Effects of hyperthermia and HSP70 protein overexpression on FOXO3a levels
in Acute Lymphoblastic T-cells

by
Lisette Verzijlenberg

A Thesis
presented to
The University of Guelph

In partial fulfilment of requirements
for the degree of
Master of Science
in
Molecular and Cellular Biology

Guelph, Ontario, Canada
© Lisette Verzijlenberg, August, 2017

ABSTRACT

EFFECTS OF HYPERTHERMIA AND HSP70 PROTEIN OVEREXPRESSION ON FOXO3A
LEVELS IN ACUTE LYMPHOBLASTIC T-CELLS

Lisette Verzijlenberg

Advisor:

University of Guelph, 2017

Dr. Richard Mosser

Cells that are damaged by hyperthermia are eliminated by apoptosis. Forkhead Box O3a (FoxO3a) is a
transcription factor that triggers transcription of pro-apoptotic genes facilitating cell death. Normally
FOXO3a associates with 14-3-3 proteins in the cytoplasm and is ubiquitinated and degraded by the
proteasome. Turnover of FOXO3a is regulated by Akt-mediated phosphorylation at residues T32, S253,
and S315. Dephosphorylation leads to nuclear translocation and transcriptional activation of the apoptotic
program. Stress activates an evolutionarily conserved ‘heat shock response’ producing heat-shock proteins
like HSP70, which act as a defense mechanism limiting protein damage and thereby allowing survival of
cells exposed to proteotoxic stress. We demonstrated that hyperthermia causes nuclear translocation of
FOXO3a which is inhibited in cells expressing HSP70. Additionally, hyperthermia targeted FOXO3a for
proteasomal and caspase mediated degradation. Together, these results suggest a mechanism where HSP70
protects cells from stress by preventing the nuclear accumulation of FOXO3a and accelerating its
destruction.
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CHAPTER 1: INTRODUCTION
1.1 Stress and survival
Cells must continuously respond to stressful insults by engaging cyto-protective pathways. Yet it
is also at times vital for the survival of tissues to sacrifice those cells that have become damaged or are no
longer needed. Removal of these aberrant cells safeguards the organism from transmission of viral
infection, expansion of cancerous cells or over-activation of immune cells. Therefore, cells must possess a
decision-making system to determine cell fate in times of stress. Cells must respond appropriately to
moderate stress by repairing cellular damage, but trigger cell death signaling pathways when they surpass
the threshold of irreparable damage. Both programs are under complex transcriptional control. Proteotoxic
stress activates the heat shock response leading to heat shock transcription factor (HSF) activation and
production of the heat shock proteins (HSP). The heat shock proteins, including HSP70, are molecular
chaperones that function to repair protein damage and thereby prevent heat-induced cell death. On the other
hand, certain forms of stress can activate transcription factors that initiate the apoptotic program. Among
these are members of the FOXO family. FOXO3a activation for example, upregulates the expression of
pro-apoptotic proteins BIM, NOXA and PUMA. A key question is how these pathways are integrated to
make a coordinated decision to either resist and repair in the face of environmental stress or succumb and
perish. In this thesis, I addressed how the heat shock response and the FOXO3a signaling pathway intersect
in this decision-making process.
1.2 Forkhead Box transcription factors
Forkhead transcription factors are a superfamily of proteins named after the founding member’s
mutation phenotype in Drosophila melanogaster, depicting a forkhead-like appearance (Weigel, Jürgens,
Küttner, Seifert, & Jäckle, 1989). This superfamily contains over 100 structurally similar transcription
factors which all share a conserved 100-residue DNA binding region referred to as the forkhead domain.
Due to the diverse roles in which FOX proteins have been implicated, considerable transcriptional plasticity
is required to correctly respond to various environmental cues. Although most widely known as activators
of gene expression, these transcription factors also function as repressors, pioneer factors and may also
modulate other epigenetic effectors. Activation of target genes is achieved by binding FOX factors to
forkhead domain response elements (FHREs) found in the target’s promoter region (Figure 1) (Yusuf et al.,
2012). Co-activator histone acetyltransferase CBP/p300 then generates an accessible chromatin structure
to permit binding of transcriptional machinery. FOXO3a binding to a FHRE recruits CBP/p300 through its
conserved region 2 (CR2) and CR3 thereby activating transcription of its target gene. However, FOXO3a’s
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Figure 1: Diagram depicting a proposed mechanism used by FOXO3a to initiate transcription of target
genes by binding to the Forkhead Response Element (FHRE). 5’ adenosine monophosphate-activated
protein kinase (AMPK) phosphorylates FOXO3a at serine-626 (P) allowing interaction with CBP/p300
through conserved regions 2 (CR2) and conserved region 3 (CR3). This allows CBP/p300 to open
chromatin for basal transcription machinery to access genes. AMPK, 5’ adenosine monophosphate
activated protein kinase; Pol II, polymerase II; CBP, CREB binding protein; CREB, cAMP response
element binding protein. Adapted from reference (Lam, Brosens, Gomes, & Koo, 2013).
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interaction with CBP/p300 is dependent on activated 5’ adenosine monophosphate activated protein kinase
(AMPK) phosphorylation of FOXO3a at S626 (F. Wang et al., 2009, 2012). These transcription factors
play key roles in both development and adult tissue homeostasis and can be further subdivided into nineteen
subfamilies labeled alphabetically from A to S based on their sequence homology surrounding this forkhead
domain (Calnan & Brunet, 2008; Clark, Halay, Lai, & Burley, 1993; H. Huang & Tindall, 2007; Smith &
Shanley, 2010).
Structurally, the forkhead domain consists of three a-helices (H1, H2, and H3), three b-sheets (S1,
S2, and S3), a hydrophobic core, and two wing-like loops (W1 and W2) that interact with the target’s DNA
phosphate backbone. Topological arrangement shows a H1-S1-H2-H3-S2-W1-S3-W2 where the S1
interacts with S2 and S3 forming the three stranded b sheet. The N-terminus contains the cluster of three
a-helices while the C-terminal twists, forms an antiparallel b-sheet with two wing-like structures protruding
from it (Figure 2) (T Obsil & Obsilova, 2008; Tsai et al., 2007). As a transcription factor, FOX proteins
must bind with target DNA to activate or suppress their gene expression.
Control of FOX transcription factors may be achieved through more than just cell-specific altered
expression of these proteins, but also in a myriad of fine-tuned post translational functional properties and
environmental signals for various forkhead box members. To modulate gene networks in response to
environmental cues, the activity of these transcription factors must be tightly regulated (Calnan & Brunet,
2008; Smith & Shanley, 2010). However, similar modifications on subfamily FOX proteins don’t
necessarily produce the same regulatory outcome. For example, following acetylation, FOXO protein’s
DNA-binding and transcriptional activities become modified while similar modifications have been found
to affect FOXP’s subcellular localization and stability (Calnan & Brunet, 2008; Liu, Wang, Han, Beier, &
Hancock, 2012; Smith & Shanley, 2010). Functional consequences of PTMs on various FOX proteins are
currently very limited, but are a crucial component of cellular, tissue, and organismal homeostasis.
Deregulation of these proteins are heavily implicated in cancer initiation, progression, and therapeutic
resistance (Myatt & Lam, 2007).
Currently the most divergent subfamily of these transcription factors is the class “Other” (FOXO),
due to sequence differences in the DNA-binding domains (H. Huang & Tindall, 2007). This O subclass of
FOX transcription factors are central negative regulators of survival and cell proliferation (Lam et al., 2013;
Martins, Lithgow, & Link, 2016; Myatt & Lam, 2007). Presently there are four members characterized
within this subclass; FOXO1, FOXO3a, FOXO4, and FOXO6. Although FOXO6 has only been detected

3

A.
FOXO1 NFOXO4 NFOXO6 NFOXO3a N-

FHD

NLS

FHD

NLS

FHD

NLS

FHD

NES
NLS

-C 655 aa

TAD

NES
TAD

-C

505 aa

TAD

-C

492 aa

NES

TAD

-C 673 aa

C

B.

S2

W2

W1

S3
S1

N

Figure 2: (A) Diagram depicting domains of Forkhead Box Other (FOXO) proteins. All FOXO proteins
share a highly conserved Forkhead Box DNA-binding domain (FHD) responsible for association with the
conserved sequences of target genes. (B) Topology of FOXO3 forkhead domain from amino acids (aa) 148
to 257, helix H4 is present in FOXO3 but not in all other forkhead domains. Yellow arrows are b-sheets
(S), green cylinders are a-helices (H), red highlights are wings-like structures (W). P, phosphorylation;
NLS, nuclear localization signal; NES, nuclear export signal; TAD, transactivation domain; N, N-terminal;
C, C-terminal. Adapted from references (Lam et al., 2013; T Obsil & Obsilova, 2008).
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in adult brain tissue, the remaining three have been found widely expressed throughout the body in a variety
of tissue types (H. Huang & Tindall, 2007; Martins et al., 2016). FOXO’s substantial role as a tumor
suppressor became evident from experiments in which simultaneous deletion of FoxO1, FoxO3, and FoxO4
resulted in significant development of both thymic lymphomas and systemic haemangiomas in mice (Paik
et al., 2007). It has been further demonstrated that the FOXO class contains highly conserved
phosphorylation sites for the survival kinase Akt, a downstream target of PI3-kinase signaling (Cahill et al.,
2001; H. Huang & Tindall, 2007). This subclass, particularly FOXO3a, is also regulated by several
oncogenic pathways including ERK, nuclear factor-kB (NF-kB), inhibitor of NF-kB kinase-b (IKKb) and
as mentioned previously, the PI3K-AKT signaling cascade (Figure 3) ( a Brunet et al., 1999; A Brunet et
al., 2001; Calnan & Brunet, 2008; Hu et al., 2004; Myatt & Lam, 2007; Yang et al., 2008).

673 aa FOXO3a N-

P

A

P
FHD

P A
NLS

P

P P
NES

A
TAD

P P

-C

Figure 3: Select post translational modifications (PTM) of FOXO3a by various kinases and the protein
domain associated with the PTM. A, acetylation; P, phosphorylation; NLS, nuclear localization signal;
NES, nuclear export signal;
domain; aa, amino acid. Adapted from reference (Lam et
FOXM1
FOXO3aTAD, transactivation
al., 2013).
X
FHRE

AKT phosphorylation of FOXO sequesters these proteins to the cytoplasm and targets them for
degradation by the proteasome via the ubiquitin-mediated pathway. This leads to inhibition of FOXOdependent tumor suppressive transcriptional programs. Similar phosphorylation programs have been
observed in cancer cells targeting FOXO for degradation via ERK and IKKb pathways which then utilizes
ubiquitin E3 ligases such as SKP2 and MDM2 (Hu et al., 2004; H. Huang et al., 2005; Yang et al., 2008).
On the contrary, phosphorylation by kinases such as AMP-activated protein kinase (AMPK), cyclindependent kinase 2 (CDK2), or Jun N-terminal kinase (JNK) promote nuclear localization of specific
FOXOs, thereby increasing their transcriptional regulatory potential of proliferative arrest, differentiation,
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or cell death (Essers et al., 2004; Greer et al., 2007; Ho et al., 2012; Haojie Huang, Regan, Lou, Chen, &
Tindall, 2006). It should be noted however that methylation by arginine methyltransferase PRMT1
antagonizes AKT phosphorylation of FOXO, and similarly that acetylation by histone acetyltransferase
p300 helps promote cytoplasmic translocation resulting in FOXO degradation. Histone deacetylases, class
IIa and III, inversely help FOXOs target and activate genes responsible for oxidative stress and cytotoxic
anticancer agent resistance (Mihaylova et al., 2011; Yamagata et al., 2008). Studies have shown that the
activity of DAF16, the nematode ortholog to mammalian FOXO, is suppressed when insulin or insulin-like
growth factor 1 (IGF-1) activation occurs via the PI3K/Akt pathway. Furthermore, three consensus Akt
sites [RXRXX(S/T)] were found when the DAF-16 sequence was analyzed (Alessi, Caudwell, Andjelkovic,
Hemmings, & Cohen, 1996; a Brunet et al., 1999; H. Huang & Tindall, 2007). These sites were conserved
when compared to their mammalian FOXO orthologues ( a Brunet et al., 1999). Deregulation of these
PTMs affect FOXO activity and may contribute to drug resistance, tumor initiation, and progression
(Khongkow et al., 2013; Myatt & Lam, 2007). Programmed cell death may be implemented through specific
PTMs of FOXOs to ensure tissue homeostasis when environmental stressors are present. These
modifications lead to activation of pro-apoptotic genes including those encoding caspase-9, Fas ligand,
BIM, TRAIL, and BCL6 ( a Brunet et al., 1999; Ciechomska, Pyrzynska, Kazmierczak, & Kaminska, 2003;
Essafi et al., 2005; Ferna et al., 2004; Modur, Nagarajan, Evers, & Milbrandt, 2002).
FOXO proteins also act as transcriptional repressors. Constitutively active FOXO1 and FOXO3a
inhibit expression of endothelial nitric oxide synthase (NOS3) via binding to its promoter (Potente et al.,
2005). These two FOXOs are typically transcriptionally antagonistic, as described in a VEGF breast cancer
study which revealed FOXO3a utilizes multiple distinct mechanisms antagonizing FOXM1-dependent
transcription. Briefly, FOXO3a can displace FOXM1 from FHREs of target gene promoters, FOXM1 is a
negative transcriptional target of FOXO3a, and finally recruitment of chromatin-remodeling proteins by
FOXO3a promotes chromatin condensation limiting transcription factor access, including FOXM1
(Karadedou et al., 2012; Koo, Muir, & Lam, 2012; Myatt & Lam, 2007). Chromatin condensation is thought
to be the general mechanism of FOX dependent transcriptional repression. This idea is supported by recent
studies showing histone deacetylase 3 (HDAC3) and nuclear receptor co-repressor 2 (NCoR2) recruitment
allowing FOXO3a repression of interferon-regulatory factor 7 (IRF7) which in turn reduces anti-tumor
immune responses. Similarly, FOXO3a also negatively regulates other interferon-dependent genes,
including interferon-regulatory factor 5 (IRF5) and interferon-regulatory factor 8 (IRF8), as well as
essential immunosuppressive and tumor metastasis genes (Bidwell et al., 2012; Israeli, 2012). Many
FOXO3a repressed genes have been found to be involved in tumor initiation, drug resistance, and DNAdamage repair (Delpuech et al., 2007). The commonly used chemotherapeutic drug Doxorubicin, triggers
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stress-activated mitogen activated protein kinases (MAPKs) such as p38 and JNK, leading to the
phosphorylation and nuclear accumulation of FOXO3a. Deregulation of this axis leads to drug resistance,
and overexpression of FOXM1 inhibits FOXO3a, which has been found to be sufficient to induce cancer
cell resistance to a diverse set of anticancer therapeutics (Kwok et al., 2010; McGovern et al., 2009).
Interestingly FOXM1 is frequently over expressed while FOXO3a activity is typically repressed in drugresistant cancer cells. The FOXM1/FOXO3a axis is therefore an attractive target for overcoming drug
resistance in these disease models (McGovern et al., 2009). FOXO3a inactivation may be useful as
prognostic marker for tumor progression and drug resistance, as inactivation has been linked to poor
prognosis for various cancers (Krol et al., 2007; McGovern et al., 2009).
1.2 Regulation of apoptosis
Apoptosis is an evolutionarily conserved and tightly regulated cell death pathway (Borner, 2003;
Cui, Piao, Rehman, et al., 2014; D. Green & Evan, 2002; Meier, Finch, & Evan, 2000). Physiological cell
death is important for maintaining homeostasis and optimal biological conditions by continuous elimination
of undesired or superfluous cells (Cui, Piao, Rehman, et al., 2014; Fadeel & Orrenius, 2005; Meier et al.,
2000). Originally described as shrinkage necrosis due to the morphological features identified, it was later
termed apoptosis to emphasize the dissimilarity of this process to necrosis and the lack of an inflammatory
response following cell death (Fadeel & Orrenius, 2005; Kerr, 1965; Meier et al., 2000). During apoptosis,
the endoplasmic reticulum (ER), Golgi apparatus, and mitochondria become disrupted (Taylor, Cullen, &
Martin, 2008), and ultimately begin packaging the dying cell into smaller and smaller compartments called
apoptotic bodies, that are then targeted for disposal and regulated proteolysis occurs (Kihlmark, Imreh, &
Hallberg, 2001; Yoo et al., 2008). Morphological features of apoptosis include; condensation of the nucleus
and cytoplasm, formation of membrane bound apoptotic bodies, and phagocytosis of these apoptotic bodies
by neighboring cells (Fadeel & Orrenius, 2005). This condensation phase, consisting of cellular stimulation
and signal detection via an external or internal source, constitutes the first phase of apoptosis (Fadeel &
Orrenius, 2005; Taylor et al., 2008). Phagocytosis and destruction of apoptotic bodies occur in the second
and final death effector phase of apoptosis (figure 4) (Fadeel & Orrenius, 2005; Fuentes-Prior & Salvesen,
2004; Vaux & Strasser, 1996).
An important component of apoptosis is participation in quality-control and repair mechanisms,
which contributes to the high level of plasticity observed during developmental stages. While homeostasis
of organs and tissue structures require tight regulation of physiological cell death to establish and maintain
optimal survival conditions, deregulation or mutations in apoptotic regulating genes have been implicated
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Figure 4: Apoptosis (top) is a highly controlled method for cell death and is used for dismantling of cellular
components. Cells undergo shrinkage, chromatin condensation, and membrane blebbing into apoptotic
bodies which can then be phagocytosed by macrophages. Necrosis (bottom) however, does not dispose of
cellular contents in a packaged and controlled manner. Instead the cell begins swell and leak contents
inducing an inflammatory response and further insult to surrounding tissue.
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as hallmarks for various diseases including cancer (Liadis et al., 2005; Meier et al., 2000; Rohn & Head,
2009). The result of dysregulated cell death leads to a vast number of diverse disorders including; conditions
associated with autoimmune responses, uncontrolled cell proliferation associated with cancer, and
excessive cell death as seen in neurodegenerative disorders such as Alzheimer’s, Parkinson’s, Huntington’s,
prion disorders, and Amyotrophic lateral sclerosis (Borner, 2003; Bouillet, Cory, Zhang, Strasser, &
Adams, 2001; Ghavami et al., 2014). Apoptosis acts as a balance to mitosis to maintain tissue homeostasis
in the rapidly renewing cells of the hematopoietic system and intestinal epithelium. Apoptosis is also
essential for the elimination of irreversibly damaged or mutated cells (Fadeel, Orrenius, & Zhivotovsky,
1999; Strasser, Cory, & Adams, 2011; Vaux & Strasser, 1996). For instance, once immune system cells
have completed their task they become superfluous and must be eliminated at the end of an immune
response. Similarly, infected cells utilize this form of elimination in order to limit pathogen spread
(Czabotar, Lessene, Strasser, & Adams, 2014). Aberrant signaling within this system contributes to
numerous disorders and diseases, while resistance to apoptosis gives rise to various acute and chronic
disorders such as; infection, ischemia, neurodegenerative diseases, neuromuscular conditions, and AIDS
(Adams & Cory, 2007; D. Green & Evan, 2002; Hotchkiss, Strasser, Mcdunn, & Swanson, 2013; Martin
Zornig, Anne-Odile Hueber, Wiebke Baum, 2001; Mattson, 2000; Rathmell & Thompson, 2002; Thompson
& Thompson, 1995). These dysfunctional apoptotic conditions result from the persistence of excess,
mutated, or self-targeting immune cells, which ultimately create the foundations associated with cancer
establishment, immune and degenerative diseases, as well as potentially complicating their respective
conventional therapies (Borner, 2003; Cui, Piao, Rehman, et al., 2014; D. Green & Evan, 2002; Meier et
al., 2000; Plati, Bucur, & Khosravi-Far, 2011).
1.2.1 Regulators of cell death: Caspases
Caspases (Cysteinyl aspartate-specific proteases) are a family of proteins activated by a variety of
stimuli representing a vital step for the induction of apoptosis. These proteases initiate and control the
cellular death pathway by cleaving a diverse set of cellular proteins (Crawford & Wells, 2011). As
previously discussed, chromatin condensation, nuclear DNA fragmentation, cell shrinkage and membrane
blebbing are predominantly due to caspase-dependent cleavage of key substrates such as; structural and
cytoskeletal proteins, cell cycle machinery components, and proteins such as poly (ADP-ribose) polymerase
(PARP) involved in genomic stability (Borner, 2003; Jacobson, 1997; Taylor et al., 2008; Vaux & Strasser,
1996). Two distinct caspase-dependent signaling pathways are able to induce apoptosis, the extrinsic
pathway and intrinsic pathway (Borner, 2003; Fulda & Debatin, 2006). Direct recruitment and activation
of initiator caspases via the extracellular pathway is accomplished through a cytoplasmic domain on the
TNF family of death receptors (Ashkenazi, 2002; Fulda & Debatin, 2006; Renault & Chipuk, 2014). The
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intrinsic apoptotic pathway is activated in response to intracellular stress and is mediated by the release of
pro-apoptotic factors from the mitochondria (Renault & Chipuk, 2014).
Caspases are subdivided into two groups, the executioner caspases, which are responsible for
dismantling the cells and initiator caspases, which activate the executioner caspases by proteolytic
processing. Caspases contain a pro-domain sequence at the N-terminal end followed by two subunits; p20
and p10, that comprise the catalytic core of the caspase (Shiozaki & Shi, 2004). For initiator caspases, the
long N-terminal pro-domain promotes self-association and binding, forming a scaffolding system or
activating adaptor proteins. All caspases are synthesized as inactive zymogens, called procaspases, and
undergo activation when subjected to apoptotic stimuli resulting in induced dimerization or catalytic
cleavage separating the p20 and p10 subunits (Borner, 2003; Rouquette-Jazdanian et al., 2015; Yigong Shi,
2002). Caspase-9 on the other hand, becomes activated by association with the apoptosome. In the presence
of dATP and cytochrome c released from the inter mitochondrial membrane space, an allosteric change
occurs in the tetrameric apoptotic protease activating factor 1 (Apaf1) forming the apoptosome (Acehan et
al., 2002; Jiang & Wang, 2000; Rodriguez & Lazebnik, 1999).
1.2.2 Regulators of cell death: Bcl-2 family proteins
Convergence of pro-apoptotic signal-transducing molecules or cytotoxic stimuli to the outer
mitochondrial membrane induces membrane permeabilization (MOMP), releasing cytochrome c into the
cytosol and promoting apoptosome formation and caspase activation (Figure 5) (Borner, 2003; Fulda &
Debatin, 2006; D. Green & Evan, 2002; D. R. Green & Kroemer, 2004; Hüttemann et al., 2011; Renault &
Chipuk, 2014). MOMP is under the control of the Bcl-2 family of proteins. They are subdivided into three
categories; pro-apoptotic proteins containing three Bcl-2 Homology (BH) domains, pro-apoptotic BH3only proteins lacking BH domains 1 and 2, and anti-apoptotic proteins (Borner, 2003; Cui, Piao, Kondo, et
al., 2014; Cui, Piao, Rehman, et al., 2014; D. Green & Evan, 2002; D. R. Green & Kroemer, 2004; Renault
& Chipuk, 2014). The anti-apoptotic Bcl-2 family proteins; Mcl-1, Bcl-2, Bcl-xL, Bcl-w, and A1, function
to block mitochondrial outer membrane permeabilization. Overexpression of these proteins, which
commonly occurs in cancer, inhibits stress-induced apoptosis (Fulda & Debatin, 2006; D. Green & Evan,
2002). The pro-apoptotic BH-1,2,3 proteins; Bax, Bak, and Bok, share three homology domains similar to
those of anti-apoptotic Bcl-2 family members, and are considered essential for progression of the cellular
death pathway (D. Green & Evan, 2002; D. R. Green & Kroemer, 2004). Finally, the pro-apoptotic BH3only proteins; Bid, Bim, Bad, Noxa, and Puma, do not have BH domains 1 and 2, possessing only the BH3
domain (Cui, Piao, Rehman, et al., 2014; D. Green & Evan, 2002). Interactions amongst the Bcl-2 proteins
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Figure 5: Apoptosis can be stimulated in response to cell surface receptors such as FAS initiating the
extrinsic pathway, or by several cytotoxic stimuli or insults which trigger the intrinsic apoptotic pathway.
BH3-only proteins become induced via post-translational activation leading to the inactivation of certain
BCL-2 family members. This releases the inhibition on BAX/BAK oligomerization allowing their
formation into a mitochondrial pore freeing cytochrome c from the intramembranous space. Along with
APAF1, cytochrome c helps form the apoptosome which activates procaspase-9 followed by procaspase-3.
The extrinsic pathway initiated by FAS or tumor necrosis factor 1 (TNF1) directly induces cleavage of
procaspase-8 which then stimulates truncation of BH3-only BID and follow the intrinsic pathway, or will
continue to activate effector caspases. Activated caspase-3 results in DNase activation and cell demolition.
Adapted from reference (Youle & Strasser, 2008)

11

regulate the permeabilization of the outer mitochondrial membrane (Cui, Piao, Kondo, et al., 2014; Cui,
Piao, Rehman, et al., 2014; D. Green & Evan, 2002). Suppression of Bax/Bak activation by the antiapoptotic Bcl-2 family members can be overcome by the pro-apoptotic BH3-only proteins (Figure 6). These
proteins act as stress sensors and are regulated both transcriptionally and through post-translational
modifications (Adams & Cory, 2007; A R Stankiewicz, Livingstone, Mohseni, & Mosser, 2009).
1.3 Heat Shock Proteins
The family of heat shock proteins (HSPs) are generally grouped into five categories based on their
molecular mass; small HSPs of less than 40 kDa, and HSP60, -70, -90, and -100 of approximately 60, 70,
90, and 100 kDa each, respectively (Hildebrandt et al., 2002; Wiech et al., 2012). All HSPs have the same
general chaperone function; interaction with newly synthesized or aberrantly misfolded proteins and refolding them back into their functional conformation. Overexpression of heat shock proteins has been linked
to various types of cancer, and generally correlate to poor prognosis due to stabilization of activated
oncogenic proteins that would normally be degraded (Lee et al., 2013; Wiech et al., 2012). All HSP families
contain members that are constitutively expressed. However, environmental and cellular stresses can elicit
expression of distinct inducible HSP members, such as the HSP subgroup; HSP70 (Hildebrandt et al., 2002;
Volloch & Sherman, 1999; Wiech et al., 2012). Considered the major group of human heat shock proteins,
HSP70 is evolutionarily conserved amongst metazoans (Hildebrandt et al., 2002; Wiech et al., 2012). These
HSP70 molecular chaperones maintain protein homeostasis, prevent protein aggregation, assist in refolding
stress-damaged proteins and maintain native protein conformation (Wiech et al., 2012).
HSP70 typically functions as a monomer and consists of both an N-terminal nucleotide binding
domain (NBD), and a C-terminal substrate binding domain (SBD). In the adenosine-triphosphate (ATP)bound state, HSP70 has low protein binding affinity, and requires conversion to the adenosine-diphosphate
(ADP)-bound state in order to bind proteins with high affinity (Young, 2013). Two NBD lobes, grouped
into subdomains; 1a, 1b, 2a, and 2b, form a pocket to which a nucleotide binds. Due to the flexibility
between these 4 subdomains, HSP70’s conformation can easily be shifted from ATP-bound, ADP-bound,
or a nucleotide-free arrangement (Chang, Sun, Wang, & Hsiao, 2008; Young, 2013). The SBD has a
polypeptide hydrophobic binding groove made up of β-sheets and an α-helical structure forming a lid over
the polypeptide binding region. This allows for a single, extended polypeptide chain to bind the SBD via
the polypeptide’s hydrophobic amino acids (Zhu et al., 2008). ATP binding induces a conformational
change in both NBD and SBD, effectively opening HSP70’s “lid” for polypeptide binding or release.
However, minimal NBD conformational changes occur upon ADP binding when compared to
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conformational changes observed from ATP binding (Moro, Fernández-Sáiz, & Muga, 2006; Young,
2013). The HSP40 co-chaperone proteins are essential activators of HSP70 chaperones via ATPasestimulatory functions that function by interacting with HSP70 through HSP40’s J domain (Young, 2013).
1.3.1 Inhibition of stress-induced apoptosis by HSP70
Exposure of cells to elevated temperatures activates cytotoxic responses, including apoptosis (Cui,
Piao, Rehman, et al., 2014; Hildebrandt et al., 2002). Numerous studies have demonstrated that HSP70 and
other molecular chaperone proteins are regulators of stress-induced apoptosis and act as modulators of
many of the apoptotic regulatory proteins (Kennedy, Jäger, Mosser, & Samali, 2014; Dick D Mosser &
Morimoto, 2004). Heat shock proteins act at various stages of development and contribute to tissue
homeostasis. This family of molecular chaperones help protect the proteome from aggregation of misfolded
proteins by facilitating recovery in response to a variety of stress factors. Stress stimuli can arise from an
assortment of factors that trigger the activation of the intrinsic or extrinsic apoptotic pathway. Hyperthermia
is one such insult, but HSPs can be induced by other cellular stresses as well such as; oxidative stress or
growth factor withdrawal (Kennedy et al., 2014).
Hyperthermia causes Bax activation, cytochrome c release from mitochondria and caspase
activation, all of which are inhibited in cells overexpressing HSP70 (D D Mosser & Martin, 1992; Dick D
Mosser et al., 2000; Dick D Mosser, Caron, Bourget, Denis-larose, & Hp, 1997; Adam R. Stankiewicz,
Lachapelle, Foo, Radicioni, & Mosser, 2005). Activation of Bax in heat-stressed cells is regulated by the
Noxa dependent loss of Mcl-1 (A R Stankiewicz et al., 2009). Overexpression of HSP70 prevents the loss
of Mcl-1 in heat-stressed cells by inhibiting the accumulation of Noxa (A R Stankiewicz et al., 2009).
Recent findings suggest that the accumulation of Noxa in heat-stressed cells occurs due to the loss of a
microRNA (miR-23a) that normally suppresses translation of Noxa mRNA. miR-23a levels were found to
be elevated and maintained following hyperthermic stress in cells overexpressing HSP70 (Roufayel,
Johnston, & Mosser, 2014).
Overexpression of HSP70 has proven to be a prognostic factor in numerous human cancers, and its
role in apoptotic signal transduction can further aggravate disease progression (Bauer et al., 2012; Martin
Zornig, Anne-Odile Hueber, Wiebke Baum, 2001; C. Wang et al., 2016). Expression of heat shock proteins
in response to stress conditions, including various disease treatments, represents a major challenge to
therapeutic efficacy (Syrigos et al., 2003). Forkhead box proteins are an integral component of oncogenic
and tumor suppressive pathways. Studies have elucidated functional properties for several FOXO proteins
ranging from traditional transcriptional activators and repressors, to pioneer factors and transcriptional co-
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operators involved in global gene networks controlling cell fate decisions (Lam et al., 2013). However, the
exact molecular mechanisms involved in these complex networks associated with Forkhead Box proteins
remain to be elucidated. A detailed understanding of the mechanistic complexities governing these
transcription factors are required to develop successful therapeutic strategies to combat diseases and cancers
in which FOXO protein deregulation is implicated as the underlying cause of disease origin. This may be
accomplished for FOXO proteins by further PTM clarification, identification of new co-regulators, and
accurate predictions of their translational outputs and targets. Taken together, these two major players;
HSP70 and FOXO3a, may act collectively to propagate undesirable outcomes by altering PTMs inducing
further altered states within each other. Targeting these PTMs may help advance treatment and diagnostic
strategies facilitating a reduction in disease burden by exploiting FOXO’s pro-apoptotic properties.
It has been previously demonstrated that exposure of various cell types to hyperthermia induces
both survival (AKT, ERK) and apoptotic (JNK) signaling pathways (Vladimir L. Gabai, 2002). Elevated
temperatures have been found to induce Akt phosphorylation in mouse embryonic fibroblast (NIH3T3)
cells and rat adrenal gland phaeochromocytoma (PC12) cells. Akt can phosphorylate FOXO3a leading to
FOXO3a’s association with 14-3-3 proteins in the cytoplasm leading to ubiquitination and proteasomal
degradation (Bang, Ha, Park, & Kang, 2000; Zhang, Tang, Hadden, & Rishi, 2011). This degradation
prevents FOXO3a’s ability to target and upregulate pro-apoptotic NOXA, and other pro-apoptotic
transcripts, ultimately leading to cellular survival when NOXA expression is not increased. However,
inhibition of Akt prevents the kinase from phosphorylating FOXO3a. Without this phosphorylation,
FOXO3a is permitted into the nucleus where it targets pro-apoptotic related genes based on sequence
homology, ultimately leading to mRNA translation and upregulation of pro-apoptotic genes. Akt activation
also upregulates the expression of Mcl-1 and so consequently its inhibition results in decreased Mcl1/NOXA interaction and NOXA induced cell death (A. Eijkelenboom et al., 2014; Longo et al., 2008;
Zhang et al., 2011). JNK is also a key regulator of FOXO3a function. In response to cellular stress, activated
JNK phosphorylates FOXO4 on Thr447 and Thr451 causing its nuclear translocation, while at the same
time HSP70 is able to inhibit heat-induced JNK activation (Essers et al., 2004; Gabai, Meriin, & Mosser,
1997; H. Huang & Tindall, 2007; Dick D Mosser et al., 1997; Roufayel et al., 2014; Sunters et al., 2006;
Wendler, 2013). Whether JNK regulates FOXO3a activity in heat shocked cells and whether this is
modulated by HSP70 is not known. Severe heat shock is known to increase NOXA expression which, as
mentioned previously, is a known target of FOXO3a (A. Eijkelenboom et al., 2014; Gupta et al., 2012;
Longo et al., 2008; A R Stankiewicz et al., 2009). However, it is unknown whether the heat-induced
expression of NOXA is mediated by FOXO3a transcriptional activation.
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Due to the vast cross-talk between these pathways, we speculated that hyperthermia would affect
FOXO3a activity by initiating PTMs on FOXO3a. These alterations, produced by various kinases, were
expected to affect FOXO3a’s localization within the cell. Cytoplasmic retention limits FOXO3a’s access
to pro-apoptotic gene targets. Whether this is influenced by HSP70 overexpression is currently unknown.

HYPOTHESIS
Regulation of apoptosis is critical for cell survival during stress and for the proper removal of aged
or damaged cells. Deregulation of apoptosis can lead to various diseases including cancer and
neurodegenerative disorders. Post-translational modifications such as phosphorylation, have been shown to
regulate the function of various apoptotic regulators, such as members of the BCL-2 family of pro-apoptotic
and anti-apoptotic proteins. Hyperthermia is one type of stress able to induce apoptosis by activating the
intrinsic mitochondrial pathway resulting in phosphorylation and activity changes for these BCL-2 family
members. The Forkhead family of transcription factors function to trigger transcription of apoptotic
associated genes, including BCL-2 members; Bim, Noxa, and Puma, thereby facilitating cell death. My
primary interest in this study was to investigate how the Forkhead Box family member FOXO3a is regulated
during hyperthermia induced apoptosis. Published results indicate Akt plays a role in phosphorylation of
FOXO3a residues T32, S253, and S315. The amino acid residue S253 is located within FOXO3a’s nuclear
localization signal domain. In the absence of survival factors, such as a reduction in insulin signaling
through the PI3K pathway, Akt activity decreases which leads to decreased Akt phosphorylation of
FOXO3a. Without Akt activity actively phosphorylating FOXO3a the transcription factor is translocated
into the nucleus where it binds pro-apoptotic gene promotors (Manuscript, 2010). Stability and regulations
of Akt is thought to be affected by the molecular chaperone HSP70 and could therefore indirectly affect
FOXO3a localization (Daugaard, Rohde, & Ja, 2007; Dickey et al., 2008; Kampinga, 2011; Masaki Shiota
et al., 2010). It has also been shown that phosphorylated FOXO3a is targeted towards the proteasome by
14-3-3 proteins. I hypothesize that exposure to hyperthermia will induce specific PTMs to FOXO3a thereby
targeting the protein to the nucleus where it will then bind pro-apoptotic target genes resulting in increased
activation of the apoptotic pathway, while HSP70 overexpression may reduce PTMs thereby maintaining
the cell’s ability to target FOXO3a for degradation and decreasing cellular vulnerability to apoptosis
(Daugaard et al., 2007; Kampinga, 2011).
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Figure 7: Hypothetical model of post-translation modifications of FOXO3a in hyperthermia induced
apoptosis. Under normal conditions FOXO3a associates with 14-3-3 and is targeted for degradation by the
proteasome inhibiting its ability to facilitate transcription of apoptotic associates genes. I purpose an HSP70
dependent stabilization of FOXO3a phosphorylation status leading to nuclear exclusion and ultimate
degradation by targeting FOXO3a to the proteasome.
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CHAPTER 2: MATERIALS AND METHODS
2.0 Cell lines and maintenance
2.0.1 PEER
The PEER cell line is a human acute lymphoblastic T cell line that was isolated from a seven-yearold female lymphoma patient in 1980 (Ravid et al., 1980). Cells were grown in Roswell Park Memorial
Institute (RPMI) media (Life Technologies) supplemented with 5% fetal bovine serum (FBS), 100 U/ml
penicillin, 100 µg/ml streptomycin, 25 µg/ml amphotericin B and 2 mM L-glutamine (Invitrogen). Cells
were grown in a humidified incubator at 37°C with 5% CO2. Cells were passaged every three days to
maintain densities between 1x105 cells/mL and 1x106 cells/mL.
2.0.2 PErTA70
The PErTA70 cell line was derived from PEER cells and are engineered to overexpress HSP70
using the reverse tetracycline regulated transactivator protein (Gossen et al., 1995). Both HSP70 and GFP
are co-induced as a bicistronic mRNA containing an intervening internal ribosome binding site (Dick D
Mosser et al., 2000) (Figure 8). PErTA70 cells (subclone C3F6) were maintained in the same media as
PEER cells but supplemented with 200 µg/mL of G418 and 200 µg/mL of Hygromycin B. Cells were
incubated with 1 µg/ml doxycycline for 24 hours to induce the expression of HSP70 and GFP. Confirmation
of expression was verified by monitoring GFP expression by flow cytometry. Cell suspensions were passed
through a Beckman Coulter FC500 and analyzed using MXP software. Cells were first gated by forward
and side scatter to select the population of viable cells for analysis. GFP fluorescence was detected in
channel FL1 (emission l 525 nm). Cells were used for experiments only when over 90% of the cells were
GFP positive.
2.0.3 Freezing and thawing cells
Stocks of cells used for experimentation were kept frozen at -80°C or in liquid nitrogen tanks.
Stocks were created from back-up cultures of cells in log-phase growth. Approximately 5x106 cells were
centrifuged at 1,100 x g for 5 minutes and resuspended in 1 mL media containing 10% Dimethyl Sulfoxide
(DMSO). Once transferred to cryo-tubes, cells are stored at -80°C for 24 hours before long-term storage in
a liquid nitrogen tank. Cells were thawed from liquid nitrogen in a circulating water bath set to 37°C until
all ice had melted (1-2 min). Once thawed, cells were transferred into pre-warmed media tubes to dilute
DMSO, and centrifuged at 1,100 rpm. Media was aspirated and cells resuspended in 10 mL fresh
supplemented media for 16 hours prior to addition of the appropriate selective antibiotics.
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Figure 8: Tet-ON system used for inducible ectopic expression of our protein of interest through expression
of our gene of interest (GOI). Stably transfected cells overexpressing the reverse tetracycline transcriptional
activator (rtTA) were transfected with gene expression vectors for the GOI under the control of the
tetracycline response element (TRE). (A) in the absence of Doxycycline the rtTA is unable to successfully
bind to the TRE resulting in no transcription of the GOI. (B) In the presence of Doxycycline, rtTA binds
the TRE thereby activating transcription of the downstream GOI; CMV, Cytomegalovirus; IRES, internal
ribosome entry site HSP70, Heat Shock Protein-70; GFP, Green Fluorescent Protein. Adapted from (Gossen
et al., 1995).

2.0.4 Hemocytometer cell counts
Cells were counted prior to passaging, plating, transfection, or heat shock experiments using a
hemocytometer. Approximately 20 µL of cell culture was added to the intake pedestal, and excess cell
suspension allowed to flow into the side troughs alongside the grid. Using 200X magnification, viable cells
were counted within each of the four quadrants and the total number multiplied by 2.5x103 to obtain the
number of cells per mL.
2.1 Heat stress treatments
Prior to exposure to hyperthermia, cells were counted and the appropriate number of cells were
centrifuged and resuspended in fresh media pre-warmed to 37°C at a concentration of 2-4 x106 cells/ml.
The media was supplemented with 1M HEPES (pH 7.2) prior to incubation in the water bath, outside of a
5% CO2 atmosphere. Cells were aliquoted into 15 ml conical centrifuge tubes and the caps were sealed with
parafilm prior to submersion in the circulating water bath. After the heat shock exposure, the cells were
either collected immediately (0 h) or diluted with fresh media to a concentration of 1x106 cells/ml,
transferred to a cell culture flask and incubated in the 37°C incubator for up to 6 hours before collection.
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Cells were transferred to centrifuge tubes on ice and centrifuged at 3,000 rpm for 5 minutes at 4°C. Cell
pellets were resuspended in cold dPBS and centrifuged again at 3,000 x g for 5 minutes at 4°C. After
removal of the PBS, cell pellets were stored at -20°C until use.
2.2 Treatment with the proteasome, pan-caspase, or JNK inhibitors
PErTA70 cells were induced with doxycycline for 23 hours as previously described (Yanhong Shi,
Mosser, & Morimoto, 1998) before addition of 20 µM MG132 dissolved in DMSO to inhibit the proteasome
for 1 hour prior to hyperthermia. Control samples were supplemented with the same volume of DMSO as
MG132 volume (0.1%). Cells were then heat shocked at 43°C or maintained at 37°C for 1 hour, recovered
at 37°C for 6 hours, and collected on ice as previously described. Pan-caspase inhibition was carried out
the same as proteasome inhibition but instead supplementing with 10 µM zVAD. JNK inhibition was
performed using 10 µM SP600125
2.2.1 Cell lysis for Western blotting of treated samples
Cell pellets were thawed on ice and lysed using Laemmli buffer (Appendix A) for whole cell
lysates, or Hypotonic NP40 Buffer and Cell Extraction Buffer (Appendix A) for cytoplasmic and nuclear
samples respectively. Buffers were supplemented with a protease and phosphatase inhibitor cocktail
(Appendix A) to prevent protein degradation and removal of the protein’s phosphorylation. Samples were
further sonicated for 5-10 seconds, boiled at 95°C for 5 minutes, and quickly centrifuged at top speed.
Protein in samples were quantified in duplicates using the Pierce BCA Protein Assay kit (Thermo Scientific,
#23225) according to manufacturer’s instructions and compared to a set of standards of known protein
concentration. Colorimetric changes were detected at 595 nm using a Molecular Device Thermo Max
microplate reader and Softmax.Pro software.
2.3 Cytoplasmic nuclear fractionation and whole cell lysate collection
Cytoplasmic and nuclear fractions were collected alongside whole cell lysates as briefly outlined
below. Cells were collected and centrifuged at 3,000 rpm for 5 minutes at 4°C. The media was removed by
suction and cell pellets were resuspended in 1 mL cold dPBS and transferred to microfuge tubes. The cells
were re-pelleted at 3,000 x g for 5 minutes at 4°C. The PBS was removed and the pellets were resuspended
in 600 µL Hypotonic Buffer (Appendix A). After a 15-minute incubation on ice, 30 µL of 10% NP40 was
added to each sample and vortexed for 10 seconds. Samples were again pelleted at 3,000 x g for 10 minutes
at 4°C. Supernatant cytoplasmic fractions were transferred to new tubes and pellets were resuspended in
100 µL Cell Extraction Buffer (Appendix A). Samples were incubated for 30 minutes on ice and vortexed
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every 10 minutes for 10 seconds. Samples were then centrifuged at 13,000 x g for 30 minutes at 4°C.
Supernatant nuclear fraction was transferred to new microfuge tubes. Samples were stored at -20°C until
use.
2.4 Western immunoblotting
Western blots were used to analyze protein levels from experimental samples. Detection of
FOXO3a protein (82 - 97 kDa) used 10% poly-acrylamide gels (Appendix A). Separating gels were cast
using the Bio-Rad Protean III gel apparatus and allowed to polymerize for 20 minutes providing a thin layer
of butanol over top to level and seal the gel. Once the separating gel had polymerized the gel was rinsed
with deionized water, and then overlain with a stacking gel, inserting an appropriate sized comb, and
allowed to polymerize for an additional 20 minutes. Samples were re-heated at 65°C for 5 minutes to ensure
Sodium-Dodecyl-Sulfate (SDS) was dissolved in the sample buffer, then centrifuged briefly and 40 µg of
the protein sample was loaded into the appropriate well of the stacking gel. The molecular weight marker;
PageRulerTM Prestained Protein Ladder (Thermo Scientific), was used to estimate the size of protein
molecular weights on the membrane. Gels were run at 200 Volts, constant voltage, for approximately 50
minutes in Tris-Glycine Electrophoresis Buffer (Appendix A) and then proteins were transferred onto an
Immobilon-P: 0.45 µm PVDF membrane (Millipore). Transfers were performed at 300 mA constant current
in an ice bath for 1 hour using1X Tris-Glycine Transfer Buffer (Appendix A). Ice packs inside the tank
were switched halfway to maintain cooler temperatures during the run. Once transfer was completed, gels
were stained in Coomassie Blue for 1 hour to visualize all protein. This was performed to ensure lanes were
approximately loaded equally, and that protein had traveled properly towards the anode prior to blotting the
membrane. The membrane was blocked in 5% skim milk with 1X TBST (Appendix A) for 1 hour to block
any non-specific antibody binding sites. The membrane was then rinsed in 1X TBST prior to antibody
incubation. PVDF membranes were incubated with primary antibody in Antibody Binding Solution
(Appendix A) for 16 hours at room temperature on a rotator. The membrane was then washed three times
in 1X TBST for 15 minutes with gentle agitation at room temperature and incubated with either rabbit or
mouse secondary antibody, depending on the primary antibody used, for one hour in 5% skim milk at room
temperature. Post incubation the membrane was again washed in TBST three times for 15 minutes at room
temperature prior to incubation with a reactive substrate. Chemifluorescent HRP substrate was used to
develop Western immunoblots using the Pierce ECL Western Blotting Substrate kit (Thermo Scientific)
according to manufacturer’s protocol. Briefly, membranes were incubated for 5 minutes in 1:1 substrate A
to B mix. Membranes were then covered with a clear plastic cover and exposed to Amersham Hyperfilm
ECL high-performance chemiluminescence film (GE Healthcare) prior to processing in Kodak developer
and fixer.
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2.4.1 Antibodies
The antibodies used are as follows: FoxO3a: clone D19A7 rabbit mAb (Cell Signaling, #12829)
diluted 1/1,000. Phospho-FoxO3a Ser253 antibody #9466 (Cell Signaling, #9466) diluted 1/1000. HSP70:
clone C92 mouse mAb (Stress Marq BioScience Inc.) diluted 1/10,000. Actin No.5. Lamin A/C clone 4C11,
mouse mAB (Cell Signaling). a-tubulin mouse mAb (Sigma).
2.5 Denatured protein immunoprecipitation
Cell pellets were collected and resuspended in 1 mL filtered cold TBS. 50 µL was used in
biocinchoninic acid protein quantification. 950 µL suspended cells were re-pelleted and a minimum 500 µg
resuspended in RIPA lysis buffer at 1 µg/µL. Protein was incubated overnight at 4°C with either POI
specific primary antibody or no primary antibody. Magnetic Protein A Dynabeads (Thermo Fisher
Scientific) were washed 3X and pre-aliquoted to Eppendorf tubes. Samples were centrifuged at 10,000 x g
for 10 minutes at 4°C, supernatants transferred to the pre-aliquoted tubes, and then incubated at 4°C for 1
hour with nutation. Dynabeads were again washed 3X with cold TBS, all traces of supernatant removed,
and lysed in 50 µL Laemmli lysis buffer. Samples were either stored at -20°C until use or run on
polyacrylamide gels right away.
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CHAPTER 3: RESULTS
3.1 Effects of hyperthermia and HSP70 on FOXO3a protein expression in PErTA70 cells
The cytoprotective properties of HSP70, along with implications of its inhibitory function against
Foxo3a’s transcriptional activities led us to examine the potential role of hyperthermia induced expression
of HSP70 and its effect on FOXO3a protein (Senf, Dodd, McClung, & Judge, 2008). Our initial hypothesis
focused on the potential that FOXO3a’s degradation might be accelerated in the presence of HSP70
overexpression leading to increased survival based on HSP70’s molecular chaperone characteristics and its
capacity to regulate Akt activity and thereby a large portion of FOXO3a’s phosphorylation.
Early experiments looked at effects of hyperthermic duration to determine whether HSP70 might
play a role in targeting FOXO3a for degradation subsequently curtailing the protein’s pro-apoptotic
function. These experiments utilized induced (+ HSP70) and non-induced (- HSP70) PErTA70 cells
exposed to 43°C for the range 30 to 120 minutes then returned to their optimal 37°C growth temperature
for 6 hours and collected for analysis. Previous work has established that a 60 - 90 minute exposure to 43°C
results in extensive apoptosis in PEER cells when measured 6 hours after the heat treatment, while a 120
minute exposure causes necrosis (D D Mosser & Martin, 1992) . However, overexpression of HSP70 in
these cells prevents apoptosis in cells exposed to 43°C for 60 minutes (Dick D Mosser et al., 1997).
FOXO3a and HSP70 protein levels were analyzed via immunoblotting (Figure 9). Expected high levels of
HSP70 expression were observed due to inducible ectopic expression of the protein in the induced cells (+
HSP70). These levels were not altered by further exposure to hyperthermia. Non-induced cells (- HSP70)
exposed to 43°C for 30 minutes showed the highest level of HSP70 expression. As time at hyperthermic
temperature continued progressively lower levels of HSP70 induction were observed. In terms of FOXO3a
expression, it appears that levels of this protein are extremely sensitive to hyperthermia, since a 30-minute
exposure to 43°C resulted in its nearly complete loss. However, more prolonged exposure lessened this
effect on FOXO3a protein levels, which might indicate that the natural process of FOXO3a turnover by
proteasomal degradation is inhibited with prolonged heat exposure. There was also an accelerated rate of
FOXO3a turnover in the HSP70 expressing cells when exposed to hyperthermia, however in this case the
extent of loss after 30 minutes of heat treatment was less than that of non-induced cells and prolonged heat
treatment slightly increased the extent of FOXO3a loss. Interestingly, when the levels of FOXO3a are
compared to that of HSP70 in the non-induced cells there appeared to be an inverse relationship. High levels
of HSP70 correlated with a low level of FOXO3a. As well, high levels of HSP70 in the induced cells
exposed to hyperthermia also correlated with reduced levels of FOXO3a. This led us to clarify the potential
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Figure 9. Examination of Foxo3A protein levels in heat-shocked PErTA70 cells. Non-induced (- HSP70)
and induced (+ HSP70) PErTA70 cells were exposed to 43°C for 30, 60, 90, or 120 minutes and collected
after 6 hours of recovery at 37°C post heat-shock, alongside continuously 37°C maintained control samples
(C). A representative immunoblot of total FOXO3a, HSP70 and actin protein levels in control and heatshock treated cells examined by 10% SDS-PAGE and western blotting.
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A.

B.

Figure 10. Examination of the effect of HSP70 protein expression on FOXO3a protein levels. PErTA70
cells were induced with doxycycline over a 24-hour period and collected at 4, 8, 12, 16, 20, or 24 hours
post induction. Control non-induced cells (C) were collected at the start of the experiment. (A) Flow
cytometry quantification of GFP fluorescence in PErTA70 cells (which express both HSP70 and GFP from
an IRES driven bicistronic mRNA) measured at various times (hours) after addition of doxycycline. At the
time of collection for western blot analysis, a subset of each sample was examined by flow cytometry to
determine the percentage of viable cells that were GFP positive and mean channel fluorescence of this
population of cells. The product of these values was used to calculate a GFP expression value. All values
are plotted relative to the fully induced 24-hour sample (100%). (B) A representative immunoblot showing
total FOXO3a, HSP70 and actin protein levels examined by 10% SDS-PAGE and western blotting.
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role of HSP70 on FOXO3a steady state levels in the absence of hyperthermia. Induction of the tetracycline
responsive dicistronic HSP70 and GFP expression gene in PErTA70 cells requires 24 hours to reach
maximum expression, therefore we reasoned that by collecting cells at various periods of time after addition
of doxycycline it would be possible to examine FOXO3a levels in cells with varying amounts of HSP70.
Flow cytometry was utilized to determine GFP fluorescence in each sample to estimate the percentage of
HSP70 expressing cells (Figure 10A). Comparison of the HSP70 immunoblots with the GFP fluorescence
measurements clearly shows a gradual increase in expression from the dicistronic mRNA with detectable
levels of both HSP70 and GFP fluorescence first observable by 8 hours. Although the percentage of GFP
positive cells continued to increase over time, maximal levels of HSP70 protein appear to have been reached
by about 16-hours post-induction. However, examination of FOXO3a protein levels within these samples
did not reveal an inverse expression pattern with HSP70, and instead initial basal FOXO3a protein levels
were maintained regardless of the amount of HSP70 present (Figure 10B). Although not much is known
about FOXO3a transcript levels, previous research has stipulated that the E2F transcription factor-1 can
induce FOXO3 expression (Essaghir, Dif, Marbehant, Coffer, & Demoulin, 2009; Lynch et al., 2005).
However, when FOXO3a mRNA levels were analyzed here under hyperthermic and HSP70-overexpressing
conditions, no deviations from basal transcript levels were observed (data not shown). This indicates that
HSP70 does not have a direct role in the turnover of FOXO3a under physiological conditions, but does not
exclude the possibility of a role in its turnover in cells exposed to hyperthermic stress.
3.2 Effects of hyperthermic exposure on FOXO3a abundance and S253 phosphorylation
Since FOXO3a turnover is in part regulated by AKT mediated phosphorylation of S253 we next
examined the effect of hyperthermia on the level of FOXO3a S253 phosphorylation. For these experiments,
we used the same heat shock regimen that was used in Figure 9 but also included samples collected
immediately after exposure to hyperthermia in addition to samples that were heat shocked and then
incubated at 37°C for 6 hours prior to collection. We also employed lower percent SDS-PAGE gels to aid
in the detection of any alterations in band mobility that might represent post-translationally modified forms
of FOXO3a that might arise following heat-stress. What we observed was the appearance of a slower
migrating FOXO3a band observable immediately after exposure to hyperthermia which was more
pronounced with extended heat shock treatment (Figure 11A). This was somewhat lessened in cells
expressing HSP70. Analysis of S253 phosphorylated FOXO3a showed a slight increase in cells exposed to
mild hyperthermia (30-minute exposure) that was lessened by more extreme treatments. This pattern does
not reflect the pattern seen for the more slowly migrating band in the total FOXO3a blots. Interestingly,
HSP70 expressing cells had higher levels of S253 phosphorylated FOXO3a after the 30-minute exposure
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Figure 11. Effect of hyperthermia on levels of FOXO3a and FOXO3a S253 phosphorylation.
Representative immunoblots of serine-253 phosphorylated FOXO3a, total FOXO3a, and actin examined
by 7.5% SDS-PAGE and western blotting. Non-induced (- HSP70) and induced (+ HSP70) PErTA70 cells
were exposed to 43°C for 30, 60, 90, or 120 minutes while control samples (C) were maintained at 37°C.
Cells were then collected immediately following the heat shock treatment (A) or following a 6 hours
recovery incubation period at 37°C post heat-shock (B).

27

than did the non-induced cells. When cells were exposed to hyperthermia and then incubated at
37°C for 6 hours before collection there was a nearly complete loss of FOXO3a protein except in cells that
received the more extreme treatment of 90 or 120-minutes exposure for the non-induced cells (Figure 11B).
When HSP70 was present, the loss of FOXO3a was more extensive at these extreme temperatures. These
results indicate that the loss of FOXO3a in heat-stressed cells occurs during the recovery period at 37°C,
that this process can be impaired by extreme exposure to hyperthermia, and that HSP70 protects this process
being inhibited in cells exposed to extreme hyperthermia. Analysis of FOXO3a S253 phosphorylation at
this time point showed that phosphorylation was detected primarily in cells exposed to the extreme
treatments where protein loss was diminished. In summary, this set of experiments indicate that the
observed FOXO3a loss following recovery could have occurred as a result of a post-translational
modification triggered by heat exposure that might prime FOXO3a for degradation. Whether this is
prevented by HSP70 expression, or whether this event is the S253 phosphorylation of FOXO3a, is not clear.
3.3 Effects of heat shock intensity on FOXO3a protein expression in PErTA70 cells
As it had been previously reported that activation of AKT, the kinase responsible for FOXO3a
S253 phosphorylation, is observed in cells exposed to a range of elevated temperatures (Bang et al., 2000),
and that HSP70 displayed a counteractive AKT deactivating role (Masayuki Shiota et al., 2010), we wanted
to determine the relationship between temperature, FOXO3a S253 phosphorylation, and total levels of
HSP70. Non-induced and HSP70-expressing PErTA70 cells were either maintained at 37°C or exposed to
elevated temperatures ranging from 39°C to 43°C at 1°C increments for one hour and collected immediately
following temperature exposure (Figure 12). Hyperthermia reduced the level of S253 phosphorylated
FOXO3a and total FOXO3a protein levels in cells exposed to temperatures exceeding 41°C. Exposure to
43°C had a greater effect than did 42°C heat shock treatment. Cells containing elevated levels of HSP70
appeared to retain higher levels of both total FOXO3a protein and S253 phosphorylation after the 42 and
43°C heat treatments than did the non-induced cells. These results suggest that the turnover of FOXO3a is
initiated during the hyperthermic treatment and that a threshold exists for this process to occur.
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Figure 12. Temperature dependence of FOXO3a protein loss. Non-induced (- HSP70) and induced (+
HSP70) PErTA70 cells were exposed to physiological control temperatures (37) or heat shocked at 39, 40,
41, 42, or 43°C for 1 hour and collected immediately post exposure. A representative immunoblot of S253
phosphorylated FOXO3a, total FOXO3a and actin protein expression under non-induced and induced
conditions examined by 9% SDS-PAGE and western blotting.
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3.4 Effects of recovery time on FOXO3a protein turnover in PErTA70 cells exposed to heat-shock.
To determine how rapidly FOXO3a protein turnover occurs following hyperthermia and if
production of HSP70 expedites FOXO3a degradation, we examined PErTA70 cells subjected to 43°C for
1 hour and incubated for 0-24 hours at 37°C, which could then be compared to unstressed control samples.
These experiments could also determine whether FOXO3a basal levels regenerate within 24 hours after
hyperthermic exposure. We again employed lower percent SDS-PAGE gels to help monitor any
fluctuations in band mobility indicative of post-translational modification. As in previous experiments we
again observed a distinct loss of FOXO3a in cells recovered for any period of time, as well as a slight
decrease in the protein’s mobility detectable immediately following heat shock treatment (Figure 13). Very
little difference can be seen in the temporal pattern of FOXO3a protein loss when comparing the noninduced and HSP70 expressing cells. However, after 24 hours of incubation FOXO3a protein levels began
to recover in cells expressing HSP70 which was not observed in the non-induced cells. S253
phosphorylation of FOXO3a increased immediately following hyperthermic exposure to a similar extent in
both the non-induced and HSP70 expressing cells. This was however gradually lost during incubation at
37°C and this appeared to occur more gradually in the HSP70 expressing cells. These results indicated that
considerable FOXO3a protein was lost within 3 hours of recovery however, due to the rapid decline it
remains unclear whether HSP70 promotes this process. Perhaps analysis of time points taken at closer
intervals between 0 and 3 hours would show differences in the temporal loss of FOXO3a in these cells.
Furthermore, FOXO3a protein levels did not return to basal levels following hyperthermic induced loss of
the protein within a 24-hour window, although this appeared to be underway in the HSP70 expressing cells.
Prior to loss of FOXO3a, both – HSP70 and + HSP70 cells displayed higher levels of S253 phosphorylation
illustrating that phosphorylation at this site might serve as a signal for its degradation. The loss of S253
phosphorylated FOXO3a during the recovery period paralleled the loss of total FOXO3a. It appears from
this experiment that HSP70 does not influence the rate at which FOXO3a protein is lost in cells exposed to
43°C for 1 hour, however it does increase the ability of the stressed cells to resynthesize it after a prolonged
incubation period at 37°C.
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Figure 13. Examination of FOXO3a protein levels and FOXO3a S253 phosphorylation in cells exposed to
hyperthermia (43°C, 60 minutes) and then incubated at 37°C for 3, 6, 12, or 24 hours prior to collection
along with non-heat-shocked control cells (C). An immunoblot of S253 phosphorylated FOXO3a, total
FOXO3a and actin protein expression under non-induced and induced conditions examined by 7.5% SDSPAGE and western blotting. Loss of actin in latter lanes due to missing PVDF membrane.

3.5 Effects of hyperthermia and HSP70 overexpression on nuclear FOXO3a accumulation
Next, we investigated the intracellular localization of FOXO3a following heat-shock since
FOXO3a’s influence on gene activation as a transcription factor relies on its successful translocation and
retention in the nucleus. We therefore analyzed PErTA70 cell lysates separated into cytoplasmic and
nuclear fractions following the same 1 hour 43°C heat-shock as previously described. As seen in previous
experiments in the total cell extracts, we observed a decreased protein mobility in stressed cells collected
immediately following hyperthermia, and a reduction in protein abundance when the stressed cells were
collected 6 hours after exposure to hyperthermia (Figure 14). Foxo3a was entirely found in the cytoplasmic
fraction of non-stressed cells for both the – HSP70 and + HSP70 samples. However, much of FOXO3a was
instead in the nuclear fraction of cells exposed to hyperthermia and collected immediately following the
heat shock treatment (Figure 14A). Cells overexpressing HSP70 had less nuclear and more cytoplasmic
FOXO3a after the heat treatment than did the non-induced cells. This indicated that pre-expression of
HSP70 might prevent the nuclear translocation or retention of FOXO3a following heat stress. We also
examined samples recovered for 6 hours at 37°C following initial heat stress and found an even more
distinct phenomenon relating to HSP70 overexpression in heat-shocked cells (Figure 14B). In the noninduced cells that were exposed to hyperthermia, FOXO3a was not detected in the cytoplasmic fraction and
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a small amount was still present in the nucleus. The amount found in the nuclear fraction was much less
than was present immediately after exposure to hyperthermia. In contrast, for the HSP70 expressing cells,
FOXO3a was no longer present in the nuclear fraction and instead cytoplasmic levels were similar to that
seen in the non-stressed cells. This demonstrated that HSP70 overexpression may help prevent the nuclear
translocation of FOXO3a in heat stressed cells and facilitate its return to the cytoplasm while cells lacking
HSP70 accumulate FOXO3a in the nucleus and succumb to cell death without cytoplasmic recovery of
FOXO3a protein levels.
These findings led to the question of whether protein modifications might occur following heat
stress that leads to altered FOXO3a location within cells, specifically at FOXO3a’s NLS serine-253. This
should provide insight into the role of S253 phosphorylation on subsequent FOXO3a localization patterns
in heat shocked cells. Detection of S253 phosphorylation immediately following heat-stress was the start
to understanding the potential function that phosphorylation at this site brings about. PErTA70 cells were
exposed to 43°C for 30 to 120 minutes, collected immediately after exposure to the heat shock treatment
and separated into cytoplasmic and nuclear fractions (Figure 15A). We first blotted for total FOXO3a
protein to see the overarching movement of the protein under hyperthermic and HSP70 overexpressing
situations. As expected, FOXO3a rapidly re-localized to the nucleus in – HSP70 cells immediately upon
hyperthermic exposure, and maintained similarly elevated levels within the nucleus for all durations of
hyperthermia. Cytoplasmic levels more gradually decreased as time at 43°C went on until nearly no
FOXO3a could be detected by 120-minute heat exposure. Similar observations were seen in cytoplasmic
fractions of + HSP70 cells, less FOXO3a protein was observed, however, in the nuclear fractions when
compared to their – HSP70 nuclear counterparts. This phenomenon was expected as we had predicted
HSP70s role in facilitating cell survival in some way, and the absence of FOXO3a within the nucleus would
lead to the absence of pro-apoptotic gene translation. We then blotted for S253 phosphorylated FOXO3a
and found cytoplasmic fractions of both – HSP70 and + HSP70 exhibited a similar initial increase after just
30-minutes exposure to heat stress followed by a subsequent reduction of detected S253 phosphorylation
mirroring the total FOXO3a protein levels detected in these samples. In nuclear – HSP70 fractions S253
phosphorylation arose with 30-minutes of heat stress and had increased by 60-minutes of exposure before
falling below detectable levels. This contrasted with the + HSP70 nuclear samples where no S253
phosphorylation was detected following any extent of heat-shock (Figure 15A). An interesting phenomenon
occurred when PErTA70 cells were further allowed to recover at 37°C for 6 hours (Figure 15B). While
control cells displayed low levels of phosphorylation at S253 in cytoplasmic fractions of both – HSP70 and
+ HSP70 cells, heat-stressed – HSP70 cells lost almost complete phosphorylation at this site in cytoplasmic
fractions except for 90 and 120 minutes of heat-shock where almost complete lethality would occur. In
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Figure 14. Effect of hyperthermia and HSP70 overexpression on FOXO3a protein nuclear accumulation.
Non-induced (- HSP70, -) and induced (+ HSP70, +) PErTA70 cells were exposed to 43°C for 1 hour prior
to immediate collection (A) or following a 6 hour recovery at 37°C (B). Representative immunoblots of
FOXO3a and actin protein expression under control (C) and 1 hour 43°C heat-shock (HS) conditions
fractionated into whole cell lysates (total), cytoplasmic (Cy) and nuclear (Nu) fractions examined by 8%
SDS-PAGE and western blotting.
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Figure 15. Effect of hyperthermia on the nuclear accumulation of FOXO3a and S253 phosphorylated
FOXO3a. Non-induced (- HSP70) and induced (+ HSP70) PErTA70 cells were separated into cytoplasmic
and nuclear fractions after being exposed to 43°C for either 30, 60, 90, or 120 minutes. Cells were then
collected immediately following heat-shock (A) or allowed to recover at 37°C for 6 hours (B).
Representative immunoblots of pFOXO3a-S253 and total FOXO3a protein expression under control and
heat-shock conditions collected 0 hours (A) or 6 hours at 37°C (B) post heat-shock examined by 8% SDSPAGE and western blotting.
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contrast, cytoplasmic fractions of + HSP70 cells displayed a delayed decrease in S253 phosphorylation.
Furthermore, nuclear fractions of both – HSP70 and + HSP70 cells retained no S253 FOXO3a
phosphorylation equivalent to that of control samples. Of note, these samples displayed a large portion of
all FOXO3a protein forms still present within the nucleus of – HSP70 cells at 90 and 120-minutes, while +
HSP70 cells completely lost all FOXO3a protein that was initially found in the nuclear fraction immediately
after the heat shock treatment. Furthermore, + HSP70 cells recovered a portion of the cytoplasmic protein
whereas – HSP70 cells continued to have low detection levels following heat-stress. These results do not
provide a clear correlation between serine-253 FOXO3a phosphorylation and cytoplasmic retention since
some serine-253 phosphorylated FOXO3a was found in the nucleus of non-induced cells that were exposed
to hyperthermia. However, cells over-expressing HSP70 had less nuclear FOXO3a and were better able to
retain FOXO3a serine-253 phosphorylation than were the non-induced cells.
3.6 Effects of phosphatase treatment of PErTA70 on FOXO3a’s post translational modifications
To determine the extent of post translational modifications on FOXO3a in the form of phosphorylation we
removed all protein phosphorylation by treating extracts with the enzyme lambda phosphatase in vitro prior
to analysis by SDS-PAGE and western blotting (Figure 16). Non-induced and HSP70 overexpressing
PErTA70 cells were either untreated (C) or exposed to 43°C for 1 hour, and collected immediately (HS).
Cells were lysed in 0.1% NP40 lysis buffer, protein concentrations determined and samples containing
equal amounts of total protein were incubated at 30°C for 30 minutes in the absence (-) or presence of 100
Units of lambda phosphatase (+) after which the enzyme was heat-inactivated at 65°C for 60 minutes.
Samples were then mixed with 2X Laemmli buffer and separated on 7.5% polyacrylamide gels to enhance
the separation of the various post-translationally modified forms of FOXO3a. Examination of total
FOXO3a in extracts not treated with lambda phosphatase showed the previously noted increase in intensity
of slower migrating bands. In this experiment, there were three distinct bands that were resolved. In the
heat shock treatment sample, there was a clear increase in intensity of the two slower migrating bands and
the appearance of a fourth band of higher molecular mass. These changes were not seen in cells
overexpressing HSP70. Phosphatase treatment resulted in a change in the migration pattern with only two
bands being detected, one of which migrated between the lower two bands of the untreated sample and the
other migrating faster than the lowest band of the untreated sample. The effectiveness of the lambda
phosphatase treatment is evident from the blot showing a loss of all serine-253 FOXO3a specific reactivity
in the phosphatase treated extracts. This indicated that phosphorylation was present on FOXO3a prior to
phosphatase treatment. The fact that two bands remained after lambda phosphatase treatment suggests that
some other post-translational modification is present other than phosphorylation that gives rise to the slower
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migrating band in samples treated with lambda phosphatase. The abundance of this slower migrating band
appeared to be slightly more intense in the cells that were not induced to overexpress HSP70.
In addition to phosphorylation, PTMs such as acetylation and ubiquitination have been well
characterized in the regulation of FOXO (Calnan & Brunet, 2008; van der Horst & Burgering, 2007).
Interestingly, alterations in FOXO acetylation is thought to initiate a switch between the pro-survival and
apoptotic response coordinated via gene expression of FOXO targets (Baluška, Hlavacka, Volkmann, &
Menzel, 2004). To determine if increased band intensity in slower migrating bands was due to alterations
in FOXO3a acetylation, denatured immunoprecipitations were carried out to isolate FOXO3a protein and
detect acetylated lysine residues. Non-induced (-) and induced (+) PErTA70 cells were kept at 37°C or
43°C for 1 hour and collected directly after. Five percent of collected cells were lysed in Laemmli buffer
and used to determine protein concentration. Cell pellets were lysed in RIPA lysis buffer according to
protein concentrations obtained. A total of 500 µg total protein was incubated with FOXO3a specific
antibody overnight at 4°C and then incubated for 1 hour at 4°C with IgA magnetic Dynabeads. Following
incubation, Dynabeads were collected and protein cleaved from the beads using Laemmli buffer. Equal
sample volumes were separated on 8% polyacrylamide gels (Figure 16B). Based on successful pulldown
of FOXO3a protein, comparable loss of FOXO3a protein was present in both – HSP70 and + HSP70 cells
upon heat shock. Akin to this, acetylated lysine residues appeared to parallel the observed loss of the protein
however, we found conflicting results in biological replicates which presented no change in acetylation
levels of isolated FOXO3a protein (data not shown). We therefore could not attribute increased abundance
of the slower migrating band in Figure 16A to acetylation.
We further tried to investigate the role of JNK in the activation of FOXO3a as it is known that heat
stress activates JNK, and HSP70 has been demonstrated to inhibit heat-induced JNK activation. As well,
S574 phosphorylation by JNK has recently been implicated in FOXO3a activation in response to ethanol
treatment (Wendler, 2013), and inhibition of AKT to increase FOXO3a activity in breast cancer cell death
is dependent on JNK activation through paclitaxel treatment (Sunters et al., 2006). PErTA70 cells were
treated with either 10 µM of the JNK inhibitor SP600125 or 0.1% inhibitor solvent DMSO for 6 hours at
37°C and then either exposed to 43°C heat-shock for 1 hour or kept at standard conditions. Cells were then
collected immediately following hyperthermic treatment, lysed in Laemmli lysis buffer, and equal amounts
of protein separated on polyacrylamide gels (data not shown). Unfortunately, no alteration in FOXO3a
protein levels due to JNK inhibition were observed.
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Figure 16. Examination of in vitro phosphatase treatment on FOXO3a protein in control and heat stressed
cells. Non-induced (- HSP70) and induced PErTA70 cells (+ HSP70) were heat shocked for 1 hour at 43°C
(HS) or maintained at 37°C (C). Whole cell lysates in 0.1% NP40 lysis buffer were then treated with (+) or
without (-) l phosphatase (100 units) for 30 minutes at 30°C and heat-inactivated for 1 hour at 65°C prior
to addition of 2X Laemmli buffer. (A) A representative immunoblot of total FOXO3a, pFOXO3a-S253 and
actin examined by 7.5% SDS-PAGE and western blotting. Non-induced (-) and induced (+) PErTA70 cells
were heat shocked for 1 hour at 43°C (HS) or maintained at 37°C (C). Denatured whole cell lysates were
immune-precipitated with anti-rabbit IgG (B) A representative immunoblot of acetylated lysine and total
FOXO3a collected following a 6 hour recovery at 37°C, examined by 8% SDS-PAGE and western blotting.
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3.7 Role of the proteasome and proteases in degradation of FOXO3a protein turnover
The ubiquitin-proteasome pathway plays a pivotal role in cell cycle regulation and apoptosis and
plays a key role in regulating basal levels of FOXO3a. It has previously been demonstrated that proteasome
inhibition results in the nuclear accumulation of FOXO3a in thyroid cancer cells (Orlowski & Kuhn, 2008;
Qiang et al., 2017). Additionally, FOXO proteins become phosphorylated by AKT at the N-terminus within
the forkhead domain, creating two binding sites which nuclear 14-3-3 proteins are able to bind ( a Brunet
et al., 1999; Anne Brunet et al., 2002). Once FOXO has become associated with 14-3-3 protein, they are
quickly sequestered to the cytoplasm and are blocked from re-entry into the nucleus, and are instead rapidly
targeted for degradation by the proteasome (Brownawell, Kops, & Macara, 2001; a Brunet et al., 1999;
Cahill et al., 2001; Clavel et al., 2010; Obsilova et al., 2005; Zhao et al., 2004). Since it has been shown
that mild hyperthermia results in AKT activation it was therefore speculated that the observed FOXO3a
loss following heat-shock might be due to proteasomal degradation, and that proteasome inhibition would
prevent FOXO3a loss after heat-shock. To test this, non-induced PErTA70 cells were either untreated (C)
or supplemented with either; 20 µM of the membrane permeable proteasome inhibitor MG132 (M), 10 µM
of the pan-caspase inhibitor zVAD (Z), or 0.1% inhibitor solvent DMSO (D) for 1 hour at 37°C. Following
treatment, cells were exposed to standard physiological conditions (Control) or 43°C 1 hour heat-shock
(HS) followed by a 6 hour recovery incubation prior to collection. Cells were lysed in Laemmli lysis buffer,
protein concentrations determined and equal amounts of protein were separated on 10% polyacrylamide
gels (Figure 17). Control cells displayed equal FOXO3a protein levels for all treatments. Untreated and
DMSO control treated cells both showed a loss of FOXO3a following heat-shock. Upon MG132 (M)
proteasomal inhibition however, FOXO3a protein loss was minimized and remained nearly proportionate
to non-hyperthermic treated cells. A slight reduction in protein level was nevertheless detected which could
not be accounted for. As complete rescue of FOXO3a protein did not occur, this indicated that proteasomal
effects was not solely responsible for degradation of the protein implicating an additional pathway that is
able to exhibit effects on FOXO3a loss following hyperthermia.
As apoptosis is known to occur when PErTA70 cells are exposed to heat-shock, as well as earlier
research that had shown FOXO3a to be a substrate target of caspase-3-like proteases (Charvet et al., 2003),
we wanted to determine if the pan-caspase inhibitor zVAD (Z) could account for the difference in protein
loss detected. The results show that elevated levels of total FOXO3a was evident when all caspases were
inhibited. Taken together, these findings suggest that these two pathways may have complimentary roles in
the degradation of FOXO3a where caspases target FOXO3a in cells undergoing apoptosis and the
proteasome plays a role under both physiological and stressful conditions.
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Figure 17. Effect of proteasome inhibition or caspase inhibition on the loss of FOXO3a in heat stressed
cells. Cells were untreated (C), or pretreated with 0.1% DMSO (D), the proteasome inhibitor MG132 at 20
µM (M) or the pan-caspase inhibitor ZVAD at 10 µM (Z) for 1 hour prior to the 1 hour heat-shock treatment
at 43°C (HS). Control cells remained at 37°C for the additional hour. Following heat-shock cells were
incubated at 37°C prior to collection 6 hours later. A representative immunoblot of total FOXO3a protein
levels examined by 10% SDS-PAGE and western blotting.
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CHAPTER 4: DISCUSSION AND CONCLUSION
4.1 Implications of FOXO3a protein alterations in heat stress and disease
Stress and inflammatory responses make up a major defense network which allows for the adaptive
and survival responses cells need to overcome stress caused by biochemical, physiological, and pathological
stimuli (Dandekar, Mendez, & Zhang, 2015). These networks play major roles in further maintaining
homeostasis and safeguarding tissue health and immune response by regulating apoptosis when effects from
stress stimuli become too great. Initiation of apoptosis is therefore critical not only in clearance of immuneresponse cells and aiding in developmental processes, but also has major implications in numerous diseases.
This opens the door to many disease pathologies where deregulation of vital proteins controlling apoptosis
can either initiate or progress a disease state (Dandekar et al., 2015; Nho & Hergert, 2014).

The

cytoprotective properties of HSP molecular chaperones protect the proteome from many of these insults
and further assists with development and immune response elements and in doing so, contributes to tissue
homeostasis (Borner, 2003; Kennedy et al., 2014; Morimoto, 1998; Young, 2013). As FOXO3a
transcription factors maintain tissue homeostasis via regulation of diverse gene expression programs in
response to various cellular stressors, it is not unexpected that deregulation or modification of these proteins
have been found to contribute to aging and disease (Astrid Eijkelenboom & Burgering, 2013). It is therefore
important to study how stress, such as hyperthermia, may affect FOXO3a. These results demonstrate the
complexity and diverse relationship FOXO3a has within Acute Lymphoblastic T cells, and heat stress
experiments further revealed HSP70’s indirect role in FOXO3a regulation, alteration, and degradation.
Once characterized, we can begin to investigate the mechanisms responsible for altered FOXO3a
expression which has been frequently observed in age-related disorders (Laoukili, Stahl, & Medema, 2007;
Storz, 2011).
These studies utilized the human acute lymphoblastic T cell line, PEER, engineered to overexpress
HSP70 (PErTA70) using the reverse tetracycline regulated trans-activator protein resulting in co-induction
of bicistronic HSP70 and GFP mRNA containing an internal ribosome binding site (Gossen et al., 1995;
Dick D Mosser et al., 2000). Using these engineered cells, initial experiments highlighted how heat stress
caused FOXO3a to develop a slower migrating isoform post exposure but then quickly deplete in recovered
cells (Figure 9). It seemed likely given this timeline that FOXO3a was somehow being affected by HSP70
as previous work in PEER cells has shown extensive apoptosis when exposed to 43°C hyperthermic
conditions for 60 to 90 minutes, followed by necrosis when exposure is extended to 2 hours. Overexpressing
HSP70 in PErTA70 cells however, allowed them to remain extremely resistant with little to no apoptosis
or necrosis under the same conditions (D D Mosser & Martin, 1992).
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Normally, expression of HSP70 is initiated in response to various stressors which then increase a
cell’s resistance to stress-induced aberrations, thereby keeping cells below the threshold for induction of
the apoptotic response. This is accomplished via HSP70’s chaperone abilities for refolding misfolded
proteins and sending irreversibly damaged proteins to the proteasome for degradation (Hartl, Bracher, &
Hayer-hartl, 2011). Although our initial results showed an inverse relationship between FOXO3a and
HSP70, subsequent experiments clarified that, although HSP70 exerts effects on FOXO3a exposed to heat
stress greater than the 42°C threshold, no direct interaction under physiological conditions was detected.
This led to the realization that additional factors during heat stress must be present to elicit protein turnover.
This might be due to interplay between Akt and HSP70 as previous studies have shown activated Akt to be
responsible for desensitizing cells to apoptotic stimuli by regulating several transcription factors, including
FOXO, involved in the apoptotic process (Solit, Basso, Olshen, Scher, & Rosen, 2003). However, the
threshold for heat induced activation of Akt appears to vary depending on cell type and species as evidenced
by the elevated induction threshold of 45°C that is seen in mouse embryonic fibroblast cells (Bang et al.,
2000). As FOXO isoforms are Akt substrates and are directly phosphorylated by the kinase leading to the
inactivation of apoptotic machinery, including Bax, Bad, and caspase-9, our initial hypothesis surrounded
the central idea that specific PTMs by activated Akt are responsible for nuclear exclusion and inactivation
of the transcription factor ( a Brunet et al., 1999; Hribal, Nakae, Kitamura, Shutter, & Accili, 2003). The
perceived inverse correlation originally detected may have in fact been due to sequentially increasing
apoptosis or necrosis, releasing proteins without the initiation of a degradation response. The molecular
mechanisms responsible for the observed loss of FOXO3a in recovered cells following a heat stress remain
unclear at this time. As FOXO3a mRNA transcript levels remain unaffected following heat-shock, loss of
FOXO3a protein could not be attributed to decreased transcript levels. However, research and literature
implicate the likelihood that these changes stem from post-translational regulatory processes such as
phosphorylation, acetylation, or controlled degradation of proteins (Ray, Tabor, & Igoshin, 2011).
4.2 Post translational modifications on FOXO3a
The mobility of FOXO3a was slightly slower immediately following heat stress indicative of the
addition of some form of post-translational modification (PTM). Previous studies have linked FOXO3a dephosphorylation to trigger apoptosis in cerebellar granule neurons in part through a FasL mechanism ( a
Brunet et al., 1999). A gene profiling study examining prostate cancer found the death receptor ligand
tumor-necrosis-factor-related apoptosis-inducing ligand (TRAIL) was also found to be regulated by FoxO
proteins in a similar fashion (Modur et al., 2002). These studies implicate the regulatory role FOXO proteins
play in cell survival by modulating autocrine and paracrine death receptor ligand pathways (H. Huang &
Tindall, 2007). Moreover, FOXO proteins have been shown to be involved in the transactivation of a pro-
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apoptotic BH3-only subgroup gene; BIM, from the BCL2 family, which functions in the intrinsic
mitochondrial apoptotic pathway (Dijkers, Medema, Lammers, Koenderman, & Coffer, 2000; Stahl et al.,
2002). Post-translational modifications of FOXO3a in the form of phosphorylation have previously been
found to promote binding to 14-3-3 proteins when cells are stimulated with survival factors such as IGF-1.
This sequesters the protein complex to the cytoplasm thereby inhibiting FOXO3a’s ability to act as a
transcription factor for pro-apoptotic genes in the nucleus ( a Brunet et al., 1999; Anne Brunet et al., 2002).
Once a protein becomes complexed with 14-3-3 within the cytoplasm, 14-3-3 can function to modulate its
enzymatic activity, subcellular localization, molecular interactions, protein structure and stability, and these
alterations can play a part in controlling programmed cell death (Obsilova et al., 2005; Yaffe, 2002). Two
components of the intrinsic cell death machinery; BAD, and the protease Caspase-9, have been identified
as Akt substrates where phosphorylation by Akt suppresses their apoptotic function (Cardone MH, Roy N,
Stennicke HR, Salvesen GS, Franke TF, Stanbridge E, Frisch S, 1998; Datta et al., 1997; del Peso, Luis,
González-garcía, Page, Herrera, Herrera, & Nunfez, 1997). Generally, phosphorylation of FOXO proteins
by Akt has previously been found to result in cytoplasmic retention and inactivation ( a Brunet et al., 1999;
Burgering & Kops, 2002; Plas & Thompson, 2003). Taken together, it was conceivable that FOXO3a, like
BAD, Caspase-9, and other FOXO proteins, is similarly controlled via the actions of pro-survival factor
Akt.
Analysis of FOXO3a using the NetPhos 2.0 phosphorylation site prediction program revealed
serine-253 and serine-315 to be highly probable Akt phosphorylation sites with scores of 0.992 and 0.975
respectively. Other potential Akt phosphorylation sites, for example threonine-32 scored much lower
(0.042) (Blom, Gammeltoft, & Brunak, 1999). Due to the substantially lower phosphorylation score and Nterminal domain locus, we eliminated threonine-32 for analysis, as this would likely not interfere with the
nuclear translocation of the protein. As both evaluated serine residues had a similarly high predictive score,
the chosen site for analysis was further narrowed down based on its location within a FOXO3a protein
domain as this would likely be indicative of correlating effects on the protein’s ability to use said domain.
Interestingly, serine-315 and serine-253 are located within the NES and NLS domain of FOXO3a
respectively. We therefore chose serine-253 as the potential determinant of FOXO3a cellular localization,
where nuclear presence would imply an actively bound transcription factor while cytoplasmic retention
would suggest a dormant element.
Based on our in silico evidence suggesting that FOXO3a is phosphorylated by Akt on serine-253
and published data that FOXO3a S253A mutants previously had shown significantly lower phosphorylation
compared to their wildtype counterparts ( a Brunet et al., 1999), research suggested that an activated
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metabolic sensor, AMP-activated protein kinase (AMPK), is suspected to reduce AKT mediated
phosphorylation of FOXO3a at S253 (Yung, Chan, Liu, Yao, & Ngan, 2013). Furthermore, inhibition of
AMPK is known to promote HSP70 expression during the heat shock response (T. Wang et al., 2010) which
led us to determine if HSP70 would further influence the serine-253 phosphorylation potential of FOXO3a
via Akt activity. Once we had verified that HSP70 did not decrease Akt levels (data not shown), it was
resolved that further phosphorylation of the transcription factor was responsible for the decrease in band
migration due to Akt activity on S253 ( a Brunet et al., 1999). Although increased S253 phosphorylation
following heat shock was unaffected by HSP70 overexpression, the delay in phosphorylation in recovered
cells was likely due to FOXO3a shuttling of the initially phosphorylated forms toward pathways of
degradation prior to loss of the PTM. Due to the immediate loss of FOXO3a in heat-stressed and recovered
cells it became evident that loss of FOXO3a occurs after these cells have been exposed to high temperatures.
In the case of extreme temperature exposure, the loss of FOXO3a was not observed. The reason for this is
likely an inhibition of the degradative processes in cells exposed to temperature extremes that result in
necrosis rather than apoptosis, which was repressed with HSP70 overexpression (D D Mosser & Martin,
1992).
4.3 FOXO3a translocation upon heat-shock
Protein alterations up to this point could not be attributed to cytoplasmic or nuclear localization, so
although total FOXO3a levels appeared equal, subcellular localization of the protein was likely to be quite
different if S253 phosphorylation played a part in nuclear exclusion or cytoplasmic retention. As expected,
fractionation experiments revealed FOXO3a movement from the cytoplasm into the nucleus once stressed,
and HSP70 decreasing this translocation. However, with recovery, a clear difference between induced and
non-induced cells arose wherein HSP70-overexpressing cells rapidly relocalized FOXO3a to the cytoplasm,
while in non-induced cells, it continued to be retained within the nucleus. This meant that FOXO3a, a
transcription initiator of pro-apoptotic genes, retained its function in clearing stressed cells.
It was hypothesized that S253 phosphorylation however might be responsible for translocation of
FOXO3a. This meant that any FOXO3a detected within the nucleus should lack phosphorylation at this
site. This was not the case for non-induced cells which displayed phosphorylation at this site for up to an
hour of heat shock exposure. The anticipated result observed in HSP70-overexpressing cells showing a lack
of nuclear S253 phosphorylation was likely due to HSP70’s assistance in blocking FOXO3a nuclear import
or targeting the protein for degradation before transportation could occur. As a significant amount of
FOXO3a protein disappeared in recovered cells for both whole cell and fractionated samples, degradation
pathways became the most likely candidate. As previously mentioned, there has been increasing evidence
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suggesting that various kinases lead to the phosphorylation and ubiquitination of FOXO proteins, and that
these alterations occur frequently in many human primary tumors and cancer cell lines (Arden, 2006;
Patterson & Jorg, 2006). It has been speculated that pro-survival kinase Akt phosphorylates FOXO3a at the
three conserved serine/threonine residues which is then thought to release the transcription factor from the
bound DNA, the phosphorylated protein then translocates to the cytoplasm where it becomes complexed
with 14-3-3 proteins resulting in cytoplasmic retention due to 14-3-3 protein likely concealing FOXO3a’s
NLS (Hu et al., 2004). In the absence of growth or survival factors, Akt does not perform this
phosphorylation role allowing FOXO3a transcription factors to play out their role of upregulating their
specific gene targets (A. Brunet, 2004; Burgering & Kops, 2002; Greer et al., 2007). These findings broaden
the current understanding of FOXO3a’s role in regulating survival and apoptosis initiation.
4.4 Degradation pathways partially responsible for loss of FOXO3a
The molecular mechanisms responsible for the observed loss of FOXO3a after recovery are not
fully elucidated. Here, we investigated two overlapping degradation pathways theorized to be involved in
the destruction of FOXO3a. Earlier research emphasized how FOXO3a shuttling between the cytoplasm
and nucleus led to increased induction of apoptosis in thyroid cancer when the proteasome was inhibited,
by upregulating FOXO3a targets, FasL and Bim (Qiang et al., 2017). Further to this, Akt phosphorylates
substrates containing RXRXX(S/T) motifs, which are similar to the binding motif of 14-3-3. These
regulatory molecules bind proteins in a phosphorylation-dependent manner as previously mentioned, where
target proteins are phosphorylated at serine or threonine residues (Muslin, Tanner, Allen, & Shaw, 1996).
In general, FOXO proteins become phosphorylated by Akt at the N-terminus and within the forkhead
domain, creating two binding sites to which nuclear 14-3-3 protein is able to bind ( a Brunet et al., 1999;
Anne Brunet et al., 2002). It is further thought that Akt initiated complexed FOXO/14-3-3 protein, might
disrupt FOXO DNA binding as the N-terminus and forkhead domain closely flank their DNA binding
domain, a phenomenon observed in FOXO4 and C. elegans homolog DAF-16 (Cahill et al., 2001; Tomas
Obsil, Ghirlando, Anderson, Hickman, & Dyda, 2003). Once these proteins have become associated with a
14-3-3 protein, they are quickly sequestered to the cytoplasm and are blocked from re-entry into the nucleus
by way of the NLS, and are instead rapidly targeted for degradation by the proteasome (Brownawell et al.,
2001; a Brunet et al., 1999; Cahill et al., 2001; Clavel et al., 2010; Obsilova et al., 2005; Zhao et al., 2004).
A contributing factor in this model is the molecular chaperone; HSP70, which functions in multiple steps
of proteasomal degradation, targeting substrates to the ubiquitination complex and assisting in delivery of
these ubiquitinated substrates to the proteasome (Shiber & Ravid, 2014). The results presented here clearly
demonstrate the role of FOXO3a degradation by the proteasome in heat shock exposed PErTA70 cells.
However, complete protein degradation inhibition implicated a secondary destruction pathway. Based on
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previous research, we determined caspases were likely the culprit, playing a subsidiary role in FOXO3a
clearance as FOXO3a has been shown to be a target of protease caspase-3 (Charvet et al., 2003). The faster
band migration in pan-caspase inhibited samples might likely result from a partially-cleaved FOXO3a
product.
Based on our findings, we propose S253 phosphorylation by Akt alone does not block nuclear
import of FOXO3a following heat stress. We further conclude that HSP70 assists in blocking S253
phosphorylated FOXO3a protein from entering the nucleus, and that protein loss is a result of coordinated
caspase and proteasome activities. However, we cannot rule out the possibility that multiple PTMs must
occur for consistent or complete reaction within this model. Other modifications in conjunction with
specific phosphorylation may also play a role in altering FOXO3a’s ability to induce gene translation.
Analysis of S253A mutations or dephosphorylation of FOXO3a were not studied here in the context of
recovering a normal FOXO3a distribution. Furthermore, although proteasomal and protease protein
degradation is common and widespread this does not exclude other degradation processes or enzymatic
reactions such as those performed by the lysosome. Regulation of phosphorylation by protein kinase activity
is an intricately coordinated process of regulation affecting FOXO3a. Although the PTM of
phosphorylation at S253 was not solely responsible for cytosolic retention followed by targeted degradation
by secondary factors, the overarching hypothesis of hyperthermic induced PTMs leading to loss of FOXO3a
with decreased functionality of this pathway in the presence of HSP70 was correct. Further investigation
into the outcome of specific PTM, such as acetylation and methylation, employed in these vast signaling
pathways by which FOXO3a affects the outcome of tumor prognosis are necessary.
4.5 Future Directions
Data presented here elucidated the vast interplay between hyperthermia, HSP70 expression, and
S253 PTM of FOXO3a. Cancer cells frequently acquire constitutive activation of growth factor receptors
and PI3K pathway and it has been implicated that FOXO expression may also be decreased in numerous
tumor types. In fact, decreased FOXO3 has been correlated with an androgen independent progression in
prostate cancer cells (Essaghir et al., 2009). Further investigation on the PTMs of FOXO3a are required to
understand how this transcription factor affects tumor progression. This would include not only the other
Akt targeted phosphorylation sites on FOXO3a, but also residues targeted by other kinases such as CDK2.
These PTMs may not be limited to phosphorylation alone. Acetylation or methylation alterations may
similarly enhance or limit FOXO3a activities. Aside from PTMs, other stressors or factor withdrawals could
still elicit transcriptional adaptations. Allele deletion of FOXO members 1, 3, and 4 have characterized a
susceptibility to hemangiomas and thymic lymphomas in mice (Essaghir et al., 2009). Similar to this
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perspective, regulation of FOXO3a may also be controlled via alterations in transcript levels. This may be
accomplished by transcription factors such as E2F1, or even other forkhead members. Future studies will
need to determine if and how FOXO3a mRNA is reduced in tumor cells, as well as the PTMs controlling
how FOXO3a protein is regulated within the cell in both stressed and diseased states compared to the
healthy parallel.
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APPENDIX A: BUFFERS AND SOLUTIONS
Doxycycline stock (1 mg/mL)
1 mg of Doxycycline dissolved in 1ac mL of H2O. Store at -20°C
Antibody Binding Solution (ABS)
10 mL 1X TBS, 10 mL 10% Glycerol, 5 g BSA, 250 µL Tween-20, 500 µL 10% Sodium Azide, ddH2O to
100 mL
Cell Extraction Buffer (fractionation)
The buffer used for nuclear fraction extraction consists of 10 mM Tris, 100 mM NaCl, 1% Triton X, 1 mM
EDTA, 0.1% glycerol, 0.1% SDS, 0.5% deoxycholate, Protease and Phosphatase inhibitor cocktail, and
dH2O
Hypotonic Buffer (fractionation)
The buffer used for nuclear cytoplasmic extraction consists of 20 mM Tris-HCl pH 7.4, 10 mM NaCl, 3
mM MgCl2, and dH2O.
TAE Buffer:
The Tris-acetate-EDTA (TAE) buffer for agarose gels consists of 40 mM Tris, 20 mM acetic acid, 1 mM
EDTA (pH 8.0), in ddH2O
10X Tris-Glycine electrophoresis buffer:
60.4 g Tris-Base, 2.88 g glycine, 20 g SDS and ddH2O to 2 L.
10X Tris-Glycine Transfer Buffer
30 g Tris-Base, 144 g Glycine, ddH2O to 850 mL, pH to 8.4 using Accumet pH meter
1X Tris-Glycine Transfer Buffer
100 mL 10X Tris-Glycine Transfer Buffer stock, 150 mL Methanol, 750 mL ddH2O
10X TBS (Tris Buffered Saline):
48.4g Tris-Cl (Base), 160.0 NaCl, HCl to pH 7.4 using Accumet pH meter, ddH2O to 2 L.
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1X TBS + 0.2 %Tween (TBST):
100 ml of 10X TBS stock, 900 ml double distilled H2O, 1 ml Tween-20.
5% Milk:
100 ml 1X TBS + Tween-20, 5 g powdered skim milk (no name).
Dulbecco’s phosphate-buffered saline (dPBS):
1 bottle of Hyclone dPBS powder into 5 L ddH2O. Filtered through 0.22 µm pore filter (GP express) and
autoclaved on a L30 cycle. phosphate buffered saline: 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and
1.8 mM KH2PO4, adjusted to pH 7.4 with HCl)
HEPES (4-[2-hydroxyethyl]-1-piperazineethanesulfonic acid)
1 M HEPES 10µL/mL media for pH stabilization during heat shock treatment
Protease inhibitors:
Mix together 200 µL Pepstatin A (1mg/ml), Leupeptin (1 mg/ml) and Aprotinin (1 mg/ml) for a final
concentration of 333 µg/ml of each inhibitor. Add 30 µL/ml of lysis buffer to give 10 µg/ml of each
inhibitor.
Phosphatase inhibitors:
Mix together 100 µL of sodium vanadate (1 mM), 100 µL of β-glycerolphosphate (3 mM), 200 µL of each
sodium fluoride (10 mM), sodium phosphate (20 mM), and sodium pyrophosphate (5 mM) to give a volume
of 800 µL. Each inhibitor is now at 25X. Add 40 µL/ml of this mixture to lysis buffer.
1X Laemmli with β-mercaptoethanol:
200 µL of 5X Laemmli with β-mercaptoethanol (2-Mercaptoethanol) in 800 µL of ddH2O.
2X HBS (HEPES buffered saline):
16.4g NaCl, 11.9g Hepes acid, 0.21g Na2HPO4, 800ml H2O. Titrate to pH7.05 with NaOH and add water
to 1 liter. Filter sterilize through a 0.45um nitrocellulose filter, freeze in 50 ml aliquot.
Laemmli lysis buffer:
40 µL Phosphatase inhibitor, 30 µL Protease Inhibitor and 930 µL 1x Laemmli buffer.
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Denaturing lysis buffer
40 mM Tris, 1% SDS, 1% b-mercaptoethanol, 100 mM DTT
Radio-immunoprecipitation assay (RIPA) buffer
150 mM NaCl, 1% sodium deoxycholate, 1% Triton X-100, 10 mM Tris (pH 7.4), 0.1% SDS, 1 mM PMSF
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