNCaP and DU145, with and without 

stable ectopic expression of SIM2s.myc, thus far show the enhanced levels of AR associated with ectopic 

SIM2s expression is specific to PC3AR+ cells.

PC3AR+ cells differ from PC3AR- cells as they have detectable levels AR mRNA, whereas PC3AR- cells do 

not [276] due to partial methylation of the AR promoter [275, 277]. Following western analysis of AR levels 

in PC3AR+±SIM2s.myc cells, mRNA levels of the AR were examined to gain further insight into how SIM2s 

may be affecting AR levels. Endogenous AR mRNA was found to be upregulated in PC3AR+/SIM2s.myc 
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FIGURE 6.12: Putative regulation of AR by SIM2s: Endogenous Androgen Receptor (AR) is
upregulated in human PC3AR+ polyclonal cell lines upon stable ectopic expression of human
SIM2s at the both the protein (A) and mRNA (B) level. (C) Bioinformatic analysis of human AR
promoter reveals putative sites through which SIM2s/ARNT1 may regulate AR gene expression.

(A) 50μg WCE from a polyclonal cell line for stable expression of myc tagged human SIM2s

(SIM2s.myc) C, and puromycin resistant Control line C, were subjected to 8% SDS-PAGE and

immunoblot analysis of proteins as marked. αTubulin serves as loading control. * = non-specific

background band. (B) cDNA synthesised from total RNA extracts from same polyclonal cell lines

in (A) was subjected to semi-quantitative RT-PCR (AR, 30x; S2s, 35x; ARNT1, 25x; GAPDH,

25x PCR cycles), and single amplicons visualised following 1% EtBr stained agarose gel

electrophoresis. GAPDH and ARNT1 serve as loading controls. RT-PCR data representative of

two independently derived Control and SIM2s.myc polyclonal cell lines. No-RT controls not

shown. (C) Schematic of the human promoter of AR representing bioinformatically identified

putative sites for bHLH-PAS dimer binding. Genomic DNA sequence sourced from online

resource ‘Human BLAT’ (http://genome.ucsc.edu/cgi-bin/hgBlat?command=start) and both

strands scrutinised using ‘TESS (Transcription Element Search System)’

(http://www.cbil.upenn.edu/cgi-bin/tess/tess) for site search strings as indicated.
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cells, concomitant with enhanced AR protein, compared to Control cells upon analysis of independently 

derived polyclonal cell lines for both puromycin resistant Control and stable SIM2s.myc expression by semi-

quantitative RT-PCR (Figures 6.12A & B). Message levels of GAPDH and ARNT1 were used as PCR 

cDNA template loading controls. Whether this upregulation of AR mRNA is indicative of enhanced 

transcription or message stability upon SIM2s expression remains to be determined. Bioinformatic analyses 

of 10kb upstream of the start of human AR exon 1, and 2kb into exon 1, for putative bHLH-PAS dimer 5’-

G/ACGTG-3’ core binding sites [129], reveals two classical CME (central midline element) 5’-TACGTG-3’  

clustered approximately 9kb upstream of the start of exon 1 (210bp apart), and a single S2RE 5’-AACGTG-

3’ ~ 2kb into the first exon, which are putative sites for SIM2s/ARNT1 binding [41, 47, 48]. Two core 5’-

GCGTG-3’ sites were clustered within 350bp ~3kb upstream of exon 1, and another two within 350bp at the 

start of exon 1 (refer Figure 6.12C). While there are no previous reports of SIM2/ARNT heterodimers 

regulating transcription via this core site, it still may be indicative for capacity of a bHLH-PAS heterodimer to 

regulate the transcription [129] of AR via these sites. Interestingly no canonical palindromic E-box 5’-

CACGTG-3’ sites were found in the promoter region, thus the transcriptional upregulation of AR is unlikely 

to be directly mediated by ARNT/ARNT homodimers [118, 129]. 

The short and long isoforms of SIM2 only differ at the very C-terminus [38] (refer to Figure 1.3A, Chapter 

1). To assess whether the effect on AR levels was specific to the short isoform of SIM2, AR protein levels 

were analysed by western blot from whole cell extracts of two independently derived polyclonal cell lines 

with stable ectopic expression of C-terminally myc tagged SIM2L (SIM2L.myc lines A & C). As was 

observed for SIM2s, increased AR levels were also associated with ectopic expression of SIM2L (Figure 

6.13).  Although any changes in AR mRNA levels upon SIM2L expression are yet to be investigated, stable 

ectopic expression of both highly homologous isoforms of SIM2 correlates to enhanced AR protein levels. 
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6.2.1.2 AR-dependent transcriptional responsiveness to androgen treatment in PC3AR+± 

SIM2s.myc cells.

Very little, if any, AR is detectable by western blot analysis of whole cell extracts from parent (and Control) 

PC3AR+ cells (Figures 6.12, 6.13 & 6.14). This observation is consistent with reports by others using 

alternate anti-AR antibodies [274, 276]. Previously, Buchanan et al (2004) reported that the endogenous 

levels of AR in PC3AR+ cells were not sufficient to confer androgen responsiveness by measures of AR 

activity upon treatment with the androgen dihydrotestosterone (DHT) on a reporter gene driven by three 

tandem repeats of the minimal promoter of the androgen responsive gene, Probasin (PB3-luciferase) [274, 

278]. To assess whether the greatly enhanced levels of AR associated with SIM2s expression are sufficient 

to mediate androgen responsiveness in these cells, endogenous AR activity upon treatment with DHT in 

PC3AR+/SIM2s.myc cells was analysed by PB3-luciferase reporter gene expression, compared to that in 

PC3AR+/Control cells. Irrespective of endogenous AR protein levels (Figure 6.14A), no reporter gene 

activation was observed in either PC3AR+/Control or PC3AR+/SIM2s.myc cells upon treatment with DHT 

(Figure 6.14B, compare columns a & b, with e & f). Consistent with previous reports [274], ectopically 

expressed wild-type AR activated PB3-luciferase expression in PC3AR+/Control cells in response to 

treatment with DHT (Figure 6.14B, compare columns c & g), thus serving as a positive control for ligand 

activity and indicator of intact androgen signalling in these cells. Taken together, these results suggest that 

the lack of endogenous AR responsiveness observed in these cells previously is not necessarily an issue of 

AR protein levels as reported [274], but perhaps one of a functionally defunct form of AR produced in these 

cells. No mutations in the DNA binding and ligand binding domains have been found from sequence 

analysis of AR cDNA from PC3AR+ cells [276], thus determining the nature of the ‘mutation’ and/or post-

translational modification that renders endogenous AR unable to function, despite, or even because of, its 

nuclear localisation [276], in PC3AR+ cells remains a fascinating line of investigation. 
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FIGURE 6.14: Transiently expressed wild-type (wt) AR, and not endogenous AR, activates the
Probasin (PB3) promoter to drive reporter gene expression upon treatment with AR activating
ligand DHT in PC3AR+ cells, which is greatly enhanced in PC3AR+/SIM2s.myc cells.

(A) 50μg WCE from independently derived polyclonal cell lines, puromycin resistant Control

line A and stably expressing human SIM2s.myc line B were subjected to 8% SDS-PAGE and

immunoblot analysis of proteins as marked. *=non-specific background band. (B) 50ng wild-

type AR (wt-AR) was transiently expressed in PC3AR+ cells with, or without, stable expression

of SIM2s, activated with 1μM DHT ligand. Luciferase reporter activity driven by the PB3

promoter was measured as an indicator of (wt-)AR function, normalised to co-transfected b-

galactosidase. Data representative average mean fold change of n=2 independent

experiments done in triplicate. Data generated with the technical assistance of A. Sullivan.
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6.2.1.3 The Androgen Receptor interacts with SIM2s, and not with ARNT, in PC3AR+ cells

Unexpectedly, the level of transiently expressed wt-AR transcriptional activities on the PB3-luciferase 

reporter in response to treatment with DHT was much greater in PC3AR+ cells with stable expression of 

SIM2s, compared to Control cells (Figure 6.14B, compare columns g & h) inciting further investigation into 

the possible mechanisms by which SIM2s expression may be mediating this outcome.

The obligate bHLH-PAS partner factor ARNT1 has previously been shown to interact with another member 

of the nuclear receptor superfamily, the Estrogen Receptor (ER), via its ligand binding domain, and upon 

treatment with estrogen functions to potently co-activate ER-dependent transcriptional activities [126, 279]. 

There are no previous reports of ARNT1 interacting with AR to facilitate androgen-responsive transcription 

in this manner, however, as endogenous levels of ARNT1 are greatly increased in PC3AR+/SIM2s.myc 

cells (as discussed in Chapter 3), where elevated wt-AR transcriptional androgen responsiveness is 

observed (Figure 6 .14B), a possible interaction between ARNT1 and AR was examined. 

Immunohistochemical staining has shown endogenous AR to be nuclear in PC3AR+ cells [276], thus this 

possible interaction was first initially examined independently of androgen treatment. Immunoprecipitation 

(IP) of endogenous ARNT1 from whole cell extracts of PC3AR+±SIM2s.myc cells failed  t o  c o-IP 

endogenous AR (Figure 6.15A, lanes 2 & 4, panels i & ii). Nor was there evidence of an interaction 

between ARNT1 and transiently expressed wt-AR in PC3AR+/SIM2s.myc cells (Figure 6.15A, lane 7, 

panels i & ii), indicating that ARNT1 and AR do not interact in PC3AR+ cells in these conditions. Thus far, 

these data do not support a model for ARNT1 co-activation of AR-dependent transcription, however, the 

absence of an interaction could be due to the ‘defunct’ nature of endogenous AR in these cells, despite 

being nuclear [276], or due to the absence of androgen to promote translocation of wt-AR to the nucleus. 

SIM2 is a nuclear protein [48, 59, 60] and interestingly these studies reveal an interaction between 

endogenous nuclear ‘defunct’ AR and SIM2s.myc (Figure 6.15A, lanes 5 & 8). Transient expression of wt-
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AR in PC3AR+/SIM2s.myc cells slightly increases the total amount of detectable AR in whole cell extracts 

compared to the level of elevated endogenous AR in untransfected PC3AR+/SIM2s.myc whole cell extracts 

(Figure 6.15B, compare lanes 3 & 6, panel ii, indicative of 10% input). This slight increase is also reflected 

in the total amount of AR to co-IP with SIM2s.myc from wt-AR transfected whole cell extracts (Figure 

6.15A, compare lanes 5 and 8, panel ii). Whether this latter pool of AR includes wt-AR that interacts with 

SIM2s.myc independent of androgen cannot be specifically determined from this experiment. 

These data show that immunoprecipitation of SIM2s.myc using the anti-hSIM2s antibody (Figure 6.15A, 

lane 8, panel iii) is able to immuno-deplete endogenous ARNT1 (Figure 6.15B, lane 8, panel i), whereas 

immuno-depleteion of endogenous ARNT1 using an anti-ARNT1 antibody (Figure 6.15A, lane 7, panel i) 

does not deplete SIM2s.myc (Figure 6.15B, compare lanes 6 & 7, panel iii). This indicates that ectopic 

expression of SIM2s.myc is in excess to the (although enhanced) endogenous levels of ARNT1 in these 

cells. Thus, these results suggest that ARNT1 is predominantly interacting with SIM2s.myc in these cells, 

thus there would be little, if any, ARNT1 ‘available’ to interact with other proteins independent of SIM2s.myc.

Consequently, as all ARNT1 is equally immuno-depleted with anti-ARNT1 and anti-hSIM2s antibodies 

(Figure 6.15B, compare lanes 7 & 8 to anti-IgG control lane 6), but AR only co-IPs with SIM2s.myc which is 

in excess to ARNT1, these data suggest that in the absence of androgens the interaction between SIM2s 

and AR is independent of ARNT1. As endogenous AR in PC3AR+ cells is predominantly nuclear in the 

absence of ligand [276], as is SIM2s [60, 81] this interaction is likely to be nuclear, however, the amount of 

AR that SIM2s co-IPs is only a small fraction of the total levels of endogenous AR in PC3AR+/SIM2s.myc 

cells. Thus it would be interesting to ascertain not only if the AR-SIM2s ARNT-independent interaction is 

direct, but if it is enhanced, and/or is no longer ARNT-independent upon treatment with androgens. 

Although not strictly the same context, others have previously identified the requirement for estrogen ligand 

activation for the interaction between ARNT1 and ERα, but not between ARNT1 and ERβ [273], thus 
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indicating potential consequences of ligand activation of nuclear hormone receptors, such as AR and ER, 

that may facilitate the binding of ARNT1.  However, ligand activated fellow class I bHLH-PAS family 

member AhR has previously been shown to interact with AR in a manner intrinsic to AhR, also in an 

androgen independent manner [280] which appears to be consistent with the SIM2s-AR interaction 

observed here, and provides a precedent for the capacity of AR to interact with a class I bHLH-PAS factor 

such as SIM2s.

In summary, these results show that ectopic SIM2s is able to interact with endogenous AR independent of 

ARNT and androgens in PC3AR+ cells. However, determining the physiological relevance of this interaction 

and how it may impact on AR-signalling in vivo remain interesting lines of future study. As others have 

previously shown that AhR interacts with AR in an androgen-independent manner and functions to co-

activate AR-dependent gene expression [280], the androgen-independent interaction between SIM2s and 

AR, considered in light of the enhanced the activities of wt-AR in response to DHT treatment in 

PC3AR+/SIM2s cells (Figure 6.14B), suggests that SIM2s may also be able functioning as a co-activator of 

AR activities. 

6.2.1.4 Summary comments on a putative role for SIM2s in AR signalling in prostate cancer:  

Implications for tumour development 

An increase in the level of AR is a marker of aggressive prostate tumours and poor patient prognosis [270]. 

Likewise, increased SIM2s expression is also associated with aggressive prostate tumours and increased 

mortality rates [266-268]. However, no link between AR and SIM2s levels has been formally shown in the 

progression and disease outcome of prostate cancer.  Endogenous AR protein levels were observed to be 

enhanced in PC3AR+ cells upon ectopic expression of SIM2s and long (Figure 6.13 & 13). This increase in 

AR may be a result of increased AR gene expression as AR mRNA was observed to be upregulated in 
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PC3AR+/SIM2s.myc cells (Figure 6.12B), however, enhanced protein stability as a result of SIM2s.myc 

expression is another possible mechanism that may be contributing to enhanced AR levels that is yet to be 

examined. A number of studies collectively show that enhanced levels of AR gene expression, which is the 

only consistently up-regulated message to be associated with the development of antiandrogen therapy-

resistant tumours, and increased AR protein stability confers amplification the AR response to low levels of 

androgens [267], thus providing a mechanism for persistent AR-signalling in tumours post androgen-

ablation therapy. The molecular mechanisms that aid the transition from hormone ablation-therapy 

responsive tumours to therapy resistant ablation-depletion independent (ADI) tumours are yet to be fully 

characterised. Yet, stabilised AR, with a functional ligand binding domain, is found to be both necessary 

and sufficient for the conversion of hormone-sensitive prostate cancers to hormone-refractory stage 

tumours [81, 270].  Consequently, as this current work indicates that SIM2s may be regulating AR levels, by 

increased transcription and /or protein stability, in PC3AR+ cells, immediately highlights a possible role for 

SIM2s in prostate tumour development, and perhaps significantly a key role in the transition of tumours from 

the hormone-sensitive to hormone-refractory stage. 

Further work validating this relationship between SIM2s expression and upregulation of AR in a prostate 

tumour context is initially required to ascertain the significance of these findings in PC3AR+ cells. 

Examination of human prostate tumours pre- and post-androgen ablation therapy for potentially overlapping 

AR and SIM2 expression would go a long way to understanding if there is indeed a formal correlation 

between AR and SIM2s expression as markers of aggressive cancer [53, 82] with disease progression from 

androgen-sensitive to ADI tumours, and patient survival outcomes. These studies could even be extended 

to tumours and carcinoma derived cell lines of the breast, where conversely Porter and colleagues have 

shown the loss of SIM2s expression correlates to cell proliferation and tumour progression [281]. Perhaps 

consistent with the putative role for SIM2s in AR expression and function proposed here, loss of AR is also 
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associated with poor prognosis in triple-negative (Estrogen receptor/Progesterone receptor/Her2-neagtive) 

breast tumours (for review [281]). Moreover, AR overexpression and androgen-responsiveness in breast 

cancers shows anti-proliferative effects, and is associated with good prognosis [53], and again similarly, 

ectopic overexpression of SIM2s in breast cancer MDA-MB-435 cells also significantly reduces proliferation

and invasive potential [282]. This latter correlation is weakened by the very recent findings that the MDA-

MB-435 cell line has been misclassified and is actually derived from melanoma M14 cells and should no 

longer be regarded as a model cell system for breast cancer [283]. However, MDA-MB-435 cells are rich in 

AR, shares the same AR expression and localisation profile as the commonly used metastatic breast cancer 

cell line MDA-MB-231, and do show androgen responsive translocation of AR to the nucleus [53]. Although 

there are no reports of the effects in cell growth following knockdown of AR in these cells which may 

corroborate, ectopic expression of SIM2s in the SIM2s-negative MDA-MB-435 cell line [266, 268] may 

indeed still be affecting the AR-responsive pathway in these cells. 

There is a myriad of factors that may contribute to enhanced AR activities in ADI tumours other than hyper-

sensitivity to ligand due to increased expression levels [284], such as the upregulation of AR co-factors 

SRC-1 and TIF2 observed in the majority of recurrent prostate cancer samples [285], or functional EGF, 

KGF, IGF-1 [286] and Her2/neu [286] growth factor pathways which have all been shown to activate AR-

dependent transcriptional activities in absence of treatment with androgens in in vitro prostate cancer cell 

l ine systems.  The activation of AR independent of androgens in one study was attributed to 

phosphorylation of AR by Her2/neu-activated Akt [276]. The present study remarkably shows potently 

enhanced androgen responsive wt-AR-dependent transcriptional activities in PC3AR+ cells with ectopic 

expression of SIM2s (Figure 6.14B). This interaction, whether direct or not, between SIM2s and AR is 

independent of ARNT, highlighting the exciting possibility of a role for SIM2s in tumour promotion as an AR 
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co-activator. Moreover, and perhaps more significantly, the capacity of SIM2s to interact with AR is 

independent of androgens (Figure 6.15).  

6.3 Potential Cross-regulation of HIF1α and SIM2s in 

tumourigenesis

6.3.1 INTRODUCTION

The regulation of HIF1α protein levels has been extensively studied, and many mechanisms, both oxygen-

dependent, and oxygen-independent have been described [14, 23, 24]. Oxygen-dependent mechanisms 

were outlined previously in Chapter One (Introduction section 1.1.1). One mechanism of HIF1α  

stabilisation specific to protecting HIF1α from the oxygen-independent Hsp90-dependent pathway of 

proteasomal degradation, and not the oxygen-dependent the pVHL-pathway, is via a direct binding 

interaction with the ubiquitous class II bHLH-PAS common partner factor, ARNT [24]. This is the first study 

to describe a role for a fellow bHLH-PAS family member in the stabilisation of HIF1α. The ability of ARNT 

to stabilise HIF1α was found to be conferred by its capacity to heterodimerise with HIF1α via the HLH-PAS 

domain, thus interfering with the capacity of Hsp-90 to bind HIF1α [24]. Class I family members do not 

homodimerise nor heterodimerise within their class (for review [5]) and perhaps on this basis, there have 

been no reports of studies investigating the potential for class I family members to play roles in cross-

regulation at the protein level either via direct or indirect interactions, or as a downstream effect of cellular 

activities.  
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The following studies reveal for the first time a possible mechanism for the cross-regulation of class I family 

members HIF1α and SIM2s. Routine western blot analysis of SIM2s.myc and endogenous HIF1α levels in 

prostate cancer cell lines following hypoxic growth conditions, during experiments designed to assess 

BNIP3 levels in response to these treatments (as discussed in Chapter 5), revealed startling unexpected 

modulation of HIF1α levels, particularly in the PC3AR+ prostate carcinoma derived cell line, concomitant 

with changes in SIM2s.myc expression. As such, these findings warrant individual analysis separate to the 

discussion on SIM2s cross-regulation of BNIP3 with HIF1α in hypoxia (see Chapter 5). These results, 

although not conclusive, for the first time implicate SIM2s expression with the stabilisation of HIF1α, and in 

turn, suggest a potential role for stabilised HIF1α in the regulation of SIM2s. Close analyses of the following 

data suggest the existence of novel mechanisms of both HIF1α and SIM2s protein regulation, and moreover 

together indicates the possibility of cross-regulation of protein levels between fellow class I family members 

in an auto-regulatory loop fashion. The pursuant implications for SIM2s expression in HIF1α-dependent 

responsive pathways via enhanced HIF1α stability in tumourigenesis, and likewise, the implications of 

possible HIF1α-mediated regulation of SIM2s and the potential impact on the role of SIM2s in prostate 

cancer progression, will be discussed.

6.3.2 RESULTS & DISCUSSION

6.3.2.1 Total HIF1α protein levels are enhanced in some prostate carcinoma cell lines with ectopic 

expression of SIM2s in hypoxia.

Analysis of HIF1α protein levels was employed as a positive control marker for hypoxic growth conditions in 

prostate carcinoma cell lines for the hypoxic regulation of BNIP3 which is mediated by HIF1α [287] (refer 
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Figures5.8A, Chapter 5). Closer analysis of this control (data reproduced in Figure 6.16) revealed an 

increase in a lower molecular weight form of HIF1α (indicated with a blue arrow) in hypoxic whole cell 

extracts from DU145 and PC3AR+ cells with stable ectopic expression of SIM2s (Figure 6.16, panels a & 

g), but not in samples from LNCaP stable cell lines where only the expected (higher) molecular weight band 

for HIF1α was observed irrespective of ectopic SIM2s.myc expression (Figure 6.16, panel d). The 

presence of this second lower band enhanced the total levels of endogenous HIF1α detected from hypoxic 

DU145/SIM2s.myc and PC3AR+/SIM2s.myc cells, however, in PC3AR+/SIM2s.myc cells both the upper 

and lower bands for HIF1α were dramatically increased after 16h hypoxia compared to PC3AR+/Control 

cells (Figure 6.16, panels a & g, compared to αTubulin controls panels c & i, respectively). These data 

indicate that HIF1α may have enhanced stability in some cell lines with stable ectopic expression of SIM2s.  

These findings were consistent across three independent experiments which included the analysis of 

independently derived polyclonal cell lines, with and without, SIM2s expression for each prostate carcinoma 

derived cell line subjected to either normoxic or hypoxic (< 1% O2) growth conditions. A signal for HIF1α

was also detectable in PC3AR+/SIM2s.myc cells in normoxia, but not in Control cells (Figure 6.16, slight 

signal panel g, compare to αTubulin load control panel i, and Figure 6.17, DMSO treated samples, panel i). 

The dramatic enhanced hypoxic stabilisation in endogenous HIF1α protein levels in PC3AR+/SIM2s.myc 

cells is strikingly evident, again, from western blot positive control data for HIF1α expression in PC3AR+ 

cells treated for a prolonged period (44h) with the hypoxia mimetics DP and DMOG analysed in conjunction 

with hypoxia-induced cell death experiments as discussed in Chapter 5 (Figure 6.17, panel i, previously 

shown in part in Figure 5.14B, Chapter 5). Shorter (lighter) exposure of HIF1α immunoblots shows the 

presence of the lower molecular weight band in ‘hypoxic’ PC3AR+/SIM2s.myc samples (Figure 6.17, panel 

ii), which can be clearly seen in DMSO (vehicle control) treated PC3AR+/SIM2s.myc cells in approximately 

equal proportions to the expected size band (Figure 6.17, panel i). In Control stable cell lines, the DP and 

DMOG stabilised HIF1α is predominantly detectable at the expected (higher) molecular weight position, with 
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a slight band at the lower molecular weight. Likewise, the expected upper band for HIF1α is also 

predominant over the lower form in ‘hypoxic’ PC3AR+/SIM2s.myc cells. Although the exact ratios of each 

form of HIF1α in these samples is not quantified, there does not immediately appear to be a major 

difference in the forms of HIF1α stabilised upon ‘hypoxic’ treatment, just the overall amount, between 

Control and SIM2s expressing PC3AR+ cells (Figure 6.17, panels i & ii, compare to αTubulin loading 

control, panel iv). Interestingly however, the data do indicate in PC3AR+/SIM2s.myc cells that there is a 

shift in the ratios of the forms of HIF1α ‘stabilised’ in normoxia and those in ‘hypoxia’, namely the shift from 

approximate equal levels of each form in normoxia, to the predominant stabilisation of the higher molecular 

weight species in hypoxia (Figure 6.16, panel g, and Figure 6.17, panels i & ii). Similarly, the faint band of 

HIF1α detectable in DMSO treated PC3AR+/Control samples is predominantly the lower form, however, this 

shifts to being predominantly the higher molecular weight form upon treatment with DP or DMOG (Figure 

6.17, panel i). Taken together these observations may reflect changes in the post-translational 

modifications of HIF1α that occur in this cell line between oxygen-independent and oxygen-dependent 

mechanisms of regulation [288] and thus differences in the means by which HIF1α is then subsequently 

degraded, however this is far from being determined. The distinctive presence of a high molecular weight 

‘smear’ above HIF1α upon western analysis of DP and DMOG treated PC3AR+/SIM2s.myc whole cell 

extracts (Figure 6.17, panel i), although not specifically shown here, is likely to be indicative of 

ubiquitylation HIF1α as it is consistent with previous immunoblot data showing ubiquitinated HIF1α [24, 

289]. Therefore, this potentially shows a mechanism for SIM2s.myc-associated stabilisation of HIF1α via 

directly interfering with the proteasomal degradation and turnover of HIF1α,  but  perhaps not the 

ubiquitylation process itself. It would be interesting to examine the dependence of oxygen on this putative 

mechanism, specifically, if the apparent oxygen-independent stabilisation of HIF1α observed in normoxia in 

PC3AR+/SIM2s.myc cells is also working in concert with oxygen-dependent mechanisms of stabilisation in 
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hypoxia. In essence the question remains; is SIM2s implicated in one or multiple modes of HIF1α regulation 

irrespective of, or dependent on, cellular oxygen levels? 

6.3.2.2 Ectopically expressed SIM2s.myc protein levels decrease upon stabilisation of HIF1α.

As previously mentioned in Chapter 5, a dramatic reduction in the protein levels of SIM2s.myc were 

observed after 16 hours of cell growth in a hypoxic (<1% O2) chamber, compared to the levels found in cells 

grown in normal growth conditions in DU145, LNCaP and PC3AR+ cells, and unlike HIF1α stabilisation 

discussed above, independent of p53-proficiency (Figure 6.16, panels b, e & h, compare to αTubulin 

loading control, panels c, f & i. previously shown as part of Figure 5.8A). This observation is consistent 

with a previous report by others where the total protein levels of ectopically expressed carboxy-terminal myc 

tagged mouse homologues, mSim1 and mSim2Long, in 293T cells decreased in association with hypoxic 

growth conditions [13, 59]. In this study neither the mRNA levels nor half-life of mSim2L.myc protein 

changed with hypoxic treatment, thus the decrease in protein was attributed to general global reduction in 

translation found in hypoxia [59], however, it was not formally tested. Utilising the ‘hypoxia’ mimetics DP 

and DMOG to induce ‘hypoxia’, via the stabilisation of HIF1α through inhibition of hydroxylase and iron 

dependent mechanisms of HIF1α degradation, also results in a dramatic reduction in SIM2s.myc levels, 

compared to DMSO vehicle controls in PC3AR+ cells (Figure 6.17, panel iii, lanes 2, 4 & 6, compare to load 

control panel iv). This suggests that the loss of SIM2s protein levels may correlate more closely to the 

stabilisation of HIF1α, as opposed to general hypoxic reductions in translation. Indeed, these data may 

further support this notion as there appears to be a correlation between the level of HIF1α stabilised with 

each hypoxia mimetic, and the corresponding level of SIM2s.myc; specifically, HIF1α is stabilised to a 

greater extent following prolonged treatment with DP compared to DMOG treatment in PC3AR+/SIM2s.myc 

cells, and correspondingly, the levels of SIM2s.myc are much more reduced upon DP treatment, compared 

to that with DMOG (Figure 6.17, panels ii & iii, lanes 2 & 6). Together, these data may be providing an 
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intriguing novel insight into how HIF1α itself may be involved in the regulation of SIM2s protein levels. Much 

can be postulated regarding the potential manner by which SIM2s may be regulated downstream of HIF1α

stabilisation.  Possible mechanisms may include specific translational control of endogenous SIM2

mediated by events downstream of HIF1α stabilisation. However, this work indicates that any such 

mechanisms of specific SIM2 translation control would not be conferred via specific 3’ cap- and 5’ UTR-

binding events of regulatory proteins and microRNAs that together classically control translation and 

message stability (for reviews see [196]) as ectopically expressed SIM2s does not contain any of the 3’ or 5’ 

UTR sequences. Further possibilities may also include changes in the profile of post-translational 

modifications of SIM2s that may influence protein regulation.

6.3.2.3 Summary Comments on Putative Cross-Regulation of HIF1α and SIM2s: - Implications for 

Tumour Development 

High levels of HIF1α in prostate cancer are associated with tumour development and invasive potential via 

mediating processes such as angiogenesis [196].  Recent studies reveal that tumours with high HIF1α do 

not respond well to chemo- and radiation therapies and thus is there is high interest in investigating how 

HIF1α contributes to tumour progression, and the potential to target HIF1α for the development of alternate 

chemopreventative therapeutics [290-292].  In light of this, the finding that HIF1a is dramatically stabilised in 

some prostate carcinoma derived cell lines upon ectopic expression of SIM2s revealed from the current 

study immediately highlights another mechanism by which elevated SIM2s levels found in prostate tumours 

[81] may be contributing to the development of aggressive prostate cancer by enhancing the activities of the 

HIF1α -pathway in tumours.

Mechanisms that are independent of oxygen that may account for the stabilisation seen here 

PC3AR+/SIM2s.myc cells in normoxia and after prolonged ‘hypoxia’ include the VHL-independent 
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regulation of HIF1α by the chaperone Hsp90 mediated pathways [24, 289]. As pharmacological inhibition of 

Hsp90, with the antagonist geldanamycin (GA), promotes degradation of HIF1α due to loss of HIF1α-Hsp90 

interaction [24, 289], perhaps in the current context SIM2s.myc is acting directly, potentially via a direct SIM-

Hsp90 interaction [47, 293], or indirectly, as an agonist for Hsp90 thus promoting stabilisation of HIF1α. Or 

conversely SIM2s competes with Hsp90 to bind HIF1α in a similar bHLH-PAS-mediated manner as does 

ARNT1 to protect HIF1α from degradation [24] (as discussed Chapter 3). However, in this scenario a 

potential SIM2s-HIF1α interaction would be independent of ARNT1 as SIM2s.myc is in excess to ARNT1 in 

these cells (see IP data Figure 6.14), and moreover unlikely, as SIM2s and HIF1α are yet to be shown to 

interact directly. 

Loss of function of the tumour suppressor p53, commonly through mutation, is characteristic of 

approximately 30% of advanced prostate tumours and correlates to tumour progression, androgen-

independence and worsened prognosis [81]. Likewise, enhanced expression of SIM2s in prostate tumours 

is also associated with aggressive tumours and worsened prognosis [294].  It is interesting to note that the 

enhanced stabilisation of HIF1α concomitant with ectopic expression of SIM2s appears to only occur in the 

prostate carcinoma lines that are p53-deficient, namely DU145 and PC3AR+ cells, and not LNCaP cells 

which have fully functional p53 [295] (Figure 6.15). This observation immediately highlights a potential 

requirement for this mechanism for SIM2s-associated HIF1α stabilisation, explained as follows.  P53 

mediates oxygen-independent proteasomal degradation of HIF1α via the human double minute 2 (Hdm2)-

E3-ligase resultant of a direct binding interaction between p53 and HIF1α [296]. As such, this highlights the 

possibility that SIM2s expression is able to promote the stabilisation of HIF1α independently of oxygen in 

the absence of p53-binding mediated degradation of HIF1α via a mechanism by which HIF1α could not be 

otherwise stabilised when p53 is functional. Indeed, the requirement for the absence for p53 in this process 

could be initially assessed in the DU145 cell line which harbours a temperature sensitive form of p53, which 
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at 32°C it folds into the correct functional conformation [59]. Hence, if SIM2s expression no longer had 

associated enhanced levels of HIF1α upon induction of functional p53 in DU145 cells, in particular the 

enhanced levels of the lower molecular weight form of HIF1α, this would provide evidence of the 

involvement of p53 in attenuating the putative SIM2s-mediated mechanism of HIF1α stabilisation in an 

oxygen-independent manner.  Ultimately, examining if there is an enhancement of HIF1α stabilisation in the 

p53-deficient/high-SIM2s-expressing cl in ical  prostate tumour samples, i r respect ive of hypoxic 

microenvironments, compared to prostate tumours with low levels of SIM2s expression, with and without 

functional p53, would help define if the SIM2s/HIF1α/p53 relationship has any physiological relevance to 

tumour progression 
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CHAPTER 7

Final Discussion



CHAPTER  |  7

180

7.1   FINAL DISCUSSION 

Single-minded 2 (SIM2) is a member of the bHLH/PAS (basic Helix-Loop-Helix/Per-Arnt-Sim homology)

family of transcriptional regulators [5] and is one of two mammalian homologues of Drosophila SIM, a 

mediator of central nervous system (CNS) development [34]. Functions for SIM2 in mammals remain to be 

fully determined, however targeted deletion of SIM2 in mice, resulting in scoliosis, major disruptions in 

craniofacial structures and death shortly after birth due to a breathing defect [3, 58], demonstrates it plays 

important roles during development. Human SIM2 is located in the Downs syndrome critical region of 

chromosome 21 [38, 39], however, how this may affect the etiology of Downs syndrome is yet to be fully 

elucidated [86, 88, 90]. 

Alternative splicing produces a short (SIM2s) protein variant in mice and humans [38, 41]. The human 

SIM2s (hSIM2s) splice variant arises from an alternate read-through event into the last intron of SIM2, 

resulting in a 570 amino acid protein which contains only one of the two SIM2 repression regions and a final 

44 residues of unique C-terminal sequence [38]. How the minor divergence between C-termini of full length 

SIM2 (ie SIM2long, SIM2l), and SIM2s may confer alternate transcriptional activities or functions remain to 

be fully elucidated. 

SIM2 heterodimerises with the common bHLH/PAS partner factor, ARNT (aryl hydrocarbon receptor nuclear 

translocator) to bind DNA [47]. Most of the current understanding of SIM2/ARNT transcriptional activities 

comes from studies of the murine long isoform (mSIM2L). Cell based reporter gene assays have shown 

mSIM2L to mediate repression of transcription via carboxy-terminal repression domains [9, 34, 59]. Another 

repressive mode of SIM2 is by sequestration of ARNT from other bHLH/PAS transcription factors, a manner 
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by which SIM2 can interfere with function of the Hypoxia Inducible Factor-1α (HIF1α) [59]. Conversely, on 

some promoters the SIM2/ARNT heterodimer can activate transcription via the transactivation domain of 

ARNT [41, 48]. For example, we recently discovered that human SIM2s is able to activate transcription of 

the Myomesin 2 (Myom2) gene, via binding to a novel non-canonical E-box 5’-AACGTG-3’ sequence in the 

promoter, which we have termed the S2RE (SIM2 response element) [Chapter 1] [48].  Similarly, the 

murine homologue of hSIM2s, which overall shares 87% protein identity, yet only 20% in the unique C-

terminal region to hSIM2s, has also been shown to activate a CME (central midline element) (5’-TACGTG-

3’) driven reporter gene [41].  Thus it is apparent that SIM2 functions as both a transcriptional activator and 

repressor, however understanding how specificity of regulation is conferred in response to differing 

environmental or cell-signalling contexts, remains to be determined.

The expression status of SIM2s is emerging as an interesting candidate for a solid tumour marker. Select 

up-regulation of SIM2s has been identified in solid tumours of the pancreas, colon and prostate [43, 80, 81, 

91]. Although the focus has mainly been on SIM2s in these tumour types, SIM2L mRNA has also been 

found to be expressed in tumours and tumour derived cell lines of the pancreas [43] and in prostate tumours 

[81], but not in corresponding normal cell lines or benign tissue samples. Several independent microarray 

studies find SIM2 to be the second most consistently up-regulated gene in prostate tumours, while not being 

expressed in corresponding benign tissue, [81, 93, 94]. SIM2 over-expression in human pancreatic 

carcinoma samples and derived cell lines compared to normal ductal epithelium controls has also recently 

been found in the most comprehensive genome wide analysis to date [96]. Compellingly, Halverson et al

(2007) find elevated SIM2s protein levels significantly correlates to increased prostate tumour aggression 

and a dramatic drop in estimated survival, thus the authors propose SIM2s levels as a novel marker of 

aggressive prostate cancer. Studies by Narayanan and colleagues have strongly linked SIM2s expression 

with the survival of tumour derived cell lines of the pancreas and colon, where antisense mediated 
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knockdown of SIM2s in cell culture and mouse xenograft models results in cell death and a decrease in 

tumour size [43, 52, 80, 91]. Conversely however, SIM2s has recently been found to be repressed in breast 

cancer tumours [53]. In contrast to the colon and pancreatic tumour derived cell lines tested, loss of SIM2s 

in MCF-7 breast cancer cells correlates to cell survival via the activation of SLUG mediated EMT (epithelial 

mesenchymal transition) [53, 82]. Whether changes in SIM2s expression levels are required for tumour 

growth and/or tumour maintenance, and how SIM2s expression and transcriptional activities fit into the 

molecular profile of disease progression, is in need of further investigation.

This thesis sought to identify the molecular mechanisms by which aberrant levels of SIM2s 

expression in solid tumours of the prostate and pancreas may promote tumour development, thus 

providing a paradigm to gain greater knowledge and understanding of the transcription regulating

activities and functional roles of SIM2.  

One directed approach to addressing these aims was via investigating how the activities of SIM2s may be 

implicated in the known tumour promoting Hedgehog (Hh) signalling pathway as described in Chapter 6. 

Ectopic expression studies of mSim2L in the developing brain by Epstein and co-workers (2000) implied that 

the Sim family members may be involved in hedgehog signalling via the up regulation of the signalling 

ligand, Shh (sonic hedgehog).  Increased activity of the Hedgehog (Hh) signalling pathway is one of the 

mechanisms driving tumourigenesis in cancers of the pancreas, gastric tract and prostate (for recent reviews 

see [204, 218, 251]). Studies by others have found that aberrantly enhanced Hh-signalling is required for 

prostate and pancreatic tumour cell survival, and interestingly, that ectopic Shh expression was sufficient to 

promote tumourigenic transformation of cultured primary prostate cells and the formation of precursor 

lesions in the pancreata of mice [98, 100, 218, 219, 224, 229]. These are notably tumour types were SIM2s 

is also aberrantly up regulated [43, 80, 81, 93, 94]. Thus considered together, these observations invoked 
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the possibility that in prostate and pancreatic carcinomas, independently activated SIM2s may lead to 

activation of Hh-signalling via up-regulation of Shh levels, and if so would reveal a novel role for SIM2s in the 

genesis of these tumour types. This constituted the premise for one of the directed approaches to examine 

how SIM2s may play a role in these cancer types.  These studies are described in Chapter 6.  In vitro cell 

culture studies in human carcinoma derived cell lines of the pancreas and prostate did further 

support that SIM2s levels are closely linked to those of SHH, even at the endogenous level, and to 

Hh-pathway activation and/or maintenance, perhaps via indirect regulation of the activities of the Hh-

pathway mediators, the GLI family members. However, despite these initial findings an in vivo approach 

involving the development of transgenic mice for directed expression of human SIM2s in pancreatic 

precursor cells, like that developed for Shh that resulted in pancreatic tumour lesions [219, 247], failed to 

show any phenotype to indicate that aberrant expression of SIM2s is enough to initiate tumourigenic lesions 

in the pancreas. As found by Epstein and co-workers previously [71], these studies similarly suggested 

possible mechanisms of regulation of Shh by SIM2s and indeed the regulation of SIM2s by Shh and Hh-

signalling. The possibility that activated Hh-signalling may play a role in the regulation of SIM2s expression, 

perhaps at the transcriptional level via GLI activities, would help explain why SIM2s levels are aberrantly up 

regulated in these tumours. However, as the normally quiescent Notch pathway is also activated during 

PanIN development and shown to drive cancer growth [240, 297-299], an alternate mechanism of SIM2s

regulation may lie in possible tumour type specific Notch-signalling mediated mechanisms [62, 64, 66, 68, 

70], which in turn may require SHH [72].   

Knowledge of direct gene targets of SIM2 and the functional outcomes of their regulation in tumour cells are 

key to understanding how SIM2 may ultimately function in tumours where it is misregulated. It is interesting 

to note that human SIM2s-mediated repression of the SLUG gene in breast cancer cells has been recently 

reported [82]. Although the exact DNA-binding element required for SIM2s/ARNT was not defined, nor was 
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the mode of SIM2s-mediated repression, these studies did link SIM2s to the regulation of SLUG-mediated 

EMT (epithelial mesenchymal transition) [53, 82], a well characterised developmental mechanism emerging 

as a  driver of solid tumour growth and metastasis [300].  However, at the time the studies of this thesis 

were initiated no direct target genes of SIM2s had been identified and consequently there was no 

understanding about the molecular mechanisms or pathways through which SIM2s may be contributing to 

tumour cell survival

.

Aberrantly high SIM2s levels in human prostate carcinomas correlates to tumour aggression and worsened 

prognosis [81]. Thus in an attempt to further understand this correlation, and perhaps identify novel 

mechanisms by which SIM2s may function in all tumour types where it is up-regulated, the second directed 

approach to investigating this in the form of a target gene discovery project was embarked upon, as 

described in Chapter 4. Microarray analysis of differential gene regulation upon stable ectopic expression of 

SIM2s in prostate carcinoma cell lines, followed by independent validation experiments in multiple cell lines, 

lead to the identification of the HIF1α direct target gene, BNIP3 [174, 188, 301, 302], as a novel direct 

target of SIM2s repression (Chapter 5). These studies reveal SIM2s cross-talk on an endogenous 

HRE, for the first time, and attenuation of HIF1α activities in the regulation of BNIP3 as a possible 

novel mechanism for SIM2s in tumourigenesis. These studies couple a role for SIM2s in promoting 

tumour cell survival, consistent with reports by others [43, 91], and the direct SIM2s-mediated transcriptional 

repression of BNIP3 with the attenuation of hypoxia-induced cell-death processes, particularly hypoxia-

induced autophagic cell death, in prostate cancer PC3AR+ cells. During the course of these studies, new 

insights into the transcriptional regulation of BNIP3 in both normoxic and hypoxic conditions were reported. 

Interestingly, Tracy et al (2007) reported that the hypoxic induction of BNIP3 was also attenuated via direct 

pRB binding of E2F-1 on the promoter of BNIP3 which prevented hypoxia-induced autophagic cell death 

[187]. E2F-1 has been found to bind the promoter of BNIP3, together with HIF1α in hypoxia, and promotes 
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BNIP3 expression and consequently activation of cell death processes [187, 303]. Similarly, recently 

published works from Kirshenbaum and colleagues also report a novel transcriptional mechanism of BNIP3

silencing which results in the inhibition of ventricular myocyte and pancreatic carcinoma cell death via direct 

NFkappaB binding activities on the promoter of BNIP3 which inhibits E2F-1 DNA-binding [303-305]. It will be 

interesting to see from future work if, and how, the players of these independently identified and divergent 

mechanisms of transcriptional regulation of BNIP3 gene expression, including the novel findings from this 

thesis implicating SIM2, orchestrate the regulation of BNIP3 to ultimately control cell-death processes under 

conditions of cellular stress or in tumour development. Furthermore, identifying any co-regulatory SIM2-

binding protein(s) in the regulation of BNIP3 would also provide important novel insights into how SIM2 may 

mediate transcription in general, especially with respect to the potential for differential regulation by the two 

isoforms of SIM2.

In pursuit of experimentally addressing these two defined lines of investigation, several highly unexpected 

and unprecedented findings emerged that revealed unforeseen avenues of study which lead to the 

suggestion of novel roles and activities of SIM2, in particular SIM2s, in development and cancer. 

A striking unexpected finding of note was the observation of enhanced levels of endogenous HIF1α

protein in hypoxically treated human prostate DU145 and PC3AR+ cells stably expressing SIM2s, as 

discussed in Chapter 6. This observation is particularly interesting on several counts; firstly, no fellow class 

I bHLH-PAS factor has previously been reported to aid stabilisation of HIF1α. And secondly, SIM2s was 

still able to compete with this endogenous increase in HIF1α to repress BNIP3 via the HRE and attenuate 

its hypoxic induction. Much future work is required to determine if these preliminary data are indicative of 

cross-regulation between HIF1α and SIM2s levels in the cell, and if it is a mechanism that may ultimately 

help to promote tumourigenesis. However, considered together these findings support the notion of SIM2s-
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mediated modulation of HIF1α beyond the competition for target gene regulation. Namely, in conjunction 

with attenuating HIF1α-mediated cell death process via completion for BNIP3 regulation, SIM2s may further 

function to divert HIF1α activities away from provoking tumour death and towards facilitatating HIF1α-

mediated pro-tumourigenic processes such as angiogenesis to tumour growth via the stabilisation of HIF1α. 

These studies reveal potential multiple mechanisms by which SIM2s may modulate HIF1α activities to 

ultimately drive cancer growth, and will surely influence future work into SIM2s and HIF1α target gene 

regulation and function in cancer and indeed development.

Also unexpectedly, a nuclear receptor, the Androgen Receptor (AR), was found to be differentially up-

regulated upon ectopic expression the SIM2 isoforms in human prostate PC3AR+ cells, as described 

in Chapter 6. Moreover, endogenous Probasin promoter driven reporter gene studies showed that 

transiently expressed, DHT ligand activated, wtAR function was enhanced with SIM2s expression in these 

cells. AR was found to interact with ectopic SIM2s.myc, indicating for the first time that SIM2s may interact 

with other transcriptional regulators as a co-activator to enhance their activities. Unfortunately these 

putative regulatory relationships between SIM2s and AR did not extend beyond PC3AR+ cells in these 

studies, and thus it lies in future work to ascertain if these are to be found in prostate tumours, and if it 

provides insight into other mechanisms through which aberrant levels of SIM2s may promote prostate 

tumour growth. Searching the literature reveals interesting possible links between these unexpected results 

arising from studies of SIM2s in prostate tumour cells. For example; ChIP studies show in hypoxia HIF1α

binds the promoter of PSA (prostate specific antigen) with the AR to drive expression of PSA [196]. Also, 

treatment of prostate tumour derived cells with AR activating ligand DHT results in the up-regulation of HIF1 

target genes [306]. Thus perhaps SIM2s indirectly contributes to such mechanisms of gene regulation via 

the enhancement of AR and HIF1α protein levels, as observed in PC3AR+ upon stable ectopic expression 

of SIM2s, to also aid tumour development. 
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From what started as an intriguing observation, the study of the regulation of ARNT by the SIM family 

members, pursued due to the unprecedented premise of class I family member regulating the levels of the 

class II common partner factors, developed into a significant study of this thesis to reveal another incidence 

of SIM2s-mediated bHLH-PAS factor cross-regulation (Chapter 3). These novel findings suggest that 

SIM2s is intimately linked to the post-translational stabilisation and maintenance of ARNT1 and 

ARNT2 protein levels in carcinoma, and non-carcinoma, derived cell lines. Furthermore, SIM2s 

appears to also regulate ARNT2 message levels, and as SIM2s is found at the hARNT2 promoter, 

perhaps via mechanisms of induced transcription. Of particular significance from these studies is the 

observation that this regulation of ARNT appears to be specific to SIM family members, as ARNT1 

protein levels fail to increase upon induced expression and activation of AhR and HIF1α. Although possible 

modes of ARNT regulation by SIM are extensively discussed in Chapter 3, section 3.3, it remains for future 

work to define the specific molecular mechanisms by which SIM family members actually confer regulation 

ARNT. However, as studies thus far show that heterodimerisation with ARNT is requisite for class I family 

members to bind DNA and regulate gene transcription [5], these studies deeply implicate SIM in the 

regulation of bHLH-PAS (hetero)dimerisation, and consequently mechanisms of bHLH-PAS regulatory 

cross-talk and the potential to influence the activities and function of fellow family members. How this may 

contribute or influence bHLH-PAS-mediated developmental processes remains to be studied. In the 

context of tumour development however, perhaps SIM2 is not only moderating the activities of 

HIF1α on BNIP3 to promote tumour cell survival, but is also providing enhanced levels of ARNT for 

promoting HIF1α-mediated pro-tumourigenic processes such as angiogenesis. 

Despite SIM2 being essential for development and survival in mice [3, 58], and the more recent findings 

implicating differential regulation of SIM2s in the highly lethal tumours of the colon, pancreas, prostate and 
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breast contributing to tumour progression, aggression and cell survival [43, 52, 53, 80-82, 91, 93, 94, 96], 

very little is understood about the roles of SIM2 in development and disease. The predominant work of this 

thesis has revealed a novel direct target of SIM2s repression, the pro-cell death factor BNIP3, via cross-talk 

on the HRE, and consequently the promotion of tumour cell survival via the attenuation of hypoxically-

induced BNIP3-mediated cell death processes. Furthermore, unexpected roles for SIM2 in the regulation of 

the general partner factor ARNT also greatly implicates SIM2 in the regulation and functional modulation of 

all bHLH-PAS factors requiring ARNT in developmental and tumourigeneic processes. The work of this 

thesis provides novel findings that further our understanding of SIM2 as a transcriptional regulator, new 

knowledge of SIM as a cross-regulator of bHLH-PAS family members, and insights into a number of roles 

through which SIM2s functions to facilitate tumourigenesis.
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