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ABSTRACT 

 

REGULATION OF HEAT-INDUCED APOPTOSIS BY LOSS OF MIR-23A-
DEPENDENT CONTROL OF NOXA IN HUMAN CELLS AND ITS 

SUPPRESSION BY HSP70 
 

Rabih Roufayel Advisor: 
University of Guelph, 2015 Dr. Richard D. Mosser 
 

 

Protein damaging stress such as hyperthermia can activate a process of cellular 

destruction known as apoptosis. Exposure to hyperthermia can also induce the synthesis 

of heat shock proteins including HSP70, which can protect cells from stress-induced 

apoptosis. Apoptosis is controlled by pro- and anti-apoptotic members of the Bcl-2 

family. The pro-apoptotic BH3-only protein NOXA activates this death pathway by 

inhibiting the anti-apoptotic Bcl-2 family protein MCL-1. In this thesis we sought to 

investigate (i) whether Noxa mRNA levels are regulated post-transcriptionally by 

miRNA-mediated suppression, (ii) if expression of this miRNA is altered in heat stressed 

cells and (iii) if the effect of hyperthermia on expression of this miRNA is affected by 

HSP70 levels. We found that the miRNA miR-23a binds the Noxa mRNA 3’ UTR and 

suppresses translation. miR-23a has a short half-life, which is reduced in heat shocked 

cells leading to Noxa mRNA stabilization and increased NOXA protein expression. Cells 

overexpressing HSP70 contain elevated levels of miR-23a due to a reduced turnover rate. 

miR-23a levels remain elevated in HSP70 expressing cells exposed to hyperthermia and 

consequently NOXA protein levels are not increased and apoptosis is suppressed.  

This thesis also provides evidence that CDK5, an atypical cyclin-dependent kinase, 

regulates the expression of miR-23a. Hyperthermic treatment led to a loss of CDK5 



   

tyrosine-15 phosphorylation, which was prevented by HSP70 overexpression. Treatment 

with the CDK5 inhibitor roscovitine caused an increase in NOXA protein levels and 

sensitized cells to heat-induced apoptosis. The accumulation of NOXA was not due to an 

effect of CDK5 on the stability of NOXA since its half-life was not affected in 

roscovitine-treated cells or in cells expressing a dominant-negative CDK5. Instead, 

CDK5 inhibition resulted in a decrease in miR-23a levels causing Noxa mRNA levels to 

accumulate. Cells overexpressing miR-23a were found to be resistant to roscovitine 

induced cell death.  

 All together, these results indicate that HSP70 inhibits stress-induced apoptosis by 

maintaining miR-23a levels and thereby preventing NOXA accumulation. We suggest 

that HSP70 could be beneficial to tumor cells by helping to maintain the expression of 

oncogenic miRNAs under conditions of cellular stress. 
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CHAPTER 1: Review of the Literature 

 
1.1 General features of apoptosis 
 

Protein damaging stress, such as exposure to elevated temperature, can activate a 

process of cellular destruction known as apoptosis (Mosser and Morimoto, 2004). 

Apoptosis is a regulated form of genetically programmed cell death and has been 

recognized as an important part of cellular homeostasis in multicellular organisms (Kerr 

et al., 1972). It is an evolutionary conserved process that has a significant role in 

embryonic development and tissue homeostasis by eliminating unwanted, damaged, aged 

and misplaced cells (Borner, 2003; Hengartner, 2000; Meier et al., 2000). Regulated cell 

death was first discovered in 1842 as shrinkage necrosis, and later renamed apoptosis due 

to common morphological observations of dying cells (Kerr, 1965; Kerr et al., 1972; 

Meier and Vousden, 2007). In the first phase of apoptosis, known as the condensation 

phase, the cell undergoes chromosome condensation, shrinkage of the cytoplasm and 

nucleus and nuclear DNA fragmentation and membrane blebbing (Kerr et al., 1972; 

Taylor et al., 2008). The endoplasmic reticulum (ER), Golgi apparatus and mitochondria 

become disrupted (Taylor et al., 2008) and regulated proteolysis occurs (Kihlmark et al., 

2001; Yoo et al., 2008). The second stage of apoptosis involves phagocytosis and 

destruction of the apoptotic bodies by phagocytes followed by lysosomal digestion (Kerr 

et al., 1972; Vaux and Strasser, 1996). Once triggered, the apoptotic process can occur 

rapidly within minutes or a few hours followed by the rapid clearance of the apoptotic 

bodies by phagocytic cells (Hengartner, 2000). The degradative process is mediated by a 

family of aspartate-specific proteases called caspases that cleave structural proteins and 
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trigger the activation of endonucleases that are responsible for chromatin digestion (Vaux 

and Strasser, 1996). 

An alternative pathway leading to cell death is known as necrosis. This process 

occurs upon ATP depletion and severe cellular injury such as toxic insults or physical 

damage of the cell (Edinger and Thompson, 2004). This phenomenon is characterized by 

membrane disruption linked to the release of cellular debris into the extracellular space. 

Necrotic cells undergo some DNA fragmentation as a result of lysosomal disruption 

however this process occurs without cellular energy consumption (Edinger and 

Thompson, 2004). 

Throughout life, apoptosis is essential for the proper balance of rapidly renewing cells 

such as those of the hematopoietic system and intestinal epithelium, and for the 

eradication of irreparably damaged or potentially dangerous cells as seen in the immune 

system were unnecessary cells are removed after fighting an infection or become 

dangerous because their antigen receptors recognize self-tissue (Czabotar et al., 2014; 

Fadeel et al., 1999; Strasser et al., 2011). This physiological form of cell elimination is 

essential for embryonic development and for the removal of short-lived epithelial and 

immune cells as well as cells that have been damaged by adverse physiological 

conditions or viral infection. Moreover, apoptosis refers to physiological cell death 

caused by a variety of stimuli or conditions in multicellular organisms. As an example, 

apoptosis eliminates unnecessary interdigital cells during embryo formation. In humans, 

more than 60 billion cells are eliminated per day to maintain homeostasis as a balance to 

cell proliferation (Fadeel et al., 1999; Strasser et al., 2011). 
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Deregulated apoptosis is responsible for a large number of human diseases including 

neurological disorders and stroke where it occurs inappropriately and in cancer and 

autoimmune disorders in which it fails to occur (Fadeel et al., 1999). Mutations in genes 

regulating apoptosis have been implicated in a number of human diseases including 

cancer and neurological disorders (Liadis et al., 2005; Rohn and Head, 2009). Abnormal 

sensitivity or resistance to apoptosis is considered a major factor for a variety of diseases 

such as infection, ischemia and chronic pathologies such as neurodegenerative diseases, 

neuromuscular diseases, and AIDS (Cory and Adams, 2002; Green and Evan, 2002; 

Hotchkiss et al., 2009; Mattson, 2000; Rathmell and Thompson, 2002; Thompson, 1995). 

 
1.1.1 Regulation of apoptosis 
 

Apoptosis can be initiated from signals at the cell surface and by the sensing of 

damage within the cell. Activation of the extrinsic pathway is signaled by the binding of 

death ligands to cell surface associated death receptors. The intrinsic pathway involves 

the transmission of signals generated by cellular damage to the mitochondrial membrane 

where apoptotic regulatory proteins control the release of caspase activating proteins into 

the cytosol. Caspases are proteases that contain a cysteine residue within their catalytic 

domain (Riedl and Shi, 2004; Wolf and Green, 1999). These proteases are normally 

present in healthy cells as inactive pro-caspases that are activated by induced 

dimerization or by catalytic cleavage. The caspases are divided into two groups, the 

initiator and effector caspases, based on their mode of activation. The first group is 

activated by recruitment to adaptor proteins and consists of the initiator caspases 

(caspase-8, 9 and 10). This activation is promoted either by apoptosome-mediated 

(intrinsic pathway) or DISC-mediated (extrinsic) formation of a platform for initiator 
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caspase binding that results in their activation. The effector group of caspases (caspase-3, 

6 and 7) is activated by proteolytic cleavage by the activated initiator caspases. Initiator 

caspase cleavage allows the formation of the active site within the effector caspase 

molecule. The effector caspases are responsible for the cleavage of over a hundred 

intracellular substrates, which results in the dismantling of the cell (Taylor et al., 2008). 

The intrinsic pathway, also known as the mitochondrial pathway, is activated from 

signals within the cells such as oncogenic stress, viral infection or cytotoxic insults that 

damage DNA or protein molecules (Cory et al., 2003) (Figure 1.1). This pathway is 

triggered by stress-inducing stimuli that ultimately leads to the activation of the pro-

apoptotic members of the Bcl-2 family BAX and BAK (Adams and Cory, 2007). Anti-

apoptotic members of the Bcl-2 family regulate the intrinsic pathway by preventing BAX 

and BAK activation. The BH3-only members of the Bcl-2 family are capable of sensing 

cellular stresses and act to inhibit the ability of the anti-apoptotic Bcl-2 proteins to repress 

BAX and BAK activation (indirect model). Some BH3-only proteins have also been 

demonstrated to directly activate BAX and BAK (direct model). BAX (and BAK) 

activation leads to their oligomerization in the mitochondrial outer membrane resulting in 

the formation of pores through which pro-apoptotic proteins can escape to the cytoplasm.  

Cytochrome c released from mitochondria is responsible for apoptosome formation 

and caspase activation (Li et al., 1997). Cytochrome c binds to Apaf-1 (apoptotic protease 

activating factor 1) in the cytosol triggering conformational changes in the Apaf-1 

molecule, which promote its oligomerization into the apoptosome. Apaf-1 consists of a 

caspase recruitment domain (CARD), which allows the Apaf-1 to interact with 

procaspase-9, a linker region (WD-40), which binds to cytochrome c, and a CED-4 
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homologous domain, which contains two nucleotide-binding sites. In addition to 

cytochrome c binding, apoptosome formation requires the binding of dATP or ATP. 

Once the apoptosome has formed, the CARD domain of Apaf-1 acts to recruit 

procaspase-9 by an interaction with a CARD domain located within the pro-domain of 

procaspase-9. Binding of procaspase-9 to the apoptosome allows caspase-9 to adopt a 

catalytically active conformation (Zou et al., 1999). 

The extrinsic pathway (death receptor pathway) is activated by death ligands in 

response to binding to cell-surface death receptors on the cell. These receptors are 

members of the tumor necrosis factor receptor family (TNF) and includes the Fas 

receptor and the TNF receptor (Krammer, 2000). The death receptors contain 

intracellular death domains (DD) that serve as docking sites for DD domains within the 

adaptor protein FADD (Fas-associated death domain). A death effector domain (DED) on 

FADD can now attract and concentrate procaspase-8 on the activated receptor through an 

interaction with the DED domain in the pro-domain of the caspase-8. The formation of 

this complex, called the DISC (death-inducing signaling complex) results in pro-caspase-

8 processing and activation. The active caspase-8 is now able to process and activate the 

effector caspase, caspase 3,6 and 7, which ultimately leads to the death of the cell. In 

some cells, a weak activation of the DISC leads to a delayed cell death that results from 

caspase-8 mediated cleavage of the BH3-only protein BID to form tBID (Peter and 

Krammer, 2003). tBID is able to translocate and insert into the outer mitochondrial 

membrane where it can trigger BAX/BAK activation (Li et al., 1998). This mechanism 

allows crosstalk between the extrinsic and intrinsic pathways and permits the 
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amplification of a weak signal at the DISC to efficient apoptosis induction through 

cytochrome c release and apoptosome formation (Youle and Strasser, 2008). 

 

1.1.2 Bcl-2 proteins and the regulation of mitochondrial outer membrane permeability 

Stress-induced cell death is under the control of the Bcl-2 family of apoptotic 

regulators (Chipuk et al., 2010) (Figure 1.2). The pro-apoptotic Bcl-2 family members 

BAX and BAK oligomerize in the mitochondrial membrane of stressed cells forming 

channels that permit the release of cytochrome c (Figure 1.3). Anti-apoptotic members 

(Bcl-2, MCL-1, etc.) prevent the oligomerization of BAX and BAK. The BH3-only pro-

apoptotic members (Noxa, Puma, Bad, BAK, Bid, etc) act upstream of the anti-apoptotic 

members to inhibit their ability to block BAX and BAK activation. They do this by 

interactions between their BH3 domain and a hydrophobic pocket present on the anti-

apoptotic Bcl-2 proteins. Regulation of the Bcl-2 family occurs through transcriptional, 

translational and post-translational (phosphorylation, proteolytic processing, subcellular 

relocalization) mechanisms. 

The Bcl-2 (B-cell lymphoma 2) family proteins are key regulators of stress-induced 

apoptosis and display either pro-apoptotic or anti-apoptotic activities. The Bcl-2 gene was 

discovered at the site of a t(14:18) chromosomal translocation in B-cell follicular 

lymphoma (Tsujimoto et al., 1984). The translocation places the Bcl-2 gene (18q21) 

under the influence a strong immunoglobulin enhancer (14q32) resulting in its elevated 

expression. However, unlike other oncogenes, Bcl-2 did not promote cell proliferation 

when overexpressed in a growth-factor dependent cell line but instead promoted cell 

survival when growth factors were removed (Vaux et al., 1988). Bcl-2 gene knockout in 
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mice demonstrated that Bcl-2 function is essential for embryonic development and that 

animals lacking Bcl-2 showed a loss of mature B and T lymphocytes accompanied by 

abnormal kidney development (Kamada et al., 1995; Veis et al., 1993). 

The Bcl-2 family proteins are expressed in all cells and consist of 12 distinct 

members each encoded by a single copy gene, many of which are expressed in different 

isoforms. These proteins contain at least one Bcl-2 domain known as the BH domain and 

have been grouped into three classes depending on their mode of action during apoptosis. 

The anti-apoptotic members of the Bcl-2 family; Bcl-2, Bcl-xL, Bcl-W, MCL-1, and A1 

have 4 BH domains and play a role in maintaining the integrity of ER, mitochondrial and 

nuclear membranes. Most studies have concentrated on the effects that these proteins 

exert on the outer mitochondrial membrane. They contain a C-terminal hydrophobic 

domain, with the exception of A1, which functions to anchor them to the outer 

mitochondrial membrane (Er et al., 2006; Youle and Strasser, 2008). The BH1/2/3 

domains form a hydrophobic groove that serves as a receptor for the BH3 domain of the 

pro-apoptotic Bcl-2 proteins. All of these anti-apoptotic proteins function to inhibit the 

release of cytochrome c from the mitochondria. They do this by preventing the 

oligomerization of the pro-apoptotic members BAX and BAK in the outer mitochondrial 

membrane (Chipuk et al., 2010). 

The pro-apoptotic members include BAX, BAK and BOK. These proteins all contain 

3 BH domains and have a similar 3D structure as the anti-apoptotic Bcl-2 proteins 

(Chipuk et al., 2010). They are the major inducers of MOMP resulting in cytochrome c 

release (Antignani and Youle, 2006). BAX and BAK exist in an inactive monomeric state 

in healthy cells. BAX is predominately cytosolic while BAK is associated with the outer 
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mitochondrial membrane (OMM) through insertion of its transmembrane domain. The 

transmembrane domain in BAX is buried within a hydrophobic cleft containing the 

BH1/2/3 domains. Apoptotic stimulation results in conformational changes in BAK and 

BAX that result in the formation of homo-oligomeric channel forming structures in the 

OMM. In the case of BAX activation, a priming step is required that results in the 

exposure of the transmembrane domain and its insertion into the OMM. Pore formation 

results in mitochondrial outer membrane permeabilization (MOMP) and the release of 

pro-apoptotic factors such as cytochrome c and SMAC/DIABLO into the cytoplasm (Du 

et al., 2000). Activated BAX and BAK are inhibited from forming channels by the anti-

apoptotic Bcl-2 proteins. Oligomerization therefore requires the neutralization of these 

anti-apoptotic Bcl-2 proteins by the BH3-only proteins (Adams and Cory, 2007). 

The third group of the Bcl-2 family are the pro-apoptotic BH3-only proteins: Bid, 

Bad, Bim, Bik, NOXA, Puma, Hrk, BNIP1,2,3 and Bmf (Lomonosova and Chinnadurai, 

2008). They have very diverse structures and are related only by the presence of a single 

BH3 domain. This domain consists of an α-helix that is capable of binding to the 

hydrophobic groove composed of the BH1/2/3 domains found on the anti-apoptotic Bcl-2 

proteins. Various BH3-only members display specificity in their ability to interact with 

the various anti-apoptotic Bcl-2 proteins (Lomonosova and Chinnadurai, 2008) (Figure 

1.4). For example, NOXA binds only MCL-1 and A1 while Bad binds to Bcl-2, Bcl-xl 

and Bcl-w (Chen et al., 2005; Kim et al., 2006). In contrast, the more promiscuous Bim, 

Bid and Puma interact with all of the anti-apoptotic Bcl-2 proteins and have also been 

demonstrated to activate BAX and BAK directly (Kuwana et al., 2005) (Figure 1.5). The 

BH3-only proteins are differentially expressed in various cell types and are regulated at 
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the transcriptional and post-transcriptional level. Individual members can be activated by 

distinct stress signals and are believed to act as the sentinels of cell stress. 

Two mechanisms have been proposed for the activation of BAX and BAK by the 

BH3-only proteins (Adams and Cory, 2007; Chipuk et al., 2010). In the indirect model, 

BAX and BAK activation occurs only when the anti-apoptotic Bcl-2 proteins are 

inhibited by the BH3-only proteins. BAX/BAK oligomerization ensues when the anti-

apoptotic Bcl-2 proteins are no longer available to inhibit their oligomerization. The 

differential ability of certain BH3-only proteins to induce apoptosis when overexpressed 

can be explained by their differential ability to bind specific anti-apoptotic Bcl-2 proteins. 

Bim and Bid, which bind anti-apoptotic Bcl-2 proteins promiscuously, are potent 

inducers of apoptosis, while NOXA and Bad, which target only a subset of the anti-

apoptotic Bcl-2 proteins, are weak inducers of apoptosis. However, co-expression of 

NOXA and Bad effectively triggers cell death as this combination can target all of the 

anti-apoptotic Bcl-2 proteins. In the direct model it is proposed that certain BH3-only 

proteins (Bid, Bim) are capable of directly interacting with BAX/BAK and inducing a 

conformational changes that leads to their activation and oligomerization. Recent 

structural studies have identified a binding domain on BAX for the Bid BH3-domain that 

is distinct from the BAX BH1/2/3 binding pocket (Gavathiotis et al., 2008). In this 

model, Bid and Bim are potent inducers of apoptosis, not simply because they are able to 

interact with all of the anti-apoptotic Bcl-2 proteins, but because of their ability to 

directly trigger BAX/BAK activation. Other BH3-only proteins serve to displace 

Bim/Bid from inhibitory complexes with the anti-apoptotic Bcl-2 proteins freeing them to 

directly activate BAX/BAK. 



   

 
 
 

10 

 

 

1.1.4 Regulation of the BH3-only protein NOXA 

The Noxa gene was first identified as ATL-deprived PMA-responsive gene (APR) in 

adult T-cell leukemia (ATL) and human embryonic blood cells (Hijikata et al., 1990). 

The same gene was later identified in a search for genes involved in DNA damage-

induced apoptosis and named Noxa, which is Latin for damage (Oda et al., 2000). The 

HUGO approved name is PMAIP1 (phorbol-12-myristate-13-acetate-induced protein 1). 

The human Noxa gene is composed of three exons and two introns, which encodes a 54 

amino acid protein containing one BH3 domain (Wang and Sun, 2008) (Figure 1.6). The 

transcript encoding the NOXA protein consists of exon 1 and 3. Two splicing variants 

were shown to contain exon 2 and share only 19 amino acids with NOXA exon 1. 

However, both of these variants (NSV-1 and NSV-2) lack the BH3 domain and are only 

detected in cells treated with proteasomal inhibitors indicating their extremely short half-

life. The function of these two variants is unknown. Therefore, only transcript 1, 

containing exons 1 and 3, encodes the functional NOXA protein. 

Increased expression of Noxa occurs in response to several cellular stresses including 

DNA damage, hypoxia, proteasome inhibition and glucose deprivation (Ploner et al., 

2008) (Figure 1.7). Regulation of protein levels occurs primarily through transcriptional 

activation in the Noxa gene although posttranslational mechanisms also play a role (Alves 

et al., 2006; Lowman et al., 2010). A number of studies have examined transcription 

factor dependent regulation of Noxa gene expression. Initial studies demonstrated the 

essential role of p53 in the UV irradiation induced expression of Noxa in mouse 

embryonic fibroblasts (MEF) (Oda et al., 2000). The Noxa promoter contains a p53 
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response element and antisense Noxa mRNA treatment inhibited p53 dependent 

apoptosis. p73, a transcription factor belonging to the p53 protein family, also contributes 

to increased Noxa expression in response to DNA damaging stress (Flinterman et al., 

2005). In another study, Northern blotting showed Noxa mRNA induction upon γ-

irradiation in the spleen and thymus but mRNA levels were also elevated in the absence 

of p53 in transverse colon of adult mice, revealing that p53-independent mechanisms also 

control Noxa gene transcription (Fei et al., 2002). Noxa expression has also been shown 

to be induced in response to hypoxia and a hypoxia-responsive element has been mapped 

within the Noxa promoter (Kim et al., 2004). The hypoxia-induced expression of Noxa 

occurred in cells lacking functional p53. As well, over expression of the adenovirus early 

region 1A protein E1A in SH-SY5Y and Saos-2 cells, both of which express a non-

functional p53, resulted in Noxa mRNA induction (Flinterman et al., 2005). Finally, a 

role for the E2F1 transcription factor in regulating Noxa expression has also been 

demonstrated (Hershko and Ginsberg, 2004). The Noxa gene promoter has an E2F1-

binding site and expression by E2F1 was independent of p53. 

As a BH3-only member of the Bcl-2 family, NOXA functions in apoptosis induction 

by inhibiting the activity of specific anti-apoptotic Bcl-2 family members. Binding 

studies have demonstrated that NOXA is restricted in its interactions with association 

occurring only with MCL-1 and A1 (Chen et al., 2005). Mutations within the BH3 

domain of NOXA disrupt the interaction between NOXA and MCL-1 (Chen et al., 2005). 

NOXA is localized to the mitochondria in healthy and dying cells. A mitochondrial 

targeting domain was mapped to a region C-terminal to the BH3 domain (Seo et al., 

2003). Deletion of this region reduced its pro-apoptotic potential, however given the 
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small size of the protein (54 amino acids) and the close proximity of this domain to the 

BH3 domain it is possible that this deletion simply affected the proper folding of the BH3 

domain. A recent study found that NOXA is localized to the cytoplasm in healthy cells 

but becomes mitochondrial associated in response to glucose stress (Lowman et al., 

2010). Conversion of NOXA to the active mitochondrial-targeted state was dependent 

upon dephosphorylation of serine 13. This residue is constitutively phosphorylated by 

CDK5 in healthy growing cells but becomes dephosphorylated when cells are starved of 

glucose. The NOXA protein has a short half-life and treatments that inhibit proteasomal 

function result in NOXA accumulation and cell death (Baou et al., 2010; Qin et al., 

2005). The proteasome inhibitor bortezomib can induce cell death in chromic 

lymphocytic leukemia cells and this has been shown to occur through a stabilization of 

Noxa protein levels as well through transcriptional induction of the Noxa gene. This 

upregulation was found to be independent of p53 since bortezomib treatment caused 

Noxa mRNA and protein induction in both p53 wild type and p53-null melanoma cells 

(Fernandez et al., 2005). 

 

1.2 Heat shock proteins and the heat shock response 

The heat shock response was initially discovered in experiments examining puffing 

patterns in Drosophila polytene chromosomes (Ritossa, 1996; Ritossa, 1964). These 

puffs were later shown to be the sites of new gene expression and in the mid 1970s it was 

demonstrated by 35S-methionine labeling that exposure to hyperthermia induces the 

expression of a group of proteins, which became known as the heat shock proteins 

(Mirault et al., 1978). The heat shock response was found to be universal and the heat 
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shock proteins to be highly conserved from bacteria to man. A clue to their function was 

the finding that HSP70 assists in the translocation of proteins across intracellular 

membranes (Chirico et al., 1988; Deshaies et al., 1988). The heat shock proteins are now 

known to act as molecular chaperones. By binding to exposed hydrophobic stretches on 

newly synthesized, partially folded and unfolded proteins, the heat shock proteins prevent 

protein aggregation, assist in the attainment of the properly folded conformation, hold 

proteins in translocation competent states and present misfolded proteins to the 

degradative machinery (Kim et al., 2013; Young et al., 2004). The heat shock protein 

family consists of both constitutively expressed (HSC70), and stress-inducible members 

(HSP90, HSP70, HSP27). It is divided into 3 major groups that vary in their molecular 

weights and function. The HSP90 family (HSPC family) has a restricted set of client 

proteins and primarily functions to hold these proteins in an activation competent state. 

Typical HSP90 client proteins include numerous kinases and transcription factors 

including members of the glucocorticoid family of receptors (Taipale et al., 2010). 

HSP70 (HSPA family) will bind to any protein that displays an exposed hydrophobic 

segment. The constitutively expressed Hsc70 is an abundant protein in non-stressed cells 

and acts to assist protein folding and intracellular translocation of proteins. HSP70 is 

highly expressed only in stressed cells where it assists Hsc70 in the prevention of protein 

aggregation and in the refolding of the heat-damaged proteins. HSP27 (HSPB family) 

chaperone activity is regulated by heat-induced changes in phosphorylation and 

oligomerization. HSP27 binds to misfolding proteins and holds them in a folding 

competent state for transfer to the HSP70 folding machinery (Kim et al., 2013). 
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In addition to hyperthermia, a multitude of stress conditions capable of causing 

proteotoxicity will induce the heat shock response. This includes exposure to heavy 

metals, ethanol and sulfhydryl-reactive compounds. They are also overexpressed in 

disease states that are characterized by the accumulation of misfolded proteins including 

many pathological neurological disorders (Morimoto, 2008). Activation of the heat shock 

response is under the control of the heat shock transcription factor HSF1 (Pirkkala et al., 

2001). This transcription factor exists in an inactive monomeric state in non-stressed cells 

and responds to the presence of misfolded proteins by a conformational change that 

results in trimerization and acquisition of DNA-binding activity. Activated HSF1 binds to 

the concensus sequence GAAxxTTCxxGAA, which is found in the promoter region of all 

heat-induced genes. Additional modifications including changes in phosphorylation and 

sumoylation play a role in regulating HSF1 transcriptional competency and attenuation of 

the heat shock response. A role for the heat shock proteins in the attenuation process has 

been proposed (Voellmy and Boellmann, 2007). In this model, HSP90 and HSP70 

maintain HSF1 in the monomeric inactive state. Accumulation of a pool of misfolded 

proteins in cells experiencing proteotoxic stress diverts these molecular chaperones from 

HSF1 allowing it to attain the trimeric DNA-binding competent state. As new heat shock 

protein synthesis eventually leads to the refolding or removal of heat-damaged proteins 

the excess HSP90 and HSP70 are now free to repress HSF1 by maintaining it in the 

inactive monomeric state. 
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1.2.1 Mechanism of apoptosis induction in heat-stressed cells and its suppression by 

HSP70 

The heat shock response is an adaptive response that allows cells and organisms to 

cope with potentially lethal exposures to proteotoxic conditions. The induced synthesis of 

heat shock proteins that occurs when cells are challenged with a mild exposure to 

hyperthermia increases the pool of molecular chaperones that are available to prevent 

protein aggregation and loss of function during a subsequent exposure to elevated 

temperature. This state of increased heat resistance is called thermotolerance and many 

studies have shown that this is dependent upon the accumulation of heat shock proteins, 

particularly HSP70 and HSP27 (Li et al., 1995). This increased resistance of HSP70 and 

HSP27 overexpressing cells is due to the inhibition of stress-induced apoptosis (Mosser 

and Morimoto, 2004). How these proteins prevent apoptosis has been intensely studied 

and multiple points of intervention have been proposed (Milleron and Bratton, 2007; 

Mosser et al., 2000; Mosser and Morimoto, 2004). 

HSP70 has been demonstrated to act at multiple levels to suppress the heat-induced 

apoptotic signal. HSP70 overexpression prevents BAX activation, cytochrome c release 

and caspase activation (Mosser et al., 1997; Mosser et al., 2000; Stankiewicz et al., 

2005). In vitro studies have shown that HSP70 can inhibit apoptosome formation by 

interacting with Apaf-1 (Beere et al., 2000). However, the inhibition of apoptosome 

formation in vitro in this study has been attributed to the effect of the salt present in the 

purified HSP70 preparation (Steel et al., 2004). As well, in living cells overexpression of 

HSP70 was unable to prevent apoptosis in the presence of an overexpressed BAX that is 

constitutively targeted to the mitochondria or by treatment with a small molecule 
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activator of the apoptosome (Stankiewicz et al., 2005). However, another study has 

shown that HSP70 overexpression prevented cell death even after cytochrome c release 

had occurred and caspases were activated, although hyperthermia was not analyzed as the 

apoptosis-inducing treatment (Jaattela et al., 1998). A possible mechanism by which 

HSP70 blocks heat-induced BAX activation is through direct interaction with BAX. 

Although this has been shown in one study (Gotoh et al., 2004) another study 

(Stankiewicz et al., 2005) was unable to detect any appreciable co-immunoprecipitation 

of HSP70 with BAX. HSP70 could inhibit BAX activation by preventing the activation 

of the stress-activated kinase JNK. This kinase is activated in heat-stressed cells and 

HSP70 overexpression prevents heat-induced JNK activation (Gabai et al., 1997; Mosser 

et al., 1997). BAX pro-apoptotic activity has also been shown to be enhanced by JNK, 

which phosphorylates 14-3-3 proteins resulting in the release of BAX allowing it to 

translocate to mitochondria (Tsuruta et al., 2004). An affinity in situ trapping technique 

found that hyperthermia was able to specifically activate caspase-2 (Tu et al., 2006). 

Caspase-2 is an atypical initiator caspase that is not activated by Apaf-1 or the DISC but 

instead through an adaptor complex called RAIDD (Krumschnabel et al., 2009). 

Activation of the RAIDD complex is poorly understood. Of a number of stress conditions 

tested, caspase-2 was found to be activated specifically by exposure to hyperthermia. 

However, a recent study questions the validity of these results by demonstrating the 

absolute requirement of caspase-9 and Apaf-1 in heat-induced apoptosis (Shelton et al., 

2010). As well, another study showed that hyperthermia was capable of inducing 

apoptosis in the absence of any known initiator caspase suggesting the presence of an 

unidentified initiator caspase that is specifically activated by hyperthermia or the 
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activation of effector caspases without the requirement of an initiator caspase in heat 

shocked cells (Milleron and Bratton, 2006). An additional mechanism by which 

hyperthermia could activate apoptosis is by directly altering the conformation of BAX 

causing it to assume the mitochondrial-targeting and oligomerization competent active 

conformation. This has been demonstrated in in vitro experiments in which purified BAX 

was exposed to elevated temperature and then added to mitochondria where it was shown 

to induce cytochrome c release (Pagliari et al., 2005). The ability of the in vitro activated 

BAX to cause cytochrome c release could be inhibited by inclusion of purified Bcl-XL, 

an anti-apoptotic member of the Bcl-2 family, suggesting that an additional heat-sensitive 

step must be breached before apoptosis ensues. Whether elevated temperature can alter 

the conformation of BAX in living cells is not known. 

Hyperthermia could also act through changes in the expression or activity of the 

BH3-only proteins. Specific BH3-only proteins are able to sense distinct forms of cellular 

stress although whether any act as sensors of proteotoxicity has not been extensively 

analyzed. Exposure to hyperthermia has been shown to affect NOXA protein levels 

(Stankiewicz et al., 2009). While NOXA levels drop immediately after exposure to 

hyperthermia, they eventually become elevated to a level higher than the pre-heat shock 

level reaching a maximal level at the time that cells are actively undergoing apoptosis. 

Knockdown of NOXA by stable expression of a specific shRNA protected cells from 

heat-induced apoptosis (Stankiewicz et al., 2009). NOXA is known to bind to MCL-1 and 

this interaction is believed to repress the anti-apoptotic function of MCL-1. MCL-1 

protein levels are diminished in heat shocked cells, however NOXA knockdown or 

HSP70 overexpression prevents the loss of MCL-1 (Stankiewicz et al., 2009). Altogether, 
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this study suggests an important role for NOXA in heat-induced apoptosis, however the 

mechanism controlling the increased expression of NOXA in heat-shocked cells is not 

known. 

 

1.3 microRNA regulation of gene expression 

Gene expression can be affected post-transcriptionally by the action of a group of 

RNAs known as microRNAs. MicroRNAs were initially discovered in 1993 as 

endogenous~22 nucleotide (nt) regulatory ribonucleic acids (RNAs) in C. elegans (Lee et 

al., 2004a). Subsequently it was shown that single stranded RNAs were responsible for 

carrying out posttranscriptional repression of gene expression in diverse 3’ untranslated 

region (UTR) motifs in Drosophila melanogaster (Lee et al., 1993; Reinhart et al., 2000). 

Recent studies indicate that miRNAs act as tumor suppressors and their expression 

patterns are often altered in various types of cancers such as ALL (acute lymphoblastic 

leukemia) and AML (acute myeloid leukemia). These cancer cells also showed elevated 

progression upon miRNA deregulation (Wang et al., 2010). These short, non-coding, 

single stranded RNAs play extensive roles in gene silencing and control essential cellular 

processes including proliferation, development, gene expression, apoptosis and disease, 

including cancer (Bartel, 2004; Calin and Croce, 2006; Cimmino et al., 2005; Wang et 

al., 2010). Potential binding sites for miRNAs have been found in over 60% of human 

protein-coding genes. Moreover, each miRNA is predicted to have many mRNA targets 

indicating their extensive regulatory role in cell survival and developmental processes 

(Flynt and Lai, 2008). Their expression is often deregulated in a number of diseases 
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including cancer due to aberrant miRNA expression and/or processing (Lima et al., 

2011). 

1.3.1 miRNA biogenesis 

The mature miRNAs form hairpin transcripts that are processed into short RNAs 

ranging in size between 18-25 nucleotides (Figure 1.8). microRNA biogenesis involves a 

number of processing steps by RNase-III type enzymes in both the nucleus and 

cytoplasm (Ha and Kim, 2014). These short RNAs associate with Argonaute (Ago) 

proteins and form the RNA-induced silencing complex (RISC), a ribonucleoprotein 

complex mediating post-transcriptional gene silencing. The RISC complex regulates gene 

expression by guiding the complementary miRNAs to anneal to the 3’untranslated region 

of the target mRNA. This binding causes translational inhibition of the bound mRNA by 

the Ago protein and can also result in target mRNA destruction (Fabian et al., 2010; 

Hammond, 2006; Lagos-Quintana et al., 2001). 

Initially, miRNAs are transcribed as long pre-miRNAs of approximately 70 

nucleotides by RNA polymerase II/III to form primary miRNA (pri-miRNA) molecules, 

which are then cleaved by the ribonuclease, Drosha and the DGCR8 (DiGeorge critical 

region 8) protein, also known as Pasha in D. melanogaster. The cleaved pre-miRNAs are 

then released for cytoplasmic export by Exportin-5 (XPO5) in a complex with Ran-GTP 

to be processed by the Dicer to give rise to the mature ~22 nt miRNA (Yi et al., 2003). 

The mature miRNA product associates with the RNA-induced silencing complex and its 

core Argonaute (Ago2) protein component for loading onto the 3′ UTR of target mRNAs 

to mediate translational repression. This binding ensures translational inhibition of the 
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bound mRNAs leading to a reduction in their translation and eventual degradation (Greco 

and Rameshwar, 2007).  

 

1.3.2 miRNA regulation of apoptotic proteins 

miRNAs have recently been shown to regulate the expression of key apoptotic 

regulators including members of the Bcl-2 family. Expression of Bcl-2 is negatively 

regulated by both miR15-a and miR16-1 in chronic lymphocytic leukemia (CLL) 

(Cimmino et al., 2005). Expression of the anti-apoptotic protein MCL-1 is also regulated 

by post-transcriptional silencing. Binding of miR29b to the MCL-1 mRNA 3’UTR region 

was shown to be responsible for reduced MCL-1 expression. As well, overexpression of 

this miRNA triggered cell death through MCL-1 depletion (Mott et al., 2007). On the 

other hand, inhibition of miR29b expression provided resistance to apoptosis in H69 

cholangiocyte cell lines together with increased abundance of MCL-1 protein levels. A 

study carried out in transfected HEK293T cells showed that apoptosis was induced upon 

overexpression of the microRNA cluster encoding miR23a/27a24-2 (Chhabra et al., 

2009). Cell death was found to take place through both caspase-dependent and 

independent pathways. Binding of miR23 to the FADD 3’UTR was demonstrated using a 

reporter construct in this study. Hyperthermia has been shown to alter the expression 

profile of numerous miRNAs (Place and Noonan, 2014; Wilmink et al., 2010). Screening 

of miRNA microarrays revealed that 123 different miRNA transcripts were affected by 

exposure of cells to hyperthermia with both increased and decreased expression of 

various miRNAs occurring. Whether altered miRNA expression contributes to heat-

induced apoptosis is not known. 
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Many of these miRNAs including let-7 family, miR-15a/16, miR17-92 and miR-330 

have deregulated levels of expression in several types of cancer such as lung, colon, 

breast and prostate cancer, and are therefore considered to be promising targets for 

anticancer therapy (Bandi et al., 2009; Hayashita et al., 2005; Liu et al., 2010; 

Takamizawa et al., 2004).  In response to environmental stress p53 modulates a number 

of specific miRNAs at their transcription and processing level. Many cancers contain p53 

mutations located in a domain that is required for miRNA processing or transcriptional 

activation of miRNA containing genes (Suzuki et al., 2009). Therefore, loss of p53 

function could contribute to tumor progression by preventing stress-induced miRNA 

transcription and processing. Due to their overexpression in several human cancers, these 

miRNAs have been implicated as oncomirs, acting as tumor suppressors by preventing 

cancer progression (Hammond, 2006). 

 

1.4 CDK5  

The atypical proline-directed serine/threonine cyclin-dependent kinase 5 (CDK5) 

plays important roles in many cellular functions including cell motility and survival. It 

was initially identified as a neuronal cdc2-like kinase (nclk) that phosphorylates the 

lysine-serine-proline (LSP) motif of neurofilaments in vitro and shares 61% amino acid 

homology to human CDK2 (Hellmich et al., 1992). The activation of CDK5 is dependent 

on interaction with p35 (NCK5a, neuronal CDK5 activator), p39 (NCK5ai, neuronal 

CDK5 activator isoform of p35) or p25 (a proteolytic fragment of p35) (Lee et al., 1996; 

Lew et al., 1994; Tang et al., 1995; Tsai et al., 1994). These activators share a CDK5-

binding domain and form a tertiary structure similar to that of cyclins (Mapelli and 
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Musacchio, 2003; Tarricone et al., 2001). Upon activation, CDK5/p35 complexes 

localize primarily in the plasma membrane, cytosol and perinuclear region (Asada et al., 

2008). Although other CDKs are activated by cyclins, binding of cyclin D and E showed 

no effect on CDK5 activation (Lalioti et al., 2010). However, it has been shown that 

CDK5 can be activated by cyclin I which results in anti-apoptotic functions due to the 

increased expression of Bcl-2 and Bcl-xL (Brinkkoetter et al., 2009; Brinkkoetter et al., 

2010a). 

The effect of phosphorylation on CDK5 activity is dramatically different from that of 

other CDKs. Although phosphorylation on Tyr15 has an inhibitory effect on CDK1/2, 

Tyr15 phosphorylation of CDK5 has been reported to increase its enzymatic activity (Fu 

et al., 2007; Poon et al., 1997; Zukerberg et al., 2000). The most commonly used 

inhibitors for CDK5 are the purine-based compounds olomoucine and roscovitine (Meijer 

et al., 1997; Vesely et al., 1994). In addition to CDK5, these compounds also inhibit 

CDK1, CDK2, Erk1, and Erk2 although at somewhat higher doses than what is required 

to inhibit CDK5 (Bach et al., 2005; Galimberti et al., 2010; Knockaert et al., 2002; Liebl 

et al., 2011). 

 

1.4.1 Role of CDK5 in apoptosis 

CDK5 has been shown to play important roles in such vital cellular processes as 

apoptosis, proliferation, angiogenesis, and migration of neuronal and non-neuronal cells 

including lymphoid cells (Contreras-Vallejos et al., 2012; Studzinski and Harrison, 

2003). CDK5 levels are elevated in IPC-81 rat leukemia cells treated with cAMP, which 

triggers apoptosis in these cells (Sandal et al., 2002). However, overexpression of a 
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kinase dead (D144N) CDK5 inhibited cAMP-induced caspase-3 activation. MCL-1 was 

found to be associated with NOXA in B-CLL cells treated with the CDK5 inhibitor 

roscovitine.  RNAi-mediated knockdown of NOXA resulted in enhanced resistance to 

roscovitine-induced apoptosis (Hallaert et al., 2007). On the other hand, MCL-1 has been 

shown to be down-regulated in roscovitine-treated multiple myeloma cells due to the 

roscovitine-induced dephosphorylation of RNA polymerase II (MacCallum et al., 2005; 

Raje et al., 2005). NOXA is directly phosphorylated by CDK5 on serine 13, resulting in 

an inhibition of its pro-apoptotic activity (Lowman et al., 2010). Dephosphorylation of 

NOXA serine 13 in glucose-deprived cells resulted in NOXA dependent cell death 

(Lowman et al., 2010). De-regulated expression of CDD5 is associated with lung cancer 

since it regulates cell motility and metastasis (Liu et al., 2011). The effect of 

hyperthermia on CDK5 and the role that this plays in NOXA regulation has not yet been 

examined. Whether CDK5 activity is influenced by HSP70 in heat-shocked cells is also 

unknown. 

 

1.5 Research proposal 

This research proposal has three main goals. The first is to examine the mechanism 

controlling the expression of the BH3-only protein NOXA in heat shocked cells. The 

second is to determine the role of CDK5 in NOXA expression. The third is to determine 

whether microRNAs play a role in the development of thermotolerance.  Previous work 

has found that expression of NOXA is increased in heat-shocked cells (Stankiewicz et al., 

2009). Protein levels decrease immediately after exposure to hyperthermia but when 

these cells are then incubated at 37°C it increases to a level that is higher than the pre-
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heat treatment. Levels peak at 6 hours after exposure, which correlates with the time at 

which the cells are undergoing apoptosis. Noxa mRNA levels also increase during this 

time as measured by semi-quantitative RT-PCR. It was also found that cells expressing 

high levels of HSP70 do not accumulate significant levels of Noxa mRNA or protein after 

exposure to hyperthermia and consequently resist heat-induced cell death. My research 

will focus on addressing the mechanisms controlling the increased expression of Noxa 

mRNA in heat-shocked cells. Promoter mapping studies performed by a previous 

graduate student failed to identify a functional heat shock element in the Noxa promoter 

(Pniak, 2009).  

My hypothesis is that Noxa mRNA, and consequently protein levels, are maintained 

at low levels by constitutive miRNA-mediated Noxa mRNA degradation and /or 

translational suppression and that Noxa transcript levels rise when heat-shocked cells are 

incubated at 37°C due to the repressive effect of hyperthermia on the miRNA level or its 

association with the Noxa mRNA transcripts. I also speculate that HSP70 has a protective 

role in regulating the abundance of this microRNA such that HSP70 inhibits apoptosis by 

preventing the heat-induced loss of this microRNA. To address this, I propose to: 

1.  Identify potential miRNA binding sites in the Noxa mRNA 3’UTR. 

2.  Examine levels of this miRNA in control and heat shocked cells and compare them to 

that of Noxa mRNA.  

3.  Examine whether the changes in the abundance of this miRNA are affected when 

HSP70 is overexpressed. 
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4.  Screen a panel of human cancer cell lines to verify that the effects of hyperthermia on 

the miRNA and Noxa mRNA levels represents a general phenomenon and to identify 

cell lines with high and low levels of expression of the miRNA. 

5.  Stably overexpress the identified miRNA in a cell line that expresses low levels and 

express an shRNA targeting the miRNA in a cell line that expresses high levels in 

order to assess the effects of this on Noxa mRNA and protein levels and the response 

of these cells to heat-induced apoptosis.  

6.  Verify that the binding site in the Noxa mRNA 3’UTR is a bona-fide binding site for 

this miRNA by performing reporter assays in transiently transfected cells with 

plasmids containing the Noxa mRNA 3’UTR cloned downstream of the luciferase 

gene. 
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Figure 1.1 Intrinsic pathway of apoptosis.  
The intrinsic pathway shows an induction or post-translational activation of BH3-only 
protein upon induced stress, which results in the inactivation of some BCL-2 family 
members. This relieves inhibition of BAX and BAK activation, which in turn promotes 
apoptosis. BAX and/or BAK will be activated by BH3-only proteins. The pro-apoptotic 
Bcl-2 family members Bax and BAK oligomerize and undergo conformational changes 
in the mitochondrial membrane of stressed cells forming channels that permit the release 
of pro-apoptotic factor, cytochrome c, from mitochondria. Once released, activation of 
APAF1 into an apoptosome takes place followed by caspases-9 and-3 activation that 
ultimately causes the proteolytic dismantling of the dying cell. Figure adapted from 
Czabotar et al. (Czabotar et al., 2014). 
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Figure 1.2. Structure of the Bcl-2 protein family members. 
Bcl-2 family proteins comprise anti-apoptotic and pro-apoptotic members. The anti-
apoptotic members contain a hydrophobic cleft formed by the Bcl-2 homology domains 
(BH) 1-3. Pro-apoptotic members are subdivided into the multi-domain members BAX, 
BAK and BOK, which can oligomerize to form channels in the outer mitochondrial 
membrane of apoptotic cells. The BH3-only members are very dissimilar in sequence and 
structure except for the conserved BH3 domain. The hydrophobic cleft formed by the 
BH1-3 domain serves as a binding site for the BH3 domain of the BH3-only proteins. 
(TM = transmembrane domain). Figure adapted from Czabotar et al. (Czabotar et al., 
2014). 
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Figure 1.3. Schematic model of apoptosis regulation by Bcl-2 members protein 
family.  
Apoptosis is initiated by the oligomerization of Bax (or BAK) in the mitochondrial outer 
membrane, which causes the formation of a channel for the release of cytochrome c and 
other apoptogenic factors. The anti-apoptotic Bcl-2 family members inhibit Bax and 
BAK oligomerization. The pro-apoptotic BH3-only members of the Bcl-2 family are the 
direct sensors of cellular stress. They trigger cell death by either inhibiting the anti-
apoptotic Bcl-2 members or in the case of BIM and tBID by directly activating BAX and 
BAK. The BH3-only proteins are regulated by a number of mechanism included 
increased gene expression or posttranslational modifications.  
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Figure 1.4. Schematic model showing the binding specificity of different BH3-only 
proteins.  
Bim, Puma and tBid (Promiscuous members) are able to bind to all anti-apoptotic Bcl-2 
family members. On the other hand, Bad and Noxa (Selective members) bind only to 
certain anti-apoptotic Bcl-2 family members. Figure adapted from Adams and Corey 
(Adams and Cory, 2007). 

 
 

 
 

 
 

 



   

 
 
 

30 

 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
 
 
Figure 1.5. Comparison of the direct and indirect model of Bax and BAK activation.  
In the direct model, Bim and tBid acts as activator and bind to Bax and BAK directly to 
induce pore formation in the outer mitochondrial membrane that permits the release of 
cytochrome c. On the other hand, the remaining BH3-only proteins act as sensitizers and 
bind to the Bcl-2 members, releasing bound Bim and tBid and allowing them to directly 
activate BAK and Bax. The indirect model shows that BH3-only proteins do not bind 
directly to Bax and BAK, however they engage the anti-apoptotic proteins, causing the 
release of BAK and Bax. Some BH3-only proteins bind to specific anti-apoptotic Bcl-2 
family proteins (selective) while others bind to all anti-apoptotic Bcl-2 proteins 
(promiscuous). Figure adapted from Adams and Corey (Adams and Cory, 2007). 
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Figure 1.6 Noxa gene structure  
(A). Noxa gene structure, p53/myc/E2F binding sites and intron/exon nucleotide position. 
The coding sequences are shown in black with start and stop codons for Noxa (Adapted 
from Ploner, Kofler and Villunger, 2009). (B) Noxa mRNA splice variants. Translated 
sequences are shown in blue and yellow, the coding sequence for the BH3 domain is 
shown in yellow. Untranslated regions (UTR) are shown in white (5’ UTR on the left and 
3’ UTR on the right). Introns that are removed by splicing are shown as horizontal black 
lines. The right side represents the expected translated products and their respective size. 
Figure adapted from Ploner et al., (Ploner et al., 2008). 
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Figure 1.7. Induction of NOXA expression.  
Activation of Noxa transcription and protein expression can be initiated my various 
apoptotic and mitogenic signals.Bcl-2 family members MCL-1 and A1 can be inhibited 
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by the pro-apoptotic activities of Noxa, leading to Bax and Bax activation and MOMP. 
Figure adapted from Ploner et al., (Ploner et al., 2008). 
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Figure 1.8. The mechanism of miRNA transcription, processing, and regulatory 
activity.  
miRNA genes are transcribed by RNA polymerase II to form primary miRNA (pri-
miRNA) molecules, which is then cleaved by the ribonuclease, Drosha. The cleaved pre-
miRNAs i are then released for cytoplasmic export to be processed by the Dicer. The 
mature miRNAs product associates with the RNA-induced silencing complex for loading 
onto the 3′ UTR of target mRNAs to mediate translational repression. This binding 
ensures translational inhibition of the bound mRNAs leading to its reduction levels; 
moreover affecting their corresponding protein levels. Figure adapted from Ha and Kim 
(Ha and Kim, 2014). 
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CHAPTER 2 
 

The elimination of miR-23a in heat-stressed cells promotes NOXA induced cell 
death and is prevented by HSP70  

 
 
Rabih Roufayel, Donald S. Johnston and Dick D. Mosser 
Cell Death And Disease (2014) 5, e1546 
 
 
Statement of Contribution: I performed essentially all of the work in this chapter 

including stable transfection and selection of the PEER and U937 cell lines and all 

plasmid construction. The PErTA70 cell line was generated previously. Donald Johnston 

performed the Annexin V staining and flow cytometry shown in figures 3c and 4c using 

cells that I treated and collected. I also generated the results for the four supplementary 

figures. Figure 1A was generated by Dick Mosser. I wrote a draft version of the materials 

and methods section as well as the figure legends. The remainder of the manuscript was 

written by Dick Mosser. 

 
2.1 Abstract  

Protein damaging stress stimulates cell destruction through apoptosis, however non-

lethal proteotoxic stress induces an adaptive response leading to the increased synthesis 

of heat shock proteins, which inhibit apoptosis. In this study we sought to determine the 

mechanism responsible for the accumulation of the BH3-only protein NOXA in heat 

stressed cells and its prevention by the heat shock protein HSP70. Analysis of transcript 

levels by qRT-PCR revealed that miR-23a levels decreased in heat stressed cells and that 

this was correlated with an increased abundance of Noxa mRNA, which contains a miR-

23a binding site in its 3’ untranslated region. Cells overexpressing HSP70 had higher 

levels of miR-23a, maintained these levels after heat shock and accumulated lower levels 
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of Noxa mRNA and protein. The enhanced abundance of miR-23a in these HSP70 

expressing cells is primarily due to its increased stability although higher levels of 

pri/pre-miR-23a expression, nuclear export and maturation were also contributing factors. 

Stable overexpression of miR-23a in the acute lymphoblastic T cell line PEER resulted in 

reduced basal and heat-induced levels of Noxa mRNA and significantly inhibited heat-

induced apoptosis. Additionally, stable overexpression of an shRNA targeting miR-23a in 

U937 lymphoma cells produced stable knockdown of miR-23a and resulted in increased 

Noxa mRNA and an increased sensitivity to heat-induced apoptosis. These results 

demonstrate the novel finding that hyperthermia affects the abundance of a microRNA 

that targets the expression of a pro-apoptotic protein and that HSP70 protects cells from 

heat-induced apoptosis by regulating the abundance of this microRNA. We speculate that 

the inhibition of miRNA transcription in heat-stressed cells could represent a general 

mechanism for apoptosis induction that is regulated by the molecular chaperone protein 

HSP70. Furthermore, we propose that HSP70 could be beneficial to tumor cells by 

helping to maintain the expression of oncogenic miRNAs under conditions of cellular 

stress. 

 

2.2 Introduction 

Protein damaging stress, such as exposure to elevated temperature, can activate a 

process of cellular destruction known as apoptosis. Exposure to hyperthermia also 

induces the synthesis of heat shock proteins including HSP70 (HSPA1A), which can 

protect cells from stress-induced apoptosis (Beere, 2005; Mosser and Morimoto, 2004). 

Cell death is regulated by pro- and anti-apoptotic members of the BCL2 family (Czabotar 
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et al., 2014; Moldoveanu et al., 2014). The pro-apoptotic members BAX and BAK 

oligomerize and form channels in the mitochondrial outer membrane of stressed cells 

permitting the release of pro-apoptotic factors that result in caspase activation leading to 

the proteolytic dismantling of the dying cell. Anti-apoptotic members of the BCL2 

family; BCL2, MCL-1, BCL-XL (BCL2L1), BCL2A1, BCL-W (BCL2L2), prevent 

BAX/BAK oligomerization through direct physical interactions. The pro-apoptotic BH3-

only (BCL2 homology domain 3) proteins; BIM (BCL2L11), BAD, BID, NOXA 

(PMAIP1), and PUMA (BBC3), ultimately control cell fate by interacting with the anti-

apoptotic members and relieving their ability to suppress BAX/BAK oligomerization or, 

in the case of some (BIM, BID) by directly stimulating BAX/BAK activation. Although 

some BH3-only proteins can inhibit all anti-apoptotic BCL2 proteins, NOXA is only able 

to interact with MCL-1 and A1 (Chen et al., 2005). Both NOXA and MCL-1 have short 

half-lives and therefore their abundance can be rapidly altered in stressed cells 

(Perciavalle and Opferman, 2013; Ploner et al., 2008). NOXA, which is bound to the 

mitochondrial outer membrane, binds cytosolic MCL-1 leading to its phosphorylation, 

ubiquitination and proteasomal degradation (Craxton et al., 2012; Nakajima et al., 2014). 

This in turn frees BIM from MCL-1 sequestration enabling BAX/BAK oligomerization 

(Willis and Adams, 2005).  

Apoptosis in heat-stressed cells occurs through BAX activation (Pagliari et al., 2005; 

Stankiewicz et al., 2005). This is mediated in part by a NOXA-dependent depletion of 

MCL-1 protein that is regulated by HSP70 (Stankiewicz et al., 2009). Although NOXA 

protein levels initially drop after cells are exposed to hyperthermia they subsequently 

increase to levels greater than that of non-stressed cells (Stankiewicz et al., 2009). In this 
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study we sought to investigate whether this increase in NOXA protein levels is regulated 

post-transcriptionally by miRNA-mediated suppression. Since microRNAs are generally 

transcribed by RNA polymerase II, which is inhibited by hyperthermia (Dubois et al., 

1994; Winter et al., 2009) we reasoned that the increased expression of NOXA in heat 

stressed cells could be the result of decreased abundance of a microRNA targeting the 

Noxa mRNA. We demonstrate that miR-23a targets Noxa mRNA and that exposure to 

hyperthermia causes miR-23a levels to become depleted resulting in increased abundance 

of Noxa mRNA and protein levels leading to cell death. Cells overexpressing HSP70 

have elevated levels of miR-23a and its loss was less severe in heat stressed cells. As a 

result, these cells accumulated less Noxa mRNA and protein and consequently resisted 

heat-induced apoptosis.  

 

2.3 Materials and Methods 

2.3.1 Cell lines and treatments 

The PErTA70 cells with tetracycline-regulated expression of HSP70 (HSPA1) were 

described previously (Mosser et al., 2000) and are derived from the acute lymphoblastic 

T cell line PEER. A control miR expression plasmid and a miR-23a overexpression 

plasmid containing the pre-miR-23a sequence in the 3’UTR of a GFP reporter plasmid 

(pEZX-MR04) were obtained from GeneCopoeia (Rockville, MD). PEER cells stably 

overexpressing the control miR or miR-23a were generated by electroporation and 

selection with puromycin at 0.8 µg/ml (HyClone Thermo Scientific, Markam ON). Drug-

resistant clones were screened by flow cytometry using a Beckman Coulter FC500 

(Beckman Coulter Canada, Mississauga, ON). An shRNA targeting miR-23a (5’-
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ggaaatccctggcaatgtgat-3’) was constructed using pSUPER-puro (Oligoengine, Seattle, 

WA). A control shRNA plasmid was created by altering 5 nucleotides in the miR-23a 

targeting sequence (5’-gtacatccatggcactgtggt-3’). U937 cells stably expressing these 

plasmids were generated by electroporation and selection with puromycin at 0.025 µg/ml. 

Drug resistant clones were screened by PCR analysis of genomic DNA. Transient 

transfection of HeLa cells was performed using calcium phosphate precipitation. 

For heat shock treatments, suspension cells (PEER, U937) were pelleted and 

resuspended in fresh media (RPMI with 10% FBS and 10 mM HEPES pH 7.2; all media 

supplies were obtained from HyClone) at a concentration of 5x106 cells/ml in a 15 ml 

centrifuge tube and submerged in a circulating water bath at 43°C for 1 hour. The cells 

were either collected immediately after the heat shock treatment or transferred to cell 

culture flasks with fresh media to dilute the cells to 1x106/ml and incubated at 37°C for 

up to 9 hours. Adherent cells (HeLa, A498, HCT116) were grown in DMEM with 10% 

FBS and heated while attached to 10 cm culture dishes (with the addition of 10 mM 

HEPES pH7.2) that were wrapped in parafilm and floated on top of the water surface of a 

circulating water bath.  

Nuclear export of miR-23a was examined by qRT-PCR in detergent lysed cells. 

Following treatment, cells were collected by centrifugation, washed twice with cold PBS 

and resuspended in 500 µl of a hypotonic lysis buffer (20mM Tris-HCl, pH 7.5, 10mM 

NaCl, 3mM MgCl2). After incubation on ice for 15 minutes 25µl 10% NP40 was added 

and the samples were vortexed at high speed for 10 seconds. The lysates were separated 

into a nuclear pellet fraction and a cytosolic supernatant fraction by centrifugation at 

3,000 rpm for 10 minutes at 4ºC. The pellet fraction was washed by resuspension in 500 
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µl hypotonic lysis buffer and centrifuged again. RNA was then isolated from each 

fraction.  

 

To measure RNA stability cells were pelleted and resuspended in fresh media (RPMI 

with 10% FBS and 10 mM HEPES pH 7.2) at a concentration of 1x106 cells/ml. 

Actinomycin D (Sigma-Aldrich, Oakville, ON) was added to a final concentration of 1 

µM and the cells were incubated at 37ºC for up to 4 hours. Cells were collected each hour 

(or every 30 minutes for heat shocked cells) by centrifugation, washed with PBS, and 

RNA was isolated. 

 

2.3.2 RT-PCR and qRT-PCR 

Cells were collected by centrifugation, washed with PBS, and RNA was isolated 

using TRIzol® Reagent (Invitrogen-Life Technologies, Burlington, ON). RNA was 

quantified by Nanodrop and cDNA was synthesized from 5 µg of RNA using an 

oligo(dT) primer and SuperScript II Reverse Transcriptase kit in a total volume of 19 µl 

(Invitrogen-Life Technologies). For the miR-23a results shown in figure 1B, RNA was 

first treated with poly(A) polymerase (New England Biolabs, Pickering, ON) before 

reverse transcription and PCR analysis using primers: miR-23a-fwd: 5’-

ccgccgggatccacggccggctggggttcc-3’; miR-23a-rev: 5’-ccgccgaagcttcagagctcagggtcggttgg 

-3’. For the detection of pri-miR-23a~27a~24-2 (figure 5A), RNA was reverse 

transcribed with the gene specific primer: 5’-aaccccacccaccacatccctcctccagac-3’, 

followed by PCR using primers: pri-fwd: 5’-ccctgttcctgctgaactgagccagtgtac-3’, pri-rev: 

5’- cgcccggtgcccccctcacccctgtgccac-3’. PCR was carried out using GOTaq® Flexi DNA 
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Polymerase (Promega, Madison, WI) with the following gene specific primers. NOXA-

fwd: 5’-tgttcgtgttcagctcgcgt-3’; NOXA-rev: 5’-agcacactcgacttccagc-3’; miR-23a-fwd: 5’-

ctggggttcctggggatg-3’; miR-23a-rev: 5’-ggtcggttggaaatccctg-3’; PUMA-fwd: 5’-

gacctcaacgcacagta-3’; PUMA-rev: 5’-ctaattgggctccatct-3’; HSP70-fwd: 5’-

ttccgtttccagcccccaatc-3’; HSP70-rev: 5’-cgttgagccccgcgatgaca-3’; GAPDH-fwd: 5’-

cccctggccaaggtcatccatgacaacttt-3’; GAPDH-rev: 5’-ggccatgaggtccaccaccctgttgctgta-3’). 

Each 25 µl reaction contained 10 µM primers and 1 µl cDNA in 1x GOTaq® Flexi 

buffer. All PCR reactions were 30 cycles except for miR-23a, which was 35 cycles. PCR 

products were mixed with RedSafe dye (FroggaBio, Toronto, ON) analyzed by agarose 

gel electrophoresis and imaged using a Bio-Rad ChemiDoc™ XRS+ imaging system 

(Bio-Rad, Laboratories, Mississauga, ON).  

For qRT-PCR, cDNA was synthesized from 0.017 µg purified RNA and random 

primers using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems-

Life Technologies). qPCR was performed using PerfeCTa® FastMix®II from Quanta 

Biosciences and the Applied Biosystems StepOnePlus real-time PCR instrument at the 

University of Guelph Advanced Analysis Centre. Primer-specific amplification 

efficiencies were determined by constructing a standard curve of serially diluted cDNA. 

For each sample, the relative amount of starting template was determined by calculating 

the DDCt after correcting the Ct values for expression of RPL4. Primers used for qPCR 

were: miR-23a-fwd: 5’-ctggggttcctggggatg-3’; miR-23a-rev: 5’-ggtcggttggaaatccctg-3’; 

NOXA-fwd: 5’-gctggaagtcgagtgtgcta-3’; NOXA-rev: 5’-ggagtcccctcatgcaagtt-3’; RPL4-

fwd: 5’-gctctggccagggtgcttttg-3’; RPL4-rev: 5’-atggcgtatcgtttttgggttgt-3’). Note that 

these miR-23a primers will detect both pri and pre-miR-23a. To measure the relative 
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abundance of mature miR-23a, we used a stem-loop qRT-PCR strategy as described by 

Kramer (Kramer, 2011). The RT reaction was performed using the stem-loop primer 5’-

gtcgtatccagtgcagggtccgaggtattcgcactggatacgacggaaat-3’. Primers for qPCR were: mature 

miR-23a-fwd: 5’-gagcgggatcacattgcca-3’; mature miR-23a-rev: 5’-

ccagtgcagggtccgaggta-3’. 

 

2.3.3 Immunoblotting 

Control and heat-shocked cells were collected, lysed and immunoblotting performed 

as described previously (Stankiewicz et al., 2005). The following antibodies were used 

for immunoblotting: Actin (ACTN05: NeoMarkers, Fremont, CA), Caspase-3 (BML-

SA320: Enzo Life Sciences, Farmingdale, NY), HSP70 (C92F3A-5: Enzo), NOXA 

(114C307.1: Enzo). Following exposure of the blots to film, the images were scanned and 

analyzed using Image J software. 

 

2.3.4 Luciferase reporter assays 

Reporter plasmids were created using the psiCHECK-2 plasmid (Promega) into 

which was cloned the Noxa mRNA 3’UTR from genomic DNA using primers: fwd: 5’-

gactagctcgagtgactgcatcaaaaacttgcatgagg-3’, rev: 5’-

cacagtgcggccgcaattaaagtgtaagtcccttgagag-3’ (the complimentary genomic sequence is 

underlined) downstream of the Renilla luciferase coding sequence. A mutant version was 

constructed in which the miR-23a binding site was altered by site-directed mutagenesis 

replacing the sequence 5’-aatgtgaa-3’ with a BstEII site 5’-tccactgg-3’. HeLa cells were 

transiently transfected by calcium phosphate precipitation using 5 ng of reporter plasmid 
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and 10 µg of either the GeneCopoeia miR-23a overexpression plasmid or the control 

miRNA plasmid. Cells were harvested 20 hours after transfection and lysed in 60 µl of 

passive lysis buffer. Renilla and firefly luciferase activity was measured with the Dual-

luciferase reporter assay system (Promega) in a Turner Instruments luminometer. Renilla 

values were standardized to the firefly activity to account for transfection efficiency.  

 

2.3.5 Apoptosis measurements 

Annexin-V staining was performed using a Beckman Coulter FC500 flow cytometer 

on cells stained with Annexin-V, Alexa Fluor® 647 Conjugate (Life Technologies). 

Caspase-3 activity assays were performed by measuring the cleavage of DEVD-AMC 

(Enzo Life Sciences) in cell extracts using a BioTek fluorescence plate reader as 

described previously (Stankiewicz et al., 2005). The relative fluorescence units of AMC 

released/minute/µg of protein were calculated for each sample and are plotted relative to 

the non-stressed parental cell line being set to a value of one. 

 

2.4 Results 

We examined the expression of NOXA protein by western blotting in an acute 

lymphoblastic T cell line (PEER) with tetracycline-regulated expression of HSP70 

(PErTA70). As described previously (Stankiewicz et al., 2009), NOXA protein levels are 

initially reduced in non-induced cells exposed to hyperthermia (43°C for 1 hour), most 

likely due to inhibition of transcription and translation in the heat-stressed cells and the 

short half-life of the protein. However, these levels increase when the cells are incubated 

at 37°C reaching a level 2.4-fold greater than that of the control cells (Figure 2.1A and 
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supplemental figure 1). The increase in NOXA protein levels corresponds to the time that 

the cells undergo apoptosis as seen by cytochrome c release, BAX activation, caspase-3 

cleavage and activity, and loss of cell viability (Mosser et al., 2000; Stankiewicz et al., 

2009). In cells overexpressing HSP70 the level of NOXA that was regained during 

incubation at 37°C did not exceed the basal level and these cells had much less caspase-3 

cleavage (Figure 2.1A and supplemental figure 1) as well as other indicators of apoptosis 

(Mosser et al., 2000; Stankiewicz et al., 2009).  

We next performed semi-quantitative RT-PCR to determine whether the 

accumulation of NOXA protein was due to increased mRNA expression (Figure 2.1B). 

Cells that were not induced to express HSP70 appeared to accumulate more Noxa mRNA 

than did the HSP70 expressing cells. Quantification of these results revealed a 2.5 fold 

increase in Noxa mRNA levels in the non-induced cells compared to a 1.4 fold increase 

in the HSP70 expressing cells (supplemental figure 2). We next used the more 

quantitative qRT-PCR technique to more accurately gauge the changes in Noxa mRNA 

expression (Figure 2.1C). Levels of Noxa mRNA increased approximately 30 fold in the 

non-induced cells but only about 2 fold in the HSP70 expressing cells. The pattern of 

Noxa mRNA and protein expression in heat shocked cells suggested the possible 

involvement of microRNA mediated suppression, which prompted us to examine the 

Noxa mRNA 3’ UTR for miRNA binding sites. A potential binding site for miR-23a was 

identified within the Noxa 3’ UTR sequence (position 100-107 relative to the stop codon) 

using the miRNA-target prediction database Targetscan. Analysis of miR-23a expression 

by RT-PCR and qRT-PCR revealed that levels were inversely correlated with that of 

Noxa mRNA in the heat shocked cells (Figure 2.1B and D). Surprisingly, HSP70 
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expressing cells had elevated levels of miR-23a and maintained higher levels after heat 

shock exposure than did the non-expressing cells.  

 

Since the qRT-PCR analysis shown in figure 2.1D measured levels of the pri and pre-

miR-23a transcripts we also examined whether a similar pattern was observed for the 

mature miR-23a by using a stem-loop qRT-PCR strategy (Figure 2.1E). The relative 

levels of mature miR-23a were nearly identical to that of the pri/pre-miR-23a transcripts. 

The percentage of mature relative to total (pri/pre + mature) was approximately 36% for 

both the non-induced and the HSP70 expressing cells prior to heat shock treatment. By 6 

hours after heat shock the percentage of mature transcripts was reduced to 26% in the 

non-induced cells but was not changed in the cells expressing HSP70. This suggests that 

hyperthermia has a modest affect on the maturation of miR-23a, but a much more 

significant impact on its level of expression.  

To rule out the possibility that the changes in Noxa and miR-23a expression observed 

in the induced PErTA70 cells were mediated by doxycycline and not HSP70 we treated 

the parental cell line PErTA (which expresses the reverse tetracycline controlled 

transactivator protein rtTA) with doxycycline for 24 hours and measured Noxa mRNA 

and miR-23a transcript levels by qRT-PCR in control and heat shocked cells (Figure 

2.1F, western blotting data for NOXA protein are shown in supplemental figure 3). Heat 

shock treatment increased Noxa mRNA and decreased miR-23a levels in a manner 

similar to what was observed in the non-induced PErTA70 cells. This pattern was not 

altered by doxycycline treatment indicating that the effects shown for the induced 

PErTA70 cells are attributable to HSP70. 
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We next used semi-quantitative RT-PCR to determine whether a similar pattern of 

miR-23a and Noxa mRNA expression occurred in other cells exposed to hyperthermia 

(Figure 2.2A). Although basal and heat-induced levels of expression varied for each of 

the human cancer cell lines, in every case heat shock treatment resulted in an increase in 

Noxa mRNA and a corresponding decrease in miR-23a levels. The increased abundance 

of Noxa mRNA was accompanied by an increase in NOXA protein levels in each of the 

heat-shocked cells with the exception of U937. We also examined the temporal changes 

in Noxa mRNA and miR-23a levels in HeLa cells exposed to 43°C for 1 hour and then 

incubated at 37°C for up to 9 hours (Figure 2.2B). Again, an inverse correlation between 

levels of Noxa mRNA and miR-23a was observed.  

To directly determine whether miR-23a regulated Noxa mRNA levels, we transiently 

transfected HeLa cells with a miR-23a expression vector or a non-targeting miRNA (C-

miR) vector and performed RT-PCR (Figure 2.2C). Overexpression of miR-23a 

substantially reduced the abundance of Noxa mRNA and protein but not Puma mRNA, 

which does not contain a miR-23a binding site within its 3’UTR. Additionally, we 

transiently transfected HeLa cells with a plasmid encoding an shRNA targeting the miR-

23a sequence and found that this resulted in an increase in Noxa mRNA and protein 

abundance (Figure 2.2D). Transfection with a mutant version of this plasmid in which 5 

nucleotides in the miR-23a targeting sequence were altered had no effect on the levels of 

miR-23a or Noxa mRNA and protein. Finally, we cloned the Noxa 3’UTR sequence from 

human genomic DNA and inserted it into a luciferase reporter plasmid (psiCHECK-2) for 

transient co-transfection assays with the miR-23a expression plasmid or a control non-

targeting miRNA. We also created a mutated version of the Noxa 3’UTR reporter 
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plasmid in which the miR-23a binding site was altered by site-directed mutagenesis. In 

transiently transfected HeLa cells we observed a 65% reduction in luciferase activity 

from the Noxa 3’UTR reporter plasmid when miR-23a was overexpressed (Figure 2.2E). 

Also, deletion of the miR-23a binding site from the Noxa 3’UTR resulted in a 4 fold 

increase in luciferase activity that was unaffected by miR-23a expression. Together, these 

data demonstrate that miR-23a is capable of binding the Noxa mRNA 3’UTR resulting in 

a reduction in Noxa mRNA levels.  

In order to assess the consequences of miR-23a expression on resistance to heat-

induced apoptosis, we created stably transfected cell lines overexpressing miR-23a using 

the same parental cell line (PEER) that was used to create the HSP70 overexpressing cell 

line. A stable clone expressing the control miRNA was also created. Analysis of miR-23a 

levels by qRT-PCR showed a 100 to over 1000-fold elevation in miR-23a levels in the 

three overexpressing clones (Figure 2.3A). These cells had correspondingly decreased 

levels of Noxa mRNA. Exposure to hyperthermia reduced miR-23a levels in all clones, 

however the overexpressing clones still maintained levels that were higher than the basal 

level in the parental cell line. As a result, while Noxa mRNA levels increased nearly 1000 

fold in the parental and control miRNA expressing cell line, Noxa mRNA levels in the 

miR-23a expressing clones remained repressed. As a consequence, basal and heat-

induced levels of NOXA protein were also repressed in these cells and heat shock 

treatment failed to result in caspase-3 processing (Figure 2.3B). The extent of apoptosis 

was quantitated in these cells by measuring Annexin-V staining (Figure 2.3C) and 

caspase-3 activity (Figure 2.3D). While heat shock treatment resulted in a significant 

increase in both indicators of apoptosis in the parental and control miRNA lines, the miR-
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23a expressing clones were essentially unaffected by the heat treatment. These results 

show that forced overexpression of miR-23a reduces Noxa mRNA and protein levels and 

protects cells from heat-induced apoptosis.  

To further substantiate a role for miR-23a in Noxa mRNA regulation and heat 

resistance we knocked down the expression of miR-23a in stably transfected U937 cells 

using an shRNA targeting miR-23a. U937 cells were chosen because they have higher 

basal levels of miR-23a compared to the non-induced PErTA70 cells (Figure 2.2A) and 

are more resistant to hyperthermia than either the non-induced PErTA70 cells or the 

parental PEER cell line (see supplemental figure 4). A 60 minute exposure to 43°C is 

lethal in the non-induced PErTA70 cells and PEER cells but not in the U937 cells as 

judged by production of cleaved caspase-3. As well, this heat shock treatment does not 

lead to productive expression of HSP70 in the non-induced PErTA70 or PEER cells but 

does in the U937 cells (supplemental figure 4). Therefore, the U937 cell line serves as an 

ideal choice to examine the effect of knocking down miR-23a expression on heat 

resistance.  

miR-23a and Noxa mRNA levels were examined by qRT-PCR in the parental U937 

cell line, in two clones expressing the miR-23a targeting shRNA (23a-shRNA) as well as 

two clones (C-shRNA) expressing a non-targeting shRNA (Figure 2.4A). Levels of miR-

23a were reduced about 40 fold in the parental and non-targeting shRNA clones 

following exposure to hyperthermia. However, miR-23a levels were 1,000 fold less in the 

miR-23a shRNA-expressing clones relative to the parental line and exposure to 

hyperthermia further reduced these levels by an additional 500 fold. Noxa mRNA levels 

in the miR-23a shRNA cells were elevated by approximately 200 fold in non-stressed 
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cells relative to the parental cells and exposure to hyperthermia resulted in a further 200 

fold increase relative to their own basal level. Western blot analysis revealed that unlike 

the PEER cell line exposure to 43°C hyperthermia did not significantly affect NOXA 

protein levels or result in caspase-3 processing (Figure 2.4B). However, NOXA protein 

levels and caspase-3 processing were substantially enhanced when the miR-23a shRNA 

expressing cells were exposed to hyperthermia. Furthermore, these cells were highly 

sensitized to heat induced apoptosis as shown by an increased percentage of Annexin-V 

staining (Figure 2.4C) and DEVDase activity (Figure 2.4D). Therefore, not only does 

overexpression of miR-23a reduce Noxa mRNA levels and protect cells from heat 

induced apoptosis (Figure 2.3) but knock-down of miR-23a increases Noxa mRNA levels 

and sensitizes cells to heat-induced apoptosis (Figure 2.4). 

Having established that miR-23a regulates Noxa expression and that its own 

expression is a critical factor regulating heat resistance we next sought to determine the 

mechanism responsible for the elevated levels of miR-23a in cells overexpressing HSP70. 

We considered the possibility that HSP70 could affect miR-23a transcription, nuclear 

export or turnover. miR-23a is transcribed by RNA polymerase II as part of a pri-miRNA 

cluster that includes miR-27a and miR24-2 (Chhabra et al., 2010). We measured levels of 

this pri-miRNA by semi-quantitative RT-PCR in the PErTA70 cell line (Figure 2.5A). 

Expression of the pri-miRNA transcript was 2.7 fold higher in the HSP70 expressing 

cells compared to the non-induced cells indicating either elevated rates of transcription or 

enhanced stability in cells with HSP70 (Figure 2.5A and B). Levels of the pri-miRNA 

were reduced following exposure to hyperthermia in both the non-induced and the HSP70 

expressing cells, although the cells with HSP70 still contained 2-fold higher levels of the 
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pri-miRNA after heat shock than did the non-induced cells that were not exposed to 

hyperthermia (Figure 2.5A and B). Levels of the pri-miRNA were therefore reduced by 

only 26% in the HSP70 expressing cells but by over 72% in the non-induced cells.  

To address differences in pre-miRNA nuclear export we measured pri/pre-miR-23a 

levels by qRT-PCR in isolated nuclear and cytosolic fractions (Figure 2.5C). Fold 

changes in levels are expressed relative the cytosolic value of the control non-induced 

cells. Cytosolic levels of pre-miR-23a decreased in both the non-induced and HSP70 

expressing cells, however the HSP70 expressing cells maintained higher levels of 

cytosolic pre-miR-23a as a result of the higher total abundance of this miRNA in these 

cells. Calculation of the percentage of total pre-miR-23a that was present in the cytosolic 

fraction shows that HSP70 had a beneficial effect on the nuclear export of pre-miR-23a 

(Figure 2.5D). Cytosolic levels of pre-miR-23a dropped 15-fold in the non-induced cells 

after exposure to hyperthermia, while in the HSP70 expressing cells levels decreased by 

only 3.6-fold.  

To determine whether the elevated levels of miR-23a in the HSP70 expressing cells is 

due to a reduced rate of turnover we incubated cells with actinomycin D to inhibit de 

novo transcription and measured the remaining amount of miR-23a at various times 

during incubation at 37°C (Figure 2.6A). In the non-induced cells miR-23a levels were 

reduced 10-fold within 90 minutes of actinomycin D exposure, whereas in the HSP70 

expressing cells this required nearly 4 hours representing a 2.5 fold slower turnover rate. 

Consequently, Noxa mRNA levels decayed more rapidly in the HSP70 expressing cells 

compared to the non-induced cells (Figure 2.6A). We also examined the effect of 

exposure to hyperthermia on miR23a stability. For this, we exposed the cells to 43°C for 
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60 minutes and then incubated them at 37°C in the presence of actinomycin D for 30 to 

120 minutes (Figure 2.6B). Heat shock treatment resulted in a more rapid turnover of 

both miR-23a and Noxa mRNA. In the non-induced cells, miR-23a levels decreased by 

more than 10-fold within 30 minutes of actinomycin D treatment. However, in the 

presence of HSP70 a 10-fold reduction did not occur until about 90 minutes. Therefore, 

the stability of miR-23a is enhanced by HSP70 even in cells exposed to hyperthermia. As 

was seen in the absence of heat treatment, the greater stability of miR-23a in the HSP70 

expressing cells was also correlated with a more rapid turnover of Noxa mRNA when the 

cells were exposed to hyperthermia.  

In summary, miR-23a levels are reduced in cells exposed to hyperthermia most likely 

due to the combined effects of the inhibitory effects of high temperature on RNA 

polymerase II directed transcription, an impairment of pre-miR-23a nuclear export and an 

elevated rate of turnover. HSP70 expressing cells have higher levels of miR-23a, which is 

primarily due to a reduced rate of turnover, and maintain high levels of miR-23a 

following exposure to hyperthermia in part due to the protective effects of HSP70 on pri-

miRNA transcription, pre-miRNA nuclear export and maturation. However, the increased 

stability of miR-23a provided by HSP70 expression is most likely the major factor 

contributing to its preservation in heat-shocked cells leading to a more rapid loss of Noxa 

mRNA. 

 

2.5 Discussion 

All living organisms must employ strategies to cope with environmental stress, 

particularly proteotoxic stress which can impair cell structure and function and if 
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uncontrolled will lead to cell death (Feder and Hofmann, 1999). While removal of 

irreparably damaged cells by apoptosis is beneficial to the organism, adaptive measures 

must act to prevent inappropriate cell elimination when faced with fluctuating 

environmental conditions. The heat-shock response is an evolutionarily conserved 

response that allows cells to increase their level of resistance to proteotoxic stress by 

stress-dependent synthesis of heat shock proteins (Akerfelt et al., 2010). The primary 

function of this family of molecular chaperones is the maintenance of proteostasis by 

assisting in the proper folding of cellular proteins (Saibil, 2013). This ability provides a 

powerful anti-apoptotic function not only by preventing protein misfolding in general but 

also by intervening at key steps in apoptotic pathways. For example, exposure of cells to 

hyperthermia triggers BAX oligomerization, cytochrome c release and caspase activation 

all of which are inhibited in cells overexpressing the molecular chaperone HSP70 

(Mosser et al., 1997; Mosser et al., 2000; Stankiewicz et al., 2005). In an attempt to 

determine the events leading to BAX activation in heat-stressed cells we initially 

examined transcript levels for several BH3-only proteins and found that Noxa mRNA 

was elevated by heat shock treatment and that this was lessened in cells overexpressing 

HSP70. We have now demonstrated that Noxa expression is regulated by miR-23a, that 

synthesis of this microRNA is repressed in cells exposed to hyperthermia and that cells 

expressing HSP70 resist this repression. Consequently, HSP70 can protect cells from 

heat-induced apoptosis by maintaining miR-23a levels and thereby preventing the 

accumulation of Noxa mRNA and protein.  

BH3-only proteins act at the critical tipping point in the cell death decision-making 

process by overcoming the inhibitory effect that the anti-apoptotic BCL2 proteins have 
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on BAX/BAK activation (Czabotar et al., 2014). NOXA performs this task by selectively 

binding MCL-1 and A1 and so must act together with other BH3-only proteins in order to 

target the remaining pool of anti-apoptotic BCL-2 family members. MCL-1 is often 

overexpressed in malignant cells, particularly in leukemia where the NOXA/MCL-1 ratio 

determines sensitivity to chemotherapy and BH3-memitic drugs (Tromp et al., 2012). 

NOXA expression can be increased transcriptionally through p53 dependent and 

independent mechanisms and also by regulating protein turnover (Ploner et al., 2008). 

NOXA has a very short half-life (~30 min) and is degraded by the proteasome, however 

its turnover is not entirely dependent upon ubiquitination (Craxton et al., 2012). The rate 

of NOXA protein turnover could also be affected by hyperthermia and influenced by the 

presence of HSP70. We have now demonstrated that the abundance of NOXA is 

controlled by microRNA regulation, which provides a rapid mechanism to increase 

NOXA protein levels in cells exposed to proteotoxic stress.  

The critical role that microRNAs play in the regulation of stress responses has only 

recently gained significant attention (Leung and Sharp, 2010). Roles in apoptosis and 

tumorigenesis are well-documented (Di Leva et al., 2014; Lima et al., 2011) and not 

surprisingly many apoptotic regulators including BCL2 family members and caspases are 

regulated by microRNAs that in many cases have altered patterns of expression in cancer. 

MiR-23a is transcribed as part of the miR-23a~27a~24-2 cluster, which is deregulated in 

several diseases including cancer where expression is elevated (Chhabra et al., 2010). 

This cluster was found to be amplified in a mouse model of colon cancer and the elevated 

miR-23a expression was shown to promote the transition of indolent adenomas to 

invasive colorectal cancers (Jahid et al., 2012). Elevated expression of miR-23a was also 
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documented in human colorectal cancers and colon cancer cell lines. MiR-23a has been 

shown to target APAF1 (Chen et al., 2014) and caspase-7 (CASP7) (Mao et al., 2014) 

and together with our finding that it also targets NOXA reveals that this microRNA 

coordinately antagonizes the expression of multiple apoptotic regulators and therefore its 

down-regulation during proteotoxic stress ensures effective apoptotic pathway activation.  

There are only a few reports on microRNA expression in heat-stressed cells (Place 

and Noonan, 2014). In general, the expression of some microRNAs were found to be 

enhanced while others were reduced in studies using both cell cultures and whole animals 

(Oshlag et al., 2013; Wilmink et al., 2010; Yin et al., 2008; Yu et al., 2011). None of 

these studies examined whether HSP70 expression could modulate the heat-induced 

changes in miRNA expression patterns. However, HSC70 (HSPA8) and HSP90 (HSPC) 

are known to play a role in the loading of miRNA duplexes into the RISC complex by an 

ATP-dependent conformational change of the Ago protein (Iwasaki et al., 2010). Our 

results point to a role for HSP70 in regulating the cellular abundance of microRNAs. 

Heat shock is a well-documented inhibitor of transcription and translation, however, both 

of these processes recover more rapidly in cells overexpressing HSP70 (Liu et al., 1992). 

Since the majority of miRNA transcripts are derived from RNA polymerase II directed 

transcription, including miR-23a (Lee et al., 2004b), we suggest that hyperthermia could 

cause a general reduction in the abundance of microRNAs and that this could have a 

significant impact on the abundance of proteins that are short-lived such as NOXA. The 

general protective effect that HSP70 has on the recovery of transcription and translation 

in heat stressed cells would help to buffer these changes and could have a significant 

influence on cell fate. Hyperthermia is also known to disrupt mRNA precursor processing 
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and prior heat shock protein synthesis protects intron splicing in heat stressed cells (Yost 

and Lindquist, 1986). We speculate that pri-microRNA processing is another event that 

could be disrupted in heat stressed cells and which could be protected by HSP70.  

Tumor cells often have elevated levels of heat shock proteins including HSP70, 

which provide a selective pro-survival advantage that contributes to the process of 

tumorigenesis (Mosser and Morimoto, 2004). HSP70 has been implicated in the 

suppression of multiple apoptotic regulators from stress kinase signaling to BCL2 and 

caspase family regulation. Our results demonstrate that HSP70 can also intervene in 

pathways leading to stress-induced cell death by altering the microRNA profile of cells. 

The elevated levels of miR-23a in HSP70 expressing cells could result from inhibition of 

microRNA degradation perhaps by preventing its deadenylation in the nucleus or by 

stabilizing interactions with Drosha/DGCR8 or Exportin-5. Alternatively, HSP70 could 

affect the abundance or activity of transcription factors that are responsible for the 

regulation of miR-23a expression. We suspect that alteration of microRNA expression 

could be a general mechanism by which HSP70 contributes to tumorigenesis.  
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Figure 2.1. Exposure to hyperthermia results in increased NOXA protein and 
mRNA levels and is correlated with a decrease in the abundance of miR-23a 
(A) Immunoblots of non-induced (- HSP70) and HSP70-expressing (+ HSP70) PErTA70 
cells exposed to 43°C for 1 hour at then incubated at 37°C for 0 to 9 hours. Quantitation 
of the western blot data for n=4 repeats is shown in supplementary figure 1. (B) Semi-
quantitative RT-PCR (quantification of n=3 repeats is shown in supplementary figure 2) 
and qRT-PCR analysis of (C) Noxa mRNA, (D) pri/pre-miR-23a and (E) mature miR-
23a transcript levels in cells exposed to hyperthermia (mean ± SEM, n=3). (F) As a 
control for the potential effects of doxycycline treatment on transcript levels, qRT-PCR 
was also performed using PErTA cells (the parental cell line that expresses the reverse 
tetracycline controlled transactivator protein rtTA) that were either maintained at 37°C or 
exposed to 43°C for 1 hour and then incubated at 37°C for 9 hours (HS).  
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Figure 2.2. Noxa mRNA abundance is regulated by miR-23a binding to the Noxa 
mRNA 3’UTR. 
(A) Semi-quantitative RT-PCR analysis of pri/pre-miR-23a and Noxa mRNA transcript 
levels and western blot (WB) analysis of NOXA protein levels in response to 
hyperthermic exposure in a panel of human cancer cell lines: PEER (acute lymphoblastic 
leukemia), U937 (histiocytic lymphoma), A498 (kidney carcinoma) and HCT116 (colon 
carcinoma). Cells were exposed to 43°C for 1 hour and then incubated at 37°C for 6 
hours. (B) RT-PCR analysis of pri/pre-miR-23a and Noxa transcript levels in HeLa cells 
exposed to 43°C for 1 hour and then incubated at 37°C for 0 to 9 hours. Levels of NOXA 
protein are also shown. (C) RT-PCR analysis of HeLa cells transiently transfected with 
either a control miRNA or miR-23a expression plasmid. (M = mock transfected cells) (D) 
RT-PCR analysis of HeLa cells transiently transfected with a control shRNA or an 
shRNA targeting miR-23a. (E) Luciferase activity assay of HeLa cells transiently 
transfected with either a control luciferase expression plasmid (psiCHECK-2) containing 
a minimal 3’UTR with an SV40 polyA sequence, or a plasmid in which this sequence is 
replaced with the Noxa mRNA 3’UTR or the Noxa 3’UTR containing a mutation in the 
miR-23a binding site. Cells were co-transfected with the reporter plasmids plus either a 
control miRNA or miR-23a expression plasmid (mean ± SEM, n=3).  
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Figure 2.3. Overexpression of miR-23a in stably transfected PEER cells results in 
reduced Noxa mRNA and protein levels and increased resistance to heat-induced 
apoptosis. 
(A) qRT-PCR analysis of miR-23a and Noxa mRNA levels in the parental PEER cell 
line, a stable clone expressing a control miRNA (C) and in three stable clones expressing 
miR-23a (mean ± SEM, n=3). miR-23a transcript levels represent both pri-miRNA and 
pre-miRNA. (B) Immunoblot analysis of NOXA and cleaved caspase-3 levels in cells 
exposed to heat shock. (C) Quantification of apoptosis by Annexin-V staining and flow 
cytometry (mean ± SEM, n=3). (D) Caspase-3 activity assay (mean ± SEM, n=3). Heat 
shocked cells were exposed to 43°C for 1 hour and then incubated at 37°C for 6 hours 
(HS). 
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Figure 2.4. Overexpression of an shRNA targeting miR-23a in stably transfected 
U937 cells results in increased Noxa mRNA and protein levels and increased 
sensitivity to heat-induced apoptosis 
(A) qRT-PCR analysis of miR-23a and Noxa mRNA levels in the parental U937 cell line, 
two stable clones expressing a control shRNA and two stable clones expressing a miR-
23a targeting shRNA (mean ± SEM, n=3). miR-23a transcript levels represent both pri-
miRNA and pre-miRNA. (B) Immunoblot analysis of NOXA and cleaved caspase-3 
levels in heat-shocked cells. (C) Quantification of apoptosis by Annexin-V staining and 
flow cytometry (mean ± SEM, n=3). (D) Caspase-3 activity assay (mean ± SEM, n=3). 
Heat shocked cells were exposed to 43°C for 1 hour and then incubated at 37°C for 6 
hours (HS). 
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Figure 2.5. Overexpression of HSP70 enhances the transcription and nuclear export 
of miR-23a  
(A) Non-induced and induced (HSP70-expressing) PErTA70 cells were exposed to 43°C 
for 60 minutes and then incubated at 37°C for 6 hours at which time they were lysed and 
separated by centrifugation into nuclear (N) and cytosolic (C) fractions. Semi-
quantitative RT-PCR was performed to measure relative levels of the pri-miR-
23a~27a~24-2 cluster. Shown is a representative result. (B) Quantification of the results 
shown in A (mean ± SEM, n=3). (C) qRT-PCR analysis of pri and pre-miR-23a levels in 
the isolated fractions (mean ± SEM, n=3). Values are expressed relative to the cytosolic 
value for non-induced control cells. (D) Comparison of the percent cytosolic pre-miR-23a 
from the results shown in panel C (mean ± SEM, n=3).   
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Figure 2.6. Overexpression of HSP70 enhances the stability of miR-23a 
qRT-PCR analysis of pri/pre-miR-23a and Noxa mRNA levels in non-induced (-HSP70) 
and induced (+HSP70) PErTA70 cells that were (A) incubated with actinomycin D for 0 
to 4 hours at 37°C and (B) exposed to 43°C for 1 hour before incubation with 
actinomycin D for 0 to 2 hours at 37°C (mean ± SEM, n=3).  
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Supplemental figure 1: HSP70 prevents the heat-induced increase in NOXA protein. 
(A) Representative immunoblots showing levels of NOXA, cleaved caspase-3 and actin 
of non-induced (- HSP70) and HSP70-expressing (+ HSP70) PErTA70 cells that were 
either maintained at 37°C ‘C’ or exposed to 43°C for 1 hour at then incubated at 37°C for 
0 or 9 hours. (B) Quantification of the western blot data showing relative levels of NOXA 
protein (shown is the mean ± SEM, n = 4, * P<0.05 one-tailed t-test). 
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Supplemental figure 2: HSP70 prevents the heat-induced increase in NOXA mRNA.  
Semi-quantitative RT-PCR of NOXA mRNA and pri/pre-miR-23a transcripts in non-
induced (- HSP70) and HSP70-expressing (+ HSP70) PErTA70 cells exposed to 43°C for 
1 hour at then incubated at 37°C for 0 to 9 hours (shown is the mean ± SEM, n = 3, * 
P<0.05 one-tailed t-test comparing non-induced to HSP70 expressing cells). 
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Supplemental figure 3: Doxycycline treatment does not increase NOXA levels in 
PErTA cells. 
PErTA cells (the parental cell line that was used to create the PErTA70 line and which 
expresses the reverse tetracycline controlled transactivator protein rtTA) were either 
maintained at 37°C ‘C’ or exposed to 43°C for 1 hour and then incubated at 37°C for 9 
hours (HS). Shown is a western blot analysis of NOXA, cleaved caspase-3 and actin. 
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Supplemental figure 4: Comparison of the effects of a 43°C heat treatment on 
PEER, non-induced and induced PErTA70 cells and U937 cells.  
Cells were either maintained at 37°C ‘C’ or exposed to 43°C for 60 or 120 minutes and 
then returned to 37°C for 9 hours. Western blotting shows the levels of HSP70 and 
cleaved caspase-3. Both PEER and the non-induced PErTA70 cells are very heat 
sensitive compared to the induced PErTA70 and the U937 cells as judged by levels of 
cleaved caspase-3. The 60 minute exposure to 43°C used throughout this study therefore 
represents a lethal heat shock treatment in the sensitive PEER and non-induced PErTA70 
cells, which fail to mount a protective heat shock protein response, but is not lethal in the 
induced PErTA70 cells, which have elevated levels of HSP70 prior to the challenging 
heat treatment and in the U937 cells, which are able to mount a protective induction of 
HSP70. 
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CHAPTER 3 
 

Heat Shock Inhibition of CDK5 Increases NOXA Levels through miR-23a 
Repression 

 
Trevor M. Morey, Rabih Roufayel, Donald S. Johnston and Dick D. Mosser 
Journal of Biological Chemistry (2015) 290:11443-11454 
 

Statement of Contribution: The experiment shown in figure 3.3A was carried out by both 

Donald Johnston and myself. Andrew Fletcher carried out the experiment shown in figure 

3.3B. I performed the experiment shown in figure 3.6C. The plasmids for this experiment 

were previously created by another student. I carried out all of the experiments shown in 

figures 3.7 and 3.8. For figure 3.8C, I treated the cells and the Annexin staining and flow 

cytometry was performed by Donald Johnston. The remaining results were carried out by 

Trevor Morey and Dick Mosser. I wrote a draft version of the materials and methods 

section as well as the figure legends. The remainder of the manuscript was written by 

Dick Mosser.

  
3.1 Abstract 

Hyperthermia is a proteotoxic stress that is lethal when exposure is extreme but also 

cytoprotective in that sublethal exposure leads to the synthesis of heat shock proteins, 

including HSP70, which are able to inhibit stress-induced apoptosis. CDK5 is an atypical 

cyclin dependent kinase family member that regulates many cellular functions including 

motility and survival. Here we show that exposure of a human lymphoid cell line to 

hyperthermia causes CDK5 insolubilization and loss of tyrosine-15 phosphorylation, both 

of which were prevented in cells overexpressing HSP70. Inhibition of CDK5 activity 

with roscovitine sensitized cells to heat induced apoptosis indicating a protective role for 
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CDK5 in inhibiting heat-induced apoptosis. Both roscovitine and heat shock treatment 

caused increased accumulation of NOXA a pro-apoptotic BH3-only member of the BCL2 

family. The increased abundance of NOXA by CDK5 inhibition was not a result of 

changes in NOXA protein turnover. Instead, CDK5 inhibition increased NOXA mRNA 

and protein levels by decreasing the expression of miR-23a, whereas overexpressing the 

CDK5 activator p35 attenuated both of these effects on NOXA and miR-23a expression. 

Lastly, overexpression of miR-23a prevented apoptosis under conditions in which CDK5 

activity was inhibited. These results demonstrate that CDK5 activity provides resistance 

to heat-induced apoptosis through the expression of miR-23a and subsequent suppression 

of NOXA synthesis. Additionally, they indicate that hyperthermia induces apoptosis 

through the insolubilization and inhibition of CDK5 activity. 

 

3.2 Introduction 

CDK5 is a member of the cyclin dependent kinase family with unique roles unrelated 

to cell cycle progression. It shares sequence homology with typical CDKs, such as 

CDK1, and phosphorylates substrates having the same consensus motif (S/TPXK/H/R), 

however its activity is dependent upon the binding of the activators p35 (CDK5R1) or 

p39 (CDK5R2), which are not cyclins but do contain a cyclin box necessary for CDK5 

binding (Hisanaga and Endo, 2010; Shah and Lahiri, 2014). CDK5 is also atypical in that 

threonine phosphorylation of the activation loop is not required for its activity and its 

activity is not inhibited by Tyr15 phosphorylation. Instead, phosphorylation of Tyr15 by 

the non-receptor tyrosine kinases c-Abl and Fyn increases CDK5 activity (Sasaki et al., 

2002; Zukerberg et al., 2000). CDK5 was originally believed to be restricted to neuronal 
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cells where it plays fundamental roles in brain development through regulation of cell 

migration, neurite outgrowth and synapse formation (Hisanaga and Endo, 2010; Shah and 

Lahiri, 2014). However, CDK5 also regulates numerous activities in a wide variety of 

non-neuronal cells including lymphocytes (Arif, 2012; Contreras-Vallejos et al., 2012; 

Liebl et al., 2011). 

Under normal physiological conditions, CDK5 plays a pro-survival role as its 

inhibition by treatment with the somewhat selective inhibitor roscovitine, expression of a 

dominant interfering mutant of CDK5 (CDK5-D145N) or siRNA mediated knockdown 

results in cell dysfunction and cell death (Hisanaga and Endo, 2010). Substrates of CDK5 

include transcription factors, kinases, cytoskeletal proteins and apoptotic regulators. 

CDK5 directly phosphorylates NOXA (PMAIP1) (Lowman et al., 2010) and HTRA2 

(Fitzgerald et al., 2012) inhibiting their pro-apoptotic function and increases the anti-

apoptotic activity of BCL2 by direct phosphorylation (Cheung et al., 2008) as well as 

indirectly increasing its expression (Brinkkoetter et al., 2010b). Under pathological 

conditions, such as Alzheimer’s disease, Parkinson’s disease and Huntington’s disease, 

p35 can be cleaved by calpain proteases to generate a p25 fragment that has an extended 

half-life and lacks myristoylation that induces hyper-activation and mis-location of 

CDK5 (Lopes and Agostinho, 2011; Shah and Lahiri, 2014). Deregulation of CDK5 is 

also associated with cancer where it plays a role in regulating cell motility and metastasis 

(Liu et al., 2008). Elevated expression of CDK5 correlates with poor prognosis in non-

small-cell lung cancer (Liu et al., 2011) and the pharmacological inhibition of CDK5 as a 

strategy for cancer therapy has progressed to phase II clinical trails (Arif, 2012). 
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Protein damaging stress, including hyperthermia, can lead to apoptosis through BAX 

activation, mitochondrial release of cytochrome c and caspase activation, although the 

molecular mechanisms responsible for BAX activation in heat-stressed cells are unclear 

(Kennedy et al., 2014; Mosser and Morimoto, 2004). Sublethal exposure to hyperthermia 

induces the expression of molecular chaperone proteins, such as HSP70, which can 

inhibit apoptosis (Mosser et al., 1997; Mosser and Martin, 1992). This pro-survival 

function of HSP70 contributes to the tumorigenic potential of cancer cells. As well, 

HSP70 plays a cytoprotective role in a number of neurodegenerative disorders by 

chaperoning the aggregation-prone proteins that are associated with these diseases 

(Morimoto, 2008). We have previously shown that BAX activation in heat stressed cells 

is mediated by a NOXA-dependent depletion of the anti-apoptotic protein MCL-1 

(Stankiewicz et al., 2009). Since CDK5 has been shown to be a critical mediator of cell 

survival in stressed cells we investigated the effect of hyperthermia on CDK5 and 

examined whether its inhibition could increase the sensitivity of cells with elevated levels 

of HSP70 to hyperthermia. 

 

3.3 Materials and Methods 

Cells and treatments - The effects of HSP70 overexpression were examined using a 

human acute lymphoblastic T-cell line (PEER) with tetracycline-regulated expression of 

human HSP70 (PErTA70) (Mosser et al., 2000). HSP70 (HSPA1A) was induced by 

incubation with 1.0 µg/ml doxycycline for 24 hours prior to each experiment. A stably 

transfected PEER cell line with tetracycline regulated expression of CDK5-D145N was 

created by transfection with the plasmid pTR5-DC/CDK5D145N-GFPq*tk/hygro. This 



   

 
 
 

70 

 

plasmid was produced by subcloning the CDK5-D145N sequence containing a C-

terminal HA-tag from pCMVCDK5-D145N (Cdk5-DN-HA was a gift from Sander van 

den Heuvel, Addgene plasmid #1873) (van den Heuvel and Harlow, 1993) into the pTR5-

DC/GFPq*tk/hygro plasmid (Mosser et al., 2000). Cells were maintained at 37°C in a 

humidified 5% CO2 incubator in RPMI medium with 10% fetal bovine serum (Invitrogen 

Inc. Burlington, Canada). Cells were heat shocked in media supplemented with 20 mM 

HEPES buffer (pH 7.2) by immersion of log-phase cells in a circulating water bath. 

Roscovitine (Cell Signaling Technology, Danvers, MA) was dissolved in DMSO and 

added to cells for 30 minutes prior to exposure to hyperthermia.  Control cells received an 

equivalent volume of DMSO, which was no more than 0.1%.  NOXA protein turnover 

was measured by treating cells with cycloheximide (200 µg/ml) at 37°C for up to 2 hours 

and subsequent western blotting.  

Measurement of NOXA turnover in cells expressing either WT or non-

phosphorylatable NOXA-S13A was examined by transient transfection of HEK-293-rtTA 

cells using calcium phosphate co-precipitation. Plasmids to express NOXA were created 

by amplifying the NOXA cDNA, which was reverse transcribed from PEER cell mRNA 

using primers corresponding to the NOXA mRNA sequence (NM_021127). PCR was 

performed using primers that added a single N-terminal c-myc tag and restriction enzyme 

sites to allow cloning into the pBI-EYFP plasmid (Clontech). Serine-to-alanine mutation 

of the codon encoding serine-13 was achieved by PCR mutagenesis. Stably transfected 

PEER cells expressing either a control microRNA (C-miR) or miR-23a were generated 

by transfection with pEZX-MR04 derived plasmids (GeneCopoeia, Rockville, MD) and 

have been described previously (Roufayel et al., 2014).   
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HeLa cells were transiently transfected with plasmids to overexpress CDK5-DN 

(Addgene plasmid #1873) and p35 (pCMV-P35 was a gift from Li-Huei Tsai, Addgene 

plasmid #1347) to test whether the effect of CDK5-DN expression on miR-23a levels 

could be rescued by p35 overexpression. All transfections contained an equivalent total 

amount of plasmid DNA, which was adjusted by the addition of the pCMV-P35 plasmid 

that had the p35 insert removed by BamHI digestion and re-ligation.  

Cell viability assays - Cell viability was determined by measuring the reduction of 

resazurin (Alamar Blue) as previously described (Lachapelle et al., 2007). Briefly, cells 

were seeded at a concentration of 2.5x105 cells/ml in 12-well microplates and treated 

with various doses of roscovitine. After a 30 minute pre-treatment at 37°C, the plates 

were sealed with parafilm and heated at 42 or 43°C in a circulating waterbath or 

incubated at 37°C in an incubator. Following the 1 hour heat treatment the cells were 

returned to 37°C and incubated in the presence of roscovitine for 20 hours. Cell 

suspensions (100 µl in triplicate) were then seeded into a 96-well plate with 100 µl of 

media containing 50 µM resazurin (Sigma-Aldrich, Oakville, Canada) and incubated at 

37°C for 4 hours. Fluorescence generated from resazurin reduction was measured in a 

microplate fluorescence reader (Ex516/20, Em590/35). Viability is expressed as a 

percentage of the control values. Apoptosis was assessed by Annexin-V staining using a 

Beckman Coulter FC500 flow cytometer on cells stained with an Annexin-V Alexa 

Fluor®647 conjugate (Life Technologies).  

Cell lysis and immunoblotting - To examine protein solubility following exposure to 

hyperthermia, cells were lysed in Triton X-100 buffer (10 mM HEPES pH 7.4, 100 mM 

NaCl, 5 mM MgCl2, 1 mM EGTA, 1% Triton X-100, 10 µg/ml each of pepstatin A, 
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leupeptin and aprotinin, 10 mM sodium fluoride, 1 mM sodium vanadate, 20 mM sodium 

phosphate, 3 mM β-glycerolphosphate, 5 mM sodium pyrophosphate). Lysates were 

centrifuged at 15,000x g for 10 minutes at 4°C. Protein concentration in the supernatants 

was determined using the BCA Protein Assay (Pierce /Thermo Scientific, Markam, ON, 

Canada). The supernatants were then mixed with 2X Laemmli buffer (100 mM Tris-Cl 

pH 6.8, 20% glycerol, 4% SDS, 10% β-mercaptoethanol) and heated to 95°C for 5 

minutes. Pellets were resuspended in the same total volume of 1X Laemmli buffer as the 

supernatant fractions and then sonicated and heated.  

Subcellular fractions were prepared by digitonin lysis to monitor the release of 

cytochrome c and HtrA2 from mitochondria as described previously (Stankiewicz et al., 

2005). Cells (5x106) were lysed for 10 min on ice in digitonin lysis buffer (phosphate 

buffered saline (pH 7.4) containing 250 mM sucrose, 70 mM KCl, 0.025% digitonin, 

protease and phosphatase inhibitors). Lysis was monitored by trypan blue exclusion. The 

lysates were centrifuged at 15,000x g for 10 min at 4°C and the supernatants, containing 

soluble proteins (S), were collected. The pelleted membrane fraction (M), was lysed in a 

volume of 1X Laemmli buffer equivalent to that of the soluble fraction, sonicated and 

heated at 95°C for 5 minutes. Protein concentration in the soluble fraction was 

determined and equivalent amounts of protein were loaded for each sample. Efficiency of 

separation was confirmed by blotting for tubulin and HSP60. 

SDS-PAGE and immunoblotting were performed as described previously 

(Stankiewicz et al., 2005). The following antibodies were used for immunoblotting: Actin 

(ACTN05: NeoMarkers, Fremont, CA), CDK5 (2506: Cell Signaling Technology, 

Danvers, MA), cleaved caspase-3 Asp175 (9664: Cell Signaling Technology), 
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cytochrome c (65981A: BD Biosciences PharMingen, Missisauga, ON, Canada), c-myc 

from 9E10 hybridoma supernatant, HSP60 (SPC-105: StressMarq Biosciences, Victoria, 

BC, Canada), HSP70 (C92F3A-5: Stressgen /Assay Designs, Ann Arbor, MI, USA), 

HtrA2 (AF1458: R&D Systems /Cedarlane, Burlington, ON, Canada), MCL-1 (SC-819: 

Santa Cruz Biotechnology, Santa Cruz, CA),  NOXA (ALX-804-408: Enzo Life 

Sciences),  p35/25 (2680: Cell Signaling Technology), phospho-MAPK/CDK substrates 

(PXS*P or S*PXR/K) (2325: Cell Signaling Technology),  phospho-CDK5 Tyr15 

(CG1085: Cell Applications, San Diego, CA), tubulin (MABT205: Millipore, Billerica, 

MA). 

RT-PCR and RT-qPCR - Cells were collected by centrifugation, washed with PBS, 

and RNA was isolated using TRIzol® Reagent (Invitrogen-Life Technologies, 

Burlington, ON). RNA was quantified by Nanodrop and cDNA was synthesized from 5 

µg of RNA using an oligo(dT) primer and SuperScript II Reverse Transcriptase kit in a 

total volume of 19 µl (Invitrogen-Life Technologies). PCR was carried out using 

GOTaq® Flexi DNA Polymerase (Promega, Madison, WI). Each 25 µl reaction 

contained 10 µM primers and 1 µl cDNA in 1x GOTaq® Flexi buffer. All PCR reactions 

were 30 cycles except for miR-23a, which was 35 cycles. PCR products were mixed with 

RedSafe dye (FroggaBio, Toronto, ON) analyzed by agarose gel electrophoresis and 

imaged using a Bio-Rad ChemiDoc™ XRS+ imaging system (Bio-Rad, Laboratories, 

Mississauga, ON).  

For RT-qPCR, cDNA was synthesized from 0.017 µg purified RNA with random 

primers using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems-

Life Technologies). qPCR was performed using PerfeCTa® FastMix®II from Quanta 
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Biosciences and the Applied Biosystems StepOnePlus real-time PCR instrument at the 

University of Guelph Advanced Analysis Centre. Primer-specific amplification 

efficiencies were determined by constructing a standard curve of serially diluted cDNA. 

For each sample, the relative amount of starting template was determined by calculating 

the ΔΔCt after correcting the Ct values for expression of RPL4 (ribosomal protein L4). 

Primers used for RT-PCR and RT-qPCR were: miR-23a-fwd: 5’-ctggggttcctggggatg-3’; 

miR-23a-rev: 5’-ggtcggttggaaatccctg-3’; NOXA-fwd: 5’-gctggaagtcgagtgtgcta-3’; 

NOXA-rev: 5’-ggagtcccctcatgcaagtt-3’; RPL4-fwd: 5’-gctctggccagggtgcttttg-3’; RPL4-

rev: 5’-atggcgtatcgtttttgggttgt-3’). 

 

3.4 Results 

We set out to determine whether hyperthermia affects CDK5 activity, given its role in 

regulating stress-induced apoptosis, and also to examine whether this might be affected 

by overexpression of HSP70, which has potent anti-apoptotic activity. For this we used 

PErTA70 cells, a human acute lymphoblastic T-cell line with tetracycline-regulated 

expression of HSP70 (Mosser et al., 2000). Doxycycline induced cells, which 

overexpress HSP70 (+ HSP70) and non-induced cells (- HSP70) were exposed to 42, 43 

or 44°C for 1 hour and then returned to 37°C for 6 hours. Western blotting showed a 

temperature dependent decrease in the abundance of both total and Tyr15-phosphorylated 

CDK5 (pY15-CDK5) in Triton-X100 soluble extracts (Figure 3.1A). Loss of pY15-

CDK5 was more significant than that of total CDK5 in the heat-shocked cells. 

Overexpression of HSP70 suppressed the loss of total CDK5 and pY15-CDK5, 

particularly in cells exposed to 43°C (Figure 3.1B) and as shown previously (Mosser et 
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al., 2000) also inhibited caspase-3 activation (Figure 3.1A). Levels of the CDK5 activator 

p35 were also decreased by hyperthermic treatment although not to the same extent as 

CDK5 or pY15-CDK5. 

We next examined whether HSP70 expressing cells suffered less heat-inactivation of 

CDK5 and/or were able to recover soluble CDK5 and pY15-CDK5 more effectively 

when returned to 37°C following heat shock. Cells were exposed to 42, 43 or 44°C for 1 

hour and then either collected immediately or incubated at 37°C for 2, 4 or 6 hours before 

harvesting and lysis in Triton-X buffer (Figure 3.1C). In the non-induced cells, pY15-

CDK5 levels demonstrated mild recovery in cells heat-shocked at 42°C and following 6 

hours of incubation at 37°C, though no recovery of pY15-CDK5 was observed in cells 

exposed to either 43 or 44°C. However, in HSP70-expressing cells complete recovery of 

pY15-CDK5 levels were observed by 2 hours at 37°C following exposure to 42°C and a 

nearly complete return to basal levels occurred after 6 hours of incubation following 

exposure to 43°C. CDK5 was found in the Triton-X insoluble fractions of the non-

induced cells following exposure to 42, 43 and 44°C, while insoluble pY15-CDK5 was 

only present after exposure to 44°C. In the HSP70 overexpressing cells CDK5 was 

observed in the insoluble fraction only after exposure to 44°C and no appreciable level of 

pY15-CDK5 became insoluble at any temperature in these cells.  These data demonstrate 

that total and pY15-CDK5 levels are sensitive to hyperthermia-induced loss. 

Furthermore, HSP70 overexpression enhances the recovery of pY15-CDK5 and prevents 

the insolubilization of total CDK5 following exposure to hyperthermia. 

We further explored the effect of hyperthermia on CDK5 solubility by exposing 

PErTA70 cells to 43°C for various lengths of time followed by 6 hours incubation at 
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37°C (Figure 3.2A). Levels of CDK5 and pY15-CDK5 were lost in a time-dependent 

manner following prolonged heat shock exposure in the non-induced cells though this 

loss was much less extreme in the HSP70 expressing cells (Figure 3.2B). Loss of total 

CDK5 from the Triton-X soluble fraction was accompanied by its appearance in the 

insoluble fraction. However, pY15-CDK5 was not found in the insoluble fraction, 

indicating that hyperthermia leads to a rapid loss of CDK5 phosphorylation combined 

with the insolubilization of the pool of total CDK5. Probing for phosphorylated 

MAPK/CDK substrates revealed that hyperthermia caused an accumulation of high MW 

phosphoproteins in the insoluble fraction in the non-induced cells that did not occur in the 

HSP70 expressing cells (Figure 3.2A). Heat shock also increased the level of 

phosphorylation of some proteins, notably proteins with a molecular size of ~25 and 60 

kDa. To test whether some of these proteins could potentially be targets of CDK5 we 

exposed cells to hyperthermia in the presence of the CDK5 inhibitor roscovitine (Figure 

3.2C). Inhibition of CDK5 in cells exposed to hyperthermia further decreased the level of 

pMAPK/CDK substrates and prevented the increased phosphorylation of the 25 and 60 

kDa proteins observed in Figure 3.2A. These results demonstrate that hyperthermia 

globally reduces the solubility and abundance of pMAPK/CDK substrates, including 

proteins phosphorylated by CDK5. As well, HSP70 has a protective effect in reducing the 

extent of pMAPK/CDK substrate insolubilization in heat-shocked cells. 

Since exposure to mild hyperthermia (42°C for 1 hour) produced only a transient loss 

of pY15-CDK5 and had minimal effects on total CDK5 (Figure 3.1C), we hypothesized 

that chemical inhibition of CDK5 activity using roscovitine would sensitize these cells to 

heat-induced apoptosis. To test this we exposed PErTA70 cells to 42°C for 1 hour either 
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with or without roscovitine (5 or 10 µM) and then incubated them for 6 hours at 37°C, 

either without or with roscovitine, before measuring apoptosis by Annexin V staining 

(Figure 3.3A). Treatment of both non-induced and HSP70 overexpressing cells with 

roscovitine at 37°C produced a dose-dependent increase in apoptosis, which was further 

augmented by exposure to hyperthermia. However, overexpression of HSP70 lessened 

the effect of roscovitine on heat-induced apoptosis. We also looked at long-term survival 

following CDK5 inhibition in cells exposed to either 42 or 43°C in the presence of 

various concentrations of roscovitine. Cells were heat shocked for 1 hour in the presence 

of roscovitine and then incubated at 37°C for 48 hours in the continuous presence of 

roscovitine before measuring cell viability using the rezasurin reduction assay (Figure 

3.3B). The dose that reduced relative cell number by 50% (ED50) was similar in both the 

non-induced and HSP70 expressing cells treated at 37°C (12 µM). However, when 

exposed to hyperthermia the non-induced cells were more sensitive to the combined 

effects of hyperthermia and roscovitine treatment (ED50 = 6 µM) as compared to HSP70 

overexpressing cells (ED = 10 µM). Therefore, inhibition of CDK5 activity with 

roscovitine effectively sensitized both non-induced and HSP70 overexpressing cells to 

hyperthermia, although HSP70 overexpression provided some protection against 

roscovitine-dependent heat sensitivity.  

We next examined whether the effect of CDK5 inhibition in PErTA70 cells exposed 

to mild hyperthermia correlated with an increased release of pro-apoptotic proteins from 

mitochondria (Figure 3.4). In non-induced cells exposure to 42°C caused the release of 

both cytochrome c and HtrA2 that was augmented in a dose-dependent manner by 

treatment with roscovitine, demonstrating that inhibition of CDK5 activity increases 
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sensitivity to heat-induced apoptosis. Treatment of HSP70 overexpressing cells with 10 

µM roscovitine that were exposed to 42°C produced a significant increase in cytochrome 

c release although HtrA2 release was not affected by this combined treatment. Altogether 

these results show that inhibition of CDK5 with roscovitine sensitizes both non-induced 

and HSP70 overexpressing cells to hyperthermia-induced apoptosis.  

The proapoptotic activity of NOXA is regulated by CDK5 under conditions of 

glucose deprivation (Lowman et al., 2010). We were therefore interested in determining 

whether inhibition of CDK5 by roscovitine treatment would augment the effect of mild 

hyperthermia on NOXA and MCL-1 protein levels. PErTA70 cells were treated with 

either 5 or 10 µM roscovitine and exposed to 42°C for 1 hour followed by incubation at 

37°C for 6 hours (Figure 3.5A). NOXA levels were increased to a similar extent in both 

non-induced and HSP70 overexpressing cells when treated with 10 µM roscovitine at 

37°C. When exposed to hyperthermia NOXA levels were elevated in non-induced cells 

but not in HSP70 overexpressing cells. However, exposure to hyperthermia in the 

presence of roscovitine resulted in an increased abundance of NOXA in the HSP70 

overexpressing cells and further increased the levels of NOXA protein in the non-induced 

cells (Figure 3.5B). This increased abundance of NOXA correlated with a significant 

decrease in the levels of MCL-1 in both the absence and presence of HSP70 (Figure 

3.5C).  The pro-apoptotic function of NOXA is mediated in part by its ability to target 

MCL-1 for proteasomal degradation (Ploner et al., 2008).  

We next sought to address the mechanism responsible for the increased abundance of 

NOXA in the roscovitine treated cells. We considered the possibility that inhibition of 

CDK5 activity could reduce NOXA phosphorylation, resulting in a reduced rate of 
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protein turnover and a corresponding increase in protein abundance. For these 

experiments we used PEER cells (Ravid et al., 1980), which were used previously as the 

parental line to create stable PErTA70 cells. PEER cells were incubated with 10 µM 

roscovitine for 6 hours at 37°C and subsequently treated with cycloheximide for up to 

120 minutes to prevent further NOXA protein synthesis. Cells were collected at various 

times following cycloheximide addition and NOXA protein turnover rate was measured 

in the control and roscovitine treated cells (Figure 3.6A). Surprisingly, although the 

roscovitine treated cells had accumulated higher levels of NOXA protein than the non-

treated cells the turnover rates were identical. To rule out potential off-target effects of 

roscovitine we produced a stably-transfected PEER cell line with tetracycline regulated 

expression of a dominant negative version of CDK5 (CDK5-D145N) that is kinetically 

dead and competes with wild-type CDK5 for binding of the CDK5 activator p35 (van den 

Heuvel and Harlow, 1993). Doxycycline induced expression of CDK5-D145N resulted in 

an increase in NOXA protein levels, though again this was not due to an effect on NOXA 

protein turnover since the rate of turnover was unchanged between non-induced and 

CDK5-D145N expressing cells (Figure 3.6B). It has been previously demonstrated that 

NOXA is phosphorylated on residue serine-13 by CDK5 and that this lessens its pro-

apoptotic activity (Lowman et al., 2010). Therefore, we examined the turnover rate of 

NOXA in transiently transfected HEK-293-rtTA cells expressing either wild-type NOXA 

or a non-phosphorylatable Ser13-to-alanine (S13A) mutant. Examination of NOXA 

protein turnover in these cells showed that prevention of NOXA serine-13 

phosphorylation did not alter the turnover rate of NOXA (Figure 3.6C). Taken together, 

these results demonstrate that phosphorylation of NOXA by CDK5 does not alter NOXA 
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protein turnover and therefore CDK5 must affect NOXA expression by controlling its 

rate of synthesis.  

We recently demonstrated that NOXA expression is regulated by the microRNA 

miR-23a (Roufayel et al., 2014). Exposure to hyperthermia reduces miR-23a levels 

resulting in increased accumulation of NOXA mRNA and protein. We therefore 

considered that CDK5 inhibition could increase NOXA expression by altering the 

expression of miR-23a. We used RT-qPCR to measure miR-23a and NOXA mRNA levels 

in roscovitine treated PEER cells and found that treatment with 10 µM roscovitine for 6 

hours at 37°C resulted in a 30 fold reduction in miR-23a levels and a greater than 20 fold 

increase in the levels of NOXA mRNA (Figure 3.7A). Similar results were seen in cells 

expressing CDK5-D145N demonstrating that this effect is specific to CDK5 inhibition 

(Figure 7B). To test whether the ability of CDK5-DN to reduce miR-23a levels could be 

rescued by restoring CDK5 activity, we expressed CDK5-DN in HeLa cells with 

increasing amounts of the CDK5 activator p35 (Figure 3.7C). Overexpression of CDK5-

DN reduced miR-23a levels nearly 30 fold (Figure 3.7D). However, transfection with a 

2.5-fold excess of the p35 expression plasmid over the CDK5-DN expression plasmid 

restored miR-23a levels. Restoration of miR-23a levels correlated with a decrease in the 

abundance of NOXA mRNA. The levels of miR-23a where further increased while NOXA 

mRNA were further decreased when the amount of the p35 expression plasmid was 

increased to 5 or 10 fold excess over that of the CDK5-DN expression plasmid. Together 

these results suggest that CDK5 activity negatively regulates NOXA mRNA expression, 

and subsequent protein levels, by positively regulating miR-23a expression.   

We lastly examined the effect of miR-23a overexpression on resistance to apoptosis 
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in cells exposed to hyperthermia in the presence and absence of roscovitine. Stably 

transfected PEER cells overexpressing miR-23a produced lower levels of NOXA mRNA 

relative to stably transfected cells expressing a control miRNA (Figure 3.8A). 

Roscovitine treatment of the control miRNA expressing cells resulted in increased 

NOXA protein levels and caspase-3 cleavage (Figure 3.8B). The extent of NOXA protein 

accumulation and caspase-3 cleavage was higher when these cells were exposed to 

hyperthermia (42°C) while in the presence of roscovitine. Remarkably the miR-23a 

expressing cells showed no increase in NOXA protein levels or caspase-3 cleavage when 

treated with roscovitine either alone or in combination with hyperthermia. Additionally, 

while roscovitine treatment of the control miRNA expressing cells resulted in apoptosis, 

as indicated by the appearance of cleaved caspase-3 (Figure 3.8B) and by an increased 

percentage of Annexin V positive cells (Figure 8C), the miR-23a expressing cells were 

highly resistant to the combined treatment of roscovitine with hyperthermia (Figure 3.8B 

and C). Therefore, the effects of CDK5 inhibition on sensitivity to hyperthermia-induced 

apoptosis can be abrogated by the overexpression of miR-23a and its ability to suppress 

NOXA expression. 

 

3.5 Discussion 

Proteotoxic stress, including hyperthermic exposure, causes protein misfolding and 

aggregation leading to loss of function. Signaling pathways controlling cell survival are 

acutely affected by proteotoxic stress. Hyperthermia can either activate or inhibit 

signaling pathways by inhibiting the activity of specific kinases or the phosphatases that 

regulate their activity (Meriin et al., 1999; Mosser et al., 1997; Simard et al., 2011; 
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Yaglom et al., 2003). Induction of apoptosis in cells exposed to hyperthermic stress 

serves as a mechanism to remove irreparably damaged cells. However, prior exposure to 

a mild proteotoxic stress induces an adaptive response leading to the enhanced expression 

of the heat-shock family of molecular chaperones, including HSP70, that have anti-

apoptotic properties (Mosser and Morimoto, 2004). HSP70 inhibits apoptosis by 

preventing the activation of BAX, a pro-apoptotic member of the BCL2 family of 

apoptotic regulators (Stankiewicz et al., 2005). The activation of BAX in heat stressed 

cells is controlled by a NOXA-dependent loss of the anti-apoptotic BCL2 family member 

MCL-1 (Stankiewicz et al., 2009).  

The proapoptotic activity of NOXA is regulated by CDK5 dependent phosphorylation 

of residue serine-13 (Lowman et al., 2010). Lymphoid cells deprived of glucose undergo 

apoptosis that is associated with reduced CDK5-mediated NOXA serine-13 

phosphorylation, increased NOXA/MCL-1 association and MCL-1 depletion (Lowman et 

al., 2010). We were therefore interested in examining the potential effect of hyperthermia 

on CDK5 activity and its relation to NOXA-induced heat-sensitivity. We found that 

CDK5 is sensitive to heat-induced insolubilization and that HSP70 overexpression 

maintains CDK5 solubility in heat-stressed cells. We also observed a dramatic loss of 

tyrosine-15 phosphorylated CDK5 after exposure to hyperthermia, which was prevented 

by HSP70 overexpression. Previously, several studies have shown that the kinase activity 

of CDK5 is stimulated by Tyr15 phosphorylation and that this is mediated by c-Abl, Fyn, 

and Src kinases (Hisanaga and Endo, 2010). One study investigating c-Abl has shown 

that hyperthermia reduces c-Abl mRNA expression in vivo in mice testes (Rockett et al., 

2001), while another study demonstrated that hyperthermia reduces activity of purified 
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recombinant c-Abl (Jain et al., 2000). In addition, Gao et al., (Gao et al., 2001) have 

reported heat-induced insolubilization of CDK5 in astrocytes and showed that 

overexpression of CDK5 protected these cells from the effects of hyperthermia. 

Therefore, in combination with previous studies, our results suggest that CDK5 activity is 

impaired during hyperthermia, and that this loss of activity could contribute to 

hyperthermia-induced apoptosis through decreased substrate phosphorylation, such as 

NOXA. Lastly, we hypothesize that HSP70 could potentially prevent hyperthermia-

induced apoptosis by maintaining CDK5 activity through preservation of CDK5 

solubility and/or Tyr15 phosphorylation via maintenance of c-Abl.  

Though Tyr15 phosphorylation of CDK5 has been shown to increase kinase activity, 

a recent report casts doubt on the role of Tyr15 phosphorylation in the regulation of 

CDK5 activity (Kobayashi et al., 2014). We therefore also examined the effect of CDK5 

inhibition on heat sensitivity using the CDK5 inhibitor roscovitine. Given that cells 

exposed to 42°C were able to recover total CDK5 and pY15-CDK5 levels when allowed 

to recover at 37°C post-hyperthermia and had only minimal levels of active caspase-3, we 

hypothesized that inhibition of CDK5 with roscovitine should sensitize cells to mild 

hyperthermia. As anticipated, roscovitine treatment increased cytochrome c release and 

apoptosis in cells exposed to 42°C, corresponding with an increased abundance of NOXA 

protein and a loss of MCL-1.  

Roscovitine is a potent inhibitor of CDK5 (IC50 of 0.2 µM) as well as CDK1 and 

CDK2 (IC50 of 0.7 µM) but has minimal inhibitory activity against a number of other 

kinases (Meijer et al., 1997). Roscovitine treatment has been reported to induce apoptosis 

that was associated with decreased levels of MCL-1 in neutrophils and multiple myeloma 
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cells (Gautam et al., 2013; MacCallum et al., 2005; Raje et al., 2005). Interestingly, 

Gautam et al., (Gautam et al., 2013) observed an increased abundance of NOXA mRNA 

in roscovitine treated neutrophils, although protein levels were not measured. We found 

that both hyperthermic exposure and roscovitine treatment on their own caused a 

significant increase in NOXA protein and that the combined treatment of hyperthermia 

plus roscovitine augmented this increase. This led us to speculate that CDK5 activity 

might play a role in regulating the half-life of NOXA such that CDK5 inhibition, by heat 

shock or roscovitine treatment, could result in decreased NOXA phosphorylation and a 

reduced rate of turnover. However, we found that neither roscovitine treatment, 

overexpression of a dominant negative mutant of CDK5 (CDK5-D145N) or prevention of 

NOXA phosphorylation by a Ser-13-alanine mutation (S13A) had any effect on the 

turnover rate of NOXA. Interestingly treatment of cells with roscovitine or 

overexpression of CDK5-D145N resulted in an increased abundance of NOXA protein 

suggesting that CDK5 inhibition directly affects NOXA expression. 

The observation that CDK5 inhibition caused an increased accumulation of NOXA 

protein without affecting its turnover rate led us to consider that NOXA expression was 

being affected at the level of mRNA expression or translation. We have recently found 

that NOXA expression is controlled by the microRNA miR-23a (Roufayel et al., 2014), 

whereby mir-23a binding to NOXA mRNA affects both transcript levels and translation. 

We have also demonstrated that hyperthermia causes a reduction in miR-23a levels, 

which results in an increased abundance of NOXA mRNA and protein leading to cell 

death (Roufayel et al., 2014). Consequently, we hypothesized that miR-23a levels might 

be regulated by CDK5. As predicted, our results demonstrate that either roscovitine 
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treatment or expression of dominant negative CDK5-D145N caused a dramatic reduction 

in miR-23a levels and a corresponding increase in NOXA mRNA. In the case of CDK5-

D145N expression, the loss of miR-23a could be rescued by overexpression of the CDK5 

activator p35 resulting in a corresponding decrease in Noxa mRNA expression. 

Additionally, overexpression of miR-23a provided resistance to apoptosis in cells 

exposed to roscovitine alone or in combination with hyperthermia most likely through 

depletion of NOXA mRNA.   

Given that inhibition of CDK5 activity reduces miR-23a expression, we speculate that 

CDK5 regulates the activity of a transcription factor controlling miR-23a expression. A 

number of transcription factors have been implicated in the regulation of miR-23a 

expression including Srf, Myf6, NFATc3; c-myc and CREB (Hernandez-Torres et al., 

2014; Li et al., 2013; Lin et al., 2009; Tan et al., 2012), though it is currently unknown if 

these transcription factors are altered during hyperthermia with the exception of c-myc 

(Bukh et al., 1990). Alternatively, both hyperthermia and roscovitine treatment are 

known to inhibit RNA polymerase II, which could potentially affect miR-23a levels. 

MacCallum et al., (MacCallum et al., 2005) suggest that roscovitine induces apoptosis 

through inhibition of RNA polymerase II dependent transcription, which would result in 

the selective loss of short-lived proteins such as MCL-1. MiR-23a is transcribed as part 

of a pri-miRNA cluster by RNA polymerase II (Lee et al., 2004b) and therefore 

hyperthermia or roscovitine treatment could potentially reduce miR-23a levels by directly 

inhibiting RNA polymerase II, thereby causing an increase in NOXA mRNA and protein 

abundance. However, NOXA, like MCL-1, also has a short protein half-life and therefore 

it is unlikely that inhibition of RNA polymerase II would cause an increase in NOXA 
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protein levels, suggesting that inhibition of CDK5 activity and the resulting reduced 

expression of miR-23a are the definitive factors controlling NOXA expression during 

hyperthermia.   

 

MicroRNAs are important regulators of cell survival and not surprisingly their 

expression is often deregulated in a number of diseases including cancer (Lima et al., 

2011). MiR-23a is transcribed as part of the miR-23a~27a~24-2 cluster, which is 

overexpressed in and is implicated in the pathology of cancer and cardiac hypertrophy 

(Chhabra et al., 2010). It acts as a pro-survival factor by suppressing the expression of the 

pro-apoptotic regulators APAF1, caspase-7 and NOXA (Chen et al., 2014; Mao et al., 

2014; Roufayel et al., 2014). There are only a few reports on the effects of hyperthermia 

on microRNA expression (Place and Noonan, 2014). We have previously shown that 

hyperthermia causes miR-23a levels to decrease and that this results in the increased 

expression of NOXA leading to apoptosis (Roufayel et al., 2014). The results presented 

here suggest that the decreased abundance of miR-23a in heat-shocked cells is due to 

CDK5 inhibition. HSP70 overexpression prevents the heat-induced loss of miR-23a 

(Roufayel et al., 2014), which we suggest could be attributed to the ability of HSP70 to 

prevent the heat-induced insolubilization of total CDK5 and loss of pY15-CDK5. 

CDK5 plays a critical role in regulating a number of vital cellular processes including 

cell, survival and migration in a variety of cell types, including lymphoid cells (Arif, 

2012; Contreras-Vallejos et al., 2012; Hisanaga and Endo, 2010; Liebl et al., 2011). 

Deregulation of CDK5 activity is associated with the pathology of cancer, inflammation, 

diabetes and protein folding diseases including Alzheimer’s disease, amyotrophic lateral 
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sclerosis and Parkinson’s disease. Our results suggests that cellular stress could 

contribute to disease pathology through suppression of CDK5 activity and the subsequent 

effects on miR-23a and NOXA expression. CDK5 activity is often upregulated in many 

cancers, potentially leading to decreased NOXA expression and protection against stress-

induced apoptosis. Currently there are multiple CDK5 inhibitors that are being 

investigated both in vitro and in clinical trials that have shown efficacy against CDK5 

(Demange et al., 2013; Fabre et al., 2014; Lapenna and Giordano, 2009; Stephenson et 

al., 2014). 

A major finding of this study is that the cytoprotective properties of HSP70 can be 

attributed in part to its ability to prevent CDK5 inactivation in stressed cells. HSP70 is 

often overexpressed in tumor cells where it acts as an inhibitor of apoptosis and 

contributes to the process of tumorigenesis (Mosser and Morimoto, 2004). We 

hypothesize that HSP70 might allow cancer cells to endure the oxidative and proteotoxic 

tumor microenvironment by helping to maintain the activity of CDK5. In support of this 

we have demonstrated the cytoprotective effect of HSP70 overexpression on both CDK5 

solubility and Tyr15 phosphorylation during hyperthermia, which ultimately results in 

reduced NOXA protein expression and protection against hyperthermia-induced 

apoptosis. Overall our results suggest that a combination therapy of hyperthermia with 

CDK5 inhibitors could be effective in the treatment of cancers that have elevated levels 

of HSP70. 
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Figure 3.1. Loss of pY15-CDK5 and insolubilization of total CDK5 in cells exposed 
to hyperthermia.  
(A) PErTA70 cells that were either not induced (- HSP70) or induced to express HSP70 (+ 
HSP70) were incubated at 42, 43 or 44°C for 1 hour and then returned to 37°C for 6 hours. 
Control cells remained at 37°C. Cells were lysed in buffer containing 1% Triton X-100 and 
following centrifugation the Triton X-100 soluble fraction was examined by SDS-PAGE and 
western blotting. (B) Quantification of the results shown in A (mean ± SEM, n=3, * indicates a 
significant difference between -HSP70 and +HSP70 cells p<0.05). (C) Cells were exposed to 42, 
43 or 44°C for 1 hour and then either collected immediately or after incubation at 37°C for 2, 4 or 
6 hours before collection. Cells were lysed as in ‘A’ and following centrifugation the Triton X-
100 soluble and insoluble (PELLET) fractions were examined by western blotting. 
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Figure 3.2. Effect of hyperthermia on phosphorylation of MAPK/CDK targets.  
(A) Non-induced (- HSP70) and induced (+ HSP70) PErTA70 were exposed to 43°C for 30, 60, 
90, or 120 minutes and then incubated at 37°C for 6 hours before being lysed in 1% Triton X-100 
buffer. Control cells were incubated at 37°C (C). Triton X-100 soluble and insoluble (PELLET) 
fractions were examined by western blotting. The phospho-MAPK/CDK substrate antibody 
detects proteins phosphorylated on the MAPK/CDK concensus sequence PXS*P or S*PXR/K. 
(B) Quantification of the results shown in A (mean ± SEM, n=3, * indicates a significant 
difference between OFF and ON cells p<0.05). (C) Roscovitine enhances the loss of 
MAPK/CDK target protein phosphorylation in heat shocked cells and inhibits the hyperthermia-
induced increase in phosphorylation of specific MAPK/CDK targets. PErTA70 cells were 
exposed to 43°C for 60 or 120 minutes in the absence or presence of 20 µM roscovitine and 
collected. Roscovitine treated cells were pre-incubated with the drug for 6 hours at 37°C before 
exposure to hyperthermia. Control cells were incubated at 37°C. Cells were lysed with Triton X-
100 lysis buffer and the Triton X-100 soluble fractions were examined by western blotting. 
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Figure 3.3. The CDK5 inhibitor roscovitine sensitizes cells to heat-induced 
apoptosis.  
(A) Non-induced (- HSP70) and HSP70-expressing (+ HSP70) cells were treated with 0, 5 or 10 
µM roscovitine and incubated at either 37°C for 7 hours or exposed to 42°C for 1 hour followed 
by 6 hours at 37°C. Apoptosis was measured by Annexin-V staining (mean ± SEM, n=3, * 
indicates significant difference in value compared to treatment in the absence of roscovitine 
p<0.05). (B) Cells were incubated with various concentrations of roscovitine (0.5 – 20 µM), 
exposed to either 42 or 43°C for 1 hour and then incubated at 37°C in the presence of roscovitine 
for 48 hours. Viability was then measured using Alamar blue and plotted relative to cells that 
were not exposed to roscovitine (mean ± SEM, n=3). 
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Figure 3.4. Roscovitine treatment augments the effects of hyperthermia on the 
release of cytochrome c and HtrA2 from mitochondria.  
(A) Cells were treated with 0, 5 or 10 µM roscovitine and incubated at 37°C for 7 hours or 
exposed to 42°C for 1 hour and then incubated at 37°C for 6 hours. Cells were lysed in 0.025% 
digitonin buffer and centrifugation to obtain membrane ‘M’ and soluble ‘S’ fractions, which were 
analyzed by western blotting. Quantification of the results are shown for levels of cytochrome c 
(B) and HtrA2 (C), (mean ± SEM, n=3, * indicates a significant difference between non-treated 
and roscovitine treated cells p<0.05). 
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Figure 3.5. Roscovitine treatment augments the effects of hyperthermia on NOXA 
accumulation.  
(A) Cells were treated with 0, 5 or 10 µM roscovitine and incubated at 37°C for 7 hours or 
exposed to 42°C for 1 hour and then incubated at 37°C for 6 hours. Cells were then lysed in 
Laemmli buffer and analyzed by western blotting. Quantification of the results are shown for 
levels of NOXA (B) and MCL-1 (C), (mean ± SEM, n=3, * indicates a significant difference 
between non-treated and roscovitine treated cells p<0.05). 
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Figure 3.6. CDK5 does not regulate NOXA protein half-life.  
(A) PEER cells were incubated in the absence or presence of 10 µM roscovitine for 6 hours and 
then either collected immediately or incubated with cycloheximide for 30, 60, 90 or 120 minutes 
before collection and analysis of NOXA protein levels by western blotting. (B) PErTA cells with 
tetracycline-regulated expression of dominant-negative CDK5-D145N (CDK5-DN) were 
incubated without doxycycline (- CDK5-DN) or with doxycycline (+ CDK5-DN) for 24 hours 
and then either collected immediately or incubated with cycloheximide for 30, 60, 90 or 120 
minutes before collection and analysis of NOXA protein levels by western blotting. (C) 293-rtTA 
cells were transiently transfected with plasmids to express wild-type (WT) NOXA or NOXA with 
a serine-13-to-alanine mutation (S13A). Following transfection the cells were either collected 
immediately or incubated with cycloheximide for 40, 80 or 120 minutes before collection and 
analysis of NOXA protein levels by western blotting. 
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Figure 3.7. CDK5 inhibition reduces miR-23a levels causing increased NOXA 
expression.  
(A) PEER cells were incubated without or with 10 µM roscovitine for 6 hours and then analyzed 
for miR-23a and NOXA mRNA levels by RT-qPCR (mean ± SEM, n=3) and RT-PCR. (B) 
Stably-transfected PErTA cells with tetracycline-regulated expression of dominant-negative 
CDK5-D145N (CDK5-DN) were incubated without doxycycline (- CDK5-DN) or with 
doxycycline (+ CDK5-DN) for 24 hours and then analyzed for miR-23a and NOXA mRNA 
levels by RT-qPCR (mean ± SEM, n=3) and RT-PCR. (C) Western blots showing levels of 
overexpressed p35 and CDK5-DN proteins in the transfected cells HeLa cells. Cells were 
transiently transfected with a plasmid to overexpress CDK5-DN (2.5 µg) without or with a 2.5, 5 
or 10 fold excess of a p35 expression plasmid. Cells were collected 24 hours post-transfection. 
(D) Cells transfected as in ‘C’ were analyzed for miR-23a and NOXA mRNA levels by RT-qPCR 
(mean± SEM, n=3). 
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Figure 3.8. Overexpression of miR-23a prevents NOXA expression in cells treated 
with mild heat shock or roscovitine.  

(A) qPCR analysis of miR-23a and NOXA mRNA levels in PEER cells that stably 
overexpress a control miRNA (C-miR) or miR-23a (mean ± SEM, n=3). (B) Control 

miRNA and miR-23a overexpressing cells were incubated with 0 or 10 µM roscovitine 
and incubated at either 37°C for 7 hours or exposed to 42°C for 1 hour and then 

incubated at 37°C for 6 hours. NOXA and active caspase-3 (p17) levels were measured 
by western blotting. (C) Measurement of apoptosis by Annexin-V staining of samples 

treated as described in ‘B’ (mean ± SEM, n=3 * indicates a significant difference 
between non-treated and roscovitine treated cells p<0.05). 
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CHAPTER 4 
 

Examination of the role of miR-23a in the development of thermotolerance 
 
 
Statement of Contribution: I performed all of the experiments shown in this chapter. 
 
 

4.1 Abstract 

Thermotolerance is an acquired state of increased heat resistance that occurs 

following exposure to non-lethal proteotoxic stress. A large body of evidences implicates 

members of the heat shock protein family of molecular chaperones as mediators of the 

thermotolerant state. Recent evidence has demonstrated that HSP90, HSP70 and HSP27 

prevent heat-induced cell death by intervening at various steps in stress-induced apoptotic 

pathways. For example, HSP70 has been shown to prevent heat-induced apoptosis by 

preventing the NOXA dependent decrease in MCL-1 levels leading to BAX activation 

and cytochrome c release from mitochondria. We have previously demonstrated that 

HSP70 expressing cells have enhanced levels of miR-23a, which prevents the heat-

induced increase in NOXA and blocks apoptosis. In this study we demonstrate that a 

thermotolerance inducing heat shock treatment was capable of increasing levels of miR-

23a and that cells that have reduced miR-23a levels due to expression of an shRNA 

targeting miR-23a are incapable of developing thermotolerance. The results demonstrate 

that miR-23a is an important factor in the development of the thermotolerant state. 

 

4.2 Introduction: 

Intrinsic heat sensitivity varies amongst different mammalian cells. A study done by 

Raaphorst and colleagues using colony formation assays showed that cells of different 
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species have differing responses to hyperthermia (Raaphorst et al., 1979). Moreover, not 

surprisingly cells derived from cold-blooded vertebrates are more heat-sensitive than are 

mammalian cells (Raaphorst et al., 1979). Cell survival following exposure to 

hyperthermia depends on the temperature and duration of exposure (Bauer and Henle, 

1979; Dewey et al., 1977). Cell death occurs in mammalian cell cultures exposed to 

temperatures above 40˚C due to the damage caused by protein misfolding (Li, 1986). A 

key finding was the discovery that exposure to non-lethal temperatures results in a 

transiently induced state of increased heat resistance known as thermotolerance (Gerner 

and Schneider, 1975). Thermotolerance in mammalian cells can be induced in vitro by 

either a short initial exposure to 43˚C followed by incubation at 37˚C before the second 

heat challenge or by a continuous exposure to temperatures below 43˚C (Palzer and 

Heidelberger, 1973; Sapareto et al., 1978). A detailed study using Chinese hamster HA-1 

cells showed that varied temperatures and exposure times of the first heat treatment 

induced various degrees of thermotolerance. Thermotolerance developed in cells that 

were continuously exposed to 41°C as seen by a change in the slope of the killing curve. 

Temperatures of 43˚C and above did not result in the development of thermotolerance 

unless the cells were subsequently incubated at 37°C for a period of time before exposure 

to the challenging heat treatment. (Li and Werb, 1982). 

An abundance of evidence implicates a role for heat shock proteins as being 

responsible for development of the thermotolerant state (Nussenzweig, 1997). For 

example, the level of thermotolerance during its development and decay is correlated 

with the abundance of the induced heat shock proteins (Landry et al., 1982; Li and Werb, 

1982; Subjeck et al., 1982). In addition to hyperthermia other proteotoxic treatments that 
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induce heat shock protein synthesis also transiently induce heat resistance (Li and Hahn, 

1978). Treatments that prevent heat shock protein synthesis or impair the function of heat 

shock proteins prevent the development of thermotolerance (Johnston and Kucey, 1988; 

Laszlo and Li, 1985; Riabowol et al., 1988). Also, heat resistant variant cell lines 

overexpress heat shock proteins (Laszlo and Li, 1985). Finally stable overexpression of 

heat shock proteins from cloned heat shock genes provides increased heat resistance 

(Landry et al., 1989; Li et al., 1991). RNA and protein synthesis is inhibited in cells 

exposed to hyperthermia, however synthesis recovers when the heat-shocked cells are 

incubated at 37˚C. Recovery occurs more rapidly and more completely in thermotolerant 

cells. This effect can also be seen in cells that constitutively overexpress HSP70 or 

HSP27 suggesting that heat resistance might be conferred through a protection of the 

transcriptional and translational machinery (Liu et al., 1992). A major clue to how heat 

shock proteins provide thermotolerance was provided by the discovery that 

thermotolerant cells resist apoptosis and that HSP70 overexpression prevents heat 

induced apoptosis (Mosser et al., 1997; Mosser and Martin, 1992).  

Our previous study demonstrated that NOXA expression is regulated by miR-23a and 

that miR-23a levels are a determinant of heat sensitivity (Roufayel et al., 2014). We 

therefore sought to determine whether the thermotolerant state is dependent upon the 

synthesis of miR-23a. To address this we examined whether a thermotolerance inducing 

heat treatment affected miR-23a levels in the PEER cell line, which has low levels of 

miR-23a. As well, we examined whether stable knockdown of miR-23a using a shRNA 

in the U937 cell line prevents the development of thermotolerance.  
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4.3 Materials and Methods 

4.3.1 Cell lines and treatment  

PEER (acute lymphoblastic leukemia), U937 (histiocytic lymphoma) and stably 

transfected U937 cells expressing either a control shRNA or a miR-23a targeting shRNA 

(Roufayel et al., 2014) were maintained at 37°C and 5% CO2 in a water-jacketed 

incubator (Forma Scientific, Series II). Cells were grown in RPMI-1640 media 

supplemented with 10% fetal bovine serum (Invitrogen). 	  

To induce thermotolerance, cells were exposed to a non-lethal heat shock treatment 

and then incubated at 37°C for 6 hours. For PEER cells the pre-treatment was a 30 

minute exposure to 43°C. The pre-treated cells were then incubated at 37°C for 6 hours 

before being challenged with a heat treatment of 60 minutes at 43°C (Mosser and Martin, 

1992). For U937 and the control shRNA expressing U937 cells, pre-treatments of 30, 60 

and 90 minutes at 43°C were followed by incubation at 37°C for 6 hours and then a 

challenging heat shock treatment of 150 minutes at 43°C.  The U937 clone expressing the 

miR-23a directed shRNA is more heat sensitive than the parental line (Roufayel et al., 

2014) and was therefore challenged with a 120 minute exposure to 43°C. Following the 

challenging heat shock treatment all cells were incubated at 37°C for 6 hours before 

being collected for analysis of DEVDase activity as described previously (Roufayel et al., 

2014). All heat shock treatments were carried out with cells suspended at a concentration 

of 5x106 cells/ml in RPMI media containing 10% FBS and 10 mM HEPES pH 7.2. Cell 

suspensions in 15 ml centrifuge tubes were submerged in a circulating water bath and 

then following the heat shock treatment they were diluted to 1x106 cells/ml with fresh 

media and transferred to a cell culture flask before incubation at 37°C. 
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4.3.2 RT-qPCR   

To determine the effect of different hyperthermic exposures on miR-23a and Noxa 

mRNA expression in the U937 cell lines, cells were exposed to 43°C for periods of time 

ranging from 30 minutes to 150 minutes and then incubated at 37°C for 6 hours before 

collection for RNA isolation. Cells were collected by centrifugation, washed with PBS, 

and RNA was isolated using TRIzol Reagent (Invitrogen-Life Technologies, Burlington, 

ON, Canada). cDNA was synthesized from 0.017 µg of purified RNA using random 

primers and the High Capacity cDNA Reverse Transcription kit (Applied Biosystems- 

Life Technologies, Burlington, ON, Canada). qPCR was performed using PerfeCTA 

FastMix II from Quanta Biosciences and the Applied Biosystems StepOnePlus real-time 

PCR instrument at the University of Guelph Advanced Analysis Centre. Primers used for 

are: miR-23a-fwd: 5′-ctggggttcctggggatg-3′; miR-23a-rev: 5′-ggtcggttggaaatccctg-3′; 

NOXA-fwd: 5′-gctggaagtcgagtgtgcta-3′; NOXA-rev: 5′-ggagtcccctcatgcaagtt-3′; RPL4-

fwd: 5′-gctctggccagggtgcttttg-3’; RPL4-rev: 5′-atggcgtatc gtttttgggttgt-3′). The miR-23a 

primers will detect both pri- and pre-miR-23a. 

  

4.4 Results 

Initially we set out to test whether a thermotolerance inducing heat treatment could 

affect the level of miR-23a in heat challenged cells. To do this we exposed PEER cells to 

43°C for 30 minutes and then incubated them at 37°C for 6 hours to induce 

thermotolerance. Thermotolerant and control naïve cells were then exposed to 43°C for 

60 minutes (lethal heat challenge) and incubated at 37°C for 6 hours. Levels of miR-23a 

and Noxa mRNA were analyzed in control and thermotolerant cells that were collected 
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before the heat challenge (pre-HS) and 6 hours after the challenging heat treatment (post-

HS) (Figure 4.1A). Analysis of miR-23a levels by RT-qPCR showed that thermotolerant 

cells had accumulated a 44 fold higher level of miR-23a relative to the control cells at the 

pre-HS time point (Figure 4.1B). Exposure to the challenging heat treatment caused miR-

23a levels to drop approximately 250 fold in the non-thermotolerant cells but by only 

about 3 fold in the thermotolerant cells when measured 6 hours after the heat challenge 

(post-HS time point). Importantly, the thermotolerant cells maintained higher levels of 

miR-23a after the challenging heat treatment then what were originally present in the 

control cells. Consequently, whereas the levels of Noxa mRNA were increased nearly 

700 fold in the non-thermotolerant cells that were given the challenging heat treatment, 

Noxa mRNA levels were only increased 2.2 fold in the thermotolerant cells at the post-

HS time point. These results show that the thermotolerance inducing heat treatment was 

able to modulate miR-23a levels such that Noxa mRNA levels were not significantly 

increased and suggest that the induction of thermotolerance is associated with changes in 

miR-23a levels.  

We next examined whether stable knockdown of miR-23a could prevent the 

development of thermotolerance. For this we used U937 cells, which we have previously 

demonstrated express higher levels of miR-23a and are more heat-resistant than PEER 

cells (Roufayel et al.; 2014). However, stable clones of U937 expressing a miR-23a 

targeting shRNA are more heat sensitive than the parental U937 or clones expressing a 

control non-targeting shRNA. Preliminary experiments showed that high levels of 

apoptosis, as measured by DEVDase activity, occurred only in U937 cells that were 

exposed to 43°C for 150 minutes. We therefore, compared the effects of thermotolerance 
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inducing heat shock treatments of either 30, 60 or 90 minutes at 43°C followed by 6 

hours incubation at 37°C on the ability to withstand a challenging heat treatment of 150 

minutes at 43°C in the parental U937 cell line (Figure 4.2A left panel). While a 30 

minute pretreatment provided a slight degree of resistance to the challenging heat 

treatment (although not significantly different from the non-pretreated cells), cells 

exposed to 43°C for 60 or 90 minutes were fully thermotolerant as judged by DEVDase 

activity levels that were comparable to that of the control non-heat challenged cells. U937 

cells expressing the control shRNA responded similarly in that only a 60 or 90 minute 

pre-treatment was capable of inducing thermotolerance (Figure 4.2A, middle panel). 

However, U937 cells expressing the miR-23a specific shRNA were unable to develop 

thermotolerance to the milder challenging heat treatment of 120 minute exposure to 43°C 

(Figure 4.2A, right panel). These results demonstrate that shRNA mediated depletion of 

miR-23a prevents the development of thermotolerance in U937 cells. 

We next compared miR-23a levels in each of the cell lines following heat shock 

treatment. Each of the cell lines were exposed to 43°C for 30, 60, 90, 120 and 150 

minutes followed by incubation at 37°C for 6 hours, except for the miR-23a shRNA cell 

line which was not exposed to the extreme 150 minute heat treatment (Figure 4.2B). 

Levels of miR-23a were 1000 fold less in the miR-23a shRNA expressing cells compared 

to the parental and control shRNA-expressing cells. Exposure to hyperthermia caused a 

time dependent logarithmic decrease in the abundance of miR23a in the miR-23a shRNA 

expressing cells. However, in the parental and control shRNA expressing cell lines a 

significant loss of miR-23a occurred only after exposure to 43°C for a period of time 

greater than 90 minutes. Consequently, levels of Noxa mRNA increased dramatically in 
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the miR-23a shRNA cells that were exposed to hyperthermia reaching levels that were 

considerably higher than that of the parental or control shRNA expressing cells (Figure 

4.2B). These results suggest that the inability to maintain adequate levels of miR-23a 

prevents the development of thermotolerance. However, the lack of thermotolerance in 

the parental and control shRNA cells that were exposed to 43°C for 30 minutes suggests 

that other factors are involved since these cells have levels of miR-23a that are similar to 

that of the cells exposed to 43°C for 60 or 90 minutes and which were able to develop 

thermotolerance.  

 

4.5 Discussion 

Thermotolerance is a transiently induced state of heat resistance that is acquired 

following exposure to a non-lethal heat treatment (Gerner and Schneider, 1975). It is 

generally accepted that the thermotolerant state is mediated by the induced synthesis of 

heat shock proteins, which have been shown to inhibit apoptosis (Nussenzweig, 1997). 

Our previous finding that HSP70 overexpression enhanced the stability of the anti-

apoptotic microRNA miR-23a and that miR-23a overexpression provides increased heat 

resistance (Roufayel et al., 2014) led us to consider whether the role that HSP70 plays in 

providing thermotolerance is mediated solely through miR-23a. We asked whether 

thermotolerant cells contain elevated levels of miR-23a and whether prevention of miR-

23a synthesis abrogated the development of thermotolerance.  

We have previously demonstrated that a 43°C heat exposure of 30 minutes followed 

by a 6 hour incubation at 37°C results in a high degree of resistance to a challenging heat 

treatment of 43°C for 60 minutes as judged by a reduction in the number of apoptotic 
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cells (Mosser and Martin, 1992). This pre-heat treatment results in the accumulation of 

HSP70, which can prevent heat-induced apoptosis when it is overexpressed in stably 

transfected PEER cells (Mosser et al., 1997). We now show that the thermotolerance 

inducing treatment also results in an increased accumulation of miR-23a. As well, miR-

23a levels remain elevated when these cells are subjected to the challenging heat 

treatment in contrast to the control, non-thermotolerant cells, which have over a 100 fold 

reduction in their miR-23a levels. Consequently, the levels of Noxa mRNA are not 

significantly elevated after the challenging heat treatment for the thermotolerant cells 

while in the non-thermotolerant cells Noxa mRNA levels increase approximately 300 

fold. These results demonstrate that the development of thermotolerance is associated 

with an increase in miR-23a levels, which could be sufficient for the thermotolerant state. 

To determine whether miR-23a is needed for the development of thermotolerance we 

examined whether knock down of miR-23a prevents the acquisition of the thermotolerant 

state. This experiment was carried out in U937 cells, which have higher endogenous 

levels of miR-23a as compared to the PEER cell line. We found that whereas the parental 

U937 cells and a clone that stably overexpresses a control shRNA were able to develop 

thermotolerance, as judged by measuring DEVDase activity, cells expressing a miR-23a 

specific shRNA did not develop thermotolerance. However, unlike the PEER cells, the 

thermotolerance inducing heat treatment (43°C for 60 or 90 minutes) did not result in an 

elevation in the levels of miR-23a. Furthermore, cells given a 30-minute pretreatment did 

not develop a significant level of thermotolerance although they contained similar levels 

of miR-23a as did the fully thermotolerant cells that were pre-treated for either 60 or 90 

minutes. This result suggests that factors other than miR-23a are required for the 
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development of thermotolerance. The lack of thermotolerance development in the miR-

23a-shRNA expressing clones suggests that miR-23a may simply play a role in 

determining intrinsic heat sensitivity. To clarify which of these two possibilities is the 

correct interpretation will require an examination of the levels of miR-23a in cells that 

have been given both a heat shock pretreatment and the challenging heat shock. For 

example, it is possible that the parental U937 cells given a 30-minute pre-treatment do 

not retain high levels of miR-23a after the challenging heat treatment, whereas the cells 

given a 60 or 90 minute pre-treatment are able to prevent a loss of miR-23a. If this is the 

case, then potentially it is the induced synthesis of HSP70 that occurs after the pre-

treatment that is essential for thermotolerance development through a mechanism that 

ensures that miR-23a levels are not depleted in cells exposed to the challenging heat 

shock. It will be necessary to measure the abundance of HSP70 in each of the cell lines at 

each stage of the pre-treatment and challenging heat treatments to assess the potential 

role of HSP70. Another way to address this question will be to stably knock down HSP70 

in PEER cells that overexpress miR-23a and assess whether these cells are able to 

develop thermotolerance.  

The results of this section support a role for miR-23a in the development of 

thermotolerance, its role cannot be separated from the influence of HSP70 and therefore 

it cannot be concluded without further experiments whether thermotolerance is mediated 

solely by the heat-induced expression of miR-23a in cells given a thermotolerance 

inducing heat pre-treatment. 
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Figure 4.1 Thermotolerant PEER cells have elevated levels of miR-23a.  
(A) Schematic showing the heat treatment protocol. PEER cells were given a 
thermotolerance inducing pre-treatment of 30 min at 43°C and then incubated at 37°C for 
60 minutes. Control cells were incubated at 37°C during this period. Cells were collected 
at this point to assess their condition prior to exposure to the challenging heat shock 
treatment (pre-HS). Cells were then exposed to the challenging heat treatment of 43°C for 
60 minutes, incubated at 37°C for 6 hours and collected (post-HS). RT-qPCR was used to 
quantitate the levels of pri/pre-miR-23a (B) and Noxa mRNA (C) (mean ± SEM, n=3). 
All values are represented relative to that of the non-thermotolerant control cells that 
were not exposed to the challenging heat shock being set to a value of one (i.e. the 
control pre-HS level). 



   

 107 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2 Examination of the effect of miR-23a knock down on thermotolerance 
development.  
(A) Parental U937 and stably transfected clones expressing a control non-targeting 
shRNA (C-shRNA) or a miR-23a specific shRNA (miR23a-shRNA) were given a 
pretreatment exposure to 43°C for either 0, 30, 60 or 90 minutes and then incubated at 
37°C for 6 hours. Following this pre-treatment, the cells were challenged with either a 
150 minute (U937 and C-shRNA) or 120 minute (miR23a-shRNA) exposure to 43°C. 
Cells were then incubated at 37°C for 6 hours and harvested. DEVDase activity was 
measured in cell extracts from the treated cells (mean± S.E.M., n= 3). (B) miR-23a and 
Noxa mRNA levels were measured by RT-qPCR in U937, C-shRNA and miR23a-
shRNA cells that were exposed to 43°C for 0 to 150 minutes and then incubated at 37°C 
for 6 hours (mean ± SEM, n=3). A 150-minute heat treatment was not used for the 
miR23a-shRNA cells since this treatment was too severe to provide a sufficient quantity 
of RNA for analysis. 
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CHAPTER 5 

GENERAL DISCUSSION 
 
 

Exposure to elevated temperatures causes protein damage that results in a process of 

cellular destruction called apoptosis. Apoptosis can be prevented by the synthesis of heat 

shock proteins, particularly HSP70 in the stressed cells (Mosser and Morimoto, 2004). 

The main goal of this study was to determine the mechanism controlling the expression 

of NOXA in stress-induced cells. We speculated that in non-stressed cells Noxa mRNA, 

and protein are maintained at low levels by miRNA-mediated Noxa mRNA translational 

suppression and that heat stress causes a depletion of this miRNA resulting in increased 

NOXA expression. The work shown here demonstrates that miR-23a elimination in heat-

stressed cells was responsible for the accumulation of the BH3-only protein NOXA, and 

that this accumulation was prevented by the overexpression of HSP70.  

In summary, we have demonstrated (i) that miR-23a expression is reduced when cells 

are exposed to hyperthermia and that this is correlated with an increase in Noxa mRNA 

expression, (ii) that this occurs in a variety of human cancer cell lines, (iii) that 

overexpression of HSP70 prevents the loss of miR-23a and the increase in Noxa mRNA 

in heat stressed cells, (iv) that the miR-23a binding site in the Noxa mRNA 3’UTR is a 

bona fide target of miR-23a, (v) that stable overexpression of miR-23a reduces Noxa 

mRNA and protein levels in control and heat stressed cells and prevents heat-induced 

apoptosis and (vi) that stable knockdown of miR-23a increases Noxa mRNA and protein 

levels in heat stressed cells and elevates heat-induced apoptosis (Figure 5.1). 

Additionally, we have provided a mechanistic explanation for the elevated level of miR-

23a in cells that have elevated levels of HSP70 by demonstrating that these cells have 
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higher levels of pri-miRNA transcripts, higher levels of pre-miRNA nuclear export and 

reduced rates of pre-miRNA turnover.  

Previous work in the lab demonstrated that CDK5 is rendered insoluble in cells that 

are exposed to hyperthermia and that overexpression of HSP70 minimizes the extent of 

CDK5 insolubilization. Since CDK5 has been shown to phosphorylate NOXA and 

regulate its pro-apoptotic function, we were interested in examining the relevance of 

CDK5 inhibition in heat-induced apoptosis. In this thesis, we have demonstrated (i) that 

CDK5 inhibition by either hyperthermia, roscovitine treatment or CDK5-DN expression 

results in increased NOXA expression, (ii) that the increased abundance of NOXA in 

these treated cells is not due to a reduced rate of NOXA protein turnover, (iv) that instead 

CDK5 inhibition results in reduced miR-23a expression causing an increased abundance 

of Noxa mRNA and (v) that miR-23a overexpression protects cells from apoptosis in 

roscovitine treated cells. These results suggest that CDK5 could regulate the activity of a 

transcription factor that controls miR-23a expression and that HSP70 could prevent heat-

induced apoptosis by maintaining CDK5 activity in heat stressed cells thereby preventing 

the loss of miR-23a expression.  

MicroRNAs play fundamental roles in mammalian development, differentiation and 

cellular homeostasis by regulating essential processes such as proliferation, cell 

migration, metabolism and cell death. Not surprisingly, their misexpression contributes to 

numerous diseases including cancer where certain miRNA genes have been classified as 

either oncogenes or tumor suppressor genes (Croce, 2009; Lima et al., 2011). Since a 

single microRNA is capable of targeting a large number of mRNA sequences, de-

regulated miRNA expression has the ability to alter various transcripts and activate a 
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wide range of cancer-related pathways. Reduced levels of mature miRNAs were 

documented in various tumours, primarily due to epigenetic silencing or alterations in 

biogenesis pathways (Chang et al., 2008; Karube et al., 2005; Melo et al., 2009). 

Microarray expression analysis of miRNA overexpression or depletion is now used in the 

characterization of cancer development pathways and as a biomarker for early cancer 

detection (Iorio and Croce, 2012; Kasinski and Slack, 2011).  

A number of studies have documented the effect of cellular stress on microRNA 

expression and how specific miRNAs function to provide resistance to stress (Leung and 

Sharp, 2010), although very little is known about the effects of heat stress on miRNA 

function. We have demonstrated that Noxa mRNA levels are controlled by miR23a 

binding to the Noxa mRNA 3’UTR and that this mechanism maintains relatively low 

levels of Noxa mRNA and protein in non-stressed cells. In cells exposed to hyperthermia 

the levels of this microRNA decrease primarily due to an inhibition of transcription. As a 

result, Noxa mRNA and protein levels increase leading to the inhibition of MCL-1 and 

BAX activation. In cells expressing HSP70, the levels of miR-23a are elevated, most 

likely due to a reduced rate of turnover. When these cells are exposed to hyperthermia 

miR-23a levels remain high partly because transcription is not as severely affected and 

therefore NOXA levels do not rise and the cells are protected from cell death. This is the 

first study to document the effects of hyperthermia on the expression of a miRNA that 

regulates apoptosis and provides a mechanism for how HSP70 inhibits stress-induced 

apoptosis.   
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The mechanism responsible for miR-23a mediated NOXA regulation was not 

investigated in this work but is likely to include both translational repression and mRNA 

decay since we observed an inverse correlation between miR23a levels and both Noxa 

mRNA and protein levels. miRNAs have been reported to cause both translational 

repression and mRNA decay. In mammals, an imperfect base pairing between a miRNA 

5’-proximal seed region and the 3’UTR of an mRNA has been proposed to primarily 

result in translational repression (Bartel, 2004; Bushati and Cohen, 2007; Lanet et al., 

2009). On the other hand, plant miRNAs base pair to mRNAs with a nearly perfect 

complementarity leading to mRNA cleavage by RNA interference (RNAi) (Brodersen et 

al., 2008; Lanet et al., 2009). However, recent studies indicate that miRNAs can inhibit 

protein synthesis in mammals through translational repression and/or mRNA 

deadenylation and degradation (Chekulaeva and Filipowicz, 2009; Filipowicz et al., 

2008). mRNA stability is controlled by an interplay of both 3’UTR AU rich elements and 

miRNA target sites, which play a crucial role in recruiting  deadenylation enzymes 

(Barreau et al., 2005; Standart and Jackson, 2007). miRNAs function in the form of 

ribonucleoprotein complexes known as miRISCs containing argonaute (AGO) and 

GW182 family proteins (Chekulaeva and Filipowicz, 2009; Eulalio et al., 2008). AGO 

proteins are known to function in both miRNA and siRNA pathways where in mammals, 

AGO1 to 4 play a role in miRNA repression (Peters and Meister, 2007). Other members 

such as AGO2 cleave perfect mRNA targets through its enzymatically active component 

RNASeH-like PIWI domain (Liu et al., 2004). The interaction between the N-terminal 

GW repeats of GW182 with its binding domain in the AGO protein leads to protein 
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synthesis repression. miR-23a is expected to suppress Noxa expression by similar 

mechanisms.	  

One question that needs to be addressed is whether exposure to hyperthermia can 

alter the expression of other miRNAs that regulate apoptotic pathways and whether 

HSP70 also plays a role in regulating their expression. Also, although we have provided a 

mechanism to explain why HSP70 expressing cells have elevated levels of miR-23a, 

more work is needed to mechanistically explain how this occurs. It is possible that 

Drosha/DGCR8 interactions with pri-miRNA are affected or partially inhibited during 

hyperthermia, therefore leading to insufficient miRNA being expressed. Alternatively, 

hyperthermia could destabilize mature miR-23a by affecting its association with the 

RISC complex leading to more rapid miR-23a degradation. HSP70 could stabilize the 

association of miR-23a with the RISC complex or accelerate RISC loading leading to a 

higher complement of RISC loaded miRNA complexes leading to slower rates of miRNA 

decay. HSP70 and HSP90 have been shown to play a role in the loading of miRNAs into 

the RISC complex by facilitating conformational changes in the Argonaute protein 

(Iwasaki et al., 2010). Another possible explanation for the elevated levels of miR-23a in 

HSP70 expressing cells is altered promoter activity at the miR-23a~24-2~27a locus. 

HSP70 could facilitate higher levels of pri- miR-23a~24-2~27a expression by stabilizing 

or assisting in the assembly of active transcription complexes on this promoter. Although 

we found higher levels of the pri-miRNA transcript in HSP70 expressing cells, nuclear 

run-on assays would be needed to verify whether this is due to higher levels of 

transcription or altered pri-miRNA stability. Our finding that CDK5 inhibition causes 

decreased miR-23a expression suggests that a transcription factor regulating miR-23a 
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expression could be a CDK5 target. The identification and characterization of 

transcription factors that regulate miR-23a expression in control and heat shocked cells is 

an area that needs to be further investigated. A general model of our findings is illustrated 

in Figure 5.2. We propose that hyperthermia inhibits CDK5, which positively regulates a 

transcription factor controlling mir-23a gene transcription. The loss of miR-23a is 

responsible for increased NOXA expression and cell death. HSP70 protects CDK5 from 

inactivation during hyperthermia and thereby allows continued expression of miR-23a 

under conditions of stress, which prevents NOXA accumulation. It is however likely that 

HSP70 acts at a number of levels to control miR-23a as we have demonstrated, including 

increased nuclear export and stability. Future experiments will be directed at determining 

how this is achieved. 

microRNAs have been implicated in regulating the expression of apoptotic proteins 

and thereby modulating cell survival. Altered miRNA expression or function contributes 

to the development of cancer and other diseases providing novel approaches for diagnosis 

and treatment (Garzon et al., 2010; Lima et al., 2011). Altering microRNA expression or 

function using miRNA mimics, perfectly complementary antagomir inhibitors or miRNA 

sponges is being explored for the treatment of diseases where oncogenic miRNAs have 

been shown to be essential for cancer cell survival. Our results indicate that HSP70 could 

be beneficial to tumour cells by helping to maintain the expression of oncogenic miRNAs 

under conditions of cellular stress and suggest that targeting HSP70 in tumor cells could 

be an effective way to suppress oncogenic miRNAs. However, much needs to be learned 

regarding the extent to which HSP70 affects the expression of miRNAs other than miR-

23a. 
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Figure 5.1 Mechanism of miR-23a mediated NOXA regulation in heat stressed cells  
NOXA mRNA levels are controlled by miR23a binding to the NOXA mRNA 3’UTR and 
that this mechanism maintains relatively low levels of NOXA mRNA and protein in non-
stressed cells. In cells exposed to hyperthermia the levels of this microRNA decrease 
primarily due to an inhibition of transcription. As a result, NOXA mRNA and protein 
levels increase leading to the inhibition of MCL-1 and BAX activation. In cells 
expressing HSP70 the levels of miR-23a are elevated, most likely due to a reduced rate of 
turnover. When these HSP70 expressing cells are exposed to hyperthermia miR-23a 
levels remain high partly because transcription is not as severely affected and therefore 
NOXA levels do not rise and the cells are protected from cell death. 
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Figure 5.2 Mechanism of apoptosis induction by hyperthermia and its suppression 
by HSP70.  
Prior to this research there was evidence that HSP70 inhibited heat-induced apoptosis by 
preventing BAX activation through a mechanism that involved the inhibition of NOXA-
dependent MCL-1 depletion. This thesis demonstrates that HSP70 does this by 
maintaining high levels of expression of miR-23a, a microRNA that targets NOXA 
mRNA for destruction and translational suppression. It also provides evidence that miR-
23a expression is regulated by CDK5, that activity of which is inhibited by hyperthermia. 
HSP70 could therefore prevent heat-induced apoptosis in part through its ability to 
maintain CDK5 activity following heat stress, which would prevent the loss of miR-23a 
and thereby prevent the accumulation of NOXA protein.  
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APPENDIX ONE 

 

 
 
 
 
Targetscan analysis of miRNA binding sites in the Noxa 3’ UTR.  
The Targetscan miRNA prediction program (www.targetscan.org) was used to identify 
potential miRNA binding sites in the NOXA mRNA 3’UTR. The program provides a 
score that includes a number of factors including seed match, location relative to the stop 
codon and conservation. A potential binding site for the mircoRNA miR-23a at position 
100-106 within the Noxa 3’UTR was identified.  
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