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Mitigating circumstances

Product recall

An immunostaining study of the post-translational modification of the elongation
initiation factor EIF2α in proliferating and senescent cells was carried out, with the
results intended to be presented and discussed in Section 3.2. In October 2020 -
after the conclusion of this experiment - the following correspondence was received
from the manufacturer of the phospho-EIF2α antibody used:

Your Order ID is: 3559501

We are contacting you because we have very recently reviewed our in-
formation on Recombinant Anti-EIF2S1 (phospho S51) antibody [E90]
(ab32157) which you had previously purchased from us.

Recent retests of ab32157 have showed that this antibody shows unspe-
cific signal in ICC/IF, therefore we have concluded that this product is
unsuitable to be used for ICC/IF and Flow cytometry. We will be happy
to send the test results if requested.

[...]

Best regards, Alexandru Mandrut, MSci Biology Scientific Support Spe-
cialist www.abcam.com

As a result, the data from this experiment is omitted.
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Abstract

Cells respond to stress by up-regulating chaperone proteins that correct protein mis-
folding to maintain function. However, protein homeostasis is lost in ageing, leading
to aggregates characteristic of protein-folding diseases. While much is known about
how these diseases progress, discovering what causes protein-folding to deteriorate
could be key to their prevention. Studying ageing in humans introduces a key tempo-
ral obstacle, however results in model organisms suggest ageing has cellular origins.

In this work, primary human mesenchymal stem cells (hMSCs) have been cultured
to a point of replicative senescence and subjected to proteotoxic stress, as an in vitro
model to investigate changes to the stress response during cellular ageing. Through
-omic analyses it has been shown that the maintenance of protein homeostasis de-
teriorated in senescent cells through the attenuation of processes downstream of
chaperone transcription. This was coincident with lowered levels of a functional
module of chaperone proteins associated with stress-inducible heat shock protein 70
kDa (HSPA1A). Further analysis of the temporal dynamics of the transcriptomic
and proteomic stress responses revealed a lack of translational capacity to be a lim-
iting factor in the ability of senescent cells to mitigate proteotoxic stress, leading to
a loss of speed, magnitude, and efficacy of the cellular stress response.

Furthermore, here it has been shown that senescent cells experience partial loss of
the E3 ubiquitin ligase CHIP. CHIP is known to regulate HSPA1A stability during
stress and cooperates with the chaperone to mark misfolded proteins for turnover.
By building a mathematical model of the proteotoxic stress response, in silico sim-
ulations have predicted that a decrease in cellular CHIP leads to a greater accu-
mulation of misfolded proteins during proteotoxic stress. Using a cysteine-reactive
label which binds to residues typically buried in correctly folded proteins, this pre-
diction has been validated by showing significant conformational compromise to the
proteomes of senescent cells in response to stress, whereas no perturbation was seen
in proliferating cell populations. Prime among the conformationally compromised
proteins in senescent cells were several cytoskeletal proteins. Here it has been shown
that this is likely due to the senescence-associated down-regulation of another func-
tional module of chaperone proteins responsible for maintaining cytoskeletal protein
homeostasis, the chaperonin-containing tailless (CCT) complex.

These results demonstrate multiple mechanisms which drive the attenuation of the
proteotoxic stress response in cellular ageing. As such, these represent a step for-
ward in our understanding of the underlying link between ageing and a loss of protein
homeostasis. Given the therapeutic potential of hMSCs, this work also holds rel-
evance to the emerging field of regenerative medicine. In this context, this study
gives a comprehensive evaluation of consequential, but often neglected, changes to
the hMSC stress response following extended culture in vitro.
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Chapter 1

Introduction

1.1 Overview

Proteins are molecular machines required for cell and tissue function, providing
structure and performing vital transport, signalling and enzymatic roles. The pro-
teins expressed by cells, or proteome, must be actively regulated to match functional
demands and address challenges – a state of protein homeostasis (proteostasis). This
ensures that proteins are correctly folded, present in the right locations at the ap-
propriate concentrations, and with any necessary post-translational modifications
(Balchin et al., 2016; Sala et al., 2017). Due to its importance, proteostasis is safe-
guarded by a coordinated proteostasis network (PN) that executes several functions:
molecular chaperones assist in the folding of newly-synthesised proteins and resolve
misfolding events as part of the cellular stress response; and protein degradation
machinery allows misfolded or surplus proteins to be removed or recycled. Dysreg-
ulation of the PN is a recognised consequence of ageing (Hipp et al., 2019; Kaushik
and Cuervo, 2015). Aged cells have decreased chaperone and proteasomal activity,
and consequently accumulate oxidatively damaged and misfolded proteins (Koga
et al., 2011). The detrimental effects of protein misfolding are two-fold: firstly, that
loss of a protein’s structure leads to loss of its function; and secondly, that mis-
folded proteins can form aggregates that are toxic to cells. Protein aggregation is
characteristic of diseases such as Alzheimer’s, Parkinson’s and Huntington’s – all
disorders where age is considered a major risk factor (Hipp et al., 2014; Labbadia
and Morimoto, 2015). Progress in the development of drugs to address diseases such
as Alzheimer’s has been slow (Cummings et al., 2014), but a better understanding
of the PN may inform new therapeutic strategies.

The PN in human cells contains on the order of two thousand component proteins
(Klaips et al., 2017). Within this group, ∼ 300 chaperone and co-chaperone proteins
are associated with protein folding and conformational maintenance (Brehme et al.,
2014). Thermodynamically speaking, chaperone proteins function by guiding their
unfolded client proteins through a free energy landscape – traversing partially-folded
intermediate states at points of local energetic minima – to find the global energetic
minimum associated with the native folded state. In mechanistic terms, this process
requires that chaperones shield exposed hydrophobic regions of their partially-folded
clients, thus preventing unwanted interactions (Hartl et al., 2011). Many proteins
within the chaperone are classified as heat shock proteins (HSP) as they are ex-
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pressed in response to heat as a prototypic form of stress, and grouped by molecular
weight (kDa). Proteins within the HSP60, HSP70, HSP90 and HSP100 families have
activity dependent on adenosine triphosphate (ATP) metabolism, whereas the small
HSPs (sHSPs) are ATP-independent (Jayaraj et al., 2020). Chaperone function
is further regulated by co-chaperone proteins, such as the tetratricopeptide repeat
(TPR) proteins that assist the HSP90 system and the HSP40 family of proteins that
increase the client-specificity of HSP70 chaperones (H. H. Kampinga & Craig, 2010).

More than one hundred genes related to the PN have been shown to be significantly
suppressed with age in humans, including representatives of the chaperone network
from HSP40, HSP70 and HSP90 families (Brehme et al., 2014). Correspondingly,
chaperone-assisted protein folding and disaggregation processes have been demon-
strated to deteriorate with ageing (Calderwood et al., 2009; Koga et al., 2011). The
protective response to heat stress was found to deteriorate with ageing in C. elegans,
concomitant with increased levels of protein unfolding (Ben-Zvi et al., 2009). In the
same model, knockdown of heat shock transcription factor 1 (HSF1) – a transcrip-
tion factor considered to be a master regulator of the heat shock response – was
found to amplify age-associated loss of protein function, while its overexpression
extended the maintenance of proteostasis and lengthened lifespan (Ben-Zvi et al.,
2009; Hsu, 2003). In post-mitotic mouse tissues (heart, spleen, renal and cerebral
cortices), basal levels of HSP70 protein were found to be decreased in aged vs. adult
animals. Interestingly, however, adult levels of HSP70 were found to be maintained
in naturally long-lived animals (Mart́ınez de Toda et al., 2016).

Expression of HSP70 has also been shown to increase in mice during exercise, a
response thought to protect against muscle damage; and overexpression of HSP70
reduced age-associated deterioration of muscle function (McArdle et al., 2004). A
study of human-derived lymphoblasts has shown that the ability to increase levels
of HSP70 gene expression in response to stress was generally decreased by ageing,
but that the response was maintained in cells from exceptionally long-lived subjects
(Ambra et al., 2004). Taken together, this evidence suggests that dysregulation of
PN components with ageing is widely conserved, that age may affect both basal lev-
els of HSPs and their ability to respond to stress, and that prolonged maintenance
of proteostasis machinery may benefit both health and longevity. Nonetheless, a
systematic survey of how the complex PN responds to stress, and how the response
is affected by ageing, remains lacking – particularly in human cells and tissues.

Human ageing varies greatly between individuals due to genetic and environmental
diversity, and therefore a lack of longitudinal ageing studies has limited our under-
standing of the process. Cellular senescence, such as achieved through replication
of primary cells, has therefore often been used as an in vitro ageing model (Mar-
tinez Guimera et al., 2017). Senescence is a cellular response to irreparable DNA
damage. To prevent propagation of potentially oncogenic damage the cell cycle is
arrested and the cell marked for clearance. Changes to relative rates of cell damage,
repair, clearance and renewal mean that aged tissues have disproportionately high
numbers of senescent cells compared to young tissues (J. P. Magalhães and Passos,
2018; López-Ot́ın et al., 2013). Senescent cells experience morphological changes,
becoming larger, flatter, and more rounded (Biran et al., 2017; Son et al., 2019);
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and have been reported to have decreased levels of HSPs (Deschênes-Simard et al.,
2014), and lowered proteasomal (Saez & Vilchez, 2014) and mitochondrial activity
(Martinez Guimera et al., 2017).

This study focuses on the response of primary human mesenchymal stem cells de-
rived from bone marrow (hBM-MSCs) to heat stress. So-called due to their capacity
for tri-lineage differentiation (Burrow et al., 2017), this cell type has been widely
studied in the context of tissue engineering and regenerative medicine, with a range
of applications currently subject to clinical trials (Pittenger et al., 2019). This study
has important implications to this purpose because: (i) how ageing and/or serial ex-
pansion in culture impacts on hMSC behaviour is an important consideration when
applying autologous treatment strategies to older patients; and, (ii) many medical
applications of hMSCs will require that the cells be robust to stress e.g. in tissue
repair (Richardson et al., 2016). Replicative senescence has been utilised in this
work to model the effects of ageing, comparing early- and late-passage (EP and
LP respectively) hMSCs from matched donors to maximise the statistical power
of downstream analysis. A combination of proteomic, transcriptomic and imaging
methods has been used to construct a systematic, time-resolved characterisation
of how senescence affects the speed, magnitude and efficacy of the stress response.
Furthermore, applying network and computational analyses has enabled better un-
derstanding of the complexity of the PN and modelling of the response to stress.
This study reports on the senescence-induced decline of a functional module within
the PN, centred around the activity of a heat-inducible protein within the heat shock
protein 70 kDa family (the HSPA1A gene product) and attributes a weakening of
the responsiveness to stress to depreciation of translational capacity. In summary,
this investigation into the nature and cause of the decline of the heat shock response
in senescent hMSCs provides mechanistic insight into how proteostasis is lost, and
offers a starting point for strategies that could recover it.

1.2 Background

In an ageing population developing treatments against age-associated diseases is im-
perative - Livingston et al., 2017 report that globally the number of people living
with dementia is projected to increase 41% by 2030, and 179% by 2050. How-
ever, clinical trials aimed at treating protein-folding diseases have particularly poor
success rates (Servick, 2019) - between 2002 and 2012, US clinical trials aimed at
improving cognition among Alzheimer’s patients had a 99.6% failure rate (Cum-
mings et al., 2014). While inadequate models for studying protein folding diseases
contribute to this figure, this also highlights a need to improve basic understanding
of how protein folding goes awry during ageing (Becker et al., 2008; Anderson et al.,
2017).

Cellular senescence and the loss of proteostasis are two key hallmarks of ageing
(López-Ot́ın et al., 2013), with the former linked with a loss of efficacy in certain
regenerative medicines (Khan et al., 2011; J. Wang et al., 2013; Choudhery et al.,
2014); and the latter seen as a common precursor for several age-associated protein-
folding diseases, such as Alzheimer’s (Brehme et al., 2014). In vitro and in vivo
studies have shown organismal ageing has cellular origins (Dimri et al., 1995; Chon-
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drogianni et al., 2003; Ogrodnik et al., 2017), however proteostasis in senescent cells
is largely unexplored. This may have implications in emerging stem cell therapies.
While it is well documented how donor age in autologous stem cell transplants can
affect treatment outcomes, the mechanism behind this effect is unknown. Similarly,
while the mode of action of protein-folding diseases is broadly understood, less is
known about the underlying link between ageing and chronic protein misfolding.

1.3 Division of thesis

This thesis will focus on how the speed, magnitude, and efficacy of the cellular
proteotoxic stress response - the cell’s ability to resolve a sudden influx of protein-
misfolding - is attenuated by senescence in hBM-MSCs. A combination of targeted,
-omic, and mathematical approaches will be used to form a comprehensive analysis
of how proteostasis is impaired by cell ageing.

The thesis has been divided into six chapters:

• Chapter 1 - Introduction
The reader will be introduced to the thermodynamic concepts of protein fold-
ing in order to understand why proteins become misfolded, and the role molec-
ular chaperones play in ensuring correct proteome function. The importance
and different classes of molecular chaperones will be discussed, as well as how
chaperone levels are regulated. The reader will be given a review of the lit-
erature concerning the cellular proteotoxic stress response, its interplay with
ageing, and proposed mathematical models of the stress response. The value
of senescent hMSCs as a model system will be discussed, including case studies
of the use of MSCs in regenerative medicine. The aims of the PhD project
will also be discussed.

• Chapter 2 - Materials & methods
Full disclosure of all reagents, solutions, equipment, and software used in this
study, including manufacturer and product-code/designer and version will be
provided. Available information for hMSC donors is detailed and all methods
used to obtain forthcoming results are described in full.

• Chapter 3 - Results: The transcriptomic and proteomic profiles of
proliferating and senescent human mesenchymal stem cells before
and after stress
Biomarkers are used to verify the prevalence of senescent cells in late-passage
populations. Transcriptome-wide data from ribonucleic acid sequencing (RNA-
seq) will be analysed in tandem with proteome-wide data from label-free mass
spectrometry (MS) to show large-scale changes in the profiles of senescent
hMSCs compared to their early-passage counterparts. Evidence is presented
that the stress response is predominantly post-transcriptional, and a pathway
analysis shows late-passage hMSCs are subject to a pronounced reduction in
protein translation capacity and in proteins associated with the stress response.
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• Chapter 4 - Results: A functional module based around HSP70 ma-
chinery becomes unresponsive to heat stress in senescent human
mesenchymal stem cells
Tools from mathematical graph theory are used to show that the human chap-
erone protein network is divided into functional modules, and the stress re-
sponse of early-passage cells consists of the up-regulation of the module con-
taining the HSP70 machinery - a response which is absent in late-passage
cells. Functional inhibition of this module demonstrates that the effects of
dysfunctional HSP70 machinery are different in early- and late-passage popula-
tions. Immunofluorescence microscopy and reverse-transcription quantitative
polymerase-chain-reaction techniques are used to investigate HSP70 dysreg-
ulation in senescent cells with higher temporal resolution. The reader will
be shown how senescent cells are less able to up-regulate HSP70 protein dur-
ing proteotoxic stress, and take much longer to return to equilibrium HSP70
transcript levels following stress.

• Chapter 5 - Results: A mathematical model of early- and late-
passage stress response dynamics and prediction of cellular “dam-
age”
The case will be made to the reader that insufficient quantities of ribosomal
proteins are a limiting factor in the senescent proteotoxic stress response. An
ordinary/delay differential equation model of HSP70 regulation during the
stress response is designed and fit to in vitro data from early-passage cells
to challenge current perceptions concerning chaperone regulation in the stress
response. Results from immunofluorescence imaging and label-free mass spec-
trometry will be used to dictate changes to the model to reflect HSP70 reg-
ulation in senescent cells. It will then be demonstrated to the reader that
factoring in these changes enables the model to predict the in vitro kinet-
ics of HSP70 in late-passage cells. The reader will be shown that the model
predicts a greater stress-induced accretion of misfolded proteins in senescent
cells, and this is verified using monobromobimane-labelling mass spectrometry
to analyse changes in protein conformation.

• Chapter 6 - Conclusions & future work
A review of main findings of this study and their impact. Achievement of the
aforementioned aims of the study is evaluated, and areas for future research
that would build on the findings of this study are discussed.

1.4 Thermodynamic protein folding

The vast majority of proteins need to fold into a well-defined, three-dimensional
native state to attain functionality (Carver et al., 2003). Protein folding is crucial to
the viability of cells and is linked to a broad range of biological processes (Mackenzie,
2017). Incorrect folding results not only in the loss of normal function, but often
also in a gain of toxicity. Proteins fold or misfold in an attempt to minimise the
Gibbs free energy of their local micro-environment, G - the maximum energy which
can be reversibly extracted from a system:

G = H − TS, (1.1)
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where H is the enthalpy (a function of the internal energy of the system), T is
the temperature, and S is the entropy (a measure of the ‘disorder’ in the system).
Reactions occur spontaneously if they result in a decrease in the Gibbs free energy,
i.e. ∆G < 0. Following from Equation 1.1, at thermal equilibrium spontaneous
reactions must satisfy

∆H − T∆S < 0. (1.2)

Equation 1.2 tells us that favourable reactions at thermal equilibrium must either
cause a decrease in enthalpy or an increase in entropy of a protein and its local micro-
environment. During folding, proteins transition from an initial unfolded state with
thousands of possible folding conformations (high disorder), to a final state with just
one conformation (low disorder). This means, seemingly in violation of Equation
1.2, ∆S < 0.

Figure 1.1: A thermodynamic perspective on protein folding. Proteins (blue) fold to
form a hydrophobic core. Hydrophobic side chains become exposed to fewer water
molecules (red) in the surrounding cytosol, causing the increase in entropy necessary
to facilitate folding (top arrow, “hydrophobic effect”). Adapted with BioRender
from Chou, 2008.

However, the exposed hydrophobic amino acid (AA) side chains of unfolded proteins
have an ‘ordering’ effect on the surrounding cytosol. Water molecules will organ-
ise around proteins to minimise contact with the hydrophobic side chains. When
these side chains are buried during folding, this ordering effect is removed, which
causes an increase in entropy as illustrated in Figure 1.1. In addition, a number of
different types of bonds are formed during folding, decreasing the enthalpy of the
system (O’Connor & Adams, 2010). The AA sequence of a protein dictates the
bonds which can form and thus guides folding conformations. Polar AAs capable
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of forming hydrogen bonds, hydrophobic AAs are capable of forming van der Waals
bonds, charged AAs are capable of forming electrostatic bonds, and cysteines alone
are capable of forming covalent bonds which are much stronger than the previously
mentioned ionic bonds. Together, these can offset the negative change in entropy
due to the protein’s conformational change, allowing protein folding to occur spon-
taneously (Petsko & Ringe, 2009).

Figure 1.2: The Gibbs free energy surface traversed by proteins. Green regions
represent states with proper function while red regions represent toxic folding con-
formations. From Hartl et al., 2011.

Proteins move through a Gibbs free energy landscape via folding, burying hydropho-
bic AA side chains within a three-dimensional structure. Proteins may either fold
properly and move towards the native state, or they can misfold. Proteins misfold
because it is energetically beneficial for them to do so, Figure 1.2 illustrates how a
misfolded state with some side chains buried will still have a lower Gibbs free energy
than an unfolded state (Hartl et al., 2011). The hydrophobic AA residues which
stick out in misfolded proteins can then bind together with other misfolded proteins
to form very stable, but toxic, protein aggregates.

Proteins typically fold quickly, transitioning through several folding intermediate
states, taking in the range of µs to ms (Tanguay & Hightower, 2015). However, as
proteins increase in size, the number of possible conformations increases exponen-
tially and may push equilibrium away from the native state (Petsko & Ringe, 2009).
The macromolecule-dense environment inside the cell (∼200 g L−1, Milo, 2013) can
also make it difficult for proteins to fold correctly. Indeed, Dobson, 2003 discusses
how aggregation begins even before synthesis is completed, with the polypeptide
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chain unable to bury its hydrophobic regions until the entire chain leaves the ri-
bosome. Even after reaching the native state, environmental or functional effects
expose the hydrophobic regions of a protein and increase susceptibility to aggrega-
tion (Malyshev, 2013).

1.5 Molecular chaperones

Perturbations from tissue homeostasis inflict stresses upon cells which upset pro-
teostasis. When cells are subjected to stress, proteins become unstable and their
three-dimensional structure begins to break down. Human cells in vivo are subjected
to multiple different stresses, including thermal, chemical, oxidative, and mechanical
stresses, with each having distinct effects on cellular homeostasis and proteostasis.
Cells in cardiac muscle tissue, for example, experience a large mechanical stress with
every heartbeat, while cells experience thermal stress during febrile diseases, where
core body temperature increases by up to 4◦C (Evans et al., 2015).

To maintain proteostasis in the face of various cellular stresses, cells express chap-
erone proteins - so called as their function is to mediate proper folding. Chaperone
proteins recognise and bind to the hydrophobic AA residues which protrude from
misfolded proteins. Thus chaperones improve the efficiency of protein folding by
providing a competing reaction to aggregation. Chaperones are also able to bind to
folding intermediates, which are proteins stuck in local energy wells such as those
illustrated in Figure 1.2. Chaperones change the organisation of the client protein,
which ‘restructures’ their energy landscape, allowing them to fold properly and fall
into the native state.

Previous analysis of chaperone workload in yeast by the Hubbard lab (Brown-
ridge et al., 2013) estimates chaperones are responsible for mediating folding of
over 60% of cellular proteins, with each individual chaperone responsible for 14-
25 client molecules per minute. Work by Brehme et al., 2014 outlines the human
chaperone network, consisting of 332 human genes that encode for chaperones or co-
chaperones, collated using a combination of several literature sources and genomic
databases. Functional classification of these reveals the human chaperone network
consists of 88 chaperones and 244 co-chaperones.

1.5.1 The heat shock proteins

The suppression of global protein synthesis in response to stress is well-documented
(as reviewed by Advani & Ivanov, 2019). This reduces the workload of molecular
chaperones, and allows the cell to respond to stress through the focused synthesis
of a particular family of chaperones - the heat shock proteins (HSPs), so named as
they were found to increase in abundance following thermal stress. The various HSP
subfamilies are identified by their molecular mass, in kDa.

1.5.2 The HSP70 family

Of particular importance is the HSP70 subfamily, which have been found to interact
with over 30% of the proteome. Literature studies using the generic term “HSP70
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protein” most often refer implicitly to the HSPA1A gene product HSP70α, also
termed “stress-inducible HSP70” (for instance: Eftekharzadeh et al., 2019; Wu et
al., 2020) - as will be the case in the present study. Other proteins in the HSP70 sub-
family are generally given greater specification (for example: “heat shock cognate
70”, HSPA8; “mitochondrial HSP70”, HSPA9), however clarity in future studies
would be beneficial to the field1.

HSP70 proteins are ubiquitous in the cell and linked to a broad range of protein
quality-control functions, including protein translocation, regulation of signalling,
protein assembly, and disaggregation (Ryan and Pfanner, 2001; Pratt and Toft,
2003). The three-domain structure of HSP70 molecules includes an ATPase N-
domain, which generates energy for folding activity through the hydrolysis of ATP;
a substrate domain which is able to bind to hydrophobic residues of proteins; and a
flexible C-domain which covers clients to protect against aggregation.

1.5.3 HSP70 co-chaperones

The HSP40 family

The efficiency of ATP hydrolysis by HSP70 is enhanced by members of the HSP40
family, which functions as the main co-chaperones to HSP70. Rather than the
traditional chaperone family grouping based on molecular mass, members of the
HSP40 family are classified by the presence of a structural J domain which is highly
conserved and was first identified in the Escherichia coli protein DnaJ (41.1 kDa).
As shown by Jiang et al., 2007, the structure of this J domain facilitates interaction
with HSP70 family members. Also referred to as “J proteins” due to their wide range
of molecular weights, the human HSP40 family consists of ∼50 proteins encoded by
the DNAJ genes (Qiu et al., 2006). This by far outnumbers the human HSP70 family
members, and H. H. Kampinga and Craig, 2010 argue that the diversity of HSP40
proteins drives the multifunctionality of HSP70 proteins. In support of this, Q. Liu
et al., 2020 review the function of the ER resident HSP70 family member, HSPA5.
This single HSP70 protein has been found to interact with seven different HSP40
family members, with the interaction partner dictating HSPA5 function between
protein import, protein folding, and protein degradation.

GRPE proteins

In Escherichia coli, the protein GrpE was discovered to promote ADP-ATP exchange
at the N-terminus of bacterial HSP70 (as reviewed by Bhandari and Houry, 2015)
and is thus termed a nucleotide exchange factor. Bacterial GrpE is well-researched
and has long been known to be stress inducible, with GrpE1 mutant strains up-
regulating stress response proteins at equilibrium temperature (Straus et al., 1990,
as reviewed by Roncarati and Scarlato, 2017). Despite its role in the bacterial

1As an example of the confusion this creates, W. Zhang et al., 2016 perform a study of the effect
overexpression of HSPA1A has on rat BM-MSCs, while mistakenly referring to this as heat shock
cognate 70, and base experiments on literature which uses other members of the HSP70 subfamily
(including Hu, 2006, namely HSPA12B; Duffy et al., 2012, namely HSPA8; and Aisha et al., 2014,
namely HSPA4), with the authors repeatedly referring to these as if they focus specifically on heat
shock cognate 70 - in their case meaning stress inducible HSP70.
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stress response, scarce research has been carried out on the mitochondrial GrpE
homologs GRPEL1 and GRPEL2. Srivastava et al., 2017 were recently the first to
demonstrate the additional GRPE protein GRPEL2 is upregulated in response to
GRPEL1 (and vice versa) - providing an evolved buffering system in higher eukary-
otes. The group also demonstrated that this buffering mechanism takes effect during
stress. While GRPEL1 co-chaperone activity is higher than GRPEL2 during equilib-
rium conditions, GRPEL1 is down-regulated in response to stress, while GRPEL2 is
stress-resistant and begins to dominate co-chaperone activity. Harrison, 2003 notes
that, while human cells do not contain a ubiquitous homolog of GrpE, HSP70 nu-
cleotide exchange factor function is instead provided in the ER by the SIL1 protein
(K. T. Chung et al., 2002), and in the cytosol by the BAG co-chaperone family.

SIL1

A comprehensive review of SIL1 function was recently carried out by Ichhaporia and
Hendershot, 2021, due to its role in Marinesco-Sjogren syndrome. The authors make
an interesting observation by cross-referencing human protein Atlas data (Uhlen et
al., 2015) with literature studies of loss of SIL1 nucleotide exchange factor function
- finding that tissues with higher levels of SIL1 are not the most affected by the
loss of function. The authors argue that this may indicate a further, undiscovered,
function of SIL1 in human tissues requiring further investigation.

BAG proteins

The BCL-2-associated athanogene (BAG) family of proteins provide another mech-
anism by which cells regulate the chaperone network. Kabbage and Dickman, 2008
outline six ubiquitous BAG family members in humans: BAG1, 2, 3, 4, 5, and 6.
BAG1 and BAG5 are well-known to bind to HSP70 (Brive et al., 2001; Arakawa et
al., 2010) and stimulate ATP hydrolysis, providing a mechanism to negatively regu-
late HSP70 activity by releasing client proteins. BAG1 also binds to the proteasome
to act as an ‘adapter’ to mediate the turnover of HSP70 client proteins (as reviewed
by Fernández-Fernández et al., 2017). Another family member, BAG3, performs an
analogous role in the autophagy pathway. BAG3 is the most studied member of the
BAG family, as it plays a role in therapies for several diseases including cancers,
myopathies, and neurodegenerative diseases (as reviewed by Behl, 2016). BAG3
gene expression is controlled by heat shock transcription factors, and is essential for
growth, with Youn et al., 2008 observing 100% lethality of BAG3-knockout mice
within 3 weeks of age.

Gamerdinger et al., 2009 have discovered the BAG proteins dynamically respond
to stress through expression of BAG1 and BAG3. Turnover of misfolded proteins
at homeostasis is mainly carried out by the ubiquitin-proteasome system (UPS),
assisted by BAG1. However during stress or ageing, where the demand on the chap-
erone network increases, the expression of BAG1 significantly decreases, while the
expression of BAG3 significantly increases - suggesting a switch from the proteaso-
mal pathway to the autophagy pathway during stress.
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HSPBP1

Finally, HSP70 binding protein 1 (HSPBP1) was first identified by Raynes and Guer-
riero, 1998 as an inhibitor of HSP70 chaperone activity, based on an experiment
where HSPBP1 over-expression reduced HSP70 ATPase activity by 90%. Subse-
quent studies suggest this inhibitory effect is an artefact of HSPBP1 over-expression.
At physiological levels, Shomura et al., 2005 showed that HSPBP1 binds transiently
to HSP70 to facilitate ADP dissociation, and found that a deletion of the HSPBP1
ortholog in S. cerevisiae resulted in a 50% reduction in protein folding mediated by
the yeast HSP70 family compared to wild-type.

Proteins which are unable to utilise the HSP70 chaperone machinery are instead
folded by either the HSP60 or HSP90 machinery - depending on the nature of the
client protein.

1.5.4 The HSP90 family

To increase the efficiency of protein folding inside the cell, many partially folded
proteins which have failed to reach the native state through the HSP70 system are
transferred to the HSP90 system (Y. E. Kim et al., 2013, Quintana-Gallardo et
al., 2019). The HSP90 subfamily consists of two proteins, stress-inducible HSP90α
and constitutively active HSP90β, encoded by genes HSP90AA1 and HSP90AB1,
respectively. The HSP90 subfamily is ubiquitous in the cell, and - like HSP70
- is ATP-dependent. Schopf et al., 2017 emphasise the importance of the HSP90
machinery, which makes up 2-5% of cytosolic proteins under non-stressed conditions
and mediates the folding of several hundred client proteins. However, HSP90 is
selective of its clients. Verified client proteins have a broad range of cellular functions
(Backe et al., 2020), but what determines whether a protein is a suitable client for
HSP90 is yet to be defined.

1.5.5 Chaperonins

The term chaperonins is used to describe the ATP-dependent HSP60 chaperone
family and its co-chaperone HSP10. Chaperonins are divided into two classes based
on location/mode of action. Type I chaperonin (HSPD1) is exclusive to the mito-
chondria in eukaryotic cells and is able to fold proteins which cannot be folded by
the HSP70 machinery (Y. E. Kim et al., 2013; Spiess et al., 2004). The structure
of type I HSP60 consists of two large rings back-to-back with a central cavity. Un-
folded proteins bind to the cavity, following which HSP10 acts as a lid for the cavity
to form a chaperonin cage, so that the unfolded protein can fold at a much lower
macromolecule concentration. Experimental evidence reviewed by Motojima, 2015
that chaperonins also increase the folding rate for some, but not all client proteins
suggests there is an additional, unknown, mechanism by which type I HSP60 inter-
acts with unfolded proteins.

Type II chaperonins (CCT1-8) do not require the co-chaperone function of HSP10
and form a barrel-shaped complex consisting of two rings of its 8 member proteins
(as reviewed by Ansari & Mande, 2018). The CCT complex (also referred to in the
literature as the “TRiC complex”) is located in the cytoplasm of eukaryotic cells

Chapter 1 Jack Llewellyn 26



1.5. Molecular chaperones

and its clients include the cytoskeletal proteins actin and tubulin, which can only
fold with the assistance of the CCT complex (Spiess et al., 2004). Due to the sheer
abundance of these clients, it has been difficult to elucidate other CCT client pro-
teins (as reviewed by Willison, 2018; Vallin and Grantham, 2019; Grantham, 2020).
Some evidence suggests CCT proteins have a role in cell cycle progression - either
as individual monomers or as a complex - that extends beyond chaperoning nascent
cytoskeletal proteins. In yeast, Camasses et al., 2003 show the cell division cycle
protein Cdc20 associates with the CCT complex (an association affirmed by Kaisari
et al., 2017), and loss of this association using a CCT mutant led to attenuation of
cell cycle progression. This study is particularly noteworthy as Camasses et al., 2003
were able to show this attenuation occurs upstream of cytoskeletal impairment due to
loss of function of the CCT complex, by utilising actin/microtubule-depolymerising
drugs. In mammalian cells in vitro, X. Liu et al., 2005 found coimmunoprecipitation
of PLK1 - an early trigger for G2/M transition - with an element of the CCT com-
plex. Furthermore, knockdown of the CCT complex caused a block at the G2/M
transition, however an equivalent control was not carried out to confirm that this is
not the result of a compromised cytoskeleton. These studies are in agreement with
a multitude of evidence linking cell cycle and cytoskeletal pathways (as reviewed by
Jones et al., 2019).

Evidence by Brehme et al., 2014 shows several CCT proteins are repressed in aged
human brain samples, while Nollen et al., 2004 demonstrate that loss of the CCT
complex leads to early protein aggregation in C. elegans, and Tam et al., 2006
demonstrate that overexpression of individual CCT proteins in yeast affects the con-
formation of huntingtin aggregates. While these studies hint at a direct therapeutic
application of the CCT complex, Pavel et al., 2016 have more recently shown, both
in vitro and in vivo, that a build up of aggregates following attenuation of the CCT
complex occurs because integrity of the CCT complex is essential for the degradation
of aggregates via autophagy.

1.5.6 Small heat shock proteins

The 10 genes HSPB1-10 encode the human small heat shock protein (sHSP) system.
Tanguay and Hightower, 2015 postulate that while evidence suggests all sHSPs are
capable of binding to misfolded client proteins, the lack of structural similarity
between the sHSPs implies they have different functions. Of particular importance
are the sHSPs corresponding to genes HSPB1, B5, and B8; which are ubiquitous
and up-regulated following heat shock (as reviewed by Acunzo et al., 2012; Carra et
al., 2013). sHSPs lack ATPase activity, and thus these chaperones are incapable of
refolding misfolded client proteins (Haslbeck et al., 2005; Basha et al., 2012; Garrido
et al., 2012). Instead, sHSPs bind to prevent aggregation of clients until they can be
refolded by ATP-dependent chaperones (colloquially referred to as holdases rather
than foldases). Over-expression of sHSPs (namely B1, H. Kampinga et al., 1994; and
B8, Crippa et al., 2016) has been shown to improve clearance of protein aggregates
in mammalian cell lines, however it may be the case that up-regulation of these
holdases simply reduces the workload of chaperones such as HSP70, allowing more
efficient maintenance of proteostasis. Charmpilas et al., 2017 highlight that whilst
tissue-specific up-regulation of sHSPs has potential in treatments of age-associated
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cardiovascular and neurodegenerative disease, more work is needed to understand
the mode of action of sHSPs.

1.5.7 The HSP110 disaggregation machinery

Other key roles of HSPs and other chaperones in maintaining proteostasis are disag-
gregation of misfolded proteins or, failing this, proteolytic degradation of misfolded
proteins. The ability of chaperones to disaggregate proteins is a relatively recent
finding, and much is still unclear of the mechanisms by which proteins are rescued
from stable aggregates (Sousa, 2014). Unfolding of misfolded proteins is carried out
through the HSP100 subfamily in in yeast, bacteria, and plants; but is not encoded
by the metazoan genome (Heuck et al., 2016; J. Lee et al., 2017). Interestingly, work
by Mosser et al., 2004 has shown that when introducing Saccharomyces cerevisiae
HSP100 (lacked by metazoa) to human cell lines, the foreign chaperone will coop-
erate with endogenous HSP70 and improve cell-survival under thermal stress.

Shorter, 2016 argues the protein disaggregation machinery is the least understood
aspect of proteostasis, and until recently, observed disaggregation activity in animal
cells was left unexplained. Observations of co-localisation of chaperones with pro-
tein aggregates had suggested disaggregation activity in animal cells was carried out
by HSP70 interacting with another co-chaperone, HSP110 (Rampelt et al., 2012).
However, Nillegoda et al., 2015 demonstrated that this mechanism alone in human
cells leads to a scarcity of disaggregation activity in vitro. Instead, it was shown
that the HSP40 subfamily is able to take the place of HSP100 in metazoan cells.
Under heat stress, HSP40 subfamily members interact with HSP70 and HSP110 to
extract proteins from aggregates, in a mechanism separate from its co-chaperone
role in folding. The nature of how HSP70 and HSP40 decide between their multiple
functions is still enigmatic, and new disaggregation mechanisms independent of the
HSP100 and HSP110 subfamilies are also emerging (den Brave et al., 2020).

1.5.8 Misfolded protein degradation pathways

In the case where the native state of a misfolded protein cannot be rescued, the
chaperone machinery marks the protein for degradation by the UPS. Dantuma and
Bott, 2014 have shown that the UPS is used to degrade several proteins associ-
ated with neurodegenerative diseases. The E3 ubiquitin ligase carboxyl-terminus
of HSP70-interacting protein (CHIP), encoded by the STUB1 gene, interacts with
HSP70 and HSP90 and inhibits ATP hydrolysis, ‘switching off’ the folding activity of
these chaperones, signalling a transition from refolding to degradation of misfolded
proteins (Kriegenburg et al., 2014). CHIP has then been shown to ubiquitinate
both chaperone proteins and known chaperone clients, however Qian et al., 2006
demonstrate that when CHIP encounters HSP70 bound to a client misfolded pro-
tein, HSP70 acts as an adapter, and the client protein is marked for degradation.
This outlines a post-translational regulatory mechanism by which cells up-regulate
HSP70 during proteotoxic stress through reduced HSP70 ubiquitination through
HSP70-client binding. Furthermore, following the clearance of misfolded proteins,
this same mechanism supports a return to equilibrium through increased HSP70
ubiquitination due to a dearth of HSP70-client binding. Morishima et al., 2008 have
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shown that while CHIP is not essential for development, CHIP-knockout mice have
an increased rate of mortality. Similarly, Tawo et al., 2017 find reduced lifespans in
CHIP-deficient worms and mice, and postulate that proteotoxic stress contributes
to organismal ageing by detracting from CHIP’s ability to regulate insulin receptor
levels.

Proteins which have aggregated are too large for degradation by the UPS and are
instead removed by autophagy (Y. E. Kim et al., 2013). As aggregates often begin
to form several years before the symptoms of protein-folding diseases appear, thera-
peutic targeting the removal of aggregates is of particular interest (H. Y. Kim et al.,
2015; Iaccarino et al., 2016; Lim and Yue, 2015). Mice with impaired autophagy
machinery exhibited signs of premature ageing - namely increased rates of protein
aggregation and neurodegeneration (Komatsu et al., 2006); whilst Pyo et al., 2013
show that the overexpression of a single autophagy-related gene in mice improved
motor function, cellular resilience to oxidative stress, and extended lifespan. In ad-
dition to a loss of proteostasis, these studies implicate a failure to clear misfolded
proteins as a strong pro-ageing factor and suggest that a build up of misfolded
protein within human cells could cause a predisposal to neurodegenerative disease.

1.6 Chaperone regulation

Whether at homeostasis or under stress, chaperone proteins require strict regula-
tion, in terms of both chaperone abundance and chaperone localisation between
the nucleus and the cytoplasm. When exposed to stresses which cause proteins to
denature, cells must rapidly increase their concentration of HSPs to cope with the
increased demand of unfolded proteins.

1.6.1 Transcriptional regulation

Mahat et al., 2016 show that stress triggers rapid changes in transcription. Heat
shock transcription factors are consistently acknowledged as the master-regulators
of the human chaperone network at the transcriptional level (as reviewed by Takaki
and Nakai, 2016; Calderwood et al., 2009; Anckar and Sistonen, 2011).

Heat shock transcription factors

There are a total of 6 human genes which encode heat shock transcription fac-
tors: HSF1, HSF2, HSF4, HSF5, HSFX, and HSFY (Åkerfelt et al., 2010). By far,
the most extensively studied are HSF2 and, in particular, HSF1, which are both
ubiquitous in human tissues. The focus of research on HSF1 is due to its role in
tumour progression in cancer (Scherz-Shouval et al., 2014; Mendillo et al., 2012),
and deficiency in neurodegenerative disease (Gomez-Pastor et al., 2017). As a re-
sult, the mechanism of activation of HSF1 is well-researched, yet not completely
understood. A long-standing dogma has been that, at equilibrium, intramolecular
binding between three leucine zipper domains keeps HSF1 in an inactive state as a
coiled monomer with negligible DNA-binding activity, in a complex with chaperones
HSP70 (Shi et al., 1998) or CCT (Neef et al., 2014). This interaction inhibits HSF1
activation, such that this inhibitory complex is disassembled during proteotoxic
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stress (Dayalan Naidu & Dinkova-Kostova, 2017)2. Following activation, these in-
tramolecular bonds break to allow HSF1 to homotrimerise and achieve its active
form, however the mechanism of HSF1 activation has come under scrutiny in recent
years.

Proteins denature within minutes when subjected to heat stress, however experi-
mental evidence suggests the cellular heat shock response is triggered much more
rapidly (Csermely & Vı́gh, 2007). This indicates that some element of the response
is instigated by the temperature itself, rather than protein denaturation. In sup-
port of this, Hentze et al., 2016 demonstrate a heat-induced conformational change
in HSF1 which could provide this activation mechanism. For this to be crucial or
the sole mechanism of HSF1 activation however, would contradict reports of HSF1
activation in non-thermal forms of stress (Ahn, 2003; Metzler et al., 2003).

Figure 1.3: The theory of distinct processes of HSF1 activation and initiation of HSP
transcription. HSF1 is kept in its inactive monomeric state through HSP70 binding.
At the onset of proteotoxic stress, bonds between leucine zippers (green/yellow)
break to activate HSF1 binding affinity to DNA. In a theorised separate - but nec-
essary - process, post-translational modifications (red) make HSF1 transcriptionally
active at heat shock elements: the promoter regions of genes encoding for HSPs.
Adapted with BioRender from Takaki and Nakai, 2016.

Active HSF1 trimers rapidly target heat shock elements (HSE), located at the pro-
moter regions of genes corresponding to HSPs. Dissociation from these HSEs and
HSF1 monomerisation following the resolution of stress was recently showed to be
carried out by HSP70, in cooperation with HSP40 (Kmiecik et al., 2020). Takaki
and Nakai, 2016 compile evidence that the acquisition of this binding activity via
trimerisation is necessary, but not altogether sufficient to initiate transcriptional ac-
tivity (Figure 1.3). Instead, it is suggested that transcriptional activity is acquired
through various post-translational modifications (PTM), suggesting a high degree of

2Dayalan Naidu and Dinkova-Kostova, 2017 cite that HSF1 activity is also repressed through
binding to HSP90, however increasing evidence suggests this is a common misconception within
the field. Often cited are the observations of Ali et al., 1998 in Xenopus laevis oocytes, namely
coimmunoprecipitation of HSP90 with HSF1; and increased HSF1 activation following HSP90 inhi-
bition. Hentze et al., 2016 have since found the presence of HSP90 alone does not inhibit activation
of recombinant human HSF1. Furthermore Zheng et al., 2016 found no coimmunoprecipitation be-
tween HSP90 and HSF1 in yeast strains, and postulate that the common finding of HSF1 activation
following HSP90 inhibition (for example J.-H. Lee et al., 2013) is due to the loss of HSP90 function
causing higher levels of unfolded proteins and increasing the workload of HSF1-bound HSP70.
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control over the transcription of HSPs. This is contested by Zheng et al., 2016, who
claim PTMs are not necessary for transcriptional activity, and the purpose of these
modifications is not yet known. This is justified by recent work. Budzyński et al.,
2015 discovered that a phosphorylation-deficient HSF1 mutant in mouse fibroblast
cells was still transcriptionally active during stress. Furthermore, Raychaudhuri et
al., 2014 found that acetylation of HSF1 did not affect its transcriptional activity,
but rather this PTM prevents HSF1 ubiquitination. This suggests PTMs of HSF1
are a separate mechanism of the stress response which reduce HSF1 turnover.

The lack of a complete understanding of the role of HSF1 is emphasised by the
D’Mello lab. A strong neuroprotective effect of HSF1 is thought to stem from this
mechanism of inducing chaperone synthesis through HSP70 dissociation, and in-
deed Verma et al., 2014 find HSF1 knockdown in mouse/rat neuronal cell cultures
to be detrimental to cell viability. However, the use of a HSF1 mutant incapable
of trimerisation - and thus incapable of HSE binding - suffered no significant loss
of viability. Following up on this result, Qu et al., 2018 performed RNA-seq and
found a near-complete loss in the transcriptional activation of the HSF1 mutant,
showing the neuroprotective effect of monomeric HSF1 is not due to transcriptional
activation of non-HSP promoting genes.

Despite the importance of HSF1 in chaperone regulation, the regulation of HSF1 it-
self also remains poorly defined. Similarly, the mechanisms controlling activation of
HSF1’s transcriptional activity are not fully-understood, although evidence suggests
HSP70 plays an important role. The best-supported theory of how HSF1 activation
controls chaperone levels is the chaperone titration model.

Under the titration model, HSF1 bound in complex with HSP70 (at its substrate-
binding domain) is kept in its inactive state. The chaperone however, has a higher
binding affinity for unfolded or misfolded proteins, and is titrated away from HSF1
during proteotoxic stress. The unbound HSF1 is then free to trimerise, and binds to
DNA encoding for chaperones such as HSP70 and HSP90. Upon restoring proteosta-
sis, HSP70 molecules will then bind to the free HSF1, deactivating it to complete
a negative feedback loop (Sivéry et al., 2016; as reviewed by Gomez-Pastor et al.,
2017). Figure 1.4 in Section 1.7.1 illustrates a mathematical model of the titra-
tion of HSF1 by Sivéry et al., 2016. Direct experimental evidence of the titration
model is presented by Zheng et al., 2016, wherein yeast cells over-express a “decoy”
HSF1, with removed DNA-binding and trimerisation domains. HSP70-decoy bind-
ing causes a dearth of binding sites for wild-type HSF1 molecules, and the titration
model accurately predicts in silico an increase in HSF1 activation which is observed
in vitro.

1.6.2 Post-translational regulation

As noted by Mao et al., 2013, study of chaperone network regulation at the post-
translational level is neglected compared to regulation at the transcriptional level.
Following proteotoxic stress, cells are left with an excess of HSPs. The E3 ligase
CHIP, which works with HSP70 and HSP90 in the UPS, is also partially responsi-
ble for the regulation of these chaperones (Kundrat and Regan, 2010; Tawo et al.,
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2017; H. Zhang et al., 2015). Qian et al., 2006 found that when CHIP-knockout
mouse fibroblasts were exposed to a 42◦C heat shock for 30 minutes, HSP70 reached
peak levels after 4 hours. The excess HSP70 in the CHIP-knockout cells was much
more stable (t 1

2
� 8h) than in wild-type cells (t 1

2
< 4h), with HSP90 levels reacting

similarly. As discussed in Section 1.5.8, Qian et al., 2006 also showed that CHIP is
able to ubiquitinate HSP70 and HSP90, but with less affinity than with misfolded
proteins, such that chaperones and chaperone-bound client proteins compete for
the ubiquitin ligase activity of CHIP. This mechanism reduces the turnover rate of
chaperones while the concentration of misfolded proteins is high, and increases the
turnover rate of chaperones during recovery from stress, where misfolded protein
concentration is low, but chaperone concentration is elevated.

Mao et al., 2013 found that HSP70 in the immortal human “HeLa” cell line interacts
with the ATPase OLA1, and this interaction interferes with CHIP-HSP70 binding.
In this way, OLA1 helps to stabilise elevated HSP70 levels during stress. The study
showed populations of OLA1-knockout mouse embryonic fibroblast (MEF) cells had
significantly lower levels of HSP70, and as a result fewer viable cells than wild-type
following a 1 hour, 42◦C heat shock. Furthermore, human embryonic kidney-293
cells (HEK 293) with over-expressed OLA1 had significantly more viable cells than
wild-type following the same heat shock. Despite these findings, the mechanisms
and functions of human OLA1 are poorly understood (Wenk et al., 2012). The
extent to which OLA1 is regulated during stress has not been reported, and so it is
not known whether OLA1 is integrated into the stress response.

It is well-established (Welch & Feramisco, 1984) that the cell shuttles HSPs to
the nucleus during proteotoxic stress, however the reason for this is still uncertain.
Whilst referencing this uncertainty, both Kotoglou et al., 2009 and Shibata and
Morimoto, 2014 suggest the purpose of translocation of HSPs to the nucleus under
stress is to protect ribosomal DNA. In contrast to findings that chaperones are trans-
ported to the nucleus during proteotoxic stress, Furuta et al., 2004 and Miyamoto
et al., 2004 have reported that active transport pathways into the nucleus are inhib-
ited during heat stress, most likely to block the transport of misfolded or aggregated
proteins into the nucleus. This paradox was solved by Kose et al., 2012, who discov-
ered an alternative pathway for nuclear transport during heat stress. The protein
dubbed HIKESHI (“firefighter”) transports HSP70 into the nucleus, and has been
found to increase by up to 3-fold during a 1 hour heat shock of HeLa cells at 43◦C.
Much of this mechanism remains undetermined, including whether HIKESHI is able
to transport chaperones other than HSP70.

1.7 The heat shock response

What we now term the heat shock response was first documented by Goldschmidt,
1935 in Drosophila melanogaster, and the mechanisms by which cells counteract
stress have continued to garner interest from researchers - more recently in the field
of cancer science, where tumour cells are thought to reside in a perpetually stressed
state (Graner et al., 2007). A majority of organisms must retain a specific internal
temperature, and the heat shock response is heavily conserved throughout organisms
with widely varying internal equilibrium temperatures (as reviewed by Morimoto,
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1998). A protein’s Gibbs energy landscape (Figure 1.2) is highly susceptible to al-
teration through changes in its physical environment, including pH, pressure, and
temperature changes (S.-Q. Liu et al., 2012). At high temperatures, the energy
landscape shallows, making transitions from the native state to unfolded or aggre-
gated states more likely. Proteins denature within minutes when subjected to heat
stress. However, as discussed in Section 1.6.1, experimental evidence suggests the
heat shock response is triggered much more rapidly. This indicates that the unfolded
protein response (explained by the titration model) is independent of another mech-
anism which is activated by the temperature itself, rather than denatured proteins.

While a general response to protein misfolding is observed through any mode of
cellular stress which causes proteins to lose their three-dimensional structure, the
effects on the cell specifically due to thermal stress stretch far beyond this. For
example de Andrade Mello et al., 2017 show that heat stress results in increased
membrane fluidity in mammalian cells, while Balogh et al., 2005 note the similarity
between the cellular response to hyperfluidisation and the response to heat shock.
These results suggest membrane fluidity as a potential trigger of the heat shock
response. In agreement with this theory, the temperature at which yeast cells ini-
tiate a heat shock response is determined by the ratio of saturated to unsaturated
fatty acids in the cell membrane (as reviewed by Verghese et al., 2012), while Török
et al., 2003 show that increasing the membrane fluidity of HeLa cells in the absence
of proteotoxic stress induces up-regulation of HSPs. Csermely and Vı́gh, 2007 pos-
tulate the heat stress signalling pathway must be activated by the physical state
of cell membrane lipids. Calderwood et al., 2009 state the heat stress-signalling
pathways are driven by kinase activation cascades, the most notable being the three
major mitogen-activated protein kinases (junK, ERK1, and p38) and protein kinase
B (PKB). Csermely and Vı́gh, 2007 discuss how these pathways can lead to both
transcription of chaperones and apoptotic functions, depending on factors such as
the intensity of the stress.

The link between these signalling pathways and thermosensors such as lipid mem-
brane fluidity is not yet clear. Nadeau and Landry, 2007 suggest the increase in
membrane fluidity may lower the activation thresholds of certain membrane recep-
tors, leading to activation of heat stress-signalling pathways. Bromberg and Weiss,
2016 outlines the transient receptor potential channel TRPV1 as a potential candi-
date for this role. The channel has been shown to be gated by heat, and TRPV1
was up-regulated in rats treated with an adenovirus which caused overexpression of
HSP70. Furthermore, blocking the receptor in the breast cancer cell line MCF-7
cells decreased levels of HSP70 and HSP90. The downstream pathways of TRPV1
which lead to activation of the heat shock response have yet to be found. Further
study of the consequences of targeting this receptor would be clinically relevant for
its potential use to moderate HSP levels without affecting cellular proteostasis or
membrane fluidity.

1.7.1 Mathematical models of the heat shock response

Mathematical models of biological processes are a growing tool to provide not only
a means to validate a hypothesis, but also a means to generate new hypotheses
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(Tomlin & Axelrod, 2007). Reviews by Jeremy Gunawardena (Gunawardena, 2012;
Gunawardena, 2013; Gunawardena, 2014) describe in detail several examples of the
efficacy of combining mathematical models with biological measurements. Many
processes within biology are extremely multifaceted, and a functional descriptive
model demonstrates a working understanding of a process. Going further, one can
then perturb single elements of a system in silico, likely with much greater ease than
experimentally, and use this predictive model to develop a deeper understanding of
a system and its dynamics.

Mathematical models of the HSF1-mediated stress response (as introduced in Sec-
tion 1.6.1) have been designed previously (Rieger et al., 2005; Szymańska and Zylicz,
2009; Petre et al., 2011; Scheff et al., 2015; Magni et al., 2018; Pal and Sharma,
2020), however increasing complexity has led to over-fitting and - perhaps counter-
intuitively - limited the usefulness of these models. The value of simplifying models
within mathematical biology is commonly advocated for in reviews on the subject.
For example Tomlin and Axelrod, 2007 explain that the current complexity of mod-
els within developmental biology prevents the establishment of a base of properties
that are invariably true, and simpler models are needed. Similarly, Motta and
Pappalardo, 2013 discuss how complex mathematical models of biological systems
cannot be analysed analytically and lack “extendibility” - losing relevance when
new information or data emerges. Gunawardena, 2014 discusses how simpler mod-
els have greater capacity for predictiveness, while Torres and Santos, 2015 explain
that larger and more complex models are often worse at expressing meaningful de-
tails of the systems they describe, citing highly effective simple models such as the
three-element model of the NF-κB signalling pathway by Krishna et al., 2006.

Figure 1.4: The titration model of HSF1 chaperone regulation during proteotoxic
stress. Competition for chaperone binding between HSF1 and misfolded proteins
creates a negative feedback loop to control proteostasis. From Sivéry et al., 2016.

Sivéry et al., 2016 argue that the complexity and amount of contributing mechanisms
in some of the aforementioned models are not justified by experimental data. Fur-
thermore, the choices to fit specific processes describing HSP70 transcription/trans-
lation and HSF1 trimerisation/phosphorylation prevent these models from being
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able to elucidate the core mechanisms of the stress response. Instead, the “minimal
titration model” by Sivéry et al., 2016 and the concurrent “minimal kinetic model”
by Zheng et al., 2016 (further developed by Krakowiak et al., 2018) are built around
just three protein populations (Figure 1.4): HSP70, HSF1, and misfolded protein
(MFP). Binding states between these also exist as pseudo-populations, and popula-
tion dynamics are evaluated using a coupled ordinary differential equation (ODE)
system. As reviewed in Section 1.6.1, the results of these studies have contributed
significantly to the understanding of HSF1 activation.

Sivéry et al., 2016 and Zheng et al., 2016 reduce the complexity of their models
by constraining HSF1 to two states: active (free) and inactive (HSP70-bound), ar-
guing that HSF1 phosphorylation and trimerisation are transient processes. Instead,
a Hill function - designed by A. V. Hill and commonly used to model transcription
factor-gene element binding (Bassett, 2002; Bottani and Veitia, 2017) - with a Hill
coefficient = 3 was used in both studies to reflect a transcription rate proportional
to the HSF1 trimer. In the model by Sivéry et al., 2016, active HSF1 instigates the
synthesis of HSP70 mRNA, which in-turn instigates the synthesis of HSP70 with
a constant rate of translation. This is redundant, and results in HSP70 protein
following a temporal pattern no different to HSP70 mRNA. In the present study,
the complexity has been reduced by removing the HSP70 transcript population and
replacing this process with a delay differential equation (DDE). A transcript popula-
tion is also omitted by Zheng et al., 2016, however no delay between HSF1 activation
and HSP70 synthesis is incorporated, and as a result much sharper rises in HSP70
are seen in their in silico heat shock data relative to their in vivo data. Another
key way in which the models differ is how a heat shock is simulated. Sivéry et al.,
2016 begin with a model converged to a steady state, before increasing the rate at
which misfolded protein is introduced ∼ 9-fold. Questionably, Zheng et al., 2016 do
not use a dynamic system of constantly generated misfolded protein, and instead
the system begins with a concentration of unfolded protein which cannot increase,
and a higher starting value is used to simulate a heat shock. Zheng et al., 2016
also lacks a mechanism to facilitate HSP70 turnover, such that the chaperone levels
can only increase during the simulation. While the studies based around this model
by Zheng et al., 2016 and Krakowiak et al., 2018 are much more widely cited (pre-
sumably due to their publication in a biological science-based journal), due to these
limitations we will instead focus on the results from the model by Sivéry et al., 2016.

Sivéry et al., 2016 found in silico that active HSF1 rose rapidly at the onset of
heat stress and plateaued after 1 hour. HSP70 protein levels plateau after 10 hours,
and remain elevated after 24 hours, with a constant HSP70 turnover rate chosen to
fit experimental data of HSP70 dynamics in HeLa cells by Abravaya et al., 1991.
This is also open to criticism, as it neglects evidence of a down-regulation of HSP70
half-life during stress (Danxi and Duncan, 1995; Qian et al., 2006; Mao et al., 2013).
Another drawback this causes is the model lacks a descriptive processes of stress re-
covery. Interestingly, an over-correction is seen, where in silico misfolded proteins
and active HSF1 levels drop below pre-stress levels after six hours due to an ex-
cess of HSP70. Under this model of constant HSP70 turnover, this over-correction
persisted for the duration of the simulation.
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1.7.2 Inhibition of HSP70

In order to correctly fold proteins, HSP70 is required to interact and cooperate
with co-chaperones such as HSP40 (Verghese et al., 2012). The small molecule 2-
phenylethynesulfonamide (PES) has been shown by Leu et al., 2009 to interact selec-
tively with HSP70 and interfere with its ability to interact with its co-chaperones.
Proximity labelling of PES using biotin was used by the authors to reveal bind-
ing partners of the drug. Subsequent SDS-PAGE showed just one clear band at
∼ 70kDa and mass spectrometry revealed this corresponded to either HSPA1A or
HSPA8 (with the detected peptides common to both these proteins). Using antibody
tagging methods, the interaction with HSPA1A was confirmed and any possible in-
teraction with HSPA8 was refuted. The same group (Leu et al., 2011) demonstrated
in two human cell lines that HSP70 inhibition caused by a 20 µM, 24-hour PES
treatment caused a reduction in proteasomal activity and led to an accumulation of
protein aggregates relative to solvent-only (dimethyl sulphoxide (DMSO)) controls.
A third study using a different human cell line (Leu et al., 2017) showed that PES
inhibition (2.5 µM, 48-hour, DMSO controlled) again caused a reduction in protea-
somal activity and increase in protein aggregation, whilst also leading to a drop in
cellular ATP and rupture of mitochondrial membranes.

This inhibitor allows the study of how cells respond to a prominent feature of age-
ing, namely the decline in HSP70 activity leading to higher rates of protein misfold-
ing and aggregation (see Section 1.8). Recalling the titration mechanism which is
thought to regulate HSP70 levels, we may also expect HSP70 inhibition to interfere
with this process. If the ability of HSP70 to bind to HSF1 is compromised, the
response could be similar to the misfolded protein response, and more HSF1 would
become active, increasing rates of chaperone synthesis.

1.8 Proteostasis in ageing

The breakdown of proteostasis is a key hallmark of ageing. Alzheimer’s, Parkinson’s,
Huntington’s, and several other neurodegenerative diseases with characteristic pro-
tein aggregation are also strongly age-associated; while chaperone-assisted folding,
unfolding (for transport), and disaggregation have all been demonstrated to deterio-
rate with ageing. An interesting large-scale study by Njemini et al., 2011 compared
the serum level of HSP70 in groups of young (23±3 years, n = 100); elderly healthy
human subjects (74 ± 5 years, n = 100); and elderly hospitalised patients (83 ± 6
years, n = 90). HSP70 levels in the young group were significantly higher than in
both aged groups, and patients suffering afflictions associated with cognitive decline
had lower levels of serum HSP70 than the elderly healthy group3. It is clear how
the loss of proteostasis contributes to ageing, but little is known of the cause of this
deterioration. Similarly, while the mechanism of chaperone-mediated protein folding
is broadly understood - chaperones such as HSP70 bind to the exposed hydrophobic

3The study by Njemini et al., 2011 of HSP70 levels in hospitalised vs healthy elderly subjects
also highlights an interesting discrepancy, whereby patients suffering from illnesses associated with
chronic inflammation had significantly increased HSP70 levels. As inflammatory pathologies often
coincide with ageing (as reviewed by H. Y. Chung et al., 2019), it is unclear what effect, if any,
this has on the age-associated decline in proteostasis.
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residues of unfolded proteins - less is known of the cellular dynamics of chaperones
(as reviewed by López-Ot́ın et al., 2013; Powers et al., 2009; Koga et al., 2011).

The decline of the heat shock response in ageing has been consistently reported
(Westerheide et al., 2009; Jolly et al., 2002). In particular, Brehme et al., 2014 find
101 genes related to the proteostasis network are significantly repressed with age,
including HSP70, 40, and 90. A study of the heat shock response in C. elegans
(lifespan 2-3 weeks) by Shemesh et al., 2013 showed that, while 76% of wild-type
adults survived a heat shock occurring on day 1 of adulthood, just 13% survived a
heat shock occurring instead on day 2 of adulthood. Work by McArdle et al., 2004
has shown that rapid synthesis of the key chaperone HSP70 (attributed to the rise
in temperature during exercise) functions to protect against muscle damage in mice.
Furthermore, the study shows that overexpression of HSP70 reduces deterioration
of muscle function due to ageing. Investigating the nature and cause of the decline
of the heat shock response will give valuable insights into how proteostasis is lost
and, potentially, how it could be recovered.

The root cause of the age-associated decline in proteostasis leading to aggregation-
associated diseases has yet to be found (Lackie et al., 2017). Ageing is associated
with cell membrane defects (Csermely & Vı́gh, 2007) which may contribute to at-
tenuating the response of aged cells to heat stress. In an analysis of postmortem
substantia nigra tissue, Hauser et al., 2005 identify the stress-response as one of the
main pathways altered in cases of Parkinson’s Disease. In vitro studies in human
neuroblastoma SH-SY5Y cells by Roodveldt et al., 2009 confirmed that treatment
with HSP70 suppresses the toxicity of α-synuclein aggregates. Ben-Zvi et al., 2009
have observed in C. elegans that both the rate of protein misfolding and the strength
of the response to heat shock are age-dependent. In the same study, HSF1 knock-
down increased protein loss-of-function with age, while proteostasis was maintained
during ageing when HSF1 was overexpressed. Kaushik and Cuervo, 2015 attribute
the decline in chaperone activity to a limited amount of ATP in aged cells due to
reduced cellular metabolism and mitochondrial function. This is supported by find-
ings from Brehme et al., 2014, that aged human brain cells repress ATP-dependent
chaperones, but induce ATP-independent chaperones and co-chaperones, with these
changes to the human chaperone network emphasised in brain cells from sufferers
of Alzheimer’s, Huntington’s, or Parkinson’s disease.

In addition to a decline in chaperone activity, Schmidt and Finley, 2014 and Tanaka
and Matsuda, 2014 review evidence that the UPS and autophagy pathways also
begin to fail in aged cells, contributing to the onset of widespread protein aggrega-
tion. Furthermore Vilchez et al., 2014 discuss how the increased level of aggregates
due to deterioration of the UPS and proteasome actually feed back and disrupt
these systems further. Recent studies have focused on observations of buffering
between the UPS and autophagy machineries. Gavilán et al., 2015 disrupted the
proteasome in the hippocampus of both young and aged rats, and observed that the
UPS machinery compensated for the loss of proteasome function in young rats only.
Klaips et al., 2017 highlighted this cross-talk as a key area of proteostasis requir-
ing better understanding. The role of the proteasome in ageing is emphasised by a
study by Chondrogianni et al., 2000, which showed fibroblasts from human donors
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who lived to 100 years have levels of proteasome activity much more similar to
young fibroblasts than aged. Koga et al., 2011 comment that, although experiments
over-expressing autophagy genes have yielded positive results in invertebrate model
systems (as reviewed by Chondrogianni et al., 2015; Madeo et al., 2015), analogous
studies in mammals are much more sparse. A study by Pyo et al., 2013 showed that
aged mice over-expressing Atg5, which enhances autophagy, had improved motor
function and extended lifespans.

Beyond neurodegenerative diseases, recent studies suggest the ability to maintain
the potency of the stress response through ageing has potential applications in or-
gan transplantation. Naesens, 2011 compiles evidence that the success of kidney
transplants is largely reliant on donor age, while Milisav, 2011 cites several cases
where targeting stress response proteins increases the viability of grafts, underlining
the potential of developing methods to up-regulate human HSPs in clinical practice.

1.8.1 Human Mesenchymal Stem Cells as a model system
to study cellular ageing

Labbadia and Morimoto, 2015 propose that more understanding of the spatial and
temporal dynamics of the proteostasis network are necessary to develop effective
treatments for protein aggregation diseases. Ageing studies are most commonly
done in model organisms such as Caenorhabditis elegans, Drosophila melanogaster,
and Mus musculus ; due to the long duration of the human life-cycle. Use of these
model organisms in ageing research has come under scrutiny, with Valenzano et al.,
2017 commenting that the former two of these organisms are largely post-mitotic
in adulthood and have held back studies of stem cell function within the context of
ageing; while neurodegenerative diseases such as Alzheimer’s do not occur naturally
in mammalian models such as Mus musculus (as reviewed by King, 2018; Dawson
et al., 2018; Cohen, 2018) - or even aged nonhuman primates (as reviewed by Heuer
et al., 2012). Vilchez et al., 2014 stress the need for more studies of proteostasis in
ageing in humans to pave the way for treatments of age-related protein aggregation
diseases. Studies in these model organisms have shown ageing at the cellular level
contributes to ageing of the organism (as reviewed by J. Magalhães, 2004), leading
to increasing numbers of studies using human cells in prolonged culture to study
ageing in humans.

Mesenchymal stem cells (MSCs) can be derived from mammalian tissue from brain,
spleen, liver, kidney, lung, muscle, thymus, pancreas, and heart (da Silva Meirelles,
2006); but are most commonly harvested from bone marrow. BM-MSCs are multi-
potent, isolable, and expandable in vitro; and are already being applied in clinical
practice (as reviewed by F. Gao et al., 2016). As stated by Shatrova et al., 2016,
MSCs are becoming increasingly useful in the field of tissue engineering, and are
becoming a more commonly used cell source to study the cellular stress response
(Swift et al., 2013; Cho et al., 2016; Gilbert et al., 2019; Rühle et al., 2020).
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1.8.2 Senescence provides a model for cell ageing

The main obstacle of studying the effects of ageing in humans is donor matching. A
scarcity of human donors will donate tissue both early and late in life, and the high
genetic and environmental diversity between human donors prevents young and old
tissue from different donors being comparable. Instead, a model system of ageing in
human cells is required. The use of senescent cells as a cell culture model for in situ
ageing is well-documented (as reviewed by Phipps et al., 2007; Martinez Guimera
et al., 2017; van Deursen, 2014). To this end, proliferating cultures can be split, with
some cells cryogenically stored in this proliferative state to serve as a control for the
remaining cells kept in culture until the widespread onset of senescence. In vitro
cellular senescence in MSCs can be easily triggered through persistent passage and
replication (see Chapter 2). The time taken for human MSCs to reach replicative
senescence in vitro is weeks-months, which is relatively short compared to the human
life cycle and thus provides a good model to study human cell ageing. Studies in
multiple mammals (Martinello et al., 2011; de Moraes et al., 2016) have compared
fresh and thawed mesenchymal stem cells and demonstrated cryopreservation had
no effect on the characteristics of the cells, allowing valid comparisons between
donor-matched early- and late-passage cultures.

Figure 1.5: The cellular senescence mechanism to maintain tissue homeostasis. As
tissue gets older, the rate of cell damage increases, while the rates of cell repair,
removal, and renewal all decrease. The result is a disproportionately high number
of senescent cells in aged tissue. Adapted with BioRender from López-Ot́ın et al.,
2013.

Senescence is a cellular response to contracting irreparable DNA damage, and striv-
ing to mitigate the propagation of this damage. The cell responds by arresting its
cell cycle, to halt division, and by triggering the autophagy system to remove the
cell (Figure 1.5). However, two other hallmarks of ageing (López-Ot́ın et al., 2013)
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are the increased rate of accumulation of senescent cells, and the decline in activ-
ity of the autophagy system. Thus aged tissue consists of disproportionately high
numbers of senescent cells compared to young tissue. Early work by Dimri et al.,
1995 took skin samples from 10 human donors < 40 years old and 10 human donors
> 69 years old and, using the senescence marker β-galactosidase (see Section 1.8.3),
showed negative dermal staining in each donor from the younger group, and positive
dermal staining from all but one of the aged group.

Given the temporal difficulty of using human samples in ageing studies, most of
the research on the correlation between senescence and ageing has been done in
mouse tissues. Hewitt et al., 2012, using telomere-associated DNA-damage foci as
a marker for senescence, found a strong (r = 0.96) positive correlation between the
age of mice and the percentage of senescent cells in gut tissue sections. Baker et
al., 2016 also found an increase in β-galactosidase positive cells with age in mouse
heart tissue. The group were able to induce apoptosis in the senescent cells only
in wild-type mice and found evidence this prevented an age-associated loss of car-
diomyocytes; and led to increased resilience to cardiac stress.

Use of senescent cells as an ageing model is further justified by several studies
which report changes in senescent cells which mirror changes in more established
models of ageing. Chondrogianni et al., 2003 report a decline in proteasome activity
in senescent cells from human lung tissue, which reflects the decline seen by Car-
rard et al., 2003, who investigated blood lymphocytes from 20-63 year old human
donors. In another example, Ogrodnik et al., 2017 show senescent hepatocytes from
the livers of wild-type mice experience a decrease in the mitochondrial efficiency of
fatty acid metabolism. Interestingly, it had been suggested by Petersen, 2003 over
a decade earlier that increased fat accumulation in the liver tissue of humans aged
over 65 may be due to an age-associated loss of mitochondrial activity. Importantly,
Passos et al., 2007 also demonstrate mitochondrial dysfunction in vitro after sort-
ing for β-galactosidase-positive cells in an early-passage population of human lung
fibroblasts, decoupling the effects of senescence from the effects of extended culture.
These studies mirror the long-known concurrence of mitochondrial dysfunction and
human ageing (Cortopassi & Arnheim, 1990).

A recent study followed on from the finding of Dimri et al., 1995, namely aged
skin consists of high numbers of senescent cells. Weinmüllner et al., 2020 induced
senescence in a 3D in vitro model of skin using primary human keratinocytes, and
demonstrated a decrease in epidermal thickness which is phenotypic of in vivo skin
ageing (Mine et al., 2008). Of particular relevance is another recent study, by
X. Chen et al., 2019 on the characteristics of senescent hBM-MSCs. Donors were
grouped according to age (15-25, n = 10; 26-45, n = 12; 46-65, n = 15; and
> 65 years, n = 12) and the incidence of cellular senescence (measured using β-
galactosidase staining) continued to increase significantly with each group over the
last.
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1.8.3 β-galactosidase as a biomarker for cellular senescence

β-galactosidase activity, detected using the chromogenic substrate X-gal at pH 6.0 is
a widely used and highly specific marker for cellular senescence (Dimri et al., 1995).
As reviewed by Kiernan, 2007, cleavage of X-gal by the enzyme β-galactosidase
forms a product which undergoes dimerisation and oxidation resulting in insoluble
5,5’-dibromo-4,4’-dichloro-indigo which has a distinct blue colouring that can be
easily detected via microscopy. Kurz et al., 2000 demonstrated that β-galactosidase
activity was between three- to six-fold higher following the serial passaging of human
endothelial cells when compared to first passage.

B. Y. Lee et al., 2006 verified that the senescence marker is specifically lysosomal
β-galactosidase, driven by overexpression of the GLB1 gene. This was done by by
testing human fibroblasts which had undergone replicative senescence from patients
lacking lysosomal β-galactosidase activity only. This result also demonstrates that
lysosomal β-galactosidase activity is merely a product - and not a cause - of cel-
lular senescence. Debacq-Chainiaux et al., 2009 postulate that this increase is due
to the accumulation of damaged non-degradable macromolecules in senescent cells.
This is an idea supported by long-standing data from Robbins et al., 1970 showing
that senescent human cells contain larger and a greater number of lysosomes. More
recently, Piechota et al., 2016 found lysosomal mass to correlate with increasing
numbers of divisions in murine neuronal cultures.

Several reviews such as Hernandez-Segura et al., 2018 and de Mera-Rodŕıguez et
al., 2021 echo the sentiment that β-galactosidase activity is up-regulated in senes-
cent cells due to increased lysosomal mass, however very little work has been done
to corroborate the theory that this is due to the accumulation of damaged non-
degradable macromolecules in senescent cells. Furthermore, these reviews do not
question or discuss why this lysosomal enzyme alone is indicative of senescence over
several other lysosomal enzymes which are also up-regulated to a lesser extent in
senescent cells (Kurz et al., 2000). Studies in murine models by Ho et al., 2003
and Cui et al., 2004 have established that the administration of galactose negatively
affects lifespan and leads to increased neurodegeneration. Following the results of
these studies, Elzi et al., 2016 demonstrated that administration of galactose in-
duces senescence in human fibroblast cultures. Work by Rossignol et al., 2004 and
Marroquin et al., 2007 suggests that intracellular galactose levels change the pH
and respiratory capacity of mitochondria, which may lead to the generation of cyto-
toxic reactive oxygen species, however more work is needed to understand the link
between ageing, intracellular galactose levels, and senescence.

1.8.4 Chaperone function in senescent cells

There is a surprising lack of research into changes to proteostasis in senescent pri-
mary cells. Perhaps still the most comprehensive study is Gutsmann-Conrad et al.,
1998, using human skin fibroblasts from donors from two age groups, 27-44 (n = 7)
and 78-92 (n = 6) years old, further split into early- and late-passage groups. The
cultures were heat shocked at 45◦C for one hour before being returned to 37◦C for
4 hours. A decrease in HSF1, HSP70, and HSP70 mRNA was reported in the pre-
stressed cells from aged donors; and the amount of HSP70 induced following stress
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was shown to decline with donor age and, interestingly, decline in late-passage cells
independent of donor age. In contrast, while Bonelli et al., 1999 concurrently re-
ported a dampening of HSP70 up-regulation in late-passage human lung fibroblasts
following a similar heat shock, it was reported that HSP70 mRNA levels and the
degree of HSF1-HSE binding were unchanged between early- and late-passage cells
before and after stress, pointing to “an impairment in the post-transcriptional pro-
cessing of the HSP70 mRNA” in senescent cells.

Regarding degradation of misfolded proteins, Cuervo and Dice, 2000 argue senes-
cent cells accumulate damaged proteins due to a decline in chaperone-mediated
autophagy, and demonstrate a decline in the degradation rates in the isolated lyso-
somes of 3 and 22 month old rats. More recently, Sisoula and Gonos, 2011 focus
on levels of CHIP in senescent cells, claiming short/small interfering RNA (siRNA)
knockdown of CHIP in human lung fibroblasts in vitro caused premature cell age-
ing. Widespread growth arrest occurred one population doubling after treatment,
while control cells continued to proliferate beyond 6 population doublings. 21 days
following CHIP knockdown, the % of senescent cells (defined using β-galactosidase
staining) was ∼ 100%, compared to ∼ 20% in control cells.

G. Kim et al., 2012 study the skin fibroblasts of patients with segmental proge-
rioid Werner syndrome, of interest because these cells accumulate DNA damage
and undergo premature senescence; and therefore it can be argued this study de-
couples the effects of senescence from chronological age. It was found that these
cells (taken from three patients aged between 19 and 30 years) had a dampened
response to a 35 minute heat shock at 43◦C (observed following 6 hours of recovery
at 37◦C) compared to cells from age-matched healthy controls. While there was no
detectable difference (via immunoblotting) in HSP70 levels in unstressed cells, there
was a stark decrease in the amount of HSP70 induced due to stress in the prema-
turely senescent cells. It was further shown that cell cycle arrest alone was not the
cause of impairment of the heat shock response, by demonstrating that HEK 293
growth arrested at G1 showed no change in HSP70 induction relative to controls,
suggesting the accumulation of DNA-damage associated with senescence is key to
the impairment of proteostasis. This was supported by showing that up-regulation
of three different elements of the DNA-damage signalling pathway each caused a
dampening in the heat shock response.

Of particular relevance is a recent study by Sabath et al., 2020, analysing the pro-
teostasis decline in senescent human lung fibroblasts from the WI-38 cell line. Given
the relevance of this work to the present study - despite differences including a lack
of proteomic or primary cell data - it has been closely analysed. Passage 24 prolif-
erating cells and passage 36 senescent cells (verified using β-galactosidase staining)
were exposed to heat shock at 44◦C for 2 hours (n = 3). Using RNA-sequencing,
transcripts were clustered into groups following similar patterns between passage 24
and passage 36 cells, before and after stress. While the method of clustering isn’t
explicitly stated, the study focuses on a group of 161 transcripts which it claims are
up-regulated in the proliferating stress response, but less so in the senescent stress
response. This claim is dubious however, as the clustering performed is based upon
absolute transcript values, rather than stress-induced changes in transcript values.
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Pathways analysis of this cluster found enrichment of terms relating to the HSP70
family, chaperone binding, and protein ubiquitination. 157 chaperone proteins are
manually chosen by the authors, who show the expression of these chaperone tran-
scripts follows a 1:1 relationship (with a goodness of fit p = 1) between unstressed
proliferating and senescent cells - a surprising result as this included the cell-cycle
regulatory chaperone family, CCT, which has been repeatedly shown to decrease in
ageing (as reviewed in Section 1.5.5). In reference to this and other results which
contradict the literature on WI-38 cells (such as that of Chondrogianni et al., 2003),
the authors note that their system differs from others in that “cells have just fully
entered senescence” - though the practical meaning of this is ambiguous.

Ribosomal profiling was also performed to analyse the translational profile of these
proliferating and senescent cells. A large overlap was found between chaperone
transcriptional and translational behaviour, such that chaperone translation was
again similar between unstresssed proliferating and senescent cells. Important to the
present study which focuses in particular on the HSPA1A gene product, supplemen-
tal data showed senescence-associated loss of stress-induced HSPA1A transcription
was overshadowed by the loss of stress-induced HSPA1A translation.

Chaperone function in quiescent cells

Most studies on cellular senescence (including the present study) focus on the dif-
ferences between proliferating and senescent cells, neglecting the quiescent state
which, as described by Alekseenko et al., 2018, “is the prevailing state of many cell
types under homeostatic conditions”. The authors compare proliferating and qui-
escent cells exposed to heat shock and show that, surprisingly, quiescent cells have
a more effective DNA-damage response, are more resilient to heat shock, and see a
reduction in stress-induced premature senescence. However, it could be argued that
cell quiescence induced through serum starvation contradicts the authors’ strive for
physiological relevance; and perhaps these findings reflect similar results showing
nutrient deprivation/calorie restriction in a range of cells/organisms leads to over-
expression of HSPs and thus a more effective stress-response (Ehrenfried et al., 1996;
Hall et al., 2000; de Cabo et al., 2003; Colotti et al., 2005; Allard et al., 2008; Novelle
et al., 2015; Q. Wang et al., 2019). Increasing work is being done on the differences
between proliferating, quiescent, and senescent cells, in particular by the Schosserer
lab (G. Yang et al., 2020). In the present study investigating the cellular stress
response, it was deemed that the use of quiescent cells would be detrimental, while
the use of actively proliferating MSCs has additional relevance to the emerging field
of regenerative medicine.

1.8.5 Mesenchymal stem cells in regenerative medicine

MSCs are frequently used in stem cell therapies in the emerging field of regenera-
tive medicine. Development of these therapies began in animal models and became
widely used in the effective treatment of companion/sport animals; and more re-
cently MSC treatments are translating to clinics for human injuries and disease.
Most commonly, these therapies consist of autologous transplantation using MSCs
expanded on tissue culture treated plastic (TCTP), following which MSCs migrate
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to the site of injury and improve tissue health through paracrine signalling (Figure
1.6a, as reviewed by Lukomska et al., 2019; Pittenger et al., 2019).

(a) (b)

Figure 1.6: Typical procedure for autologous hBM-MSC transplants. (1.6a) MSCs
are extracted from bone marrow under sterile conditions, following which these
cells are expanded in vitro before re-injection near to the target site. Adapted
with BioRender from Lukomska et al., 2019 and MS Society UK, 2019. (1.6b) The
transplant procedure carries an inherent risk of triggering a stress response in MSCs.
Adapted with BioRender from Morimoto, 2008.

Ullah et al., 2015 review MSCs as a prominent cell source in pre-clinical treatments
for neurodegenerative diseases. In a rat model of the neurodegenerative disease amy-
otrophic lateral sclerosis (ALS), injection of MSCs modified to express nerve growth
factors by Suzuki et al., 2008 has improved motor neurone loss, delayed disease
progression, and extended lifespan. A characteristic of Parkinson’s disease is the
substantial loss of neurons. In rat models of Parkinson’s disease, Danielyan et al.,
2014 nasally administered MSCs and found the cells were able to migrate and sur-
vive in several regions of the brain, prompting further research into the potential use
of this method to treat the disease. In a mouse model of Alzheimer’s disease, Shin
et al., 2014 found administration of MSCs enhanced autophagy pathways, reduced
levels of Alzheimer’s characteristic amyloid-β protein in the brain, and increased
survival rates of neurons. Interestingly, while most studies focus on the reparative
qualities of MSCs within the brain in terms of protein-folding disease, Soria et al.,
2019 investigate potential protective effects in the context of radiotherapy treatment
for brain cancer. Human MSCs were expanded on TCTP and used at passages 4-7,
with a dose of 5 × 105 cells intranasally administered to mice one day following
radiation-induced brain injuries, with MSC doses repeated weekly for 4 weeks. The
treatment was shown to promote brain injury repair and improve neurological func-
tion in agreement with the previously mentioned studies, which the authors suggest
demonstrates the promise of human MSCs to treat diseases involving cognitive de-
terioration.

As reviewed by Markoski, 2016, therapeutic use of MSCs is most commonly applied
to veterinary medicine. Work by Smith et al., 2013 isolated MSCs from the bone
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marrow of racehorses with career-ending tendon injuries. BM-MSCs were grown
for 3-4 weeks on TCTP (including one 1:9 passage) and 107 cells were implanted
(autologously) into the damaged tendons. Compared to controls implanted with
an equal volume of saline, the BM-MSC-treated tendons had improved functional
outcomes including significantly improved stiffness, vascularity, cellularity, and ma-
trix organisation; leading to the resemblance of normal, uninjured tendon rather
than fibrous scar tissue formed in the naturally repairing controls. In another study
(Marx et al., 2014), both autologous (n = 4) and allogeneic (n = 5) MSCs were
used to treat canine hip dysplasia in cases where established drug therapies proved
ineffective. MSCs isolated from either patients or a healthy canine donor were cul-
tured on TCTP for between 3 and 6 passages before transplantation of ∼ 106 cells
via injection near the infected joint. 8 of 9 patients showed improvement of range
of motion, lameness, and pain on manipulation within one month, with the most
beneficial results seen in the autologous treatments.

The success of the allogeneic treatments highlights another important feature of
MSCs: the ability to modulate the immune system. This was first demonstrated in
humans in vivo by Lazarus et al., 2005 during a clinical trial of hematologic malig-
nancy patients, spawned from the need to overcome the delay caused by autologous
MSC expansion (31-day culture on TCTP). Human in vitro studies (Di Nicola et
al., 2002; Klyushnenkova et al., 2005) have shown MSCs suppress lymphocyte pro-
liferation, while producing antibacterial agents to prevent the drawback of causing
infection (Németh et al., 2009; Krasnodembskaya et al., 2010). These features have
led to clinical trials of the integration of MSCs to ameliorate the effects of graft-vs-
host disease (GvHD, Munneke et al., 2016).

An intriguing emerging application of the regenerative potential of MSCs is in an-
imal husbandry - specifically the treatment of disease or injury in bovine species.
As reviewed by Hill et al., 2019, mesenchymal stem cell therapies have potential
economic and animal welfare benefits through the treatment of bone/joint injuries,
diabetes, and in particular mastitis (Sharma & Jeong, 2013) through their anti-
inflammatory effects (Y. Gao et al., 2014). A study by Olde Riekerink et al., 2007
shows the incidence of bovine mastitis increases during hot climates; while S. Chen
et al., 2018 found bovine species exposed to high temperatures suffered increased
incidence of disease and reduction of milk quality. Crucial to these potential ther-
apies would therefore be the ability of MSCs to withstand thermal stress, however
Shimoni et al., 2020 show that bovine MSCs exposed to high, but physiological,
temperatures in vitro experience stress induced premature senescence. As such, a
comprehensive study of the MSC response to heat shock, and how this changes in
senescence, would be of great interest (Roberts et al., 2009).

Human mesenchymal stem cell therapies

Translation of MSC therapies has been set back several years by the now retracted
study by Rubio et al., 2005, which appeared to demonstrate the transformation of
hMSCs into cancerous cells following long-term in vitro culture on TCTP. It was
later found that this phenomenon could not be replicated and was likely due to
cross-contamination with a human fibrosarcoma cell line also being cultured in the
lab (“Retraction”, 2010). To date, this study remains one of the top 10 most-cited
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retracted articles of all time, however the widespread successful use of MSC ther-
apies in large animal models is now beginning to facilitate translation into human
therapies.

Kabat et al., 2020 review over 350 clinical trials involving BM-MSCs between 2004-
2018, with phase 3 trials most common in GvHD and neurological, joint, and cardio-
vascular conditions. The dose of MSCs used is most commonly of the order 108 cells
(typically chosen by extrapolating numbers effective in murine models based on body
weight), and the authors comment that trials utilising a dose of < 0.7×108 MSCs are
more likely to be ineffective, possibly highlighting a need for extended MSC culture
in vitro prior to treatment. The authors also note a lack of standardisation among
culture protocols in clinical trials and highlight a need for more research into the
optimisation of this process. Due to the relatively recent emergence of MSC-based
therapies, understanding of the long-term effects of MSC transplantation is lacking.
J. S. Lee et al., 2010 performed an interesting 5-year follow-up study of patients
with ischemic stroke who received BM-MSC-based therapies, compared to controls
who did not. The clinical trial was open-label and observer-blinded; with patients
randomly allocated between the two groups. Autologous BM-MSCs were cultured
on TCTP for 4-6 weeks prior to transplantation. 3.5 years after treatment, neu-
rological ability had significantly improved in the MSC-treated group (p = 0.046),
compared with no change in the control group (p = 0.257); and the five-year survival
rate in the MSC-treated group was 72% compared with 34% in the control group
(p = 0.058).

With increasing culture time comes the inevitability of increasing senescent cells
through telomere shortening. In senescent MSCs, the paracrine signalling which
promotes tissue repair is replaced with a senescence-associated secretory phenotype
(SASP). Consisting of inflammatory, extracellular matrix-modifying, and tumouri-
genic factors (as reviewed by Neves et al., 2015; Faget et al., 2019), the SASP
also includes several factors which induce senescence in healthy cells. The Gil lab
(Acosta et al., 2008; Acosta et al., 2013) exposed human fibroblasts to 7-day culture
medium from either healthy or senescent cultures. While the former grew normally,
the latter showed a much higher proportion of β-galactosidase-positive cells after 4
days, demonstrating a positive feedback loop of senescence in late-passage cultures
and aged tissues. In support of this, the group also find that senescent cells cluster
together in vivo. Furthermore Basisty et al., 2020 demonstrate a significant correla-
tion between SASP proteins and markers of ageing in human plasma. These studies
exemplify that, while pharmacological methods of senescent cell clearance are in
development and appear promising (Guerrero et al., 2020; Pignolo et al., 2020),
the detrimental effect senescent cells have on surrounding cells/tissue within days
cannot be neglected.

J. Liu et al., 2020 review the 15 clinically approved MSC treatments at the time
of writing and find that no information on cell passage number is given for any of
the treatments. Khan et al., 2011 compare the efficacy of MSC treatments in a
mouse model of myocardial infraction when using young (2 months) and aged (18
months) donor MSCs. MSCs were cultured on TCTP for one week prior to trans-
plantation and while young cultures were not devoid of senescent cells (identified
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using β-galactosidase staining), a much higher proportion of senescent cells were
present in the aged cultures. Mice treated with the young MSC population experi-
enced a significant improvement in heart function compared with aged-treated mice.
While the authors conclude the capacity for MSC-mediated tissue repair declines
with donor age, the mechanism which causes this drop in efficacy is not explored.
This is a common theme in the literature on MSC-based therapies (for example: J.
Wang et al., 2013; Choudhery et al., 2014), and underpins an enduring incomplete
understanding of how the MSC expansion procedure affects MSC behaviour. The
need for increased basic science research in this area is further highlighted by a re-
cent report by the BBC on extreme cases of side effects in clinically approved stem
cell therapies (Montague, 2019).

Morimoto, 2008 (Figure 1.6b) reviews the triggers of the heat shock response, in-
cluding several factors such as inflammation, infection, and tissue damage which are
risks in MSC transplantation. Similarly, Mohyeddin Bonab et al., 2012 and Oh et
al., 2015 discuss fevers as one of the most common adverse effects induced by MSCs
transplants which may well cause a local heat shock environment around trans-
planted cells. Choudhery et al., 2014 discuss how treatment efficacy is dependent
on MSC resilience to the post-transplant environment. The authors demonstrate
that MSC cultures from aged human donors (> 50 years, n = 6) contained more
senescent cells (verified via β-galactosidase staining) than young donors (< 40 years,
n = 5) and this resulted in increased cell death when exposed to a hypoxic environ-
ment reflective of the post-transplant environment in ischemic patients.

Thus a study of the effects that both senescence and prolonged culture on TCTP
have on the stress response of hBM-MSCs would be extremely beneficial to the field
of regenerative medicine. Volk et al., 2012 advocate the need for better characterisa-
tion of MSC behaviour, showing young (n = 10; 4.9±1.9 months) canine BM-MSCs
change markedly following two cell passages 12-14 days apart in vitro, while in aged
canines (n = 8; 89.5±20.9 months), the same behavioural differences are found after
just one cell passage. Regarding the practicality of scaling up therapeutic MSC use,
Bronzini et al., 2012 demonstrate senescence is induced by a short shipping time of
canine and equine MSC samples.

1.9 Aims

The primary aim of the PhD project was to comprehensively define how the pro-
teotoxic stress response changes as a result of cellular ageing. To this end, a multi-
omics level analysis comparing proliferating and senescent human cells in vitro was
carried out to identify targets to investigate with higher temporal resolution ap-
proaches. These targets would then be used to evaluate cellular age-associated
changes to the stress response, in terms of the speed, magnitude, and efficacy of
the response. Finally, this study aimed to challenge the long-standing paradigm of
chaperone regulation in the stress response. Current models theorise HSF1 activa-
tion is solely sufficient to drive the urgent and substantial up-regulation of highly
abundant heat shock proteins in response to stress. To test this, this study aimed
to design the first in silico model of the heat shock response which incorporates
dynamic post-translational regulation machineries.
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The realisation of these aims would provide mechanistic insight into reports in the
literature that demonstrate an age-associated loss of proteostasis. As such, this
would add to the basic science understanding of proteostasis and its implication in
several as-yet incurable protein folding diseases. Human BM-MSCs were utilised for
this study in order to simultaneously contribute to the emerging field of stem cell
therapies. At a time when both clinical and pre-clinical BM-MSC treatments follow
ambiguous and inconsistent protocols with varying degrees of success, this study
aimed to elucidate the effects of long-term cell culture on the HSF1-mediated stress
response triggered in the post-transplant environment.
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Materials & methods

2.1 Reagents & solutions

• Acetonitrile (Thermo Fisher scientific, #10629112)

• Ammonium bicarbonate (Sigma-Aldrich, #09830)

• Bovine serum albumin (Sigma-Aldrich, #A3294)

• Calcium chloride dihydrate (Sigma-Aldrich, #C3306)

• Copper(II) sulphate (Sigma-Aldrich, #12852)

• Custom designed real-time PCR assay primers (Primerdesign)

• 4’,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, #D9542)

• Dimethylformamide (Cell Signaling Technology, #12767)

• Dithiothreitol (Roche, #10197777001)

• Dulbecco’s Modified Eagle Medium (DMEM), low glucose, pyruvate (Gibco,
#31885-023)

• Dimethyl sulphoxide (Sigma-Aldrich, #D2650)

• Dulbecco’s phosphate buffered saline (Sigma-Aldrich, #D8537)

• Ethanol (Thermo Fisher scientific, #E/0650DF/P17)

• Fluorescence mounting medium (Agilent, #S3023)

• Foetal bovine serum (Labtech)

• Formaldehyde, methanol-free (Thermo Fisher Scientific, #28908)

• Formic acid (Sigma-Aldrich, #695076)

• Glycerol (Thermo Fisher scientific, #G/0650/08)

• High-Capacity RNA-to-cDNA Kit (Applied Biosystems, #4388950)

• Hydrochloric acid (Thermo Fisher scientific, #10294190)
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• Industrial methylated spirit (IMS) (Thermo Fisher scientific, #M/4450/17)

• Iodoacetamide (Sigma-Aldrich, #I1149)

• Immersion Oil (Zeiss, #518F)

• L-Glutathione reduced (Sigma-Aldrich, #G4251)

• Liquid nitrogen (BOC Ltd)

• Monobromobimane (Sigma-Aldrich, #B4380)

• Penicillin-Streptomycin (Sigma-Aldrich, #P0781)

• 2-phenylethynesulfonamide (PES) (Sigma-Aldrich, #P0122)

• Phalloidin (Invitrogen, #A12379)

• Phosphotase inhibitor cocktail (Sigma-Aldrich, #P0044)

• Protease inhibitor cocktail (Sigma-Aldrich, #P8340)

• R3 reversed-phase resin (Thermo Fisher Scientific, #1-1339-03)

• RNase free water (Invitrogen, #10977-035)

• RNase-Free DNase Set (QIAGEN, #79254)

• RNeasy Mini Kit (QIAGEN, #74904)

• Senescence β-Galactosidase Staining Kit (Cell Signaling Technology, #9860)

• Sodium deoxycholate (Sigma-Aldrich, #D6750)

• Sodium dodecyl suplphate (Sigma-Aldrich, #75746)

• Sodium hydroxide (Sigma-Aldrich, #S8045)

• Sodium laurate (Sigma-Aldrich, #L9755)

• SYBR Select Master Mix (Applied Biosystems, #4472903)

• Trifluoroacetic acid (Sigma-Aldrich, #302031)

• Triton (Sigma-Aldrich, #93443)

• TruSeq Stranded mRNA assay (Illumina, Inc., #20020594)

• Trypsin-ethylenediaminetetraacetic acid (EDTA) solution (Sigma-Aldrich, #T3924)

• Trypsin resin (Thermo Fisher Scientific, #60109)

• Ultrapure water (Millipore)
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2.2 Equipment

• 0.2, 0.5, and 1.5 mL tubes (Starlab Ltd.)

• 1.5 mL Protein LoBind microcentrifuge tubes (Eppendorf, #022431081)

• 1.6 mm diameter steel beads (Next Advance)

• 0.2 mL microcentrifuge (VWR, #521-2845)

• 15 mL and 50 mL Screw cap tubes (SARSTEDT)

• 96-well collection plates (Thermo Fisher Scientific, #AB0796)

• 96-well filter plates with 0.2 µL PVDF membrane (Corning, #3504)

• Aspirator (Charles Austen Pumps Ltd)

• Block heater (Techne)

• cBot (Illumina Inc.)

• Cell scraper (Grenier Bio-One, #541070)

• Class II Biological Safety cabinet (Thermo Fisher Scientific)

• Microcentrifuge (Eppendorf, #5424)

• Centrifuge, refrigerated, with 15 mL, 50 mL, and plate attachments (Eppen-
dorf, #5810R)

• Charged surface hybrid C18 analytical column (Waters)

• CO2 incubator (New Brunswick)

• Coverslips (Deltalab, #D102222)

• Cryo-gloves (Tempshield)

• Cryovials (STARLAB, #E3370-6122)

• Direct Detect Assay-free Cards (Millipore, #DDAC00010)

• Dry incubator (Genlab)

• Fast optical 96-well reaction plates (Applied Biosystems, #4346906)

• Fluorescence microscope (Zeiss, Axioimager.D2)

• Fluorescence microscope camera (Photometrics, Coolsnap HQ2)

• Forceps (Thermo Fisher scientific)

• Freezer, −80◦C (New Brunswick)

• Fume cupboard (S+B UK Ltd.)
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• Gel-loading tips (Starlab Ltd., #I1022-0600)

• Gel polish (Collection)

• Hemocytometer (NanoEntek)

• HiSeq 4000 Sequencing System (Illumina Inc.)

• Howie lab coat

• Infrared spectrometer (Millipore, #DDHW00010)

• Laboratory wrapping film (Bemis, #PM992)

• Lint-free laboratory wipe (Northwood, #PP1280)

• Liquid chromatography system (Dionex Corporation)

• Liquid nitrogen storage system (Thermo Fisher Scientific)

• Mass spectrometry certified vials (Thermo Fisher Scientific)

• Microscope (Olympus, CKX31 inverted)

• Quadrupole/orbitrap mass spectrometer (Thermo Fisher Scientific)

• Microscope slides (Starfrost - KNITTEL)

• NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific, #ND2000)

• Nitrile gloves (STARLAB)

• Objective lenses (Zeiss, 0.5 EC Plan-Neofluar)

• pH meter (Hanna Instruments)

• Pipette 0.5–10 µL, 2–20 µL, 20–200 µL, 100–1000 µL (Gilson)

• Pipette controller (STARLAB)

• Pipette tips 10 µL, 20 µL, 200 µL, 1000 µL (STARLAB)

• Precision balance (0.0001 g, Denver Instrument)

• Q Exactive Oribtrap Mass Spectrometer (Thermo Fisher Scientific)

• Real-Time PCR System (Applied Biosystems)

• Serological pipettes (SARSTEDT)

• TapeStation 2200 (Agilent Technologies)

• TC-treated culture flasks (Corning, #430641U)

• Thermal cycler (Applied Biosystems)

• Tissue culture-treated culture dishes (Corning, #430641U)
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• Tissue homogeniser (Next Advance)

• Vacuum concentrator (Thermo Fisher Scientific, #SPD1010)

• Vortex mixer (Thermo Fisher scientific)

• Water bath (Grant Instruments)

2.3 Software

• Affinity Designer (Serif, version 1.9.0.932)

• bcl2fastq (Illumina Inc., version 2.20.0.422)

• CellProfiler (Kamentsky et al., 2011, version 2.2.0)

• Cytoscape (Shannon, 2003, version 3.6.1)

• DESeq2 (Love et al., 2014, version 1.20.0)

• Direct Detect Spectrometer software (Millipore)

• FastQC (unpublished, http://www.bioinformatics.babraham.ac.uk/projects/fastqc/)

• Fiji (Schindelin et al., 2012, version 2.0.0)

• Mascot Daemon (Matrix Science UK)

• MATLAB (MathWorks, R2017a)

• MaxQuant (Cox & Mann, 2008, version 1.6.17.0)

• Micro-Manager (Edelstein et al., 2014, version 1.4.23)

• MultiQC (Ewels et al., 2016, version 1.8)

• NanoDrop 2000 software (Thermo Fisher Scientific, version 1.6.198)

• PANTHER Classification System (Mi et al., 2021, version 16.0)

• Prism (GraphPad, version 7)

• Progenesis QI (Nonlinear Dynamics, version 4.1)

• R (R Core Team, version 3.4.1)

• Reactome Pathway Database and Overview (pathway browser version 3.7,
database version 74, Fabregat et al., 2017)

• STAR (Dobin et al., 2013, version 2.7.2b)

• STRING (Szklarczyk et al., 2019, version 11.0)

• Trimmomatic (Bolger et al., 2014, version 0.36)

• Xcalibur (Thermo Fisher Scientific, version 4.1.31.9)

Chapter 2 Jack Llewellyn 53



2.4. Acquisition of human mesenchymal stem cells

2.4 Acquisition of human mesenchymal stem cells

Human mesenchymal stem cells (hMSCs) were isolated from bone marrow follow-
ing the total knee or hip replacements of male and female donors of varying ages
using established methodology (Strassburg et al., 2010). Fully informed consent
was obtained from all donors. All work was performed in accordance with guide-
lines and regulations from the WMA Declaration of Helsinki and the UK Human
Tissue Authority; and with approval from the NHS Health Research Authority Na-
tional Research Ethics Service (approval number 10/H1013/27) and The University
of Manchester. Details of individual donors and the passage numbers at which hM-
SCs were used are provided in Table 2.1.

Donor ID Gender Source Age Passage # (proliferating) Passage # (senescent)

WH176 F Hip 64 2 7

WH211 F Hip 36 7 18

TH223 M Knee 64 4 7

WH226 F Hip 54 2 9

TH191 F Hip 61 4 9

TH270 M Knee 72 1 7

TH305 M Knee 67 3 7

TH309 F Knee 69 4 10

WH230 M Hip 43 3 7

WH143 M Hip 58 2 7

TH296 M Hip 68 2 7

TH194 M Knee 65 3 8

TH215 M Knee 73 3 5

Table 2.1: Disclosed information on primary human mesenchymal stem cell donors.

Sets of donors used for experiments were chosen blinded to the information in Ta-
ble 2.1. Despite evidence of functional differences between female and male MSCs
(Siegel et al., 2013; Tajiri et al., 2014; Zanotti et al., 2014; Y. Li et al., 2014), it
was concluded that variance due to genetic and environmental factors outside of the
disclosed donor information would dominate over variance due to gender and source.
The generally high age of donors was also deemed appropriate and reflective of the
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ages of patients who receive autologous stem cell therapies (Schimke et al., 2015).
A deliberate attempt was made to not frequently use cells derived from the same
donors for multiple experiments. This decision was taken in order for the results to
represent a general behaviour amongst hMSCs.

2.5 Cell culture

All cell culture was carried out within a Class II Biological Safety cabinet (Thermo
Fisher Scientific), using nitrile gloves (STARLAB) to prevent contamination and
following proper aseptic technique with all equipment sterilised and cleaned using
70% (v/v) IMS in MilliQ ultrapure water (Millipore) prior to use. Human MSCs
were cultured on tissue culture-treated polystyrene (TCTP, Corning) in low-glucose
DMEM with pyruvate (Gibco, #31885-023) supplemented with 10% (v/v) fetal
bovine serum (FBS, Labtech.com) and 1% (v/v) penicillin/streptomycin cocktail
(PS, Sigma-Aldrich, #P0781) - herein referred to as complete medium. Cultures
were incubated (New Brunswick) in a humid environment at 37◦C and 5% CO2.
Unless otherwise stated, all solutions in contact with cells were warmed to 37◦C in
a water bath (Grant Instruments) prior to use.

2.5.1 Cell culture contaminant testing and prevention

Copper sulphate solution (Sigma-Aldrich, #12852) was used to keep incubators free
from microbial contamination. Cell cultures were thoroughly checked for microscopic
contaminants 2-3 times weekly using a brightfield microscope (Olympus). Cultures
were also frequently checked for strains of nanoscopic mycoplasma contaminants by
Eurofins Genomics, with infected cultures immediately disposed of.

2.6 Cell expansion

Human MSCs were expanded in culture within vented T25, T75, T150, or T225
tissue culture flasks (Corning, #430641U), according to the quantity of cells needed.
Cells in T75 flasks were cultured in 10 mL of medium. Unless otherwise stated, all
volumes used were scaled for differently sized flasks or dishes according to the surface
area of the base. Old medium was fully removed via aspiration and replaced every 2-
3 days. Treatment for experiments was generally carried out upon∼ 80% confluency,
at this point expanding cells were also passaged to facilitate further growth.

2.7 Passaging of cells

Following the aspiration of old medium, 5 mL of Dulbecco’s phosphate-buffered
saline (PBS, Sigma-Aldrich, #D8537) was briefly added to T75 flasks and then
aspirated (herein referred to as washing with PBS) in order to remove any remain-
ing medium. Following this, 5 mL of 1x porcine trypsin-EDTA (Sigma-Aldrich,
#T3924) was added and flasks were incubated at 37◦C for 5 minutes. Detachment
of cells was verified under a brightfield CKX31 inverted microscope (Olympus) and
trypsin was inactivated by the addition of an equal volume of the serum-containing
complete medium. This cell solution was centrifuged (Eppendorf, #5810R) at an
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angular acceleration of 400g1 at room temperature for 5 minutes. The supernatant
was aspirated to leave a cell pellet. To remove any remaining trypsin-EDTA the
pellet was vortexed (Thermo Fisher scientific) in 5 mL of PBS and the centrifuge
and aspiration steps were repeated. For further growth, this cell solution was typi-
cally split 1:3, with two shares seeded and cultured in new T75 flasks and the third
share prepared for cryogenic storage.

2.8 Cryogenic storage and recovery of cells

Cell numbers were counted using disposable hemocytometers (NanoEntek) and ∼
5× 105 cells were mixed in a solution of complete medium with 10% (v/v) dimethyl
sulphoxide (DMSO, Sigma-Aldrich, #D2650) to prevent ice crystals forming during
the freezing process and damaging cells. For short-term storage (≤3 months), 1 mL
of this cell solution was stored in a cryovial (Starlab Ltd., #E3370-6122) at −80◦C
(New Brunswick), whilst for long-term storage (> 3 months), the vial was stored in
liquid nitrogen (BOc Ltd) at −185◦C in a Cryolus Storage System (Thermo Fisher
Scientific).

To optimise the conditions of the culture for survival following removal from cryo-
genic storage, vials were rapidly thawed to 37◦C in a water bath (Grant Instruments)
and seeded at a high density (≤ 75cm2), with medium replaced the following day
to remove DMSO from the culture medium. For the purpose of recording cultures’
number of passages, cryogenic storage and subsequent recovery were treated as one
passage.

2.9 Intra-donor pairing of early- and late-passage

cells

Following acquisition, cells were seeded into tissue culture flasks. At this stage, the
cells were referred to as being at “passage 1”, and this number was incremented with
every passage of the cells. Cultures consisting of mostly proliferating, fibroblastic
cells were regarded as early-passage (EP) and cultures consisting of mostly growth-
arrested, enlarged cells were regarded as late-passage (LP). Experiments requiring
late-passage cells were carried out when cells in these cultures were exhibiting clear
morphological changes such as increases in size and circularity, and cell growth
had slowed such that the confluency required for passaging had not been achieved
within 1 month of the previous passaging. Experiments requiring both early- and
late-passage cells were performed by culturing late-passage cells until they met the
conditions previously outlined, and then recovering early-passage cells from the same
donor. Once these early-passage cells had reached 80% confluency experimental
treatments were performed on both early- and late-passage cells concurrently.

1Throughout this document, 1 g refers to the unit of mass, while 1g refers to the constant of
acceleration due to gravity, g = 9.81 m s−2.
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2.10 β-galactosidase staining of senescent cells

All reagents and solutions introduced in this section are (unless otherwise stated)
supplied with the Senescence β-Galactosidase Staining Kit (Cell Signaling Technol-
ogy, #9860).

1.67 × 105 hMSCs were seeded into T25 culture flasks. The culture medium was
aspirated and cells were washed using PBS. 3 mL of 1x Fixative Solution was added
and cells were incubated and left to fix at room temperature for 15 minutes, fol-
lowed by two 5 minute PBS washes. β-Galactosidase Staining Solution was pH
adjusted using hydrochloric acid (Thermo Fisher scientific, #10294190) and sodium
hydroxide (Sigma-Aldrich, #S8045) to within the range 5.9-6.1 and 3 mL was added
to the culture flasks. The flasks were sealed using parafilm (Bemis, #PM992) to
prevent solution evaporation and crystal formation, and incubated at 37◦C for 24
hours in a dry incubator (Genlab) to prevent high CO2 levels affecting the solution
pH. The Staining Solution was removed and two 5 minute PBS washes were carried
out. Cells were overlaid with 70% glycerol (Thermo Fisher scientific, #G/0650/08)
in ultrapure water.

Images were collected on an Olympus CKX31 inverted microscope using x5, x10,
and x20 magnification lenses. All samples under comparison in the same experiment
were incubated with the same batch of Staining Solution, in the same incubator at
the same time, and images had matched exposure and contrast settings.

2.11 Seeding of cells onto single well plates

For microscopy experiments requiring low quantities of cells and several differing con-
current treatments, cells were seeded onto single-well 35 m diameter dishes (Corn-
ing). Coverslips (Deltalab, #D102222) were submerged in 70% ethanol (Thermo
Fisher scientific, #E/0650DF/P17) in ultrapure water for 30 minutes, then rinsed
in ultrapure water, and placed in the dishes (1 per dish). Cells were counted as in
Section 2.8 and ∼ 104 cells were seeded onto each coverslip-containing dish in 2 mL
of complete medium.

2.12 Heat shock of cells

Heat shock of cells was carried out by quickly moving cultures to an identical incuba-
tor pre-heated to 42◦C. Cells in dishes or flasks were incubated at this temperature
for either 1 or 2 hours before being harvested or being returned to a 37◦C incubator
for heat shock recovery. While perhaps on the border of physiological relevance
(Evans et al., 2015), an elevated thermal stress in vitro may better represent the
compound of environmental stresses cells experience in vivo.
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2.13 Cell fixation, permeabilisation, and blocking

for microscopy

35 m dishes of hMSCs were aspirated of medium and washed with PBS. Cells were
fixed with the addition of 1 mL of 4% (w/w) methanol-free formaldehyde (Thermo
Fisher Scientific, #28908) in PBS for 10 minutes, incubated at 37◦C. Following
removal of the formaldehyde and two washes in PBS for 5 minutes each, cells were
permeabilised in 1 mL of 1% Triton X-100 (Sigma-Aldrich, #93443) in PBS for
10 minutes at room temperature. Following removal of Triton and PBS washing,
cells were blocked in a 1 mL solution of 2% bovine serum albumin (Sigma-Aldrich,
#A3294) and 0.1% Triton X-100 in PBS (herein referred to as blocking buffer) for
1 hour at 37◦C.

2.14 Primary and secondary antibody staining

Blocking buffer was replaced with fresh blocking buffer containing one of the primary
antibodies (see Table 2.2): anti-HSPA1A (abcam, #ab181606), anti-HSF1 (abcam,
#ab52757), or anti-STUB1 (abcam, #ab134064). Cells were incubated for 1 hour
at 37◦C and then washed in PBS five times for 5 minutes each. Cells were then
incubated in fresh blocking buffer containing 0.2% (v/v) 1 mg mL−1 λ = 461nm
DAPI (Sigma-Aldrich, #D9542), 0.2% (v/v) λ = 488nm Phalloidin (Invitrogen,
#A12379), and λ = 594nm secondary antibody (Invitrogen, #A21207), for 1 hour
at 37◦C, followed by five PBS washes for 5 minutes each. From the introduction of
fluorescent antibodies, all work was done whilst obscured from direct light.

Antibody Host Species Concentration
(v/v)

Catalogue #

Monoclonal [EP1710Y]
α-HSF1

Rabbit Human 0.1% abcam,
#ab52757

Monoclonal [EPR16892]
α-HSPA1A

Rabbit Human 0.1% abcam,
#ab181606

Monoclonal [EPR4447]
α-STUB1

Rabbit Human 0.1% abcam,
#ab134064

λ = 594nm IgG (H+L) Donkey Rabbit 0.1% Invitrogen,
#A21207

Table 2.2: Details of primary and secondary antibodies.

Primary and secondary antibody concentrations were optimised from a range of
concentrations suggested by the supplier, such that a viable signal was obtained
whilst mitigating background signal. The same antibodies and concentrations have
been used for all comparisons between fluorescence signals.
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2.15 Immunofluorescence microscopy

A drop of Dako anti-fade fluorescence mounting medium (Agilent, #S3023) was
placed on microscope slides. Stained coverslips were removed from dishes, rinsed in
water to remove PBS salt crystals, inverted and placed on microscope slides such
that mounting medium coated the cell-side. Mounted slides were left at room tem-
perature overnight for mounting medium to dry, before being sealed with a thin
layer of Crystal Clear 1 gel polish (Collection).

Images were collected on a Zeiss Axioimager.D2 upright microscope using 0.5 EC
Plan-Neofluar objective lenses and captured using a Coolsnap HQ2 camera (Pho-
tometrics) with Micro-Manager software (version 1.4.23). Band pass filter sets for
DAPI, FITC and Texas red were used to prevent bleed between channels. Images
were taken from 20 frames of view per treatment.

2.16 Fluorescence quantification

Images were processed using Fiji and ImageJ (Schindelin et al., 2012, version 2.0.0).
Images were corrected for background fluorescence by subtracting the mean intensity
per pixel of a cell-free area from each pixel. All images under comparison in the same
experiment had matched exposure and contrast settings. CellProfiler (Kamentsky
et al., 2011, version 2.2.0) was used to quantify cellular and nuclear morphome-
tric parameters, using DAPI-filtered images to identify nuclear areas, and using
FITC-filtered images to identify cellular areas (Figure 2.1). Cytoplasmic areas were
defined as the cellular area, excluding the nuclear area. Using the Texas red-filtered
images, relative quantification of the concentration of the antibody-tagged protein
was measured using the mean pixel intensity in these areas.

Figure 2.1: Relative protein quantification using fluorescence microscopy. Distinct
channels are used for nuclear marker DAPI, cytoskeletal marker phalloidin, and
secondary antibody staining.
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2.17. Analysis of microscopy data

2.17 Analysis of microscopy data

All microscopy experiments were performed using three biological replicates (i.e.
cells from three different donors, see Table 2.1). Measurements from 20 frames of
view from each of these biological replicates were used to apply a multi-way analysis
of variance (ANOVA). This enabled treatment effects to be isolated from donor ef-
fects, as donor effects incur large amounts of data variance in human cell experiments
due to high genomic and environmental variability between donors (Mallikarjun et
al., 2020; Brodin et al., 2015). This was carried out using the MATLAB function
fitlm.m to set out a categorical linear regression model:

Measured value = β0 + ~β1 · ~[Donor] + ~β2 · ~[Time] + ε (2.1)

to evaluate the significance of changes with time; and

Measured value = β0 + ~β1 · ~[Donor] + ~β2 · ~[Passage] + ε (2.2)

to evaluate the significance of changes with passage. Here β0 is the intercept value
corresponding to an arbitrarily chosen donor and the control treatment; ~β1 =
(β1,i, β1,j, β1,k)

ᵀ is the effect size of each donor on the measured value; ~β2 is de-
fined similarly and gives the effect size of each treatment on the measured value; the

binary arrays ~[Donor], ~[Time], and ~[Passage] represent the donor, time-point, and
passage of interest, respectively; and ε is the error variable of the model.

In graphical representations of microscopy data, β0 + ~β2 · ~[Time] or β0 + ~β2 · ~[Passage]
values are normalised to β0 to illustrate treatment effects relative to the control
treatment whilst discounting donor effects. The marker size for each data point in
these graphical representations is proportional to the p-value for the t-statistic of
the hypothesis test that the corresponding ~β2 element is equal to zero or not. Filled
data points indicate treatment effect sizes which are non-zero at the 5% significance
level.

2.18 RNA isolation

All reagents and solutions introduced in this section are (unless otherwise stated)
supplied with the RNeasy Mini Kit (QIAGEN, #74904).

hMSCs were seeded onto 35 mm dishes with ∼ 105 cells per dish. Following heat
shock/recovery, the culture medium was aspirated and cells were washed using
chilled (4◦C) PBS to ensure no complete medium remained to potentially inhibit
lysis. Cells were lysed in 0.7 mL Buffer RLT for 2 minutes. The solution was then
collected in a 1.5 mL tube (Starlab Ltd.) - detachment and collection were assisted
using a cell scraper (Grenier Bio-One, #541070). The cell lysate was homogenised
by vortexing for one minute. One volume of 70% ethanol in ultrapure water was
added and mixed into the homogenised lysate by pipetting. 700 µL was transferred
into an RNeasy Mini Spin Column fitted with an RNeasy Mini Collection Tube.
The column was centrifuged in a microcentrifuge (Eppendorf, #5424) at 20000g for
15 seconds. The flow-through was discarded from the collection tube and this step
was repeated with the final 700 µL of homogenised lysate.
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2.19. Reverse transcription

2.18.1 DNase treatment

Due to the sensitivity of RT-qPCR to off-target DNA binding, a DNase digestion
was performed. DNase I stock solution and Buffer RDD were supplied with the
QIAGEN RNase-Free DNase Set, #79254. 350 µL Buffer RW1 was added to the
spin column containing the homogenised lysate. The column was centrifuged in a
microcentrifuge at 20000g for 15 seconds and the flow-through was discarded. 5 µL
of DNase I stock solution was added to 35 µL Buffer RDD in a 0.5 mL tube (Starlab
Ltd.) and mixed by inverting to prevent denaturation of the DNase. This solu-
tion (40 µL) was added by gently pipetting directly onto the membrane of the spin
column containing the homogenised lysate and was left to incubate at room tem-
perature for 15 minutes. The wash step immediately prior to the addition of DNase
I stock solution was then repeated to conclude DNase digestion.

500 µL of reconstituted Buffer RPE was added to the spin column containing the
homogenised lysate. The column was centrifuged at 20000g for 15 seconds and the
flow-through was discarded. This step was then repeated with a further 500 µL
Buffer RPE, and instead centrifuged at 20000g for 2 minutes. The column was then
centrifuged again at 20000g for 1 minute in order to dry the column membrane.
The collection tube was replaced with a 1.5 mL tube and 30 µL of RNase-free water
(Invitrogen, #10977-035) was added by gently pipetting directly onto the column
membrane. To elute the purified RNA into the 1.5 mL tube, the column was cen-
trifuged at 20000g for 1 minute.

2.18.2 RNA quantification

RNA concentration was measured using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, #ND2000) on the Nucleic Acid setting. A blank was established
using 1.2 µL of RNase-free water, before the absorbance of light at a wavelength
λ = 260 nm by 1.2 µL of the purified RNA sample was measured. The sample
stage was cleaned prior to use and between samples using lint-free laboratory wipes
(Northwood, #PP1280). The absorbance was converted to nucleic acid concentra-
tion using the Beer-Lambert equation, with an extinction coefficient of 40 ng cm µL−1

for RNA. High RNA yield and low protein or salt contamination in all samples used
was verified with absorbance ratios 260 nm

280 nm
, 260 nm

230 nm
≥ 2.

2.19 Reverse transcription

Enzyme Mix (containing MuLV and RNase inhibitor protein) and reverse transcrip-
tion Buffer Mix (containing dNTPs, random octamers, and oligo dT-16) were sup-
plied with the High-Capacity RNA-to-cDNA Kit (Applied Biosystems, #4388950).
Buffer Mix was warmed to 37◦C in a water bath, whilst Enzyme Mix was kept on
ice until use.

RNA samples were diluted using RNase-free water, such that 9 µL of solution con-
tained 350ng of RNA (to yield well over the 30ng of RNA needed for each of the
8 primers used in Section 2.20). A negative control containing 9 µL of RNase-free
water only was also included. Enzyme Mix was mixed by pipetting, before adding
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2.20. Quantitative Polymerase Chain Reaction

1 µL of Enzyme Mix to 10 µL of reverse transcription Buffer Mix in 0.2 mL tubes
(Starlab Ltd.) and mixing by pipetting. 9 µL of RNA sample solution was added
to the 11 µL Enzyme-Buffer solution and tubes were centrifuged (MiniStar micro-
centrifuge, VWR, #521-2845) momentarily to push all liquid to the bottom of the
tube. Samples were reverse-transcribed using a Veriti Thermal Cycler (Applied
Biosystems) as shown in Table 2.3.

Step Temperature Duration

Incubation 37◦C 60 minutes

Reverse transcription 95◦C 5 minutes

Inactivation 4◦C ∞

Table 2.3: Thermal cycler settings for reverse transcription reactions.

Under the assumption the reverse-transcription reaction yielded an approximately
equal mass of complementary deoxyribonucleic acid (cDNA), the solution was trans-
ferred to a 0.5 mL tube and diluted in RNase-free water to a cDNA concentration
of 5 ng µL−1.

2.20 Quantitative Polymerase Chain Reaction

Reverse transcription quantitative polymerase chain reaction (RT-qPCR) was per-
formed in triplicate using the SYBR Select Master Mix, containing SYBR GreenER
dye, AmpliTaq DNA Polymerase UP, dNTPs with dUTP/dTTP blend, heat-labile
UDG, ROX passive reference dye, and optimized buffer components (Applied Biosys-
tems, #4472903). Custom designed and validated primers (PrimerDesign Ltd) were
used as in Table 2.4. In addition to primers for 7 genes of interest, an endogenous
control primer for the housekeeping (HK) gene PPIA was also included. For an
evaluation of the expression stability of PPIA in hMSCs, see X. Li et al., 2015.
Further, see R.-H. Jeon et al., 2019, where it has been shown that PPIA RNA levels
in primary hBM-MSCs remain stable across 20 passages on TCTP. Finally, Silva
et al., 2013 carried out the heat shock of bovine cells in vitro at 41◦C for 6 hours
and evaluated the suitability of several common housekeeping genes, finding PPIA
as the most stable in response to heat shock.

Chapter 2 Jack Llewellyn 62



2.20. Quantitative Polymerase Chain Reaction

Target gene Sense Anti-sense

Peptidyl-prolyl iso-
merase A (PPIA)

ATG CTG GAC CCA
ACA CAA

TTT CAC TTT GCC
AAA CAC CA

Heat shock 70 kDa pro-
tein 1A (HSPA1A)

CCA CCA AGC AGA
CGC AGA T

CCC TCT CGC CCT
CGT ACA T

Heat shock factor protein
1 (HSF1)

CCA CCT CCA CCC
CTG AAA A

GGA GTC CAT AGC
ATC CAA GTG

Lamin-B1 (LMNB1) CCT TCT TCC CGT
GTG ACA GTA

CTA CTC GCC TCT
GAT TCT TCC A

ATM TTT CTA CAT TTT
ATC CAG CAT TTC
TCT

TTC CAC TTC TAC
CTA TGT ATC AAA
CT

HSPA2 TCG CTC GCC TTT
CAG TCA G

TGA TCT CCA CCT
TGC CAT GTT

DnaJ homolog subfamily
B member 1 (DNAJB1)

AAT CTC CCA CAA
GCG GCT AA

GGT CTG GTC TCC
TTC CTT GG

Heat shock protein beta-
1 (HSPB1)

GCC GCC AAG TAA
AGC CTT A

CTT TGA ACT TTA
TTT GAG AAA AAC
AGA

Table 2.4: Custom designed and validated primers used (supplied by Primerdesign).

Primers were warmed on a block heater (Techne) to 37◦C prior to use. For each
PCR reaction to be carried out, 2 µL of sample (10 ng cDNA) was pipetted into the
wells of a fast optical 96-well reaction plate (Applied Biosystems, #4346906). 5 µL
of SYBR Select Master Mix was mixed with 2.5 µL RNase-free water and 0.5 µL of
the appropriate primer; the resulting 8 µL was also added to each well. The plate
was covered and briefly centrifuged up to 1500 rpm to push all liquid to the bottom
of the wells. The qPCR reaction was carried out using a StepOnePlus Real-Time
PCR System (Applied Biosystems) following the conditions outlined in Table 2.5.
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2.21. Analysis of RT-qPCR data

Step Temperature Duration Cycles

1: UDG Activation 50◦C 2 minutes Hold

2: AmpliTaq Fast DNA
Polymerase, UP Activation

95◦C 2 minutes hold

3: Denature 95◦C 3 seconds
40

4: Anneal/Extend 60◦C 30 seconds

Table 2.5: Thermal cycler settings for qPCR reactions.

2.21 Analysis of RT-qPCR data

Data was analysed using the 2−∆∆CT method (Livak & Schmittgen, 2001), where
CT is the cycle at which the sample fluorescence reaches a fixed threshold. All RT-
qPCR experiments were performed in triplicate and using four biological replicates
(i.e. cells from four different donors, see Table 2.1). Within each biological replicate,
a mean CT value and corresponding standard deviation, σCT

, was calculated from
the triplicate values (with any results more than 3 standard deviations from the
mean considered an outlier and removed). These values were then normalised to
the corresponding values of firstly the housekeeping gene PPIA, and secondly the
control treatment, with the errors propagated accordingly2:

σ∆CT
=
√
σ2
CT

+ σ2
CT (HK) , (2.3)

σ∆∆CT
=
√
σ2

∆CT
+ σ2

CT (Control) , (2.4)

σ2−∆∆CT =| −ln(2) · 2−∆∆CT | ·σ∆∆CT
. (2.5)

The mean 2−∆∆CT value, representing the relative change in RNA expression; and
corresponding standard deviation calculated in Equation 2.5 from the triplicate val-
ues for each biological replicate i ∈ [1, 4]; were used to give a weighted mean µ
and weighted standard deviation σ for each treatment such that more consistent
triplicate values would hold higher weight:

2Livak and Schmittgen, 2001 set a precedent which continues to reverberate in published qPCR
data, whereby σCT (HK) is neglected. This may be intentional - in Schmittgen and Livak, 2008 the
authors assert their method of data analysis is correct. As an example of the overestimation of
significance this causes, if the reader so chooses to repeat the worked example of how to calculate
standard deviation in qPCR data from the aforementioned 2001 article (Figure 2, purple box),
the correct standard deviation of the authors’ data is more than 5-fold larger than quoted in the
article.
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2.22. RNA-sequencing

µ =

∑ 2
−∆∆CT
i

σ
2
−∆∆CT
i∑

1
σ

2
−∆∆CT
i

, (2.6)

σ =

√√√√ 1∑
1

σ
2
−∆∆CT
i

. (2.7)

In graphical representations of RT-qPCR data, the µ values calculated in Equation
2.6 are shown. The marker size for each data point is proportional to the p-value
for the t-statistic of the hypothesis test that µ− 1 is equal to zero or not, using the
σ values calculated in Equation 2.7. Filled data points indicate changes in relative
RNA expression which are non-zero at the 5% significance level.

2.22 RNA-sequencing

All reagents and solutions introduced in this section are (unless otherwise stated)
supplied with the TruSeq Stranded mRNA assay (Illumina, Inc.,#20020594).

Total RNA from five biological replicates (i.e. cells from five different donors, see
Table 2.1) was prepared as in Section 2.18 and was submitted to the Genomic Tech-
nologies Core Facility (GTCF). Quality and integrity of the RNA samples were
assessed using a TapeStation 2200 (Agilent Technologies) and then libraries were
generated as follows. Briefly, total RNA (0.1–4 µg) was used as input material from
which polyadenylated mRNA was purified using poly-T, oligo-attached, magnetic
beads. The mRNA was then fragmented using divalent cations under elevated tem-
perature and then reverse transcribed into first strand cDNA using random primers.
Second strand cDNA was then synthesised using DNA Polymerase I and RNase H.
Following a single ‘A’ base addition, adapters were ligated to the cDNA fragments,
and the products then purified and enriched by PCR to create the final cDNA li-
brary. Adapter indices were used to multiplex libraries, which were pooled prior to
cluster generation using a cBot instrument (Illumina Inc.). The loaded flow-cell was
then paired-end sequenced (76 + 76 cycles, plus indices) on a HiSeq4000 instrument
(Illumina Inc.). Finally, the output data was demultiplexed (allowing one mismatch)
and BCL-to-Fastq conversion was performed using bcl2fastq software (Illumina Inc.,
version 2.20.0.422).

2.23 Analysis of sequencing data

The quality of RNA-sequencing data was assessed using Phred quality scores (Q,
Ewing and Green, 1998):

Q = −10Log10P, (2.8)

where P is the base calling error probability. Unmapped paired-end sequences from
an Illumina Hiseq4000 sequencer were assessed by FastQC (unpublished). Sequence
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2.24. HSP70 inhibition

adapters were removed and reads were quality trimmed (to the threshold Q ≥ 20)
using Trimmomatic (Bolger et al., 2014, version 0.36). The reads were mapped
against the reference human genome (hg38) and counts per gene were calculated
using annotation from GENCODE 36 (http://www.gencodegenes.org/) using STAR
(Dobin et al., 2013, version 2.7.2b). Normalisation, principal component analysis,
and differential expression was calculated in DESeq2 (Love et al., 2014, version
1.20.0) using default settings. This was treated as a standard 2x2 design and data
was fitted to a linear regression model as in Equation 2.2. Where figures containing
-omic data are windowed for ease of interpretation, all plots contain ≥ 99% of data
points.

2.24 HSP70 inhibition

In experiments with HSP70 inhibition, complete medium was replaced with an equal
volume of fresh complete medium containing 0.01% dimethyl sulphoxide (Sigma-
Aldrich, #D2650) and 10 µM 2-phenylethynesulfonamide (Sigma-Aldrich, #P0122)
30 minutes prior to heat shock. In the subsequent analysis of these experiments,
comparisons were made to vehicle-only controls where complete medium was instead
replaced with fresh complete medium containing just 0.01% dimethyl sulphoxide.

2.25 Cell lysis for mass spectrometry

hMSCs were harvested and pelleted as in Section 2.7, with the exception that, fol-
lowing the detachment of cells, centrifugation steps were performed at 4◦C and a
separate PBS solution pre-chilled to 4◦C was used. 30 µL of Lysis Buffer (see Ta-
ble 2.6 for full composition) containing detergents and protease and phosphotase
inhibitors was mixed into the cell pellet by pipetting, and the cell solution was
transferred to a 1.5 mL protein LoBind tube (Eppendorf, #022431081). Detergents
sodium laurate and sodium deoxycholate were chosen for their proficiency in lysing
cell membranes (Y. Lin et al., 2013) and effectively solubilising cellular proteins and
aiding trypsin digestion (Y. Lin et al., 2008).

Buffers used for the preparation of samples for mass spectrometry were made up
in 25 mM ammonium bicarbonate (Sigma-Aldrich, #09830) due to its volatility -
to allow samples to dry quickly - and pH ≈ 7.8 which facilitates peptide reduction
and alkylation via dithiothreitol (Roche, #10197777001) and iodoacetamide (Sigma-
Aldrich, #I1149), respectively.

Six 1.6 mm diameter steel beads (Next Advance) were added to the cell pellet tube
and cell lysis was carried out by homogenisation in a Bullet Blender Tissue Ho-
mogeniser (Next Advance) at 4◦C at maximum speed for 2 minutes. To remove cell
debris, the cell homogenate was centrifuged at 10,000 rpm for 5 minutes and the
supernatant was transferred to a fresh 1.5 mL LoBind tube.
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2.26. Protein digestion

Constituent Concentration (w/w) Supplier

Sodium laurate 1.1% Sigma-Aldrich, #L9755

Sodium deoxycholate 0.3% Sigma-Aldrich, #D6750

Protease inhibitor cocktail 0.1% Sigma-Aldrich, #P8340

Phosphotase inhibitor cock-
tail

0.1% Sigma-Aldrich, #P0044

25 mM Ammonium bicar-
bonate in ultrapure water

98.4% Sigma-Aldrich, #09830

Table 2.6: Composition of the buffer used in cell lysis for mass spectrometry. The
buffer was kept on ice until use to aid the stability of protease and phosphotase
inhibitors.

2.25.1 Protein quantification by infrared spectrometry

A calibrated Direct Detect Infrared Spectrometer (Millipore, #DDHW00010) was
used to quantify the amount of protein in each sample. This was done by pipet-
ting a 2 µL blank of Lysis Buffer onto a Direct Detect Assay-free card (Millipore,
#DDAC00010), followed by 2 µL from each sample. To form proteins or peptides,
amino acids are covalently linked via amide bonds. These amide bonds absorb
strongly in the mid-IR range 1600-1690cm−1. The spectrometer was run on the AM1
setting, intended for samples in buffers such as ammonium bicarbonate with low ab-
sorbtion at 1600-1700cm−1. For each sample it was verified that no absorbance peak
occurred in the 1600-1690cm−1 range in the blank absorbance spectrum, and that
a clear absorbance peak did occur in this range in the sample absorbance spectrum
(Figure 2.2). These readings were used to dilute each sample to a concentration of
2 µg µL−1.

2.26 Protein digestion

175 µL of 1.33 mM CaCl2 (Sigma-Aldrich, #C3306) in 25 mM ammonium bicarbon-
ate, and 50 µg of protein (25 µL) were mixed together in a 500 µL tube containing
immobilised trypsin beads. As shown by Kotormán et al., 2003, calcium ions increase
the stability of trypsin without compromising enzyme activity. Protein samples were
digested into tryptic peptides overnight (> 8 hours) using a thermal cycler (Applied
Biosystems) running at 1,400 rpm, 37◦C.

2.27 Peptide reduction and alkylation

The reduction and alkylation of cysteine residues improves peptide yield and protein
sequence coverage in mass spectrometry. Figure 2.3 demonstrates the mechanism of
action of dithiothreitol, a reducing agent which breaks disulphide bonds that have

Chapter 2 Jack Llewellyn 67



2.27. Peptide reduction and alkylation

Figure 2.2: Protein quantification of whole-cell lysates using infrared spectrometry.
The green line indicates the absorption spectrum of the blank (lysis buffer); the
purple line indicates the absorption spectrum of a whole-cell lysate; while the blue
and orange lines correspond to unused card slots. The shaded region indicates the
region of protein absorption wavelengths.

formed between cysteine residues in peptides, converting these into free sulphydryl
groups (Gundry et al., 2009). Following sample digestion, 4 µL of 500 mM dithio-
threitol in 25 mM ammonium bicarbonate was added and the samples were run on
the thermocycler for 10 minutes at 1,400 rpm, 60◦C. The temperature of the thermo-
cycler was increased to 60◦C in order to increase the efficiency of the dithiothreitol,
by encouraging denaturation and increasing the accessibility of disulphide bonds in
the sample.
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Figure 2.3: Reduction of cysteine-cysteine disulphide bridges using alkaline dithio-
threitol.

Iodoacetamide (Figure 2.4) is an alkylating agent which reacts with the free sul-
phydryl groups of cysteine residues (induced by peptide reduction) to form S-
carboxyamidomethyl-cysteine, which cannot be reoxidised to form disulphide bonds
(Gundry et al., 2009). The thermocycler was cooled to 25◦C and 12 µL of 500 mM
iodoacetamide in 25 mM ammonium bicarbonate was added and the samples were
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2.28. Biphasic extraction of peptides

ran on the thermocycler for 30 minutes at 1,400 rpm. During the alkylation, the
thermocycler was covered due to the light-sensitivity of iodoacetamide (Crestfield
et al., 1963).

HS
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NH2
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S

H2N

H

OH

O

O

OH

Alkylated cysteine

+ I H

Hydroiodic acid

Figure 2.4: Alkylation of reduced cysteine using iodoacetimide.

While reduction and alkylation of peptide samples for mass spectrometry is typi-
cally carried out prior to protein digestion to allow trypsin maximal access to protein
cleavage sites, studies such as Boja and Fales, 2001 and Guo et al., 2015, have shown
the detrimental effects of prolonged exposure of samples to alkylating agents. Thus
these steps were carried out following overnight digestion.

Samples in 500 µL tubes containing immobilised trypsin beads were centrifuged (Ep-
pendorf, #5810R) at 20000g for 10 minutes at room temperature, and the super-
natants (200 µL) were transferred to 1.5 mL LoBind tubes.

2.28 Biphasic extraction of peptides

To quench any further trypsin digestion and facilitate the removal of hydropho-
bic molecules - such as lipids and detergents - by biphasic extraction, the sample
solution was acidified by adding 5 µL of 10% trifluoroacetic acid (Sigma-Aldrich,
#302031) in ultrapure water. An equal volume (200 µL) of ethyl acetate was added
to the samples and the solution was vortexed for 1 minute to thoroughly mix the
organic compound into the solution. The solution was separated into two phases by
centrifuging at 20000g for 5 minutes at room temperature. Gel-loading tips (Star-
lab Ltd., #I1022-0600) were used to carefully aspirate the organic epiphase and the
process of adding ethyl acetate, vortexing, centrifuging, and aspirating was repeated
twice more.

Peptide samples were dried down to a minimal volume using a SpeedVac (Thermo
Fisher Scientific, #SPD1010) on a manual run at room temperature for 3 hours.
Dried samples were stored overnight at 4◦C.

2.29 Peptide desalting

Because mass spectrometry measures charged ions, salts must be removed prior to
analysis (Thermo Fisher Scientific, 2017). Salts in the peptide samples were removed
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2.30. Liquid chromatography-Mass spectrometry

by reversed-phase chromatography. A 120 µL volume of OLIGO R3 reversed-phase
resin (Thermo Fisher Scientific, #1-1339-03) was added to the wells of a 96-well fil-
tration membrane plate (Corning, #3504). The resin was rinsed in 50 µL 50% (v/v)
acetonitrile (Thermo Fisher scientific, #10629112) in ultrapure water by pipetting
up and down, taking care to avoid piercing the filter membrane. This equilibrates
the beads in a buffer compatible with peptide attachment as the binding of pep-
tides to hydrophobic bead resins is most effective at high ionic strength. A 96-well
collection plate (Thermo Fisher Scientific, #AB0796) was fitted under the filtration
membrane plate and the plate was centrifuged (Eppendorf, #5810R) at 200g for 1
minute. The flow-through into the collection plate was discarded and the rinsing
and centrifugation steps were repeated. Following this, two rinse and centrifuge
steps were also performed using 50 µL of 0.1% (v/v) trifluoroacetic acid in ultrapure
water. The purpose of the acidic buffer is to prevent peptides precipitating through
the membrane.

Dried samples were mixed by pipetting into 200 µL 5% (v/v) acetonitrile, 0.1%
(v/v) trifluoroacetic acid in ultrapure water. The bead resin was then rinsed using
100 µL of the sample solution, the plate was centrifuged at 200g for 1 minute, the
flow-through into the collection plate was discarded, and these steps were repeated
for the final 100 µL of sample solution. In these steps, hydrophobic molecules in the
sample solution interact with the C18 chains of the resin.

To wash out hydrophillic salts, the resin-bound sample was rinsed in 50 µL of 0.1%
(v/v) trifluoroacetic acid in ultrapure water and the plate was centrifuged at 200g for
1 minute, the flow-through into the collection plate was discarded, and these rinse
and centrifugation steps were repeated. To prepare for peptide elution, the wells
of the collection plate were rinsed using 100 µL 50% (v/v) acetonitrile in ultrapure
water, which was then discarded. The desalted, resin-bound sample was then rinsed
in 50% (v/v) acetonitrile in ultrapure water and the plate was centrifuged at 200g
for 1 minute and these rinse and centrifugation steps were repeated. The increased
percentage of acetonitrile reduces hydrophobic interaction and allows for elution of
the desalted peptide samples from the bead resin (Ciborowski & Silberring, 2016).

Desalted peptide samples were transfered to mass spectrometry certified vials (Thermo
Fisher Scientific) and dried down to a minimal volume using a SpeedVac on a man-
ual run at room temperature for 1 hour. Dried samples were stored at −20◦C until
mass spectrometry was performed.

2.30 Liquid chromatography-Mass spectrometry

Dried samples were reconstituted in 5% acetonitrile and 0.1% trifluoroacetic acid
in ultrapure water. The peptide concentration was measured, again using a Direct
Detect spectrophotometer, and samples were diluted to 300 ng µL−1. Samples were
analysed by liquid chromatography-MS/MS using an UltiMate 3000 RSLC (Dionex
Corporation) coupled to a Q Exactive HF (Thermo Fisher Scientific) mass spectrom-
eter. Peptide mixtures were separated using a multistep gradient from 95% A (0.1%
formic acid (Sigma-Aldrich, #695076) in ultrapure water) and 5% B (0.1% formic
acid in acetonitrile) to 7% B at 1 minute, 18% B at 58 minutes, 27% B in 72 minutes,
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2.31. Peptide quantification

and 60% B at 74 minutes at 300nL/minute, using a 75 mm × 250 µm inner diameter
1.7 µM charged surface hybrid C18 analytical column (Waters). Peptides were auto-
matically selected for fragmentation by data dependent analysis; mass spectrometers
were operated using Xcalibur software (Thermo Fisher Scientific, version 4.1.31.9).

2.31 Peptide quantification

Mass spectrometry results files were imported into Progenesis QI (Nonlinear Dy-
namics, version 4.1). Ion intensity maps were quality-control checked according
to Nonlinear Dynamics guidelines before being aligned automatically. Where au-
tomatic alignment failed, manual alignment (Figure 2.5) was carried out until an
alignment score of ≥ 70% was achieved.

Figure 2.5: Manual alignment of mass spectrometry ion-intensity maps. A reference
spectrum (purple) was chosen based on intensity, and peaks in other spectra (green)
were aligned to the reference peaks.

Peptide quantification and filtering was carried out in Progenesis QI using the set-
tings detailed in Table 2.7.

Quantification method Relative quantification using non-conflicting peptides

Peal picking sensitivity limit 4

Charge filtering Include +1 to +4

# isotopes filtering Exclude ≤ 2

Batch inclusion options Exclude rank > 3

Table 2.7: Settings used for peptide quantification and filtering in Progenesis QI
(ver. 4.1, Nonlinear Dynamics).
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2.32. Peptide identification

2.32 Peptide identification

Quantified peptides were then exported and identification was carried out using Mas-
cot Daemon (Matrix Science UK) against the SWISS-Prot and TREMBL human
databases and filtered to only include sequences from reviewed protein annotations
(The UniProt Consortium, 2019). The peptide database was modified to search for
alkylated cysteine residues (monoisotopic mass change, 57.021 Da), oxidized me-
thionine (15.995 Da), hydroxylation of asparagine, aspartic acid, proline or lysine
(15.995 Da), and phosphorylation of serine, tyrosine, threonine, histidine or aspar-
tate (79.966 Da). A maximum of 2 missed cleavages was allowed. The search results
were imported back into into Progenesis QI and the final peptide signal intensities
and identifications were exported.

2.33 Relative protein quantification

Protein-level relative quantifications were calculated using the BayesENproteomics

family of functions (Mallikarjun et al., 2020) written in MATLAB using the Statis-
tics and Machine Learning toolbox (MathWorks, version R2017a). Raw peptide
intensities from proteins with fewer than 3 unique peptides per protein were ex-
cluded from quantification. Peptide lists were filtered leaving only those peptides
with a Mascot score corresponding to a Benjamini-Hochberg false discovery rate
(FDR) < 0.2 (Benjamini & Hochberg, 1995). Raw peptide intensities were log2

transformed to ensure a normal distribution and normalised by equalising sample
medians.

To account for the inherent high genetic and environmental variability between hu-
man donors, relative quantifications of proteins were fit to a linear regression model
that considers donor variability at both the peptide and protein levels. For each
protein the following model was fitted:

yfgd = β0 +Xfβf +Xgβg +Xdβg + εfgd (2.9)

where yfgd corresponds to the observed log2 intensity for peptide f under experi-
mental condition g from donor d. Predictor variables βf , βg, and βd correspond to
the effect sizes of peptide f , group g, and donor d, respectively. β0 represents the
intercept term. ε corresponds to a Gaussian error term centered on 0 with a vari-
ance specific to each protein (for a full description of the method of relative protein
quantification, see Mallikarjun et al., 2020). Where protein fold-changes are plotted
graphically, the error bars shown are the standard error in the treatment effect size,
βg. Where figures containing -omic data are windowed for ease of interpretation, all
plots contain ≥ 99% of data points.

2.34 Monobromobimane (mBBr) labelling

mBBr labelling was carried out either immediately prior to heat shock, immediately
following a 2 hour heat shock, or 4 hours following a 2 hour heat shock. Medium was
removed and cells in T75 flasks were washed using PBS. Cells were then labelled
by incubation at 37◦C with 6 mL of 400 µM mBBr (Sigma-Aldrich, #B4380) for
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10 minutes. Following labeling, 6 ml of 2 mM L-glutathione reduced (GSH, Sigma-
Aldrich, #G4251) in PBS was added to quench the mBBr reaction. The quenched
mBBr solution was removed and cells were washed with PBS.
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Figure 2.6: Labelling of reduced cysteine using monobromobimane

In experiments in which reduced cysteine residues were labelled with mBBr, the
modification was searched for in two possible oxidation states (133.053 and 150.056
Da). Labelled peptides with missed cleavages were summed with their fully tryptic
counterparts. The Log2 fold-change in labelling across samples was normalised to the
respective Log2 fold-change in the respective protein abundance. As both an increase
(misfolding) and decrease (aggregation) in mBBr-labelling can be interpreted as the
native state of a protein being compromised, a non-parametric test must be used to
evaluate the significance of any labelling changes. A Wilcoxon signed-rank test was
used to determine whether the mBBr-labelling profile changed between samples at
the 95% confidence level.

2.35 Pathway analysis

Statistical enrichment analysis of the Reactome pathway database (version 74, Fab-
regat et al., 2017) was carried out using the PANTHER gene list analysis tool (Mi
et al., 2021) to identify over- or under-enriched pathways with an FDR-corrected p-
value ≤ 0.05. Statistically significant enrichments clearly due to common mass spec-
trometry contaminants (e.g. “keratinisation”) were excluded. Clear false-positives
due to strong overlaps with other pathways (e.g. a 95% overlap of identified pro-
teins between the “eukaryotic translation and elongation” and “influenza viral RNA
transcription and replication” pathways) were treated with an Occam’s razor prin-
ciple and kept or excluded respectively. Where chains of hierarchical pathways are
enriched, for simplicity, only the parent pathway in the chain is included. For ex-
ample, where the pathway “rRNA processing” and its descendant pathway “rRNA
processing in the nucleus and cytosol” (99% overlap of identified proteins) are both
enriched, only the former would be included.

2.36 Chaperone network analysis

The human chaperone network, consisting of 332 proteins (as characterised by
Brehme et al., 2014) was designed using STRING (STRING Consortium, version
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11.0, Szklarczyk et al., 2019). Interactions between these chaperone proteins were fil-
tered on the STRING database to only include those of the highest confidence (score
≥ 0.9) and proteins with no known interactions within the network at this level were
discounted from further analysis. The remaining chaperone proteins were used as
nodes and interaction scores between chaperone proteins were used as weighted
edges for the network. This data was used to construct an adjacency matrix for the
network:

Aij =

{
a if a ≥ 0.9

0 otherwise
(2.10)

where a is the interaction score between chaperones i and j.

The adjacency matrix for the chaperone network was used as the input for the
MATLAB Brain Connectivity Toolbox created by Rubinov and Sporns, 2010 (based
on methods proposed by Newman, 2006a). Using default settings, a community
structure for the network which maximises the modularity score, Q ∈ [−0.5, 1] was
generated:

Q =
1

2m

∑
ij

(
Aij −

kikj
2m

)
δ(ci, cj) (2.11)

where m is the total number of edges in the network, ki is the degree of node i, ci
is the community node i belongs to and δ is the Kronecker delta function,

δ(ci, cj) =

{
1 if ci = cj

0 otherwise.
(2.12)

2.37 Ordinary/Delay Differential Equation

(ODE/DDE) modelling

A mathematical model of the stress response was designed and simulated using
MATLAB R2017a (MathWorks). Building on previous models (Sivéry et al., 2016,
Zheng et al., 2016), the model consisted of four populations: the chaperone protein
HSP70, the transcription factor HSF1, the E3 ubiquitin ligase CHIP (the product of
the STUB1 gene), and intracellular misfolded proteins (MFP). Reaction rates were
included to represent seven well-defined biological processes between these popula-
tions and are defined in Table 2.8 and illustrated in Figure 2.7.

HSP70 synthesis was modelled using a Hill function,

k1 = k
HSF n

K3
d +HSF n

(2.13)

where the Hill coefficient, n = 3, is chosen to reflect HSF1 trimerisation (as in
Sivéry et al., 2016) prior to HSP70 synthesis; k = limHSF→∞ k1 is the maximal
transcription rate; and Kd is the dissociation constant.
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Reaction rate Reaction(s) Description

k1 [HSF1]
k1−→ [HSF1] + [HSP70] HSP70 synthesis

k2 [HSF1] + [HSP70]
k2−→ [HSF1 · HSP70] HSF1 inactivation

k3 [HSF1 · HSP70] + [MFP]
k3−→ [HSF1] +

[HSP70 · MFP]
HSP70 titration to
misfolded protein

[HSP70] + [MFP]
k3−→ [HSP70 · MFP]

k4 [HSF1 · HSP70] + [CHIP]
k4−→ [HSF1] +

[CHIP]
Turnover of HSP70

[HSP70] + [CHIP]
k4−→ [CHIP]

k5 [HSP70 · MFP]
k5−→ [HSP70] HSP70-mediated re-

folding

k6 [HSP70 · MFP] + [CHIP]
k6−→ [HSP70] +

[CHIP]
Turnover of mis-
folded protein

k7 ∅ k7−→ [MFP] Protein misfolding

Table 2.8: Reactions and rate constants of the mathematical model of the stress
response.

Figure 2.7: Schematic of the titration model of HSP70 regulation, with the inclusion
of CHIP-mediated post-translational regulation. Each arrow colour represents a
process defined in Table 2.8. Arrows begin at the process reactants and end at the
process products.
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The reactions in Table 2.8 were used to design the following system of ODE/DDEs:

d

dt
[HSF1] = k3[HSF1 ·HSP70][MFP ] + k4[HSF1 ·HSP70][CHIP ]

− k2[HSF1][HSP70] (2.14)

d

dt
[HSP70] = k1[HSF1]t−τ + k5[HSP70 ·MFP ] + k6[HSP70 ·MFP ][CHIP ]

− k2[HSF1][HSP70]− k3[HSP70][MFP ]− k4[HSP70][CHIP ] (2.15)

d

dt
[CHIP ] = 0 (2.16)

d

dt
[MFP ] = k7 − k3[HSP70][MFP ]− k3[HSF1 ·HSP70][MFP ] (2.17)

d

dt
[HSF1 ·HSP70] = k2[HSF1][HSP70]

− k3[HSF1 ·HSP70][MFP ]− k4[HSF1 ·HSP70][CHIP ] (2.18)

d

dt
[HSP70 ·MFP ] = k3[HSF1 ·HSP70][MFP ] + k3[HSP70][MFP ]

− k5[HSP70 ·MFP ]− k6[HSP70 ·MFP ][CHIP ] (2.19)

where τ is drawn randomly from a uniform distribution of times between one and
three hours, i.e. τ ∼ U [60, 180] (Jarnuczak et al., 2018), and represents the delay
between the onset and conclusion of HSP70 synthesis. That is, d

dt
[HSP70] at time

t is dependent on [HSF1] at time t− τ .

2.37.1 Initial conditions

Population units are concentrations and initial conditions are chosen relative to the
concentration of HSF1 in the system, quasi-arbitrarily set at 0.1 µM based on the
estimate of cellular molecular density by Milo, 2013. To ensure reproducibility and
optimisation (see Section 2.37.2), the random number generator is seeded prior to
the start of the simulation. Populations are recalculated after every time interval
dt (minutes), such that [HSP70]t+dt = [HSP70]t + d

dt
[HSP70]t. The value of dt

is fixed at 0.01 minutes, such that the time interval is sufficiently small for the
system to remain stable, while minimising running time. Following selection of
initial conditions, the system is given an extensive period of time for populations
to reach an equilibrium. Following this, a proteotoxic stress comparable with heat
shock (Section 2.12) is simulated by multiplying the reaction rate k7 by a value
α > 1 for 120 minutes.
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2.37.2 Parameter optimisation

Parameters which could not be inferred from theory, experimental results, or lit-
erature evidence: (k,Kd, k2, k4, k5, k7) were chosen to optimise the model’s ability
to replicate in vitro HSP70 protein dynamics in response to a 2 hour heat shock
and 24 hour recovery period (see Section 4.5.2). This was done by recording the
change in HSP70 concentration in silico at the same time points as those used for in
vitro experiments and totaling the sum of squared errors (SSE) between these. The
MATLAB function fminsearch was then used to find the parameter set which best
replicated HSP70 protein dynamics by minimising the SSE between in vitro and in
silico data. The MATLAB script used to carry out these simulations is detailed in
full in Appendix A.1
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Chapter 3

The transcriptomic and proteomic
profiles of proliferating and
senescent human mesenchymal
stem cells before and after stress

The primary aim was to characterise the intracellular transcriptomes and proteomes
of proliferating early-passage (EP) and senescent late-passage (LP) primary human
mesenchymal stem cells (hMSCs) under control conditions (culture at 37◦C) and
immediately following proteotoxic stress (2 hour heat shock at 42◦C). The use of
RNA-sequencing (RNA-seq) and mass spectrometry (MS) to create -omic level data
has provided a comprehensive overview of the changes LP cells experience. The
application of proteotoxic stress will be used to test whether literature reports of
an organismal age-associated loss of proteostasis is also experienced at the cellular
level. Utilising high-throughput methods to analyse both mRNA and protein levels
allowed the additional study of the interaction between the two, giving insight into
the mechanisms by which proliferating and senescent cells respond to stress.

3.1 β-galactosidase staining validates senescence

in late-passage populations

The principle of comparisons between EP and LP cells as a model of cellular ageing
is that the LP populations will contain disproportionately high numbers of senescent
cells compared to proliferating EP populations. To verify this, passage 3 and passage
16 cells from the same donor were stained for the senescence marker β-galactosidase
using an X-gal assay (Figure 3.1). As expected, positive staining is seen in a majority
of cells in LP as opposed to a scarcity of cells in EP. While the influence of long-term
culture on cell behaviour alone is important from a regenerative medicine perspective
as discussed in Section 1.8.5, Figure 3.1 couples the behavioural changes seen with
the consequences of cellular senescence.
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(a) (b)

Figure 3.1: X-gal assay of early- and late-passage human mesenchymal stem cells
derived from bone marrow. Blue staining indicates the presence of the senescence
biomarker β-galactosidase (see Section 1.8.3). (3.1a) Early-passage (passage 3)
donor-matched hMSCs. (3.1b) Late-passage (passage 16) donor-matched hMSCs.

3.2 Label-free mass spectrometry

Log2 fold-changes in protein levels were quantified in whole cell lysates using liq-
uid chromatography-coupled tandem mass spectrometry (Mallikarjun et al., 2020).
Label-free mass spectrometry was carried out on four donor-matched EP and LP
populations, comparing hMSCs subjected to a 2-hour treatment at 42◦C to matched
cells under control conditions. 1,811 proteins were identified with ≥ 3 peptides-per-
protein across all samples. The validation of widespread cellular senescence in LP
populations was confirmed in Figure 3.2 by the overexpression of β-galactosidase
(the product of the GLB1 gene), and loss of lamin B1 (the product of the LMNB1
gene), another marker of senescence demonstrated by Shimi et al., 2011.

Figure 3.2: Changes in the GLB1 and LMNB1 protein products between unstressed
early- and late-passage populations in mass spectrometry data (n = 4 donors).
Statistical significance is assessed as detailed in Section 2.33.
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3.3 RNA-sequencing

EP and LP populations of cells from five paired donors were sequenced with and
without a 42◦C heat shock, matching the conditions used for mass spectrometry.
Figure 3.3 displays the Q scores of RNA fragments calculated using equation 2.8. A
Phred (Q) score of 30 is generally achieved, indicating a base call accuracy of 99.9%.

Figure 3.3: Quality control of RNA-sequencing data (n = 5 donors), showing the
base call accuracy of RNA fragments as a Q score (Section 2.23, Equation 2.8). Plot
generated using MultiQC (Ewels et al., 2016, version 1.8).

Figure 3.4 shows the results of a principal component analysis (PCA) on RNA-seq
data. PCA is a linear dimensionality reduction technique, the aim of which is to
describe the majority of a high-dimensionality dataset (in this case, 20 dimensions
detailing RNA signal intensities in 20 different samples) using a lower number of
dimensions, or “principal components”, which can be visualised. In an example
of two-dimensional data, the first principal component axis (PC1) is obtained by
drawing the line with the most data variance along itself - in this case, by defini-
tion, this would be the line of best fit. To find the second principal component axis
(PC2), one would discount the first principal component and repeat the process, in
the case of two-dimensional data, PC2 would be the line perpendicular to the line of
best fit. In this simplified example, a majority of the two-dimensional data can be
described by plotting each data point’s position on the PC1 axis only. For a visual
representation of a two-dimensional principal component analysis, see Lever et al.,
2017. For n-dimensional data, the process is homogeneous, with each principal com-
ponent axis being an n-dimensional line of best fit rather than two-dimensional. The
utility of a principal component analysis is that it allows us to identify any features
in our experimental design which introduce variance into the resultant data. For
example, if our data points are heavily clustered on PC1 according to some sample
characteristic X (e.g. replicate, passage, temperature), then we may conclude that
PC1 describes the variance between samples due to characteristic X, which is the
largest source of variance in the experiment.
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(a) (b)

(c) (d)

Figure 3.4: Principal component analysis of RNA-sequencing data (n = 5 donors),
showing the percentage contribution of each principal component to the total vari-
ance in the dataset, and the distribution of samples along each principal component
axis. (3.4a) Scree plot showing the proportion of total variance encompassed by
each principal component. (3.4b) Principal components 1 and 2. (3.4c) Principal
components 3 and 4. (3.4d) Principal components 5 and 6.

Figure 3.4a shows the proportion of the total variance in RNA-seq data accounted
for by each principal component, with the first six principal components accounting
for 89% of the total variance in the data. The highest contribution to the total
variance in the data comes from the variation between donors, with samples from
different donors mostly separated on the PC1 (37%) axis in Figure 3.4b and the PC3
(12%) axis in Figure 3.4c. This illustrates the importance of the linear modelling
approaches used in this study to account for inter-donor variation in human data
(see Sections 2.17 and 2.33). The second highest contribution to the total variance
in the data is due to differences between EP and LP cells, with these samples sepa-
rated on the PC2 (18%) axis in Figure 3.4b and the PC4 (9%) axis in Figure 3.4c.
Following these, the next highest source of variance is cellular stress. Figure 3.4d
shows samples clearly separated on the PC5−PC6 plane (7% and 6% respectively)
into two groups consisting exclusively of either stressed or unstressed populations.
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3.4 The -omic proteotoxic stress response in early-

and late-passage cells

3.4.1 Transcript and protein regulation analysis

Firstly, we will examine the transcriptomic and proteomic responses of EP and LP
cells to heat stress treatment. Figure 3.5 shows the correlation between the EP
and LP stress responses, using the product-moment correlation coefficient (PMCC,
“Pearson r”) to assess the percentage of correlation, with r2 giving the fraction of
variance in either condition explained by the other.

In Figure 3.5a, a reasonably strong correlation is seen between the two transcrip-
tomic stress responses, with 100r2 = 46% explained variance (i.e. ∼ 46% of tran-
script regulation in the LP stress response is related to transcript regulation in the
EP stress response). By far, the most regulated transcript in response to stress
is the A-disintegrin-and-metalloproteinase family member ADAMDEC1 (EP Log2

fold-change 18.5; LP Log2 fold-change −0.05). This sharp fold change is seen be-
cause ADAMDEC1 is not detected in any of the five EP, unstressed samples, but
is detected in one EP, stressed sample. This is partially in agreement with Human
Protein Atlas data (Uhlen et al., 2015) which shows ADAMDEC1 is not native
to bone-marrow. It is worth noting however, that the Human Protein Atlas data
is not compiled using aged or stressed tissues, so the significant up-regulation of
ADAMDEC1 cannot conclusively be dismissed as a false positive. ADAMDEC1
was also detected in nine out of ten LP samples, and may constitute an additional
biomarker of senescent hBM-MSCs. Indeed, Yako et al., 2018 demonstrate that the
secretion of ADAMDEC1 in Madin-Darby Canine Kidney cells positively regulates
the elimination of neighbouring cells and may therefore also constitute a member
of the SASP discussed in Section 1.8.5. Conversely however, ADAMDEC1 is not
identified in the proteomic data of either this study, or the recent proteomic atlas of
senescence-associated secretomes by Basisty et al., 2020 - therefore more research is
needed to verify the existence of ADAMDEC1 in stressed and senescent hBM-MSCs,
and hypothesise its purpose in these cells.

Following ADAMDEC1, the most highly up-regulated transcripts common to both
EP and LP cells correspond to the HSP70 chaperone family members HSPA6 (EP
Log2 fold-change 9.68; LP Log2 fold-change 12.3) and HSPA7 (EP Log2 fold-change
9.20; LP Log2 fold-change 10.6). In a review of HSP70 family members by Radons,
2016, it is discussed that HSPA6 and HSPA7 are stress-inducible, highly homolo-
gous to the better-researched stress-inducible HSPA1A (EP Log2 fold-change 5.57;
LP Log2 fold-change 6.16), and have low expression levels at equilibrium. The latter
of these points is most likely to account for the high fold-changes seen at the tran-
scriptional level. The most-downregulated protein in EP cells is the nuclear pore
complex protein RGPD1 which is implicated in nuclear export pathways (Vetter et
al., 1999) and, interestingly, is unchanged in LP cells in response to stress (EP Log2

fold-change−5.88; LP Log2 fold-change−0.14). The next-strongest down-regulation
in EP transcript data corresponds to microtubule-associated-protein MAP10, which
is connected to cell division (Fong et al., 2013) and is also strongly down-regulated
in the LP stress response (EP Log2 fold-change −3.11; LP Log2 fold-change −3.14).
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Figure 3.5b shows the same correlation plot for proteomic data. Here the PMCC is
just −0.0700 (i.e. a correlation of 100r2 = 0.49%). The most up-regulated protein
in both EP and LP cells in response to stress is prolactin-induced protein (PIP, EP
Log2 fold-change 1.87; LP Log2 fold-change 1.23) - a secreted protein which remains
poorly understood (as reviewed by Urbaniak et al., 2018). Notably, the calcium-
binding proteins S100A7 (EP Log2 fold-change 1.17; LP Log2 fold-change 0.29) and
S100A9 (EP Log2 fold-change 0.94; LP Log2 fold-change 1.04) are the next most
up-regulated proteins in EP and LP cells, respectively. Xia et al., 2018 review how
these proteins act as a “danger signal” secreted in response to stress.

(a) (b)

Figure 3.5: Product-moment correlation coefficients between the EP and LP stress
response for transcriptomic and proteomic data. For ease of interpretation, plots
are windowed, with > 99% of data points shown. (3.5a) Correlation of RNA fold-
changes due to stress in EP and LP populations. (3.5b) Correlation of protein
fold-changes due to stress in EP and LP populations.

Figure 3.5 shows a clear disparity in the PMCCs between EP and LP cells in re-
sponse to stress in transcriptomic and proteomic data. While there is a strong over-
lap between the EP and LP transcriptional response to stress, no relationship exists
between the EP and LP proteomic response to stress. It was important to confirm
that Figure 3.5b does not merely represent the higher statistical noise present in MS
data compared to RNA-seq data. A more stringent protein identification cutoff was
trialled, with the hypothesis that signals from the most abundant proteins would
be subject to the least statistical noise, and highlight whether the PMCC value in
Figure 3.5b was an accurate reflection of the relationship between the EP and LP
stress responses. Accepting only proteins with ≥ 30 peptides identified, rather than
≥ 3, in fact decreased the PMCC further (r2 = 0.0004, 57 proteins) - validating the
low PMCC value seen in Figure 3.5b.
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A perhaps over-simplified interpretation of these datasets is that the transcriptome
reflects how the cell is attempting to respond to stress, while the proteome reflects
how the cell actually is responding to stress. In this view, the disparity shows that
while EP and LP cells are attempting to carry out a very similar stress response, the
actual response achieved differs greatly. The reasonably strong correlation in the
transcriptomic stress response of EP and LP cells also demonstrates that there is no
senescence-associated attenuation of the stress response upstream of transcription
(for example, thermosensing).

(a) (b)

Figure 3.6: The product-moment correlation coefficients of the fold-changes be-
tween unstressed and stressed populations in RNA-sequencing and mass spectrom-
etry data. Data is plotted from the fold-changes between early- (3.6a, 1731 gene
products) and late-passage (3.6b, 1729 gene products) populations.

These plots also show that, in general, changes to the transcriptome are much more
dynamic than changes to the proteome. The differences in the shape and scale of
Figures 3.5a and 3.5b foreshadow a poor correlation between mRNA and protein
fold-changes in response to stress. Figure 3.6 shows that while a higher correlation
between mRNA and protein is seen in the EP response to stress than in the LP re-
sponse (100r2 = 0.48%, 0.02% respectively), both are surprisingly low. The physical
interpretation of these PMCC values is that a majority of the short-term regulation
of the proteomes of hMSCs in response to stress is carried out downstream of tran-
scription, with transcription accounting for < 1% of changes to protein levels within
two hours of proteotoxic stress. Coupled with the difference in the scale of each
axis, it is highly likely that a strong transcriptional response is required to produce
any meaningful short-term response at the protein level. Even in the case of strong
mRNA up-regulation, this does not invariably render1 into a corresponding pro-
tein up-regulation. HSPA6, previously identified as the most strongly up-regulated
transcript in response to stress (HSPA7 was not detected by mass spectrometry),
experiences a comparatively small change at the protein level due to stress (EP
Log2 fold-change 0.32; LP Log2 fold-change −0.08). Conversely, both the transcript
and protein products of the HSPA1A gene show relatively strong up-regulation in

1avoiding use of the term “translate” to prevent any potential misinference with regard to
protein translation.
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(a) (b)

(c) (d)

Figure 3.7: Significance of mRNA and protein fold-changes in response to stress
in RNA-sequencing and label-free mass spectrometry data. Transcripts satisfying
|Log2 fold-change| ≥ 1 and FDR-p ≤ 0.05 are coloured blue/red corresponding
to down-/up-regulation, with proteins satisfying FDR-p ≤ 0.05 coloured likewise.
(3.7a) Fold-changes of 17,243 transcripts in response to stress in early-passage pop-
ulations. (3.7b) Fold-changes of 1,811 proteins in response to stress in early-passage
populations. (3.7c) Fold-changes of 16,550 transcripts in response to stress in late-
passage populations. (3.7d) Fold-changes of 1,811 proteins in response to stress in
late-passage populations.

response to stress in EP (mRNA Log2 fold-change 5.57; protein Log2 fold-change
0.62) and, to a lesser extent, LP populations (mRNA Log2 fold-change 6.16; protein
Log2 fold-change 0.28).

Figure 3.7 shows volcano plots of the significance of transcript and protein regulation
in response to stress. Proteins are assessed for significance at the 5% level using the
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Benjamini-Hochberg false-discovery-rate adjustment (Benjamini & Hochberg, 1995,
see Section 2.33); while significantly regulated transcripts were assessed with the
additional criteria of |Log2 fold-change| ≥ 1, such that mRNA levels must double
or halve. To emphasise the disparity between the transcriptomic and proteomic
responses to stress, Figure 3.8 shows the transcript Log2 fold-changes of the signifi-
cantly regulated proteins in Figures 3.7b and 3.7d. From these plots, it is clear that
the majority of protein regulation in response to stress over the short time window
analysed (two hours) is downstream of transcription.

(a) (b)

Figure 3.8: mRNA fold-changes in response to stress in RNA-sequencing data, with
significantly up- (red) and down-regulated (blue) protein products in the same con-
ditions highlighted. (3.8a) Fold-changes of 17,243 transcripts in response to stress
in early-passage populations. (3.8b) Fold-changes of 16,550 transcripts in response
to stress in late-passage populations.

Using the chosen constraints, just 3.23% of transcripts were significantly differen-
tially regulated in response to stress in EP cells (Figure 3.7a), with 447 up-regulated
and 110 down-regulated transcripts. The response of LP cells (Figure 3.7c) was
slightly lower in magnitude, with 2.81% of transcripts significantly differently reg-
ulated, consisting of 367 up-regulated and 98 down-regulated transcripts. A strong
overlap is seen in the transcripts significantly regulated in both conditions, with 295
up-regulated and 53 down-regulated transcripts common to both the EP and LP
stress responses. Among those commonly up-regulated, transcripts from the HSP70
chaperone family already discussed in this section feature prominently, with 10 fam-
ily members represented.

Comparing protein levels in stressed versus unstressed EP cells (Figure 3.7b), the
vast majority (95%) of proteins were unchanged at the 5% FDR-corrected level of
significance, with 46 up-regulated and 40 down-regulated proteins. The proteomes of
LP cells were less responsive to stress (Figure 3.7d, with 97% of proteins unchanged
(26 up-regulated and 33 down-regulated). Following the lack of correlation seen in
Figure 3.5b, there is an overlap of just three proteins between the significantly up-
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regulated proteins in EP and LP cells in response to stress: the calcium exporting
ATPase, ATP2B4 (Adamo et al., 1995); LIMCH1, which suppresses cell migration
(Y.-H. Lin et al., 2017); and the previously discuss secreted extracellular matrix
(ECM) protein, PIP. In the down-regulated proteins, only four are seen to overlap
between the EP and LP stress response: collagens CO1A1 and CO1A2, fibronectin
(FN1), and TPM4. The former three of these proteins are ECM proteins, whose
secretion may impose a considerable burden on chaperone proteins, explaining their
consistent down-regulation during stress. Regarding the latter - in agreement with
LIMCH1 up-regulation in these cells, Jeong et al., 2017 and X. Zhao et al., 2019
report TPM4 promotes cell migration, however a consensus has not been agreed (R.
Yang et al., 2018).

3.4.2 Pathway enrichment analysis

Figure 3.9: Results of a PANTHER statistical enrichment analysis of the fold-
changes in the early-passage transcriptome in response to stress. 60 pathways are
significantly enriched across 12 Reactome top-tier pathways. Positive values indicate
over-enriched pathways while negative values indicate under-enriched pathways.
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Figure 3.10: Results of a PANTHER statistical enrichment analysis of the fold-
changes in the late-passage transcriptome in response to stress. 55 pathways are
significantly enriched across 12 Reactome top-tier pathways. Positive values indicate
over-enriched pathways while negative values indicate under-enriched pathways.

A statistical enrichment analysis of Reactome pathways (Fabregat et al., 2017, path-
way browser version 3.7, database version 74) using the PANTHER classification
system (Mi et al., 2021, version 16.0) was performed in order to identify the mech-
anistic consequences of the transcripts/proteins which are up- and down-regulated
in response to stress. The Reactome pathway network sorts all pathways into sev-
eral hierarchies. For example, “eukaryotic translation elongation” is a descendant of
“translation” which in turn is a descendant of “metabolism of proteins”; and as such
the proteins implicated in “eukaryotic translation elongation” are a subset of the
proteins implicated in “translation”, which in turn are a subset of the proteins im-
plicated in “metabolism of proteins”. Pathway analysis data is given in terms of the
number of pathways significantly over- or under-enriched in each of these hierarchies,
referred to by their top-tier pathway (for a visual and interactive representation of
the pathway hierarchy structure used, see https://reactome.org/PathwayBrowser).
Over-enriched pathways are displayed on the positive axis, while under-enriched
pathways are displayed on the negative axis. Where low numbers of pathways are
significantly enriched, the data is instead displayed in table format, with under-
enriched pathways coloured in blue and over-enriched pathways coloured in red.
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Figure 3.9 shows the results of this analysis for the transcriptomes of EP cells in
response to stress. The clearest result is the under-enrichment of 17 “cell cycle” path-
ways. This demonstrates the well-researched and evolutionarily conserved process
of cell cycle arrest in response to stress (as reviewed by Mikhailov & Rieder, 2002,
who discuss how this arrest can be independent of DNA damage). Surprisingly, the
next hierarchy with the most down-regulated pathways is “DNA repair”, however a
strong coupling between “cell cycle” and “DNA repair” pathways due to the over-
lap of DNA polymerases should be noted and, conversely, the sub-pathway “DNA
double strand break response” is significantly over-enriched (FDR-p = 0.0337). 10
“immune system” pathways are significantly over-enriched in the transcriptomes of
EP cells in response to stress, as well as eight “signal transduction” pathways and
four “cellular responses to external stimuli” pathways. Regarding the application of
hMSCs in stem cell-based therapies, it is important that cells are able to withstand
and respond to environmental stress, whilst inducing a minimal immune response.

In the LP populations (Figure 3.10), fewer pathways related to the cell cycle are
significantly down-regulated in the transcriptional response to stress (seven). This
is intuitive, as the senescent cells within the LP populations have already undergone
cell cycle arrest prior to the application of stress. Similarly, fewer “immune system”
and “signal transduction” pathways are over-enriched in the LP populations, as
the senescent cells are most likely already engaged in pro-inflammatory signalling.
While “cellular responses to external stimuli” pathways are again over-enriched, no
enrichment of “DNA repair” pathways is seen. The largest enrichment of pathways
in LP populations at the transcript level is the over-enrichment of “metabolism of
proteins” pathways, with “translation”(FDR-p < 0.0001) being one of the most
significantly over-enriched among the 16 pathways regulated in this hierarchy.

Reactome pathway Hierarchy # proteins FDR-p
Interferon alpha/beta signalling Immune system 12 0.0274
Eukaryotic translation initiation Metabolism of proteins 90 0.0064
Nonsense-mediated decay Metabolism of RNA 75 0.0116
Eukaryotic translation termination Metabolism of proteins 69 0.0106
Response of EIF2AK4 (GCN2) to amino acid deficiency Cellular responses to external stimuli 80 0.0099
Selenoamino acid metabolism Metabolism 82 0.0098
Eukaryotic translation elongation Metabolism of proteins 70 0.0221
SRP-dep. cotranslational protein targeting to membrane Metabolism of proteins 78 0.0211
rRNA processing Metabolism of RNA 76 0.0305
Regulation of expression of SLITs and ROBOs Development 109 0.0316
Transport of mature transcript to cytoplasm Metabolism of RNA 15 0.0439
ECM proteoglycans Extracellular matrix organisation 20 0.00339

Table 3.1: Pathway enrichment analysis of changes in the early-passage proteome
in response to stress. Red pathways indicate over-enrichment, whilst blue pathways
indicate under-enrichment following stress.

Tables 3.1 and 3.2 show the pathways significantly under- and over-enriched in the
proteomes of EP and LP populations in response to stress. In contrast to the very
little agreement seen between the significantly up-regulated proteins, much more
overlap is seen in the pathways enriched in response to stress between EP and
LP populations.“Interferon alpha/beta signalling”, a descendant pathway of the
immune system is up-regulated in EP populations while no change is seen in LP
populations, echoing the earlier suggestion that immune response signalling is tak-
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Reactome pathway Hierarchy # proteins FDR-p
Eukaryotic translation elongation Metabolism of proteins 70 0.0161
Selenoamino acid metabolism Metabolism 82 0.0098
Non-integrin membrane-ECM interactions Extracellular matrix organisation 15 0.0385
SRP-dep. cotranslational protein targeting to membrane Metabolism of proteins 78 0.0215
Nonsense-mediated decay Metabolism of RNA 75 0.0161
Eukaryotic translation termination Metabolism of proteins 69 0.0181
Cellular responses to stress Cellular responses to external stimuli 206 0.0234
Axon guidance Development 210 0.0203
rRNA processing in the nucleus and cytosol Metabolism of RNA 73 0.0465
Eukaryotic translation initiation Metabolism of proteins 90 0.0489
Integrin cell surface interactions Extracellular matrix organisation 22 0.0491
ECM proteoglycans Extracellular matrix organisation 20 0.0478

Table 3.2: Pathway enrichment analysis of changes in the late-passage proteome in
response to stress. Red pathways indicate over-enrichment, whilst blue pathways
indicate under-enrichment following stress.

ing place in these cells prior to the application of stress. A dearth of over-enriched
pathways in both populations may show a bias in the method of analysis, as the
volcano plots in Figure 3.7 are symmetrical by MS signal intensity. This is most
likely caused by a greater depth of research in down-regulated proteins - such that
they appear in more pathways - than in the up-regulated proteins. With pathways
related to ECM organisation under-enriched in both populations, this suggests cells
attempt to decouple themselves from their surroundings in response to heat shock.
In support of this idea, EP cells experience a significant downregulation of SUN2
(FDR-p = 0.0329), a nuclear envelope protein which Gilbert et al., 2019 have shown
is responsible for decoupling the nucleus from the cytoskeleton during mechanical
stress. LP cells however, do not regulate SUN2 during stress (FDR-p = 0.9420).
Alternatively, as discussed in the previous section, this data may demonstrate that
coordinating secretion for the purpose of ECM remodelling creates a considerable
burden on chaperone machineries.

Figure 3.11 illustrates the contradiction seen in the regulation of protein synthesis
pathways between the transcriptome and proteome during stress, with the disparity
most evident in data from LP populations. While transcription of these pathways
is over-enriched, in general, pathways associated with protein synthesis are under-
enriched in proteomic data from both populations. It is likely that this is indicative
of both populations carrying out the global suppression of protein synthesis reviewed
in 1.5.1, to prioritise the synthesis of stress response proteins. The speed and extent
to which both populations are able to instigate global synthesis arrest in response to
stress was investigated further through immunostaining for the phosphorylation of
the elongation initiation factor EIF2α. The phosphorylation mechanism by which
EIF2α suppresses protein synthesis in response to stress is comprehensively defined
by the Pavitt lab (Adomavicius et al., 2019), while D. Lee et al., 2019 show that
EIF2α phosphorylation also induces stress-associated cell cycle arrest, such as that
seen in Figure 3.9. However due to manufacturer error (see mitigating circum-
stances), the data gathered for this study has been redacted.
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(a) (b)

(c) (d)

Figure 3.11: Changes to the “metabolism of proteins” Reactome pathway family in
response to stress in early- and late-passage populations. The five coloured path-
ways of interest are subjected to an FDR-corrected PANTHER significant enrich-
ment analysis. (3.11a, 3.11b) Early-passage transcript and protein data in response
to stress, respectively. (3.11c, 3.11d) Late-passage transcript and protein data in
response to stress, respectively.

Interestingly, the list of significantly under-enriched pathways in proteomic data
from LP populations includes the top-tier Reactome pathway “cellular responses to
external stimuli”. In Figure 3.12, the enrichment statistics of the descendant terms
related to the HSF1-mediated heat shock response are plotted, for both transcript
and protein data. The transcriptional stress response pathways are highly over-
enriched among both EP and LP populations, however the extent to which these
render into a proteomic response varies. In stressed LP cells, significant under-
enrichment is seen in the “cellular responses to stress” pathway. In EP cells, posi-
tive enrichment is seen in the “cellular response to heat stress” (FDR-p = 0.744),
“HSF1 activation” (FDR-p = 0.825), and ”regulation of HSF1-mediated heat shock
response” (FDR-p = 0.689) pathways; while negative enrichment is seen in these
pathways in LP cells (FDR-p = 0.713, 0.671, 0.751 respectively).
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(a) (b)

(c) (d)

Figure 3.12: Changes to the “cellular responses to external stimuli” Reactome path-
way family in response to stress in early- and late-passage populations. The six
coloured pathways of interest are subjected to an FDR-corrected PANTHER sig-
nificant enrichment analysis. (3.12a, 3.12b) Early-passage transcript and protein
data in response to stress, respectively. (3.12c, 3.12d) Late-passage transcript and
protein data in response to stress, respectively.

3.5 Functional differences of the early- and late-

passage proteomes under stress

Following the result in Figure 3.5b that there is no correlation at the level of individ-
ual proteins between the changes to the proteome in response to stress between EP
and LP cells, perhaps the most important comparison is the functional differences
in the stressed transcriptomes and proteomes of EP and LP cells. As discussed
earlier in this section, transcriptomic data from RNA-seq will highlight the cellular
processes being prioritised in response to stress; while proteomic data from MS will
show what processes are in fact being carried out by cells in response to stress, and
how this changes in LP populations. It is this comparison which will be focuses on
for the remainder of this section.
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3.5.1 Transcript and protein regulation analysis

(a) (b)

Figure 3.13: The product-moment correlation coefficients of the fold-changes be-
tween early- and late-passage populations in RNA-sequencing and mass spectrom-
etry data. For ease of interpretation, plots are windowed, with > 99% of data
points shown. Data is plotted from the fold-changes of 1726 gene products between
unstressed (3.13a) and stressed (3.13b) early- and late-passage populations.

In Figure 3.13, transcript-protein correlation plots have now been made between
unstressed/stressed EP and LP cells. In contrast to the correlations seen in Fig-
ure 3.6, a much stronger relationship is seen, with and 100r2 = 14% of changes
to the proteome in stressed LP cells explained by transcriptional changes. This
demonstrates how changes to the transcriptome influence long-term changes to the
proteome, which in most cases do not come into effect over the course of a short
proteotoxic stress, but over a prolonged culture period. This more gradual change
is reflected in the fact that the absolute RNA fold-changes are not as large as in the
response to stress. By far, the most strongly down-regulated among mRNAs and
proteins in LP cells are the POSTN gene products (RNA Log2 fold-change −3.72;
protein Log2 fold-change −2.40). POSTN encodes for periostin, a secreted protein
which promotes the migration of hMSCs (Tang et al., 2017) and is involved in the
regulation of cell proliferation (as reviewed by González-González & Alonso, 2018).
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(a) (b)

(c) (d)

Figure 3.14: Significance of mRNA and protein fold-changes in response to extended
passaging in RNA-sequencing and label-free mass spectrometry data. Transcripts
satisfying |Log2 fold-change| ≥ 1 and FDR-p ≤ 0.05 are coloured blue/red corre-
sponding to down-/up-regulation, with proteins satisfying FDR-p ≤ 0.05 coloured
likewise. (3.14a) Fold-changes of 15,782 transcripts in response to stress in early-
passage populations. (3.14b) Fold-changes of 1,811 proteins in response to stress in
early-passage populations. (3.14c) Fold-changes of 15,378 transcripts in response to
stress in late-passage populations. (3.14d) Fold-changes of 1,811 proteins in response
to stress in late-passage populations.

The volcano plots in Figure 3.14 show that - particularly at the protein level -
far more significant changes are seen when comparing EP versus LP populations
rather than changes induced by stress. In RNA-seq data, 5% of 15,782 transcripts
are significantly regulated between unstressed EP and LP populations (Figure 3.14a;
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262 down-regulated, 471 up-regulated), and 6% of 15378 transcripts between stressed
EP and LP populations (Figure 3.14c; 201 down-regulated,353 up-regulated). In MS
data, 43% of 1,830 proteins are significantly regulated between unstressed EP and
LP populations (Figure 3.14b; 520 down-regulated, 266 up-regulated) and 32% of
1,830 proteins between stressed EP and LP populations (Figure 3.14d; 354 down-
regulated, 235 up-regulated). Figure 3.14 highlights the long-term changes to the
proteome that have occurred in LP cells due to senescence, in comparison with
short-term protein regulation induced by stress. As a result, we would expect strong
differences in many aspects of cell behaviour between EP and LP cells.

3.5.2 Pathway enrichment analysis

Figure 3.15: Results of a PANTHER statistical enrichment analysis of the fold-
changes between the stress transcriptomes of early- and late-passage populations.
141 pathways are significantly enriched across 12 Reactome top-tier pathways. Pos-
itive values indicate over-enriched pathways while negative values indicate under-
enriched pathways.
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Figure 3.16: Results of a PANTHER statistical enrichment analysis of the fold-
changes between early- and late-passage proteomes following stress. 61 pathways are
significantly enriched across 12 Reactome top-tier pathways. Positive values indicate
over-enriched pathways while negative values indicate under-enriched pathways.

A PANTHER statistical enrichment analysis of Reactome pathways was again car-
ried out, here comparing RNA-seq and MS data between stressed EP and LP pop-
ulations. Significant enrichment was found in 141 pathways in transcriptional data
(Figure 3.15) and 61 pathways in proteomic data (Figure 3.16). In the transcrip-
tional analysis, 39 cell cycle pathways were detected as under-enriched in LP pop-
ulations as well as 2 pathways in the protein analysis, with no cell cycle pathways
over-enriched. This is a further proof of the principle that these LP populations
consist of high numbers of senescent cells which have undergone cell cycle arrest.
42 transcriptional and 6 protein pathways associated with the immune system are
significantly over-enriched in LP populations following stress, compared with EP
populations. As discussed earlier and in Chapter 1, paramount to the use of hMSCs
in regenerative medicine is their immunosuppressive capability, which Figures 3.15
and 3.16 suggest is compromised in LP cells.
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(a) (b)

Figure 3.17: Changes to the “cellular responses to external stimuli” Reactome path-
way family between stressed early- and late-passage populations. The six coloured
pathways of interest are subjected to an FDR-corrected PANTHER significant en-
richment analysis. (3.17a, 3.17b) show the enrichment statistics of transcript and
protein data, respectively.

Also discussed in Chapter 1 was the need for cells to be resilient to the stress-
ful post-transplant environment, however Figure 3.15 shows the over-enrichment of
transcriptional pathways associated with programmed cell death; under-enrichment
in transcriptional and proteomic pathways associated with DNA repair; and under-
enrichment in proteomic pathways associated with cellular responses to external
stimuli, despite over-enrichment at the transcriptional level. As shown in Figure
3.17b, the top-tier pathway “cellular responses to external stimuli” and sub-pathway
“cellular responses to stress” are both positively enriched (FDR-p = 0.655, 0.836 re-
spectively) in transcriptomic data but significantly under-enriched (FDR-p = 0.026,
0.015 respectively) in proteomic data from LP populations following stress compared
to EP. Furthermore, the sub-pathways “cellular response to heat stress”, “HSF1
activation”, and “regulation of HSF1-mediated heat shock response” show contra-
dictory enrichment statistics between transcriptomic and proteomic data. Figure
3.17b indicates that during proteotoxic stress, LP cells do not have the same ca-
pability to carry out an efficient and effective stress response as EP cells. Figure
3.17a demonstrates that this attenuation is not caused by a lack of transcription of
stress response proteins or upstream thermosensing. On the contrary, transcription
of stress response proteins is elevated in LP populations compared to EP, which may
indicate that the extent to which proteostasis is compromised is greater in senescent
cells.
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(a) (b)

Figure 3.18: Changes to the “metabolism of proteins” pathway family between
stressed early- and late-passage populations. The five coloured pathways are sub-
jected to an FDR-corrected PANTHER significant enrichment analysis. (3.18a,
3.18b) show the enrichment statistics of transcript and protein data, respectively.

Compared to EP populations of proliferating cells, Figure 3.16 shows that several
RNA (12) and protein (14) metabolism pathways are under-enriched in LP pop-
ulations. Figure 3.18 shows the enrichment statistics of pathways related to pro-
tein translation. At the transcriptional level, significant under-enrichment is seen
in the pathway “eukaryotic translation initiation” (FDR-p = 0.0277) in LP cells.
This pathway, as well as “eukaryotic translation elongation”, “eukaryotic transla-
tion termination”, and “translation” as a whole (FDR-p = 0.263, 0.297, and 0.375
respectively) are still negatively enriched in LP populations compared to EP, de-
spite the strong over-enrichment of these pathways in response to stress seen in
Figure 3.11c. The four translation pathways are all significantly under-enriched in
the stressed proteomes of LP cells compared to EP, showing that - despite a strong
transcriptional response to up-regulate these pathways, LP populations have a far
lower capacity to synthesise new protein.

3.6 Summary

We have begun this chapter with comprehensive evidence that late-passage TCTP
cultures of hMSCs exhibit a senescent phenotype. This was shown through a com-
bination of microscopy and mass spectrometry data (Sections 3.1 and 3.2), and
reinforced using pathway analysis results later in the chapter (Section 3.5.2). Due
to the use of these cells in regenerative medicine, it was then asked what behavioural
changes are exhibited by these cells.

RNA-seq and MS data was collected from four conditions: early- and late-passage
cells with and without a two hour proteotoxic stress. In Section 3.3, a PCA was used
to rank how these conditions contributed to the difference between samples. This
showed that the largest source of variation between samples was, predictably, the
use of primary human donors. Following this, the PCA showed that the difference
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between early- and late-passage cells contributes much more to the total experimen-
tal variance than the difference between stressed and unstressed cells. This finding is
echoed by comparisons between the changes due to stress in Figure 3.7; and changes
due to passage in Figure 3.14, with a far higher magnitude effect being seen in the
latter.

Unexpectedly, the RNA-seq data suggested that transcript from the metallopro-
teinase ADAMDEC1 may represent a new marker for senescence in hBM-MSCs.
As discussed in Section 3.4.1, ADAMDEC1 displays characteristics similar to the
senescence-associated secretory phenotype (SASP), however ADAMDEC1 is not cur-
rently recognised as a member of the SASP. This may be because ADAMDEC1 may
not be sufficiently abundant to be identifiable through label-free techniques, as the
protein was undetected in the MS data presented here. Nonetheless, ADAMDEC1
mRNA was undetected in 9 of 10 early-passage samples and detected in 9 of 10
late-passage samples, suggesting this could be used in transcriptional experiments
in addition to more established markers of senescence. In any case, more work is
needed to conclude this is not an artefact of long-term TCTP culture and, following
this, to determine whether ADAMDEC1 RNA undergoes translation and whether
this is up- or down-stream of cellular senescence.

Results in Section 3.4.1 also showed that transcriptional changes in response to
stress do not carry through to correlating proteomic changes. Conversely a much
greater correlation was later seen in transcriptomic and proteomic changes between
early- and late-passage cells (Section 3.5.1). This suggests that proteomic changes
due to stress are dictated post-transcriptionally, and uncovered a disparity between
how cells attempt to respond to stress through protein synthesis; and the changes
that actually occur at the protein level. Figure 3.6 shows this disparity is greatest
in late-passage cells. While both early- and late-passage cells mount similar tran-
scriptional stress responses, very little correlation was seen between the proteomic
stress responses (Figure 3.5). Coherent with this result, a pathway analysis of MS
data (Figure 3.18b) showed that several pathways relating to protein translation are
significantly under-enriched in late-passage cells compared to early-passage. Again,
this is in contrast to transcriptomic data, where protein translation pathways are
significantly over-enriched in response to stress in late-passage cells (Figure 3.11c).
Notably despite this, MS data shows that late-passage cells experience an under-
enrichment in protein translation pathways in response to stress (Figure 3.11d).
Thus a key result of this chapter is that late-passage cells have less translational
capacity than their early-passage counterparts, and a strong drive to increase this
capacity during stress is not effective.

This result raises the question of what this increased translational machinery during
stress is needed for, in contrast to the canonical arrest of translation in response to
stress. Figure 3.12 shows that significant over-enrichment of stress response path-
ways was seen in transcriptional data from both early- and late-passage cells, but did
not result in significant over-enrichment at the protein level in either case. This sug-
gests that cells may be striving to increase their translational machinery to synthesise
additional stress response proteins. Indeed, Figure 3.17b shows that stress response
pathways are under-enriched in late-passage populations compared to early-passage,
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and a more severe proteotoxic stress being experienced in these cells may be driving
the greater transcriptional response seen in Figure 3.17a. To investigate this, the
next chapter will focus on the regulation of stress response proteins in early- and
late-passage populations.
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Chapter 4

A functional module based around
HSP70 machinery becomes
unresponsive to heat stress in
senescent human mesenchymal
stem cells

Through ontological analysis, we have observed that the cellular stress response is
attenuated in LP cells, despite stress-response proteins being strongly prioritised for
up-regulation at the transcriptional level. In light of this, in the following chapter
attention will be devoted more specifically to chaperone protein regulation in the
cellular stress response. As the breaking of intramolecular non-covalent bonds drives
protein misfolding during heat shock (see Section 1.4), the workload of individual
chaperone proteins greatly increases, and the up-regulation of these chaperones is
necessary to restore proteostasis. Literature discussed in Chapter 1 has shown the
age-associated loss of proteostasis coincides with the age-associated accumulation of
senescent cells. An analysis of changes in the chaperone network which maintains
proteostasis in LP - predominantly senescent - cells may reveal the root of the
proteostasis decline in ageing cells and tissues.

4.1 The human chaperone network

In order to better understand the consequences of suppressed stress response in
senescent cells, the roles of individual functional modules within the human chap-
erone network were characterised. An extensive analysis of the literature, domain
structures and annotations of the human genome by Brehme et al., 2014 identi-
fies 332 human chaperone proteins which help maintain cellular proteostasis. They
define the human chaperone network, consisting of 38 ATP-independent chaper-
ones, 50 ATP-dependent chaperones, and 244 co-chaperones. In the same study, the
authors group these proteins into nine chaperone families, somewhat ambiguously
based on “chaperone properties”. In this study, a more objective method to group
chaperone proteins has been used, in order to analyse the stress response in relation
to these groupings. STRING (Szklarczyk et al., 2019, version 11.0) was used to
gather all published interactions between the 332 human chaperone proteins. This
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information was used to build a human chaperone network, with network nodes
representing chaperone proteins, and each edge representing a protein-protein in-
teraction (PPI), weighted by its STRING interaction confidence score. A STRING
enrichment analysis found that this network was over-enriched (p < 0.0001) in terms
of PPIs - meaning the network in Figure 4.1 has significantly more edges than would
be expected of 332 random human proteins - indicating a high degree of chaperone
cooperation. Low-confidence interactions in the STRING database are more likely to
be predicted from gene coexpression, protein homology etc., as opposed to physical
methods that directly map a PPI (for example, affinity purification mass spectrom-
etry, as reviewed by Meyer and Selbach, 2015). In Figure 4.2, interactions were
therefore filtered using STRING’s ‘highest confidence’ cutoff, resulting in the high
quality network displayed in Figure 4.3, which formed the basis for further analysis

Figure 4.1: The 332 protein human chaperone network curated by Brehme et al.,
2014, with nodes connected by published interactions. Created using STRING (Szk-
larczyk et al., 2019, version 11.0).
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(a) (b)

Figure 4.2: The network adjacency matrix of the 332 protein chaperone network.
Each row and column represents an (alphabetically sorted) chaperone node, with
the intersection between row i and column j coloured according to the STRING
interaction score between chaperones i and j. (4.2a) shows the unfiltered adjacency
matrix, while in (4.2b) a cutoff of 0.9 has been applied.

Figure 4.3: The 332 protein human chaperone network curated by Brehme et al.,
2014, with nodes connected by published interactions satisfying the “highest con-
fidence” cutoff for STRING interaction confidence scores. Created using STRING
(Szklarczyk et al., 2019, version 11.0).
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4.1.1 Establishing functional modules of the human chap-
erone network

With the aim of identifying functional groups of cooperating chaperones, Newman’s
highly cited modularity algorithm (Newman, 2006b) has been utilised. The algo-
rithm, which aimed to improve on the objectivity of hierarchical clustering methods
which are more common within biology, seeks to assign a community structure to
the network, such that the number of intracommunity PPIs is maximised while
the number of intercommunity of PPIs is minimised. One of the benefits of this
algorithm is an objective quantitation of whether a network has sufficient com-
munity structure for a modularity analysis to be appropriate, preventing instances
of “over-fitting” which can occur when using more common hierarchical clustering
methods. The question the modularity analysis serves to answer is – in physical
terms – whether all chaperones had the broad remit of maintaining proteostasis as a
collective (i.e. low modularity), or whether chaperones could be separated into com-
munities that perform more specialised tasks (i.e. high modularity). To this end,
the value Q ∈ [−0.5, 1] discussed in Section 2.36 gives a measure of the strength of
a network’s modularity, with Q > 0 indicating the presence of a community struc-
ture within the network. Using the highest-confidence (PPI) data taken from the
STRING database, a modularity analysis of the human chaperone network reveals
a highly modular structure (Q = 0.53), with the network dividing into 19 deeply
intraconnected modules (Figure 4.4).

(a) (b)

Figure 4.4: The adjacency matrix of the 332 protein chaperone network The un-
sorted matrix (4.4a) is subjected to a modularity analysis to identify any existing
community structure (4.4b; Newman, 2006b) within the network. Coloured accord-
ing to STRING interaction score.

Next, functional annotations within the individual interacting communities were
analysed, focusing on the five communities that contained the most proteins de-
tected in mass spectrometry data (Figure 4.6). Figure 4.5 displays the constituents
of the chaperone modules identified. These communities did indeed seem to be ded-
icated to specific tasks within the maintenance of proteostasis. For instance, nearly
all members of the HSPA and DNAJ families of proteins were grouped together into
one module, which we will refer to in this study as the “HSP70 machinery”. Simi-
larly, a module containing the two human HSP90 proteins and several documented
HSP90 co-chaperones (as reviewed by Dean & Johnson, 2021)) is herein referred to
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as the “HSP90 machinery”. Chaperones localised in the endoplasmic reticulum (ER)
were grouped together in a module containing members of the P4HA and PLOD
families of proteins (“ER-specific chaperones”); while all CCT proteins were con-
tained within one module (“cytoskeleton-specific chaperones” - see Section 1.5.5).
Another module consisted of the reductases TXN, TXNRD1, TXNRD3, PRDX4,
and ERP44 which protect against oxidative stress (as reviewed by Hirota et al.,
2002) and has been named as such (“oxidative stress response machinery”) - how-
ever the Grant lab (Rand & Grant, 2006) have shown that these proteins also protect
ribosomes against stress-induced aggregation.

Interestingly, the spring-embedded layout in Figure 4.5 highlights proteins such as
STUB1 (grey) and HSPE1 (purple) as key links between different chaperone mod-
ules. The latter of these encodes the mitochondrial HSP60 (HSPD1) co-chaperone
HSP10 (see Section 1.5.5), and links the CCT/TRiC complex to the HSP70 and
HSP90 machineries. Predictably, both HSPD1 and HSPE1 have a strong connection
to the HSP70 machinery through interaction with mitochondrial HSP70 (HSPA9);
while is has been shown by Young et al., 2003 that HSP70 and HSP90 proteins
are directly involved in the transport of native HSPD1/E1 to mitochondria. More
surprisingly, HSPE1 exhibits several highly-evidenced interactions with the CC-
T/TRiC complex (evidence of HSPD1-CCT/TRiC interaction was also present on
the STRING database but did not meet the strict confidence cut-off applied in this
analysis). While intuitively we would expect the localisation of these two complexes
to be mutually exclusive, Lau et al., 2012 identify both CCT/TRiC and HSPD1/E1
as interactors of the tumor suppressant (and cytosol-localised) protein ATF2 - with
the authors suggesting these interactions occur at the outer membranes of mitochon-
dria. Similarly, Hein et al., 2015 identify both chaperonin sub-classes as interactors
of striatin-3, which has been identified both in the nucleus of human lung carci-
noma cells (Petta et al., 2017), and in the cytosol of HeLa cells (Nader et al., 2020).
Further to these studies, Vilasi et al., 2014 review several literature studies of the
roles of HSPD1/E1 outside of mitochondria. These results suggest any interaction
between the two chaperonin sub-classes likely takes place outside of mitochondria,
however further work utilising either co-immunofluorescence or proximity labelling
techniques is needed to verify any cross-talk between these machineries.
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Figure 4.5: The modular structure of the human chaperone network (Brehme et al.,
2014). Created using Cytoscape (Shannon, 2003, version 3.6.1). Node size is pro-
portional to node degree, and edge weight is proportional to interaction confidence.

4.2 The modular response to proteotoxic stress

Having established how the chaperone network could be subdivided into interacting
functional groups, transcriptomic and proteomic characterisations of the proteotoxic
stress response in EP and LP hMSCs were reanalysed. The transcripts detected in
the RNA-seq dataset and proteins detected with ≥ 3 peptides-per-protein in the MS
dataset gave reasonably representative coverage of the five main chaperone modules
identified by modularity analysis (minimum coverage of 43%, Figure 4.6b).

Analysis of the data comparing LP versus EP hMSCs in the absence of heat stress
(Figures 4.7a and 4.7b) showed no significant regulation at the transcriptional level,
but significant downregulation of two functional chaperone protein modules in senes-
cence: HSP90 machinery (p = 0.0365), and cytoskeleton-specific chaperones (CC-
T/TRiC; p < 0.0001). The former of these observations, crucially, shows the changes
to the HSP90 and cytoskeletal chaperone machineries in LP populations is not tran-
scriptionally driven. The fact that none of the modules in Figure 4.7a significantly
change is surprising in itself. Furthermore, comparing the modular regulation be-
tween the stressed transcriptomes/proteomes of EP and LP populations, Figure
4.7c shows the regulation of just two of the five modules of interest. This is in
striking contrast to the data previously seen in Figure 3.17a, whereby all stress re-
sponse pathways are positively enriched in LP populations in the same RNA-seq
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dataset. This underlines the existence of partially independent modules within the
network which maintains proteostasis. Down-regulation of the module consisting of
cytoskeletal chaperones is also seen in Figure 4.7d. Given the role of proteins consti-
tutive of the CCT/TRiC module in maintenance of the cytoskeleton, its substantial
downregulation in senescence may be of consequence to the mechanical changes that
occur to cells and tissues during ageing (as reviewed by Phillip et al., 2015). Apply-
ing Occam’s razor however, it may be that the data in Figures 4.7a and 4.7b lend
further support to the evidence that the CCT complex serves to chaperone several
clients implicated in cell cycle regulation, as discussed in Section 1.5.5.

(a) (b)

Figure 4.6: The transcripts (4.6a) and proteins (4.6b) identified per module for the
five best-represented chaperone modules in mass spectrometry data.

When the response of EP and LP hMSCs to heat stress was examined, Figures 4.7e
and 4.7g show four of the modules of interest were up-regulated at the transcript
level. As we have seen evidenced in Chapter 3, these instances of transcriptional
regulation are more likely to influence long-term changes to the proteome than short-
term. At the protein level, only the module associated with HSP70 machinery is
significantly up-regulated in EP populations (Figure 4.7f). This can therefore be
regarded as the healthy, functioning, response to stress, whereby up-regulation of
the HSP70 machinery is sufficient to resolve the proteotoxic insult induced upon heat
shock. The same response however, is not seen in LP populations in response to
stress where the mean Log2 fold-change of chaperones within the HSP70 machinery
is just 0.0053 (Figure 4.7h; p = 0.8821).
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 4.7: mRNA (4.7a, 4.7c, 4.7e, 4.7g; n = 5 donors) and protein (4.7b, 4.7d,
4.7f, 4.7h; n = 4 donors) fold-changes within chaperone modules across the four
comparisons of interest. p-values are calculated using unpaired, two-tailed t-tests.
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4.3 The HSP70 machinery

Figure 4.8: The node degree of proteins in the human chaperone network. Node
size is proportional to node degree, and edge weight is proportional to interaction
confidence. Created using Cytoscape (Shannon, 2003, version 3.6.1).

The results in Figure 4.7 show that the proteotoxic stress response is dictated by
the up-regulation of the HSP70 machinery, and LP populations lose the ability to
carry out this response. In Figure 4.8, the degree of each node (or more simply,
the number of PPIs involving each chaperone; see Section 2.36) in the network is
illustrated. As discussed by Rubinov and Sporns, 2010 and Song and Singh, 2013,
the degree of each node reflects its importance to the functioning of the network, a
feature which Ghosh et al., 2013 and Ghosh et al., 2015 demonstrated can be used to
identify treatment targets. In this example, the authors similarly curated network
of proteins related to neural apoptosis in Chandipura Virus (CHPV), and found
caspase-3 (Casp3) and the Fas-associated Death Domain (Fadd) protein amongst
the five highest degree nodes in the network. The authors also showed that Casp3
was significantly up-regulated in a CHPV-infected mouse neuroblastoma cell line;
and inhibition of Fadd significantly reduced apoptotic death in these cells. Following
this example, Table 4.1 shows the highest degree nodes in the human chaperone
network.
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Rank Node Degree Rank Node Degree
1 HSPA8 64 16 HSPA12B 29
2 HSP90AA1 53 17 HSPH1 25
3 HSPA5 52 18 CCT2 24
4 HSPA9 48 19 DNAJB1 23
5 HSPA1A 47 20 HSP90B1 23
6 HSPA4 43 21 TCP1 22
7 HSP90AB1 41 22 CCT3 21
8 HSPA2 41 23 CCT4 21
9 HSPA6 41 24 CCT5 21
10 HSPA1L 39 25 GRPEL2 21
11 HSPA14 34 26 STIP1 21
12 HSPA13 32 27 CCT6A 19
13 HSPA4L 32 28 CCT8 19
14 GRPEL1 30 29 CCT6B 18
15 HSPA12A 29 30 CCT7 17

Table 4.1: Network degree of nodes within the human chaperone network, coloured
according to each node’s associated functional module as defined in Figure 4.5.

The HSP70 machinery module contains proteins from the HSPA family that were
found to rank highly in terms of node degree, indicating that they are the key pro-
teins within the chaperone network. Figure 4.9 gives a more detailed inspection
of the behaviour of the HSP70 machinery. Figure 4.9a shows that, prior to stress,
chaperone levels within the HSP70 machinery are generally slightly higher in LP pop-
ulations than in EP. Figure 4.9b provides a stark contrast however, despite initially
higher levels, most chaperones within the HSP70 machinery are down-regulated in
the stressed proteomes of LP populations compared to EP. Comparing the response
to stress in EP and LP cells (Figures 4.9c and 4.9d respectively), we again see evi-
dence of the attenuation of the stress response in LP populations, with fold changes
to proteins constitutive of the HSP70 machinery module generally suppressed. Em-
phasising again that Figure 4.9c represents the functioning stress response in healthy
cells, it is important to note that HSPA1A, or “stress-inducible HSP70” as discussed
in Section 1.5.1, is the most stress-sensitive protein within the module, but its up-
regulation is dampened in LP cells. HSPA1A is also one of the most influential
elements of the human chaperone network with 47 chaperone interactions (as seen
in Table 4.1), and it is this particular chaperone we will focus on for the remainder
of this chapter.
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(a) (b)

(c) (d)

Figure 4.9: Protein fold-changes of nodes within the HSP70 machinery in the four
comparisons of interest. (4.9a, 4.9b) From early- to late-passage unstressed and
stressed populations, respectively. (4.9c, 4.9d) From before to after stress in early-
and late-passage populations, respectively. Node size is proportional to node de-
gree, and edge weight is proportional to interaction confidence. The central node
shows the mean fold-change of proteins within the module. Created using Cytoscape
(Shannon, 2003, version 3.6.1).
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4.4 PES functional inhibition of HSP70

Figure 4.9 shows how the up-regulation of the HSP70 machinery in response to
proteotoxic stress is attenuated in LP populations. Next, HSPA1A was targeted
for functional inhibition, seeking to investigate the consequences of a compromised
HSP70 machinery, and whether any buffering mechanisms exist in EP or LP pop-
ulations. The small molecule 2-phenylethynesulfonamide (PES) has been shown to
bind selectively to the C-terminus (client-binding domain) of HSP70 and prevent
interaction with its co-chaperones (Leu et al., 2009). 10 µM PES (efficacy verified
in 11 different cell lines by Leu et al., 2009; Leu et al., 2011; Leu et al., 2017), re-
constituted in DMSO, was applied to EP and LP cultures 30 minutes prior to heat
shock. Both populations were then incubated at either 37◦C or 42◦C and analysed
using label-free mass spectrometry, with the results in each of the four conditions
compared to an equivalently treated DMSO-only control.

4.4.1 Protein regulation analysis

Figure 4.10 shows volcano plots for the changes to the proteome due to HSP70
functional inhibition. As in Chapter 3, these plots give a glimpse of the magnitude
of the effect PES inhibition has on cells. It is clear from Figures 4.10a and 4.10b
therefore, that there is no drastic impact of 10 µM PES treatment in unstressed
cells, with totals of 52 differentially regulated proteins in EP populations and 40
differentially regulated proteins in LP populations at the 5% confidence level. In
the stressed cells (Figures 4.10c and 4.10d) the impact of HSP70 inhibition is much
more visible. In EP populations, 87 proteins are significantly up-regulated and
26 proteins are significantly down-regulated; whereas in LP populations, 92 proteins
are significantly up-regulated and 125 proteins are significantly down-regulated. The
main point of interest here is that more than twice as many proteins are differentially
regulated in LP populations than in EP - showing that LP cells are more strongly
affected by HSP70 inhibition. In each of the four conditions, positive regulation
of the mitochondrial polyadenylate binding protein PABPC1 is seen (Figure 4.10a,
fold-change 0.1383; 4.10b, fold-change 0.3810; 4.10c, fold-change 0.3558; 4.10d, fold-
change 0.3976), while Leu et al., 2017 demonstrate the significant up-regulation
of PABPC1 transcript in RT-qPCR data as a human cell line marker for HSP70
inhibition.
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(a) (b)

(c) (d)

Figure 4.10: Significance of protein fold-changes in response to 10 µM PES treatment
in label-free mass spectrometry data (1811 proteins, n = 4 donors) across the four
mass spectrometry conditions. Proteins satisfying FDR-p ≤ 0.05 versus vehicle-only
control are coloured blue/red corresponding to down-/up-regulation.

Surprisingly low PMCC values are seen across all comparisons of HSP70-inhibited
data. Figures 4.11a and 4.11b compare the protein fold-changes in response to
HSP70 inhibition (versus vehicle-only controls) in unstressed and stressed cells.
While there is a clearly higher level of correlation in the EP protein fold-changes
than in LP, there is very little similarity in how cells at equilibrium and cells un-
der proteotoxic stress respond to HSP70 inhibition. Figures 4.12a and, particularly,
4.12b also show a complete lack of correlation between the EP and LP responses to
HSP70 inhibition.
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(a) (b)

Figure 4.11: The product-moment correlation coefficients of the fold-changes in re-
sponse to 10 µM PES treatment between unstressed and stressed populations in
mass spectrometry data (1811 proteins, n = 4 donors). (4.11a) Early-passage pop-
ulations. (4.11b) Late-passage populations. For ease of interpretation, plots are
windowed, with > 99% of data points shown.

(a) (b)

Figure 4.12: The product-moment correlation coefficients of the fold-changes in re-
sponse to 10 µM PES treatment between early- and late-passage populations in mass
spectrometry data (1811 proteins, n = 4 donors). (4.12a) Unstressed populations.
(4.12b) Stressed populations. For ease of interpretation, plots are windowed, with
> 99% of data points shown.
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4.4.2 Pathway enrichment analysis

Section 4.4.1 repeats the now-familiar result of LP populations failing to emulate the
stress response of healthy, EP populations - here in response to HSP70 functional
inhibition. The data was next analysed in the same vein as the label-free mass
spectrometry data in Chapter 3. A statistical enrichment analysis of Reactome
pathways (Fabregat et al., 2017, pathway browser version 3.7, database version
74) using the PANTHER classification system (Mi et al., 2021, version 16.0) was
performed for the four inhibitor-versus-control datasets. At the FDR-corrected 5%
level of significance, no pathways were significantly under- or over-enriched in either
EP or LP unstressed cells. This underlines the data illustrated in Figures 4.10a and
4.10b, where few significant changes in individual proteins are seen in unstressed
cells.

Reactome pathway Hierarchy # proteins FDR-p
M phase Cell cycle 99 0.0499
Eukaryotic translation elongation Metabolism of proteins 71 0.0402
SRP-dep. cotranslational protein targeting to membrane Metabolism of proteins 79 0.0428
rRNA processing Metabolism of RNA 77 0.0427
Formation of a pool of free 40S subunits Metabolism of proteins 78 0.0486
Nonsense mediated decay independent of the EJC Metabolism of RNA 72 0.0459

Table 4.2: Pathway enrichment analysis of changes in the early-passage stressed
proteome in response to HSP70 functional inhibition. Red pathways indicate over-
enrichment, whilst blue pathways indicate under-enrichment in HSP70-inhibited
populations.

Reactome pathway Hierarchy # proteins FDR-p
Translation Metabolism of proteins 144 0.0295
Immune system Immune system 425 0.0297

Table 4.3: Pathway enrichment analysis of changes in the late-passage stressed pro-
teome in response to HSP70 functional inhibition. Red pathways indicate over-
enrichment, whilst blue pathways indicate under-enrichment in HSP70-inhibited
populations.

The pathways significantly enriched in the stressed proteomes of EP and LP popula-
tions in inhibitor-versus-control comparisons are shown in Tables 4.2 and 4.3. In the
EP pathway analysis, it is surprising to see significant over-enrichment in a cell cycle
pathway in response to HSP70 inhibition, and this may have some relation to the
positive enrichment of the aforementioned pathway associated with the CCT com-
plex. Other significantly enriched pathways are in line with the pathway enrichment
seen in response to stress in EP populations in Chapter 3, with the under-enrichment
of pathways associated with RNA and protein synthesis. This suggests that EP cells
interpret HSP70 inhibition as an exacerbation of the stress condition induced by heat
shock. On the other hand, LP populations show over-enrichment of protein transla-
tion and under-enrichment of the immune system compared to vehicle-only control
- showing differences in the ways LP cells respond to stress and stress-plus-HSP70
inhibition. As in Section 4.2, this demonstrates that LP populations of senescent
cells deviate from the “healthy” response of EP populations of proliferating cells -
here in response to the compromise of the HSP70 machinery.

Chapter 4 Jack Llewellyn 115



4.4. PES functional inhibition of HSP70

4.4.3 Human chaperone network analysis

(a) (b)

(c) (d)

Figure 4.13: Protein fold-changes within chaperone modules in response to 10 µM
PES treatment in label-free mass spectrometry data across the four conditions of
interest (n = 4 donors). p-values are calculated versus vehicle-only controls, using
unpaired, two-tailed t-tests.

Focusing on how the chaperone network responds to the compromise of HSP70
function, Figure 4.13 shows how the functional modules identified in Section 4.1
are affected by HSP70 inhibition. Similarly to the previous results in this section,
little difference is found between the HSP70-inhibited and control cells in EP, un-
stressed populations (Figure 4.13a), with no modules significantly regulated. In LP
unstressed populations exposed to the HSP70 inhibitor (Figure 4.13b), we find signif-
icant up-regulation of the module representing chaperones associated with the CCT
complex. Similar positive regulation (p = 0.1273) of this module was seen in the
heat stress response of LP populations in Figure 4.7h, and may suggest that while
EP cells are largely unaffected by 10 µM PES at 37◦C, LP cells show a chaperone
profile reflective of cells exposed to proteotoxic stress. In Section 4.2, it was dis-
cussed whether the down-regulation of the CCT complex in LP populations was due
to the attenuation of cytoskeletal chaperoning, or a reduction of cell cycle proteins
in these populations. The up-regulation of the CCT complex in HSPA1A-inhibited
LP populations gives support to the former of these two possibilities, and may sug-
gest cytoskeletal proteins are among those most affected by HSP70 inhibition in LP
populations. Notably, no regulation of this module was seen in EP populations, such
that any compromise of cytoskeletal proteostasis which Figure 4.13 is indicative of
in LP populations, does not occur in EP populations.
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In cells exposed to proteotoxic stress, the inhibitor led to up-regulation of pro-
teins associated with the HSP70 machinery in EP populations versus controls (Fig-
ure 4.13c), indicating cells responding to an influx of misfolded proteins due to a
compromised chaperone network. This further supports the inference from path-
way analysis results (Section 4.4.2) that EP cells interpret HSP70 inhibition as an
exacerbated version of the 42◦C stress condition. Presumably the same influx of
misfolded proteins occurs in LP cells exposed to stress (Figure 4.13d), however no
such response was found.

Of considerable interest is Figure 4.14, which shows the responses of individual
members of the HSP70 machinery to functional inhibition of one element of the ma-
chinery, namely HSPA1A. In three of the four conditions versus controls, positive
regulation of the inhibited element HSPA1A itself is observed. This is not altogether
surprising; even in the condition of unstressed EP cells (Figure 4.14a) where afore-
mentioned evidence suggests proteostasis is not compromised by PES treatment,
we would expect the inhibitor to compromise HSPA1A-HSF1 binding. Under the
titration model of HSF1 activation discussed in Section 1.6.1, increased competition
for the substrate-binding domain of HSPA1A will result in a higher rate of HSE
binding and subsequent chaperone synthesis. Interestingly, HSPA6 has the highest
Log2 fold-change of proteins within the HSP70 machinery (Log2 fold-change 0.4176;
FDR-p = 0.7773). As reviewed in Section 3.4.1, HSPA6 is a stress-inducible chap-
erone highly homologous to HSPA1A, but with a substrate-binding domain which
is incompatible with PES. Whether the up-regulation of HSPA6 is indicative of a
mechanism by which cells are able to recognise the functional inhibition of HSPA1A
is unclear.

There is also a clear similarity in the behaviour of the HSP70 machinery between
Figures 4.14b and 4.14c, that is, between LP unstressed and EP stressed popula-
tions. Furthermore, a PMCC analysis of the entire proteomic dataset between these
two conditions revealed a correlation of r2 = 0.0450 (Figure 4.15) which, while low,
is more than 10-fold higher than between LP unstressed and stressed populations
(Figure 4.11b; r2 = 0.0032). This is unexpected, given the wide-ranging changes
that take place in the proteome between EP and LP cells (as discussed in Chapter
3). It would appear that EP cells are largely unaffected by HSP70 inhibition at
37◦C, but LP cells show behaviour not unlike cells under proteotoxic stress.

Chapter 4 Jack Llewellyn 117



4.4. PES functional inhibition of HSP70

(a) (b)

(c) (d)

Figure 4.14: Protein fold-changes of nodes within the HSP70 machinery in response
to 10 µM PES treatment in the four conditions of interest, compared to vehicle-only
controls. Node size is proportional to node degree, and edge weight is proportional
to interaction confidence. The central node shows the mean fold-change of proteins
within the module. Created using Cytoscape (Shannon, 2003, version 3.6.1).
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Figure 4.15: The product-moment correlation coefficient of the fold-changes in re-
sponse to 10 µM PES treatment between late-passage unstressed populations and
early-passage stressed populations. Chaperone proteins systematically grouped into
a functional module with HSPA1A are overlaid in cyan. For ease of interpretation,
plots are windowed, with > 99% of data points shown.

Perhaps the most meaningful result is the disparity between the response to HSP70
inhibition in stressed EP and LP populations (Figures 4.14c and 4.14d respectively).
The HSP70 machinery is significantly up-regulated (p = 0.0035) in HSP70-inhibited,
stressed EP populations compared to vehicle only controls, demonstrating a clear
chaperone buffering mechanism (similar to that seen in S. cerevisiae hsp70 mutants;
Jarnuczak et al., 2018) within the HSP70 machinery whereby several other ele-
ments of the machinery are positively regulated to counter the drop-off in HSPA1A-
misfolded protein binding. In LP populations however, very much the opposite
response is seen. This is the only one of the four conditions where clear positive reg-
ulation of HSPA1A is not seen, and several other HSPA chaperones which provide
a compensatory mechanism in EP cells (namely HSPA4, HSPA4L, HSPA5, HSPA6,
HSPA8) are negatively regulated in LP cells.

4.5 Temporal dynamics of the HSP70 machinery

in response to stress

Thus far in this chapter we have found that the response to stress in healthy hBM-
MSCs is dictated by the up-regulation of a functional chaperone module consisting
of the HSP70 machinery, among which HSPA1A is stress-inducible and one of the
most influential chaperones within the module. We have also seen how this re-
sponse is attenuated in LP populations consisting of high numbers of senescent
cells, and that proteostasis in these cells is far more dependent on HSP70 function
than their EP counterparts. Next, the dynamics of HSPA1A in response to stress
were analysed using targeted methods with higher temporal resolution than could
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be achieved using RNA-sequencing or mass spectrometry, with time points taken
before, halfway through, and immediately after heat shock at 42◦C; and further
time points distributed logarithmically through a 24 hour recovery period at 37◦C.
This high temporal resolution analysis of HSPA1A dynamics was employed to elu-
cidate the mechanism driving the up-regulation of HSP70 machinery in response to
proteotoxic stress; and discover the limiting factor in this process in senescent cells.

4.5.1 Transcriptional dynamics of the HSP70 machinery

Figure 4.16: PCR cycles at which the fluorescence of the housekeeping gene, PPIA,
reaches the threshold for detection in each sample. Mean ± standard deviation of
three technical replicates is shown.

Primers for the housekeeping (HK) gene PPIA (X. Li et al., 2015); and the target
genes HSPA1A, HSF1, LMNB1, HSPA2, DNAJB1, and HSPB1 were chosen to
investigate the regulation of the HSP70 machinery using RT-qPCR. Figure 4.16
demonstrates the steady expression level of the HK gene which other targets are
normalised against. Figure 4.17 shows the analysis of of these transcript levels in
EP and LP populations at equilibrium. Most noticeably, all seven target transcript
levels are lower at equilibrium in LP than in EP. It is important to note that, like the
-omic approaches used in Chapter 3, sample quantities in RT-qPCR are normalised
such that Figure 4.17 shows representative changes rather than absolute changes.
In other words, Figure 4.17 does not imply that transcript levels are lower in LP
cells in general, but does show that the seven mRNA targets are less represented in
the transcriptomes of LP cells than EP cells.
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Figure 4.17: Fold-changes of equilibrium levels of RT-qPCR target transcripts be-
tween early- and late-passage populations (n = 4 donors). Mean ± standard devi-
ation for each target is shown, with p-values versus no change calculated using a
two-tailed, one-sample t-test.

Figure 4.17 shows significant down-regulation in transcript levels of lamin B1. Loss
of lamin B1 is a marker of senescence (Shimi et al., 2011), and accordingly Figure
4.18a shows transcript levels for lamin B1 are down-regulated in LP populations
relative to EP across all time points. This demonstrates that the populations of LP
cells used in this RT-qPCR dataset consisted of higher numbers of senescent cells
than their donor-matched EP populations. Due to the strong up-regulation of tran-
scripts corresponding to HSPs seen in Figure 3.6, it was first investigated whether
this coincides with increased transcription of HSF1, which binds heat shock elements
to drive the up-regulation seen in Figure 3.6. However, Figure 4.18b shows no sig-
nificant change in HSF1 transcript levels in EP or LP populations at a majority
of the time points taken. Interestingly, at the end of the 24 hour recovery period
following stress, LP HSF1 transcript levels almost doubled to equal EP transcript
levels.

The next targets were members of two co-chaperone families represented in the
HSP70 machinery functional module attenuated in the stress response of senescent
cells, namely the small heat shock protein HSPB1 (Figure 4.18c) and the HSP40
family member DNAJB1 (Figure 4.18d). At equilibrium, HSPB1 transcript lev-
els were significantly lower in LP populations than in EP, but were significantly
up-regulated in response to stress in LP populations, before returning to pre-stress
equilibrium levels. Surprisingly, HSPB1 mRNA was stress-inducible in LP popu-
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lations only, with levels remaining unchanged in EP populations for a majority of
the time points taken. Furthermore, levels were significantly down-regulated at the
conclusion of the recovery period such that the level of HSPB1 transcript in EP cells
following proteotoxic stress resembled the level in LP cells. DNAJB1 transcriptional
regulation showed a strong heat shock response (Figure 4.18d, with EP levels increas-
ing almost eight-fold, and LP levels increasing more than 16-fold. These rises show
that, as with HSPB1 (and as seen previously in Figure 3.17), the transcriptional
response to stress is considerably stronger in LP populations. The DNAJB1 curve
for EP transcript levels peaks at the 2 hour time point, before dropping significantly
below equilibrium level prior to the 6 hour time point, and returns to a level slightly
below equilibrium. As with HSPB1, the level of DNAJB1 mRNA following stress
more closely resembles the level in LP populations. The LP DNAJB1 curve peaks
slightly later, at the 2.5 hour time point; and also drops below equilibrium level
later than in EP populations, following the 6 hour time point, before returning to
the pre-stress equilibrium. Extrapolating, Figure 4.18d also shows the recovery time
(RT), that is the time at which DNAJB1 transcript levels return to pre-stress levels.
As DNAJB1 transcription is downstream of HSF1-HSE binding, which in turn is
downstream of HSF1 activation, we may postulate that transcript levels returning
to baseline coincides with the HSF1 inactivation and the resolution of proteostasis.
This postulate is simplified in that it assumes transient mRNA turnover, but taking
it as true, Figure 4.18d suggests that EP populations recover from a 2 hour 42◦C
proteotoxic stress several hours faster than LP populations.

Focusing on HSP70, transcripts for HSPA1A were analysed as well as, for com-
parison, the constitutively expressed HSPA2 which, as reviewed by Radons, 2016,
is the HSP70 family member most homologous to HSPA1A. Figure 4.18e shows
that HSPA2 mRNA is significantly down-regulated in EP populations in response
to stress, before returning to equilibrium. Whilst this seems counter-intuitive for a
constitutively active protein, this more likely reflects how global (that is, total cel-
lular) transcription rates change in response to stress. Under this postulate, Figure
4.18e shows a global transcriptional arrest in response to stress which agrees with
the under-enrichment of RNA metabolism pathways in response to stress seen in
Tables 3.1 and 3.2, however the regulation in Figure 4.18e is relatively modest. Evi-
dence of stress-induced global suppression of transcription is supported by results in
Drosophila melanogaster, however conclusive research on global transcription pat-
terns in response to stress in mammalian cells is lacking, as reviewed in detail by
Kantidze et al., 2015 and Goenka et al., 2018. This result would imply that the
lifting of transcriptional arrest, which would signal the resolution of the proteotoxic
stress, occurs between the 6 hour and 10 hour time points. In LP populations,
HSPA2 transcript levels are significantly up-regulated at the 10 hour and 26 hour
time points. Regarding HSPA2 mRNA levels as a proxy for global transcription
rates, Figure 4.18e may suggest, in contradiction with the response of healthy cells,
global transcription is up-regulated in the senescent response to stress. As Figure
4.17 shows, prior to stress, HSPA1A mRNA is significantly down-regulated in LP
populations as compared to EP. In both cases transcripts rose rapidly during heat
treatment, and reached a similar maximum level ∼ 3 hours following the onset of
stress.

Chapter 4 Jack Llewellyn 122



4.5. Temporal dynamics of the HSP70 machinery in response to stress

(a) (b)

(c) (d)

(e) (f)

Figure 4.18: RT-qPCR data from early- (blue) and late-passage (red) populations
(n = 4 donors). Populations are exposed to 42◦C heat shock from t = 0 hrs to t = 2
hrs and then kept at 37◦C from t = 2 hrs to t = 26 hrs. Time points were taken at
t = 0, 1, 2, 2.5, 3, 4, 6, 10, 26 hrs. (4.18a) LMNB1 (lamin B1, senescence marker).
(4.18b) HSF1 (heat shock transcription factor). (4.18c) HSPB1 (HSP27). (4.18d)
DNAJB1 (HSP40). (4.18e) HSPA2 (constitutive HSP70). (4.18f) HSPA1A (stress-
inducible HSP70). p-values are calculated separately for early- and late-passage cells
using a weighted, two-tailed t-test (see Section 2.21). Marker sizes are proportional
to p-value versus the t = 0 hrs time point, with filled markers representing significant
changes at the 5% confidence level.
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The primary difference between the behaviour of EP and LP populations was the
time required to return to the pre-stress transcript level (RTEP vs RTLP , indicated
on Figure 4.18f): in EP cells, HSPA1A was insignificantly different from the initial
level at the 6 hour time point; in LP cells, this recovery time extended beyond the
10 hour time point. Intriguingly, the dynamics seen here, whereby HSP70 mRNA
drops below pre-stress levels shortly after the 6 hrs time point, mirrors the in silico
prediction by Sivéry et al., 2016 (as discussed in Section 1.7.1) that active HSF1
drops below pre-stress levels 6 hours following the onset of stress.

4.5.2 Analysis of the dynamics of stress-inducible HSP70
protein through immunofluorescence microscopy

Figure 4.18f emphasises the similarity in the transcriptional response to stress seen
previously in Figure 4.7. To further investigate the mechanism by which the HSP70
machinery is attenuated at the protein level in LP populations, immunofluores-
cence (IF) was used to analyse antibody-tagged HSPA1A protein abundance and
localisation in donor-matched EP and LP cells from three hBM-MSC donors, with
representative images shown in Figure 4.19.

Figure 4.19: Representative images of HSPA1A antibody staining in early- and late-
passage cells, with DAPI and phalloidin tags used to identify nuclear and cellular
regions, respectively.

Morphological markers of cellular senescence

As reviewed by Hernandez-Segura et al., 2018 and as discussed in Section 1.1 the
onset of cellular senescence is accompanied by morphological changes including in-
creased cell area and circularity. Figure 4.20 shows that this is reflected in the LP
populations of hBM-MSCs used in this study. Significantly larger cell areas were
seen in LP cells compared to EP in each donor, and cell eccentricity, e ∈ [0, 1],
where 0 represents a circle and 1 represents a line, was significantly lower in LP
cells from each donor. Due to these limits, the data in Figure 4.20b does not fit to
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(a) (b)

Figure 4.20: Immunofluorescence microscopy data showing the distribution of mor-
phological parameters of hBM-MSCs from donor-matched early- (blue) and late-
passage (red) cells (n = 3 donors, ≥ 318 cells per data column). (4.20a) Cell areas,
with statistical significance determined via unpaired, two-tailed t-tests. (4.20b) Cell
eccentricities, with statistical significance determined via a non-parametric Wilcoxon
signed-rank test.

a normal distribution, and as such a non-parametric Wilcoxon signed-rank test was
performed to evaluate the statistical significance of changes in cell eccentricity.

Donor variance within immunofluorescence imaging data

In the previous chapter, PCA analysis (Figure 3.4) revealed that the largest source
of variance within RNA-seq was inter-donor variation. Furthermore, reanalysing
Figure 4.20 between donors, we find significantly different cell areas between each
donor (donor 1 vs donor 2, p = 0.0222; donor 1 vs donor 3, p < 0.0001; donor 2 vs
donor 3, p < 0.0001). As with RNA-seq and MS data, and as detailed in Section
2.17, microscopy data was fitted to a linear regression model to account for the
inter-donor effects seen in human data. Figure 4.21 demonstrates the use of the
model across three donors and nine time points, where the full data set is used to
determine the “effect size” due to each donor and, donor-independently, the effect
size due to each time point and corresponding p-value representing the statistical
likelihood that the effect size is nonzero. In other words, a linear model is fitted to
the entire dataset with donors and time points forming the predictor variables, and
microscopy data the response variable. Hypothesis tests are then performed to assess
whether each predictor variable has an effect on the response variable after taking
into account the contribution of the other variables. This enables us to separate the
effects due to time from the influence of donor variation.
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Figure 4.21: Demonstration of effect size calculations (red) from linear models of
immunofluorescence microscopy data points (blue). As discussed in detail in Section
2.17, all data points are analysed to determine what effects can be attributed to the
variance between donors, in order to isolate treatment-specific effects.

HSPA1A protein spatial and temporal dynamics

As with RT-qPCR analysis, HSPA1A protein was visualised by IF microscopy be-
fore, halfway through, and immediately following a 2 hour heat treatment at 42◦C,
and at time points logarithmically spread over a 24 hour recovery period. Relative
protein concentrations of HSPA1A in EP and LP populations were recorded (Figure
4.22). The images taken were two-dimensional, and thus Figure 4.20 shows that LP
cells have an inflated cell area, but cannot make any inferences regarding changes to
cell volume. As a result it was deemed more appropriate to detail HSPA1A protein
concentration (mean IF pixel intensity), rather than HSPA1A protein abundance
(integrated IF pixel intensity).

Subsequent quantification of relative HSPA1A concentration (nuclear region, Figure
4.22a; whole cell, Figure 4.22c) showed that the protein concentration increased sig-
nificantly during the heat treatment, reached a maximum 6 hrs following the onset
of stress, and then slowly began to decrease, with HSP70 concentrations remaining
elevated above baseline levels throughout the duration of the recovery period. This
was the case in both EP and LP hMSCs, with the concentration of HSPA1A prior
to stress not differing significantly (nuclear region, Figure 4.22b; whole cell, Figure
4.22d). However, the quantity of HSPA1A induced in the LP stress response was
significantly lower, and maximum levels in LP hMSCs were significantly lower than
those in EP. An interesting property of HSPA1A is that it is known to be rapidly
and reversibly translocated to the nucleus in cells subjected to thermal stress (Ve-
lazquez and Lindquist, 1984; Welch and Feramisco, 1984). This process, mediated
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by the transport protein HIKESHI (meaning “firefighter”), is thought to protect the
contents of the nucleus from proteotoxic damage (Kose et al., 2012). By separately
quantifying HSPA1A levels in the nucleus and cytoplasm (demarcated by DAPI
and phalloidin staining, Figure 4.19), Figures 4.22a and 4.22b show that nuclear
HSPA1A levels mirrored those characterised in the rest of the cell: they reached a
maximum after 6 hrs, and levels were generally lower in LP than EP hMSCs. P
values in the EP data points demonstrated invariably more confident results, indi-
cating greater heterogeneity in the stress response of LP cells. The ratio between
nuclear and cytoplasmic HSPA1A concentrations was also examined, showing sig-
nificant differences between the behaviours of EP and LP cells, both during and in
the two hours following heat treatment (Figures 4.22e and 4.22f). This is sugges-
tive of changed patterns of client proteins, or regulation of transport processes, and
consequently that senescence may affect how chaperone resources are directed.

Figure 4.22c - the change in whole-cellular concentration of HSP70 - shows the
greatest disparity between the EP and LP stress responses, with the difference
in HSPA1A protein concentrations statistically significant from the 2.5 hrs time
point to the 10 hrs time point (Figure 4.22d). This is in direct contrast to the
HSPA1A transcript dynamics seen in Figure 4.18f, where the HSPA1A stress re-
sponse showed greater magnitude in LP populations across these time points. In
Figure 4.23 HSPA1A data from RT-qPCR and IF microscopy are shown together
for temporal comparison. Figure 4.23 also shows recent data from the Grant and
Hubbard labs (Jarnuczak et al., 2018), who discovered a lag between the transcrip-
tional and proteomic stress responses in S. cerevisiae. Figure 4.23 shows the authors
found a three hour time difference between their peak mRNA and protein levels,
while the data in the present study shows a remarkably similar mRNA-protein lag.
This suggests that within this lag, the regulation of HSPA1A the stress response is
predominantly downstream of transcription. This is in agreement with data from
the previous chapter (Figure 3.6) where the transcriptional stress response seldom
resulted in a proteomic stress response in the two hour time frame analysed. More-
over, this would imply that the 3 hrs time point onward is the period wherein the
transcriptional HSPA1A stress response begins to dominate at the protein level. It
is this same time period where LP cells see the greatest attenuation of HSPA1A
protein up-regulation. Therefore, we may conclude that HSPA1A up-regulation in
the stress response is attenuated, at least in part, at a stage which involves HSPA1A
mRNA but is downstream of transcription - most likely either in the regulation of
HSPA1A translation, or the regulation of HSPA1A turnover.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.22: Immunofluorescence microscopy data tracking HSPA1A protein concen-
tration dynamics in donor-matched populations of early- (EP, blue) and late-passage
(LP, red) hBM-MSCs (n = 3 donors). Populations are kept at 42◦C from t = 0 hrs
to t = 2 hrs and then kept at 37◦C from t = 2 hrs to t = 26 hrs. Data is fit to a linear
model assessing time point effects for each passage (4.22a, 4.22c, 4.22e); or passage
effects for each time point (4.22b, 4.22d, 4.22f). (4.22a/4.22b) Mean/Change in mean
antibody fluorescence intensity per nuclear pixel. (4.22c/4.22d) Mean/Change in
mean antibody fluorescence intensity per cellular pixel. (4.22e/4.22f) Ratio/Change
in ratio of nuclear to cytoplasmic mean antibody fluorescence intensity per pixel.
p-values are the statistical significance in linear model effect sizes (see Section 2.17).
Marker sizes are proportional to the confidence of a significant change from the 0
hrs time point (4.22a, 4.22c, 4.22e); or from EP (4.22b, 4.22d, 4.22f), with filled
markers representing significant changes at the 5% confidence level.
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Figure 4.23: HSPA1A mRNA and protein temporal dynamics (from RT-qPCR and
IF microscopy) compared with data from Jarnuczak et al., 2018 (bottom).
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4.6 Summary

In this chapter an objective and systematic clustering method has been applied to
protein-protein interaction data to identify functional modules of proteins within
the human chaperone network (Section 4.1.1). Of the modules identified, five were
well represented in MS data, namely HSP70 machinery, HSP90 machinery, the CC-
T/TRiC complex, ER-specific chaperones, and oxidative stress response chaperones
(Figure 4.6). In late-passage populations, this analysis revealed that the CCT/TRiC
complex is significantly down-regulated compared to early-passage cells (Figure ??).
This down-regulation may be related to the cell-cycle arrest of these late-passage
cells with evidence suggesting cell cycle proteins are clients of the CCT/TRiC com-
plex. It remains to be seen what effect this has on the other clients of the CCT/TRiC
complex, cytoskeletal proteins.

In response to stress, the HSP70 machinery alone is significantly up-regulated in
early-passage cells, indicating this is a key component of the normal functioning
stress response. Figure 4.9 shows that the protein within this machinery which was
most stress-responsive was that encoded by the HSPA1A gene. In contrast, no over-
all change was seen in the HSP70 machinery of late-passage cells in response to stress,
and up-regulation of HSPA1A was dampened. These results show that late-passage
cells lose the ability to correctly regulate the HSP70 machinery in response to stress.

To determine the consequences of a dysfunctional HSP70 machinery, in Section 4.4
HSPA1A was functionally inhibited and mass spectrometry was carried out on early-
and late-passage cells with and without proteotoxic stress. Volcano plots (Figure
4.10) demonstrated that the inhibitor has a greater magnitude of effect in stressed
late-passage populations than in stressed early-passage populations, while Figure
4.12 showed there was very little correlation between the early- and late-passage
proteomic responses to HSPA1A inhibition. Focusing on the HSP70 machinery
(Figure 4.14), MS data showed that the effect of the inhibitor is minimal in both
early- and late-passage cells kept at 37◦C. A more pronounced response was seen in
populations exposed to proteotoxic stress. In early-passage populations, evidence of
a clear compensatory mechanism was seen, with most elements of the HSP70 ma-
chinery up-regulated in the presence of the inhibitor in comparison to vehicle-only
controls. This compensatory mechanism was not replicated in late-passage cells how-
ever, rather several chaperone levels were reduced compared to vehicle-only controls.
These results show that the up-regulation of HSP70 machinery represents normal
functioning of the stress response, however late-passage cells are unable to carry out
this response, and are more vulnerable to compromise of the HSP70 machinery.

Having found HSPA1A as the most stress-responsive protein in the HSP70 machin-
ery, and having analysed the effects of HSPA1A inhibition, in Section 4.5 HSPA1A
regulation during stress was investigated using RT-qPCR and IF microscopy. Time
points were taken before, during, and immediately following proteotoxic stress, plus
logarithmically spaced time points during a 24 hour recovery period. Across six tran-
scripts, evidence was seen of a general arrest of protein synthesis, however strong
significant up-regulation was seen in the transcripts of HSPA1A (∼ 16-fold) and
the co-chaperone DNAJB1 (∼ 8-fold) in response to stress in both early- and late-
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passage populations (Figure 4.18), with these transcripts reaching peak levels ap-
proximately three hours following the onset of stress. As was seen in Chapter 3, the
transcriptional regulation of mRNA related to the stress response was greater in late-
passage populations than in early-passage populations, however the higher temporal
resolution methods utilised in this chapter showed that stress response transcripts re-
turn to equilibrium following stress several hours faster in early-passage populations.

In Section 4.5.2, IF data following HSPA1A protein was contrasted against tran-
script data. At the protein level, HSPA1A is at a similar concentration in both
early- and late-passage cells prior to stress. Figure 4.22 shows that the protein is
significantly up-regulated in response to stress, peaking 6 hours following the onset
of stress in both early- and late-passage cells. Crucially, Figures 4.22c and 4.22d
highlight the difference in HSP70 regulation in early- and late-passage cells, with
the magnitude of the response far greater in early-passage cells. Paradoxically, late-
passage cells carry out a much stronger up-regulation of HSPA1A transcript, but
exhibit a much weaker up-regulation of HSPA1A proteins. A temporal lag between
the peaks of HSPA1A transcript and protein, approximately 3 hours, with previ-
ous work suggesting that this may be the time taken for transcriptional changes
to take effect at the protein level. This implies a dual-phase stress response where
early post-transcriptional regulation of HSPA1A is carried out prior to the synthesis
of additional HSPA1A to resolve proteotoxic stress. In late-passage cells however,
where HSPA1A proteins remain significantly lower than in early-passage cells from
the 3 hour time point, this reinforces the finding from Chapter 3 that senescent
cells experience a loss of translational machinery which is detrimental to the stress
response. The current best descriptions of HSP70 regulation during stress are based
around new chaperone synthesis alone. Therefore in the next chapter the potential
of a dual-phase stress response, and its implications, were evaluated.
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Chapter 5

A mathematical model of early-
and late-passage stress response
dynamics and prediction of
cellular “damage”

To investigate how senescence changes the proteotoxic stress response, and predict
the consequence of these changes, a system of ordinary/delay differential equations
(ODE/DDE) was used to model the protein concentrations key to the stress re-
sponse. Based around HSP70 the model is informed using data from IF and MS
experiments.

5.1 Regulation of model populations and param-

eters in late-passage cells

5.1.1 HSF1

HSF1 was included as a population in the model to dictate dynamic HSP70 synthesis
as per the chaperone titration model reviewed in Section 1.6.1. As in Section 4.5.2,
time points were taken before, halfway through, and immediately following a 2 hour
thermal stress, in addition to logarithmically spaced out time points during a 24
hour recovery period: 2 hrs, 2.5 hrs, 3 hrs, 4 hrs, 6 hrs, 10 hrs, and 26 hrs. Cellular
and nuclear protein concentrations of HSF1 were recorded (Figure 5.1). This data
was used to identify whether HSF1 itself is regulated as part of the stress response.
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Figure 5.1: Representative images of HSF1 antibody staining in early- and late-
passage cells, with DAPI and phalloidin tags used to identify nuclear and cellular
regions, respectively.

In both EP and LP cells, HSF1 protein was almost completely localised to the
nucleus throughout heat shock and recovery, suggesting a very high proportion of
HSF1 may be transcriptionally active constitutively in hBM-MSCs in vitro (Figure
5.2a). In light of this, further HSF1 analysis in this section is restricted to nuclear
HSF1. In both EP and LP cells, no consistent trends in HSF1 protein dynamics
were seen. Figure 5.2b shows that, in EP cells, HSF1 protein concentration remained
unchanged across a majority of the time points analysed. HSF1 briefly decreased
significantly at the 2.5 hrs time point; and significantly increased across the 10 hrs
and 26 hrs time points. The latter of these two results agrees with the elevated
HSP70 protein after 26 hours seen in Section 4.5.2, and reinforces the conclusion
that these cells acquire an enhanced level of thermotolerance. In LP cells, all time
points are significantly decreased from the pre-stress time point in Figure 5.2b. As
no clear mechanism is known by which cells down-regulate HSF1 in response to heat
shock, the possibility that the pre-stress time point is anomalous should not be ruled
out. Similarly, when the difference between EP and LP nuclear HSF1 concentration
is fitted to a linear model, the only significant difference occurs at the pre-stress
time point. As the current literature lacks a consensus on the mechanism behind
heat-induced thermotolerance, and HSF1 regulation is not the focus of this study,
HSF1 levels were regarded as constant for the purpose of modelling to reflect the
relatively small changes seen in HSF1 dynamics. In agreement with Figure 5.2c, no
change in HSF1 levels between EP and LP simulations was incorporated.
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(a)

(b) (c)

Figure 5.2: Immunofluorescence microscopy data tracking HSF1 protein concentra-
tion dynamics in early- (EP, blue) and late-passage (LP, red) populations (n = 3
donors). Populations are kept at 42◦C from t = 0 hrs to t = 2 hrs and then kept
at 37◦C from t = 2 hrs to t = 26 hrs. Data is fit to a linear model assessing time
point effects for each passage (5.2b); or passage effects for each time point (5.2c).
(5.2a) Pre-stress ratio of nuclear-to-cytoplasmic mean HSF1 antibody fluorescence
intensity per pixel. (5.2b/5.2c) Mean/Change in mean antibody fluorescence inten-
sity per nuclear pixel. p-values are the statistical significance in linear model effect
sizes (see Section 2.17). Marker sizes are proportional to the confidence of a signifi-
cant change from the 0 hrs time point (5.2b); or from EP (5.2c) with filled markers
representing significant changes at the 5% confidence level.

5.1.2 CHIP

Results in Chapters 3 and 4 have given strong evidence that a majority of HSP70
regulation in the short-term (of the order of hours) stress response is carried out
downstream of transcription. As discussed in Section 1.6.2, the E3 ubiquitin ligase
CHIP (the protein product of the STUB1 gene) dynamically regulates the ubiqui-
tination of HSP70 as a function of quantities of misfolded proteins within the cell.
With Figure 4.23 supporting the hypothesis that transcription takes hours to begin
to dominate HSP70 regulation in response to stress, CHIP concentrations in EP and
LP cells were analysed to investigate whether a change in CHIP-mediated turnover
could be the limiting factor in the senescent stress response alluded to in Section
4.5.
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Figure 5.3: Representative images of CHIP antibody staining in early- and late-
passage cells, with DAPI and phalloidin tags used to identify nuclear and cellular
regions, respectively.

IF images of CHIP were taken at the same time points as in Section 5.1.1, under the
same experimental conditions. Cellular CHIP also showed strong nuclear localisa-
tion in hBM-MSCs in vitro, but to a lesser extent than HSF1 (Figure 5.4a). Unlike
HSF1, CHIP was also detected in hBM-MSCs by label-free mass spectrometry. Fig-
ure 5.4b shows the differences in CHIP levels at equilibrium between EP and LP
cells. This was taken as an accurate reflection of changes to CHIP levels in LP cells
and the difference between EP and LP CHIP levels pre-stress (2−0.7799 = 0.5824)
was incorporated into the model.

In terms of dynamics, CHIP was unchanged at most time points in both EP and LP
cells, and no consistent pattern was established. In EP cells, CHIP levels decreased
significantly at the 6 hrs time point and in LP cells CHIP was significantly increased
at the 3 hrs and 10 hrs time points, but was unchanged at all other time points in
both cases. From these results it was concluded that no evidence supported the
regulation of CHIP during heat shock, such that CHIP levels were also regarded as
constant for the purposes of modelling.
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(a)

(b) (c)

Figure 5.4: Immunofluorescence microscopy data tracking CHIP protein concentra-
tion dynamics in early- (EP, blue) and late-passage (LP, red) populations (n = 3
donors). Populations are kept at 42◦C from t = 0 hrs to t = 2 hrs and then kept
at 37◦C from t = 2 hrs to t = 26 hrs. Data is fit to a linear model assessing time
point effects for each passage (5.4b); or passage effects for each time point (5.4c).
(5.4a) Pre-stress ratio of nuclear-to-cytoplasmic mean CHIP antibody fluorescence
intensity per pixel. (5.4b/5.4c) Mean/Change in mean antibody fluorescence inten-
sity per nuclear pixel. p-values are the statistical significance in linear model effect
sizes (see Section 2.17). Marker sizes are proportional to the confidence of a signifi-
cant change from the 0 hrs time point (5.4b); or from EP (5.4c) with filled markers
representing significant changes at the 5% confidence level.

5.1.3 Ribosome

Following one of the main results from Chapter 4, namely that the limiting factor
in the stress response of LP cells is downstream of chaperone transcription, this
study sought to investigate chaperone translation. Studies of protein translation
predominantly use Saccharomyces cerevisiae as a model organism due to its high
ribosomal activity relative to human cells (Altmann & Linder, 2010). A lack of
sample quantity has, for the most part (with the exception of Sabath et al., 2020,
where a human cell line was used), restricted studies of protein translation in hu-
mans. In this particular case, a lack of ribosome-bound mRNA is exacerbated by
the use of primary cells, cellular senescence, and global translation reduction in
response to stress. Unfortunately these complications prevented a transcriptomic
study of ribosome-bound mRNA. Instead, a relative quantification of the levels of
ribosomal proteins via MS was used to gauge changes to protein translation in LP
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cells. Rather than identifying the translation rates of specific proteins, this gives
insight into how the maximal translational capacity changes due to senescence. 77
ribosomal proteins were detected and quantified across four matched donors. A
significant decrease in representation was seen in LP populations (mean Log2 fold-
change −0.4873, p < 0.0001). In Figure 5.5, changes to the rest of the proteome have
been underlayed for comparison - showing an apparent loss of translational capacity
in LP cells. This was incorporated into the model as a change in the parameter k -
representing the maximal rate of HSP70 synthesis - by a factor of 2−0.4873 = 0.7134
in the simulations of LP cells.

Figure 5.5: The Log2 fold-changes of ribosomal proteins in mass spectrometry data
in pre-stress late-passage (LP) cells compared to early-passage (EP). Data from
the remainder of the proteomic dataset and fitted bell curves are also plotted for
comparison. Significance is determined using a two-tailed, unpaired t-test.

5.2 Parameter constraints

Constraints were applied to the model based on experimental results and literature
findings. The mean MS signal ratio between HSP70 (16 detected peptides) and
CHIP (three detected peptides) across the four EP, pre-stress biological replicates:
3.10 (Figure 5.6), was used as the ratio of concentrations between HSP70 and CHIP
at equilibrium. Practically, this was done by adjusting CHIP levels based on HSP70
at every time point until a stable equilibrium is reached. In agreement with previous
findings (Jarnuczak et al., 2018; see Figure 4.23), the synthesis time of HSP70 from
active HSF1 is drawn from a uniform distribution between one and three hours,
τ ∼ U [60, 180]. For simplicity, it was assumed that there would be no substantial
difference between the binding affinity of HSP70 to HSF1 or client proteins, such
that k2 ≈ k3. The turnover time for a protein via the proteasome was assumed to
be linearly proportional to its length in amino acids. To incorporate this, the ratio
of amino acid lengths between HSP70 and the median value of the human proteome
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(Brocchieri, 2005) was used to reflect a difference in the time taken for turnover
following ubiquitination, k6

k4
= 641

375
.

Figure 5.6: HSP70 and CHIP protein signal intensities quantified by mass spectrom-
etry across four human donors in pre-stress early-passage samples.

5.3 Parameter optimisation

The seven remaining degrees of freedom – k,Kd, k2, k4, k5, k7, λ – were optimised for
the smallest sum-of-squared-errors (SSE) between HSP70 EP in vitro and HSP70
in silico results. A lower bound of 10−4 was set for the possible values of each
parameter to ensure each reaction was represented within the model. The λ value
used by Sivéry et al., 2016 was chosen as an initial condition, while several orders
of magnitude were trialled for each remaining variable to obtain initial conditions
for the optimisation, which was carried out using the built-in MATLAB function
fminsearch. To demonstrate the seven-dimensional optimisation process whilst
sparing the reader from an unwieldy amount of graphs, the mesh plots in Figure 5.7
illustrate the SSE minima found compared to several orders of magnitude for each
parameter.
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(a) k vs Kd. (b) k vs k2. (c) k vs k4.

(d) k vs k5. (e) k vs k7. (f) Kd vs k2.

(g) Kd vs k4. (h) Kd vs k5. (i) Kd vs k7.

(j) k2 vs k4. (k) k2 vs k5. (l) k2 vs k7.

(m) k4 vs k5. (n) k4 vs k7. (o) k5 vs k7.

Figure 5.7: Demonstration of the optimisation of free model parameters. The model
of the stress response is simulated over a range of parameter values, and the sum of
squared errors (SSE) compared to immunofluorescence microscopy in vitro data at
each parameter value is collected. The parameter values chosen by optimisation are
overlaid in black over the SSE values across several orders of magnitude.
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5.4 Parameter modification for senescent cells

Two modifications to the system were made to reflect changes in senescent cells.
The maximum transcription rate, k, of HSP70 was changed by a factor of 0.7134 in
accordance with the observed mean change of ribosomal proteins in LP cells from
MS results. In LP cells, levels of CHIP were significantly lower in MS data and all
but one of the time points in IF microscopy time points. For the most accurate
change in CHIP in LP cells, the change seen before heat shock in microscopy data
was used, and multiplied CHIP by a factor of 0.5824. Table 5.1 gives a summary of
all set variables within the model.

Parameter Description Value Unit

k Maximal HSP70 transcription rate 6.4294 ×102 [min−1]

(Modified value in late-passage cells) 4.5865 ×102 [min−1]

n Hill coefficient 3 [ ]

Kd HSE · HSF dissociation constant 3.0534 [µM ]

k2 HSF1 · HSP70 binding rate 3.9827 ×10−4 [µM−1min−1]

k3 HSP70 · MFP binding rate 3.9827 ×10−4 [µM−1min−1]

k4 CHIP-mediated HSP70 turnover rate 1.240 ×10−3 [µM−1min−1]

k5 HSP70-mediated MFP refolding rate 5.0199 ×10−2 [min−1]

k6 CHIP-mediated MFP turnover rate 2.120 ×10−3 [µM−1min−1]

k7 Rate of protein misfolding at 37◦C 69.1068 [µMmin−1]

λ Rate of protein misfolding at 42◦C 4.2651 ×102 [ ]

t Simulation time elapsed [min]

τ HSF1 activation/HSP70 synthesis delay ∼ U [60, 180] [min]

Table 5.1: Optimised and approximated parameters for the ODE/DDE mathemat-
ical model of the heat shock response.

Using these parameters and arbitrarily chosen initial population concentrations rel-
ative to [HSF1 · HSP70] = 0.1 µM, in silico simulations were ran for sufficient
time for the protein populations to settle to their steady state equilibrium, with the
population concentrations detailed in Table 5.2. Figure 5.8 shows that each of the
six population levels quickly deviates from its initial condition, before plateauing
towards its predicted steady state concentration.

Chapter 5 Jack Llewellyn 140



5.4. Parameter modification for senescent cells

Population Steady state concentration Unit

Active HSF1 0.0998 [µM ]

Total HSP70 300.2218 [µM ]

CHIP 96.8457 [µM ]

MFP 9708.1108 [µM ]

HSF1 ·HSP70 0.0002 [µM ]

HSP70 ·MFP 281.1222 [µM ]

Table 5.2: In silico 37◦C steady state concentrations.

As demonstrated by in Figure 5.8, the model converges to a steady state whereby
the concentration of cellular HSP70 (blue) far outweighs HSF1 (black), roughly
500:1. This is in agreement with the mass spectrometry data introduced in Chapter
3, where 22 HSP70 peptides have been identified, whereas HSF1 did not meet the
criteria for detection via mass spectrometry - suggesting a large difference in abun-
dance between the two. Furthermore, a comparable ratio (∼ 1000:1) was found in
the model by Sivéry et al., 2016.

Figure 5.8 shows the model predicts a concentration of misfolded proteins (MFP,
red) higher than HSP70. Combined with the low abundance of HSF1, this implies
that HSP70-HSF1 binding is transient and surprisingly rare, with ∼ 90% of HSP70
bound to client proteins. This ratio is not in agreement with the model by Sivéry
et al., 2016, wherein HSP:MFP was predicted to be ≈ 24:1 with ∼ 4% of HSP70
bound to client proteins at equilibrium. An intuitive explanation of this discrepancy
is that the model by Sivéry et al., 2016 does not account for CHIP-mediated mis-
folded protein ubiquitination, considerably increasing the amount of HSP70 needed
to chaperone an equal number of misfolded proteins. Misfolded proteins outnum-
bering cellular HSP70 would be a surprising result, however it should also be noted
that due to the omission of co-chaperones and supporting chaperone systems in this
model, the workload of HSP70 will be over-exaggerated.

Finally, Figure 5.8 demonstrates the model prediction that a vast majority of cellu-
lar HSF1 is in its active form (active HSF1, solid black versus HSF1-bound HSP70,
dash-dotted blue). This is also supported by experimental findings. Immunofluores-
cence data in Figure 5.1 showed that HSF1 is almost entirely nuclear in hMSCs, in
contrast to HSP70 in Figure 4.19. This suggests that almost the entireity of HSF1
may be transcriptionally active at equilibrium conditions in hMSCs in vitro.
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Figure 5.8: In silico convergence of populations within the heat shock response to a
stable equilibrium given by the concentrations in Table 5.2 at 37◦C. Arbitrary initial
concentrations are chosen relative to 0.1 µM HSF1, and the model is simulated for
sufficient time such that a stable equilibrium is reached.

5.5 A descriptive model of the ageing stress re-

sponse

Using the parameters in Table 5.1, a two hour heat shock was simulated and the
changes to the population concentrations from Table 5.2 were recorded. Figure 5.9
shows the dynamics of in silico HSP70 in both EP and LP cells with in vitro results
overlaid. As we would expect, the simulation results closely follow EP IF data,
as the model has been optimised against this dataset. HSP70 protein levels begin
to increase immediately following heat stress, and continue to increase following
a return to 37◦C. Peak HSP70 levels are reached between the 4 hrs and 10 hrs
time points - specifically a Log2 fold-change from equilibrium of 1.2653 occurring 7
hours and 29 minutes following the onset of stress - following which HSP70 levels
return toward pre-stress equilibrium. This demonstrates the functional accuracy
of the model design. It is noteworthy, but not surprising, that the main source of
error in the model is its inability to fit to the 26 hrs post-stress time point. While
the prolonged up-regulation of HSP70 following stress has been previously shown
(as reviewed by Park et al., 2005), it remains for a mechanism to be found that
comprehensively explains this phenomenon. As a result it is not a feature the model
is able to replicate, with HSP70 dynamics instead resembling a damped oscillator
about the pre-stress equilibrium.
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(a)

(b)

Figure 5.9: ODE/DDE model simulation of HSP70 levels in response to stress. In
silico models of early- (5.9a) and late-passage (5.9b) cells are allowed to reach a
stable equilibrium, before a proteotoxic stress is simulated by increasing the rate
at which misfolded proteins are generated within the model for 120 minutes. At
each time interval, the in silico concentration of HSP70 is recorded, with in vitro
HSPA1A protein data from IF microscopy overlaid.
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In Figure 5.9b, simulation of the model was repeated with the adjustments made
factoring in differences seen in LP cells experimentally. While an objectively poorer
fit is seen compared to Figure 5.9a, several in vitro findings are replicated by the
model. Both the rate at which HSP70 increases (as plotted in Figure 5.10) and
peak HSP70 levels are diminished in LP simulations, with the latter falling to a
Log2 fold-change of 1.1073, occurring 10 hours and 1 minute after the onset of stress.

Figure 5.10: ODE/DDE model simulation of the rate of change of HSP70 levels in
response to stress. In silico models of early- and late-passage cells are allowed to
reach a stable equilibrium, before a proteotoxic stress is simulated by increasing the
rate at which misfolded proteins are generated within the model for 120 minutes.

Judgement of the accuracy of the model is not limited to comparisons with in vitro
HSP70 protein. If the model is accurately describing HSF1 activation dynamics,
we would expect these to closely follow the dynamics of HSP70 mRNA, with an
associated scale factor. Figure 5.11 shows the dynamics of in silico active HSF1 for
EP and LP cells with the in vitro data for HSP70 mRNA overlaid with an adjusted
scale. In EP cells, in silico active HSF1 and in vitro HSP70 mRNA dynamics are
comparable with a scale factor of ∼ 1500. Active HSF1 immediately rises at the on-
set of stress and quickly plateaus after approximately one hour. Active HSF1 levels
then gradually decrease and, like in vitro HSP70 mRNA, levels drop below that of
the pre-stress equilibrium at the 10 hrs time point before returning to equilibrium.
To facilitate comparison between EP and LP, the same scale factor is used for LP
cells. Here, active HSF1 reaches the same plateau as in EP simulations, and a drop
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below pre-stress levels before returning to equilibrium is again observed. The time
taken to return to equilibrium active HSF1 levels following the onset however, is 11
hours and 37 minutes in LP simulations as opposed to 9 hours and 9 minutes in EP
simulations.

The most striking feature of the in silico data in Figure 5.11 is the pronounced
decrease in transcriptionally active [free] HSF1 between the 10 hrs and 26 hrs time
points. It should be considered that this may be a sign of over-fitting of the model
to the experimental data available, with this large change in dynamics occurring in
a region with scarce experimental data. The time-series experiments such as those
shown in Figure 5.11 were designed with the hypothesis that a majority of chap-
erone regulation would occur immediately following culture temperature changes.
To capture this regulation, logarithmically spaced time points were chosen, with
significant regulation more than 10 hours post stress initially seeming unlikely. On
the other hand, this time interval coincides with a decrease in HSP70 protein from
peak values following stress (Figure 5.9), and a continual decrease in HSP70 mRNA
from peak values following stress (Figure 5.11). Thus it is not counter-intuitive
that HSP70 mRNA levels may continue to decrease further - as is predicted by the
model - as cells down-regulate HSP70 following stress and return towards pre-stress
concentrations. Biologically, this could be explained by an over-correction following
the resolution of proteotoxic stress, whereby newly-surplus HSP70 is free to bind to
the majority of HSF1, dramatically reducing HSP70 transcription.
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(a)

(b)

Figure 5.11: ODE/DDE model simulation of active HSF1 levels in response to stress.
In silico models of early- (5.11a) and late-passage (5.11b) cells are allowed to reach
a stable equilibrium, before a proteotoxic stress is simulated by increasing the rate
at which misfolded proteins are generated within the model for 120 minutes. At
each time interval, the in silico concentration of HSF1 is recorded (left axes), with
in vitro HSPA1A mRNA data from RT-qPCR overlaid (right axes).
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5.6 A predictive model of the ageing stress re-

sponse

(a)

(b)

Figure 5.12: ODE/DDE model simulation of misfolded protein levels in response to
stress. In silico models of early- (5.12a) and late-passage (5.12b) cells are allowed to
reach a stable equilibrium, before a proteotoxic stress is simulated by increasing the
rate at which misfolded proteins are generated within the model for 120 minutes.
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With the accuracy of the model validated, it was next utilised to investigate prop-
erties of the stress response which are difficult to probe experimentally. Figure 5.12
plots the levels of misfolded protein in the EP and LP simulations. While there
is little difference in the peak MFP Log2 fold-changes between EP and LP cells
(2.3406 in EP as opposed to 2.3362 in LP), the time taken for misfolded protein
concentration to return to pre-stress levels is much more pronounced (10 hours and
17 minutes in EP as opposed to 12 hours and 44 minutes in LP). Figure 5.13 shows
the absement of MFP from equilibrium, calculated from the areas under the plots in
Figure 5.12 from the onset of stress until MFP returns to baseline levels, and thus
gives a measure of how much MFP is induced due to stress and for how long. The
Log2 fold-change in misfolded protein absement from equilibrium was 0.3654 from
EP and LP, therefore the model demonstrates that, in early- and LP cells exposed
to an equally acute proteotoxic stress, the amount of misfolded protein accumulated
will be greater in LP cells.

Figure 5.13: Absement of misfolded protein levels from equilibrium in simulations of
the stress response in early- (EP) and late-passage (LP) cells. Calculated by taking
the area-under-curve of MFP versus time dynamics, demonstrated in Figure 5.12 by
the shaded region above baseline MFP level.

5.6.1 Reaction rates

Figure 5.14 depicts the in silico reaction rates that lead the model to replicate in
vitro HSP70 protein dynamics. These graphs suggest that the majority of HSP70
regulation during stress is post-translational. While this would be a surprising result,
it is not counter-intuitive given the high abundance of cellular HSPs. Both Beck
et al., 2011 and Schwanhäusser et al., 2011 find HSPs among the most abundant
proteins in mammalian cells. Increasing the quantity of HSP70 by the Log2 fold
change of 1.244 seen in Figure 4.22c via new protein translation would therefore
require an immense diversion of energy and resources. Far more likely, as evidenced
here, is that HSP70 up-regulation is achieved, for the most part, through an increase
in its stability.
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(a)

(b)

Figure 5.14: ODE/DDE model simulation of the rates of the reactions outlined in
Table 2.8 in response to stress. In silico models of early- (5.14a) and late-passage
(5.14b) cells are allowed to reach a stable equilibrium, before a proteotoxic stress is
simulated by increasing the rate at which misfolded proteins are generated within
the model for 120 minutes. At each time interval, the in silico rate of each reaction
included in the model is recorded.

Similar results have been seen in human and mouse cell lines by Mao et al., 2013,
who have shown an additional mechanism of HSP70 regulation beyond the desired
complexity of this model. It was shown that the ATP-ase OLA1 is also capable of
binding to the C-terminus of HSP70 and thus prevents CHIP-mediated HSP70 ubiq-
uitination. To investigate the influence OLA1 has over HSP70 regulation, knock-
outs and knockdowns were performed in MEFs and the human breast cancer cell
line MDA-MB-231 cells (respectively). In the human cell line, OLA1 knockdown
cells experienced an ∼ 50% loss of HSP70, and a ∼ 67% loss of HSP70 induction
during stress; while in the murine OLA1 knockout cell line these values were ∼ 80%
and ∼ 67% respectively. In OLA1 knockout MEFs the stability of HSP70 following
translation-blocking cycloheximide treatment was reduced from 69 minutes to 29
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minutes, while in the human cell line the HSP70 half-life was reduced from 99 min-
utes to 58 minutes. In Figure 5.15, a remarkably similar half-life (100 minutes) of
in silico HSP70 has been found in the present study by switching the rate of HSP70
synthesis to zero.

Figure 5.15: The half-life of in silico HSP70, 100 minutes, calculated by removing
HSP70 synthesis from the model at equilibrium.

Regarding the triage of misfolded proteins, the ratio of degradation to refolding rates
in Figure 5.14a is ∼ 4:1, and remains constant throughout stress. While Sivéry et
al., 2016 places this ratio similarly, at 5:1, experimental evidence is lacking. It is
likely that, with co-chaperones present as a finite resource in the cell, increasing
amounts of HSP70-bound misfolded protein would trigger a transition from MFP
refolding to MFP turnover and increase this ratio during stress.

5.6.2 Impact on the stress response of varying parameters

By varying each reaction rate in Table 2.8 independently, we can analyse the sensi-
tivity of the response to each process, and hypothesise further processes which may
be attenuated in senescent cells.

Intuitively, increasing the rate of HSP70 synthesis decreases MFP levels at equi-
librium. Figure 5.16a demonstrates the effect of reduced HSP70 synthesis rates in
the simulation of LP cells, attributed to underrepresented ribosomal proteins - with
the response becoming both slower and smaller in magnitude. Modifying the rate at
which HSP70 binds to misfolded proteins produces the same result (Figure 5.16b).
This is expected, as more available HSP70 will also increase the rate of MFP binding.
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(a) Varying HSP70 synthesis rate. (b) Varying HSP70 titration rate.

(c) Varying HSP70 turnover rate. (d) Varying protein misfolding rate.

(e) Varying MFP turnover rate. (f) Varying MFP refolding rate.

(g) Varying HSF1 inactivation rate.

Figure 5.16: Changes to misfolded protein (MFP) and HSP70 dynamics in response
to modifying individual reaction rates from Table 2.8 across several values (e.g. ‘2x’
indicates the corresponding reaction rate has been doubled).
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Also intuitively, the concentration of misfolded proteins at equilibrium increases with
increasing rates of HSP70 turnover (Figure 5.16c); and the time taken to return to
equilibrium following stress also increases. This demonstrates the effect HSP70-
stabilising agents such as OLA1 have on the stress response: suppressing HSP70
ubiquitination reduces the concentration of misfolded proteins at equilibrium and
improves the efficacy of the stress response. In Figure 5.16f, increasing the protein
misfolding rate has a similar effect on the dynamics of misfolded proteins. Inter-
estingly, while varying the protein misfolding rate changes the steady-state HSP70
level accordingly, no effect on the steady-state of HSP70 was seen when varying the
HSP70 turnover rate.

Reduced rates of MFP turnover demonstrate the behaviour of models which ne-
glect to include post-translational regulatory mechanisms, with the up-regulation of
HSP70 becoming much broader, and slower to return to equilibrium (Figure 5.16e).
Conversely, increased rates of MFP turnover demonstrate how CHIP-HSP70/MFP
binding is beneficial to the cell, reducing the concentration of misfolded proteins at
equilibrium; reducing the amount of HSP70 needed to maintain proteostasis at equi-
librium; and improving the efficacy of the stress response. A higher refolding rate
(Figure 5.16d) has the same effect, and would correspond to increased availability
of cellular ATP and co-chaperones to switch the HSP70 chaperone function from a
holdase to a foldase.

Due to the relatively low concentration of HSF1 in the system, the rate of HSF1
inactivation (through binding to HSP70) is the least sensitive to change. Indeed,
removing HSF1-HSP70 binding from the system altogether has markedly little ef-
fect on HSP70 or MFP dynamics. Fascinatingly, Figure 5.16g highlights that the
rate of HSF1-HSP70 binding which best fits in vitro data is actually detrimen-
tal to the stress response compared with both lower and higher rates. A higher
affinity for HSF1-HSP70 binding in silico causes the system to behave as an under-
damped harmonic oscillator, with a majority of HSF1 repeatedly switching between
its active and bound state. In vitro, several damping mechanisms exist (translo-
cation time, monomerisation/trimerisation time, HSF1 post-translational modifica-
tions etc.) which increase the feasibility of a higher HSF1-HSP70 binding rate than
predicted here.

The modifications in Figure 5.16 which cause HSP70 dynamics to more closely re-
semble LP in vitro results (see Figure 4.22c) are the attenuation of HSP70 synthesis,
HSP70-MFP binding, HSP70-mediated protein refolding, and CHIP-mediated MFP
turnover; a loss of HSP70 stability; and increased rates of protein misfolding. Thus
the model predicts these changes to occur in senescent cells. Notably, in silico each
of these modifications leads to an increased build-up of misfolded proteins.
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5.7 Monobromobimane-labelling mass spectrom-

etry

The ODE/DDE model of the stress response predicted that the perturbation of pro-
teostasis due to stress is greater in LP cells than their EP counterparts (Figure 5.12.
This was tested using mass spectrometry in conjunction with monobromobimane
(mBBr) protein labelling. As utilised by Swift et al., 2013 and Gilbert et al., 2019,
mBBr selectively labels reduced cysteine residues (see Figure 2.6) which are typi-
cally exposed in conformationally compromised proteins (Johnson et al., 2007). As
such, an increase or decrease in mBBr-labelling from a stable state is an indicator
of protein misfolding or aggregation, respectively.

Figure 5.17: The abundances of monobromobimane (mBBr)-tagged peptides in mass
spectrometry data pre-stress, immediately post-stress, as well as positive and neg-
ative controls. In the negative control, no mBBr has been applied, while in the
positive control, mBBr is applied to a digested and reduced peptide sample. Dotted
lines indicate sample medians.

mBBr-MS was carried out in EP and LP cells pre-stress, and immediately post-
stress. Figure 5.17 also contains the results of an attempted positive control, whereby
mBBr was applied to an already digested and reduced sample, such that all cysteines
in the sample should be reduced and exposed to mBBr-binding. The benefit of the
inclusion of a positive control is it provides a library of all possible labelling sites to
improve the confidence of identifications. The results however, show little difference
between the positive and negative controls. There are multiple possible reasons for
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this, the first being a quenching of mBBr by the prior addition of the reducing
agent, dithiothreitol (DTT). DTT has been shown to react with mBBr (Graham et
al., 2003), and using the quantities outlined in Sections 2.27 and 2.34, this positive
control sample contained ∼ 1.2 × 1018 DTT molecules, and ∼ 1.8 × 1014 mBBr
molecules. In other words, this positive control sample contained ∼ 7000 non-
peptide mBBr-binding sites per mBBr molecule. In comparison, even if the 50 µg
peptide sample comprised of no amino acids other than reduced cysteines1, this
would still only amount to ∼ 2.5× 1017 mBBr binding sites. It is also possible that
this quantity of mBBr added to samples halfway through the purification process
was detrimental to sample quality. Figure 5.18 displays the ion intensity maps
for the samples in Figure 5.17, which show the mass to charge ratios of ions over
the course of a 90 minute run. The variation seen in Figure 5.18d, compared to
the relatively homogeneous maps in Figures 5.18a, 5.18b, and 5.18c, illustrates the
effect the addition of mBBr has on the sample. As a result, it was not possible to
create the mBBr-labelling library desired for this experiment.

(a) Negative control. (b) Pre-stress.

(c) Immediately post-stress. (d) Positive control.

Figure 5.18: Ion intensity maps from monobromobimane-labelling mass spectrome-
try samples in Figure 5.17, used to identify abnormality in samples from the same
run. The x-axes show the mass to charge ratio of ions reaching the mass spectrome-
ter detector, while the y-axes show the time each ion is detected across a 90 minute
run. (5.18a) Negative control. (5.18b) Pre-stress. (5.18c) Immediately post-stress.
(5.18d) Positive control.

1In fact, cystines have been found by Miseta and Csutora, 2000 to constitute roughly 2.3% of
the mammalian proteome.
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Figure 5.19 shows the data from 359 unique mBBr-labelled peptides from 252 pro-
teins detected across four donors. Consistent with the in silico finding that pro-
teostasis is increasingly perturbed by stress in LP cells, a significant change is seen
in the mBBr-labelling profile of LP populations (p < 0.0001), compared with no
significant change in EP populations (p = 0.27).

Figure 5.19: The distribution (median and interquartile range) of abundance changes
of 359 monobromobimane (mBBr)-tagged peptides from 252 proteins in response to
stress in early- (EP) and late-passage (LP) populations. As we are investigating
whether mBBr labelling follows a non-parametric distribution, significance is evalu-
ated via a non-parametric Wilcoxon signed-rank test.

To identify which proteins experience conformational changes specific to EP or LP
cells, Figure 5.20 shows the individual peptides from Figure 5.19. Peptides where the
absolute Log2 fold-change was greater than 1 in just one of EP/LP populations, but
not the other, are highlighted by the shaded regions in Figure 5.20. 49 proteins were
identified as being differentially labelled in LP populations only (that is, proteins
for which peptides were found in the red regions of Figure 5.20, but not the blue
or white regions). A protein class analysis was performed on these proteins using
PANTHER (Mi et al., 2021, version 16.0), with the results in Figure 5.21. Eight
cytoskeletal proteins are found, with the details of these proteins shown in Table
5.3. This was in agreement with the finding in Chapter 3 that a functional module
representing cytoskeletal-specific chaperones is downregulated in LP populations.
Another class of interest is chaperone proteins themselves (note this is distinct from
the class defined by Brehme et al., 2014). with proteins from the HSP70, HSP90,
and CCT modules outlined in Chapter 3 represented in the orange region of Figure
5.20. Relating to impaired translation, the ribosomal protein RPS3 and translation
elongation factor EEF2 also feature in this set.
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Figure 5.20: Median Log2 fold-changes of monobromobimane (mBBr)-labelled pep-
tides in response to stress in mass spectrometry data (n = 4 donors), normalised
to protein level. Shaded blue regions indicate an absolute Log2 fold-change > 1 in
early-passage (EP) populations only, while shaded red regions indicate an absolute
Log2 fold-change > 1 in late-passage (LP) populations only. The shaded grey re-
gion indicates an absolute Log2 fold-change < 1 in both EP and LP populations in
response to stress.

Figure 5.21: PANTHER Protein class analysis of the proteins which experience
changes in monobromobimane labelling in response to stress in late-passage cells
only.
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Protein name PANTHER protein subclass

Adenylyl cyclase-associated protein 1 (CAP1)
Actin or actin-binding
cytoskeletal protein

Destrin (DEST)
Non-motor actin binding
protein

LIM domain and actin-binding protein 1 (LIMA1)
Actin or actin-binding
cytoskeletal protein

Microtubule-associated protein 1B (MAP1B)
Non-motor microtubule
binding protein

Plastin-3 (PLST)
Non-motor actin binding
protein

Supervillin (SVIL)
Non-motor actin binding
protein

Tubulin alpha-4A chain (TBA4A) Tubulin

Translationally controlled tumor protein (TCTP)
Non-motor microtubule
binding protein

Table 5.3: Proteins identified by monobromobimane-labelling mass spectrometry
as being conformationally compromised in late-passage populations only (n = 4
donors).

Several chaperones are known to undergo conformational changes during client fold-
ing. For example, ATP-binding to the HSP90 homodimer shifts the complex from
an open to a closed structure (Krukenberg et al., 2011); similarly the HSPA1A pro-
tein has recently been shown to undergo conformational changes following HSP40
co-chaperone binding (Wu et al., 2020). Therefore, the conformational changes of
proteins within this protein class may be evidence of an increased workload among
chaperone proteins in response to stress in LP cells only. Such a result would be
in line with the in silico prediction from Figure 5.12 that more protein misfolding
occurs in response to stress in LP cells; and the in vitro finding from Figure 5.19
that the mBBr-labelling profile of the proteome changes in response to stress in LP
cells only.

5.8 Summary

In this final results chapter, the effects of senescence on proteins which govern HSP70
regulation have been evaluated in order to determine why the proteotoxic stress re-
sponse goes awry in senescent cells. In Section 5.1.1 using IF microscopy it was
shown that HSF1, the main transcription factor controlling HSP70 synthesis, is
almost entirely nuclear in hMSCs in vitro, suggesting that a majority of HSF1 is
transcriptionally active even at 37◦C. The E3 ubiquitin ligase CHIP, which marks
unbound HSP70 for proteasomal turnover, was also analysed using IF microscopy
(Section 5.1.2), and it was found that late-passage cells contain a significantly lower
concentration of cellular CHIP than early-passage cells. This result suggests that
there is less proteasomal turnover of HSP70 in late-passage cells, however in Chap-
ter 4 we have seen that HSP70 concentration is unchanged between early- and
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late-passage cells at 37◦C. Following the findings from Chapters 3 and 4 that late-
passage cells experience a loss of translational machinery, and thus exhibit a loss
in the ratio of protein up-regulation to transcript up-regulation; Section 5.1.3 anal-
ysed mass spectrometry data from ribosomal proteins in isolation, finding significant
under-representation of these proteins in the late-passage proteome. Thus these re-
sults show that late-passage populations lose the ability to regulate HSP70 both
translationally and post-translationally.

Using the data gathered from HSP70, HSF1, and CHIP; a mathematical model
of the stress response was designed to validate the hypothesis that a substantial
amount of HSP70 regulation in response to stress is post-translational. The model
was optimised using HSP70 early-passage IF microscopy data and replicated this
with a high degree of accuracy (Figure 5.9a). This acts as a proof-of-principle show-
ing that the model of HSP70 regulation presented here is sufficient to explain in
vitro data. Moreover, the model replicated a number of in vitro findings, the data
from which was not used in the model optimisation process. In particular, the model
predicted a dampening of HSP70 up-regulation in late-passage cells (Figure 5.9), a
majority of HSF1 being transcriptionally active (Figure 5.8), the time interval at
which HSP70 mRNA returns to pre-stress levels in both early- and late-passage
populations (Figure 5.11); as well as predicting the half-life of HSP70 to within one
minute of a reference value (Figure 5.15).

Now verified, in Section 5.6 the model was next used to predict the toll of mis-
folded protein experienced due to proteotoxic stress in both early- and late-passage
cells. It was predicted that following an identical stress, changes to levels of CHIP
and ribosomal proteins cause late-passage cells to endure a greater amount of pro-
tein misfolding and take longer to return to equilibrium. Finally, in Section 5.7,
mBBr-labelling mass spectrometry was used to identify proteins which undergo con-
formation changes in response to stress in early- and late-passage cells. Figure 5.19
shows that while no change was seen in the mBBr-labelling profile of early-passage
populations following stress, a large significant change was seen in late-passage pop-
ulations. Additionally, several cytoskeletal proteins were found to feature among
the proteins conformationally compromised in late-passage populations only (Table
5.3,) in agreement with the finding in Chapter 3 that the cytoskeleton-specific CC-
T/TRiC chaperone complex is down-regulated in late-passage cells. These results
demonstrate that senescent cells lose the capacity to regulate HSP70, which leads
to a loss in the speed, magnitude, and efficacy of the proteotoxic stress response.
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Chapter 6

Conclusions & future work

Late-passage hBM-MSC cultures consist of disproportion-
ately high numbers of senescent cells

The results chapters of this study began by verifying LP hBM-MSC cultures predom-
inantly consisted of cells which had undergone cellular senescence. Several markers
of senescence have been verified in LP cells throughout this study, including up-
regulation of β-galactosidase (Section 3.1), under-enrichment of cell cycle pathways
(Section 3.4.2), loss of lamin B1 mRNA and protein (Sections 4.5.1 and 3.2 respec-
tively), and changes in cell morphology (Section 4.5.2). Images of β-galactosidase
staining demonstrate how senescence is not ubiquitous in LP populations (Figure
3.1), and invites the question of whether these markers could have been used to
isolate senescent cells for the experiments in this study. Due to the increasing re-
search being done on the SASP and the effects senescent cells can quickly have on
surrounding cells (as reviewed in Section 1.8.5), it was decided to be of higher rele-
vance to study late-passage populations of mixed senescent and proliferating cells.

Section 2.4 covers the acquisition of these cells, and it should not be ignored that this
acquisition is a side-product of tissue replacement surgeries. As one would expect,
these surgeries generally take place in aged patients, such that the early-passage
populations used in this study do not necessarily reflect the properties of young
tissues in vivo. This may therefore be best viewed as a study of the consequences of
cellular ageing in vitro, rather than a study of the properties of young versus aged
tissues in vivo.

This study of cellular ageing may be most pertinent to the field of regenerative
medicine. As reviewed in Section 1.8.5, clinicians face a trade-off of prolonging MSC
culture time to attain larger populations for stem cell therapies, at the expense of
cellular ageing within cultures, the ill-effects of which have thus far been unexplored.
Performing a pathway analysis on RNA-seq data (Section 3.5.2) demonstrated that
during stress, LP populations disengage from DNA repair pathways and instead
over-enrich cell death pathways compared with EP populations. Of further detri-
ment to their application in stem cell therapies, LP populations also showed several
significantly over-enriched pathways relating to the immune response. This finding
may explain the literature discussed in Section 1.8.5, whereby extended passaging
of cells has negatively affected treatment outcomes. The use of heat shock here
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however is a crude model to reflect the compound of various cellular stresses in the
post-transplant environment hMSCs experience, and a better representative model
may be needed to conclusively implicate the attenuation of the stress response in
the loss of efficacy in these therapies. Nonetheless, this study further emphasises the
need for open-sourced, standardised culture protocols among stem cell therapies.

The early-passage response to proteotoxic stress goes awry
in late-passage cells

This study aimed to quantitatively define the mechanisms behind a cellular age-
associated vulnerability to proteotoxic stress. To this end, a comprehensive com-
parison of proliferating and senescent cells responding to proteotoxic stress at the
-omic level has been carried out using high-throughput techniques. While there was
a strong overlap between the EP and LP transcriptomic response to stress, no corre-
lation was found in the protein regulation which takes place in the proteotoxic stress
response between EP and LP populations (Section 3.4.1). Furthermore, a pathway
analysis of these populations in response to stress demonstrated that the positive
enrichment of the heat stress response pathway in EP populations was replaced by
negative enrichment in LP populations (Section 3.4.2). As a result, Figure 3.17b
shows LP populations are less equipped at the protein level to carry out the stress
response over their EP counterparts. In a wider context, these results may indicate
that increasing numbers of senescent cells within aged tissues changes the way these
tissues respond to protein misfolding.

In Section 4.1, using a database of known human chaperone proteins (Brehme et
al., 2014) and, borrowing tools from mathematical graph theory, these chaperones
have been clustered into functional modules in order to identify functional trends
in the proteotoxic stress response. This modular analysis demonstrated that in EP
hMSCs, up-regulation of HSP70 machinery is the central feature in cellular man-
agement of proteotoxic heat shock, but that senescent hMSCs are no longer capable
of this response. By inhibiting a key component of the HSP70 machinery, HSPA1A,
in EP and LP hMSCs, it was investigated how senescence affects the ability of
cells to respond to compromised HSP70 machinery both with and without thermal
stress. In both EP and LP cells kept at 37◦C, little proteomic difference is seen in
comparison to control cells. In the presence of stress however, EP and LP popula-
tions displayed very different responses across the whole proteome, and a mechanism
buffering against HSP70 inhibition seen in EP populations is lost in LP populations.

The human chaperone library curated by Brehme et al., 2014 is by no means con-
clusive, and new chaperone machineries are still being discovered. One example
omitted here is the R2TP chaperone complex discovered by the Houry lab (R. Zhao
et al., 2005), which is evolutionarily conserved and assists in the folding of a broad
range of proteins in human cells (Jeronimo et al., 2007; Boulon et al., 2008; as re-
viewed by Houry et al., 2018). As more chaperone interactions are identified, future
work may seek to produce an updated and more thorough library of human chap-
erone proteins. Moreover, the literature is still lacking comprehensive information
regarding the clients of each chaperone machinery, or a defined mechanism of how
clients are divided between chaperone machineries. This information would facili-

Chapter 6 Jack Llewellyn 160



Conclusions & future work

tate the creation of a human chaperone-client network, such as that developed in
yeast by Jarnuczak et al., 2018, and would allow the much deeper analysis of the
regulation of clients of each functional chaperone network in senescent cells and in
response to stress. While the modularity approach taken here is as objective and
systematic as possible, it should be noted that biases are still present in the network
defined here, emerging from the STRING interaction database, whereby the most
frequently researched proteins (such as those which support the survival of cancer
cells, as reviewed by Calderwood and Murshid, 2017) are more likely to have higher
interaction confidence scores.

A transcript-protein disparity indicates chaperone transla-
tion as a limiting factor of the late-passage stress response

A recurring theme throughout Chapter 3 has been that the changes in cells due to
stress are far outweighed by the changes due to extended culture. The principal com-
ponent analysis in Figure 3.4 showed that while differences between human donors
were, as expected, the largest source of variation within the data (> 49%), second
were the differences between EP and LP cells (> 27%), ahead of differences due
to stress (> 13%). Figure 3.6 showed that transcriptional regulation does not drive
short-term (here defined as within two hours) changes to the proteome, rather Figure
3.13 showed that these changes take effect over weeks to months of extended pas-
saging in culture. It remains that a majority of protein regulation in the proteotoxic
stress response is governed at the post-transcriptional and post-translational levels.
While the quantities of transcriptional regulation were similar in response to stress
and in response to extended passaging, at the level of the proteome Figures 3.7 and
3.14 show a > 9-fold increase in the number of proteins significantly regulated in
extended passaging over those regulated during stress. In this respect, future work
should seek to define the post-transcriptional post-translational mechanisms that
drive rapid protein-level changes in cells responding to stress, and identify targets
which dictate changes to these mechanisms in LP cells for potential treatments.

In order to build a mechanistic understanding of the difference between the stress
response in EP and LP hMSCs, key components of the HSP70 machinery were
examined with finer temporal resolution (Section 4.5). Quantification of HSPA1A
transcript (Figure 4.18f) by RT-qPCR showed, like its main co-chaperone DNAJB1,
a strong heat stress response in hMSCs which was remarkably similar between EP
and LP populations, with greater transcriptional up-regulation seen in LP popula-
tions. It is unlikely that this result reflects an increased efficacy in the transcriptional
stress response in senescent cells. More likely, the insult to proteostasis produced
by stress may be greater in senescent cells as compared to healthy cells, but this has
yet to be investigated in vitro.

RT-qPCR data also revealed that the time taken to resolve the proteotoxic stress
induced by a 42◦C, two hour heat shock is considerably longer in LP cells than in EP.
IF microscopy data showed that this loss of efficacy of the LP stress response may
be due to a dampened up-regulation of HSPA1A in response to stress. Analysing
HSPA1A transcript and protein data in tandem, it became clear that this data
aligned with a previously reported lag between the transcriptional and proteomic
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stress response (Figure 4.23). Using this information, we may view the HSPA1A
protein temporal dynamics presented in Section 4.5.2 as representing a dual-phase
stress response.

In the first 2-3 hours following the onset of stress, the response of hBM-MSCs
appears to be predominantly post-transcriptional, and in this region LP cells differ
from EP only marginally. In the second phase, we may expect the transcriptionally
driven stress response to dominate, and it is in this region where the disparity be-
tween the EP and LP stress responses becomes most evident - suggesting chaperone
translation as an attenuated process in senescent cells. In support of this, down-
regulation of large numbers of ribosomal proteins was seen in MS data (Section 5.1.3)
which contributed to the under-enrichment of several protein translation pathways
being seen in a pathway analysis of protein-level changes in LP populations (Section
3.5.2). These results suggest that a loss of translational capacity in senescent cells
drives the attenuation of the stress response. A study of the EP and LP “trans-
latomes” would therefore be of great interest, however performing techniques such
as polysomal or ribosomal profiling on senescent primary human cells would require
an excessive amount of cell cultures. Additionally, the acquired thermotolerance
apparent at the 26 hrs post-stress time point in IF microscopy data (Figure 4.22c)
supports previous studies (Sart et al., 2014; Choudhery et al., 2015) which suggest
heat-shock pretreatment could enhance the success of MSC transplants.

Mathematical modelling identifies a loss of chaperone and
misfolded protein turnover machinery as another limiting fac-
tor of the late-passage stress response

A mathematical model of the stress response was created with the primary aim
of challenging the current understanding of HSP70 regulation in the proteotoxic
stress response. Models attempting to describe the process thus far have been built
around the theory of mass synthesis of an already highly abundant protein, and
neglected post-translational regulation. Here it has been shown that the inclusion
of the HSP70 and MFP regulator CHIP enables accurate fitting of in vitro data
during both the stress response and the subsequent return to equilibrium. Further-
more, in silico results demonstrate these dynamics can be achieved mostly through
post-translational regulation of HSP70, with transcriptional regulation playing a
minor role. Predominantly stabilising HSP70 under stress rather than synthesising
additional protein is supported in the literature by H. Chen et al., 2015 and would
presumably conserve a considerable amount of energy during cellular stress. HSP70
up-regulation through a change in stability, rather than an increase in synthesis
could be investigated through stable-isotope labelling by amino acids in cell culture
(SILAC) mass spectrometry (as reviewed by Mann, 2006). Future experimental work
may also seek to build upon the model predictions regarding mechanisms of HSP70
regulation. It would also be of interest to investigate whether these results are also
seen in more specialised cell types, with Blanco et al., 2016 showing proliferating
mammalian stem cells have surprisingly low rates of protein synthesis compared to
differentiated cells.

A second aim of the model was to test if the changes observed in senescent cells
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were sufficient to account for the attenuation of HSPA1A up-regulation seen in IF
microscopy data. To this end, a loss of HSP70 synthesis proportional to the down-
regulation of ribosomal proteins in LP cells, and a down-regulation of CHIP in LP
cells were incorporated into the model. While these changes did result in a partial
loss of HSP70 induction in response to stress, these changes alone were not sufficient
to fully describe the attenuation of the stress response in LP cells. By varying the
parameters included in the model, it was possible to predict mechanistic changes in
senescent cells which would lead to the HSP70 dynamics observed in vitro. As it
stands, this model paves the way for future work to investigate the factors predicted
to influence the senescence-associated decline in the stress response.

Down-regulation of the CCT complex in late-passage cells
drives the compromise of cytoskeletal proteins during pro-
teotoxic stress

Following the dynamics of in silico concentrations of misfolded protein, the model
predicted an increase of more than two hours in the time taken to resolve stress-
induced protein misfolding in LP cells, and simulations suggested LP cells would
sustain a greater attenuation to proteostasis than their EP counterparts when pre-
sented with an equal proteotoxic stress. This was tested using mBBr to quantify
changes to the cysteine-labelling profile of cells following proteotoxic stress. mBBr-
labelling revealed a significant (p < 0.0001) conformational change of proteins in
LP cells compared to no change (p = 0.27) in EP cells. This was in agreement with
the model prediction (Section 5.6) that an equal magnitude of stress will be more
detrimental to proteostasis in LP cells than EP cells. In the context of ageing, this
suggests that the maintenance of proteostasis within tissues becomes more finely
balanced as aged cells accumulate in tissues.

Work in Chapter 4 identified the down-regulation of a functional module contain-
ing the CCT chaperone complex in LP cells. Evidence has been found that this
complex serves client proteins related to both the cytoskeleton and the cell cycle.
It is likely the cell cycle arrest in senescent cells drives the down-regulation of the
CCT complex. In response to stress however, the chaperones in the CCT func-
tional module are heavily transcribed (Section 4.2) in LP populations, suggesting
a perturbation from proteostasis within the cytoskeleton. In agreement with this,
work in Section 5.7 showed conformational changes to several cytoskeletal proteins
in LP cells exposed to stress. This data could make way for a complementary study
to investigate the mechanical stress response in senescent cells, with implications
in age-associated diseases such as arthritis (Chalan et al., 2015; O. H. Jeon et al.,
2018) and intervertebral disc degeneration (Gilbert, 2011; Feng et al., 2018; Patil
et al., 2018).
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MATLAB script

A.1 Titration model of proteotoxic stress

f unc t i on [ HSF, totalHSP , totalMFP , s s e ] = t i t r a t i o n ( B , K , k2 , k4 ,
k5 , k7 , s t r e s s )

% Jack L l ewe l l yn 29/03/2021
% time i s in minutes
% dt = time i n t e r v a l between e va l u a t i n g abundances
% T = t o t a l s imu la t i on time [ minutes ]
% HS s t a r t s at T=6000, such t ha t a l l popu l a t i on s are at e qu i l i b r i um
% a l l popu l a t i on s are concen t ra t i ons

% Set temporal r e s o l u t i o n
dt =.01;
T=6000+26∗60;

% Seed the rng f o r r e p r oduc i b l e r e s u l t s
rng (0 ) ;

% Record sum−of−squared−e r ro r s f o r op t im i sa t i on
s s e=ze ro s ( 1 ,max( [ l ength (B( : ) ) , l ength (K( : ) ) , l ength ( k2 ( : ) ) , l ength ( k4

( : ) ) , l ength ( k5 ( : ) ) , l ength ( k7 ( : ) ) ] ) ) ;

% Set passage
f o r s ene s c ent = 0 :1

% i n i t i a l popu la t i on l e v e l s
HSP = 1000 ; % m. mole % = steady s t a t e lDoF
MFP = 0 ; % m. mole
HSP HSF = 0 . 1 ; % m. mole
HSP MFP = 0 ; % m. mole
% DDE to model t r a n s l a t i o n de lay
HSF = ze ro s (2+(T/dt ) ,max( [ l ength (B( : ) ) , l ength (K( : ) ) , l ength ( k2 ( : ) ) ,

l ength ( k4 ( : ) ) , l ength ( k5 ( : ) ) , l ength ( k7 ( : ) ) ] ) ) ;
CHIP = (HSP+HSP HSF+HSP MFP) /3 . 1033 ; % m. mole

i f s ene s c ent == 1
CHIP = 0.5824∗CHIP ;
end

% monitor abundances
totalHSP = ze ro s (1+(T/dt ) , max( [ l ength (B( : ) ) , l ength (K( : ) ) , l ength ( k2

( : ) ) , l ength ( k4 ( : ) ) , l ength ( k5 ( : ) ) , l ength ( k7 ( : ) ) ] ) ) ;
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totaldHSP = ze ro s (1+(T/dt ) , max( [ l ength (B( : ) ) , l ength (K( : ) ) , l ength ( k2
( : ) ) , l ength ( k4 ( : ) ) , l ength ( k5 ( : ) ) , l ength ( k7 ( : ) ) ] ) ) ;

totalHSF = ze ro s (1+(T/dt ) ,1 ) ;
totalMFP = ze ro s (1+(T/dt ) ,max( [ l ength (B( : ) ) , l ength (K( : ) ) , l ength ( k2

( : ) ) , l ength ( k4 ( : ) ) , l ength ( k5 ( : ) ) , l ength ( k7 ( : ) ) ] ) ) ;
r a t e s = ze ro s (1+(T/dt ) ,7 ) ; % reac t i on ra t e s

% h i l l f unc t i on
n = 3 ; % h i l l c o e f f i c i e n t

i f s ene s c ent == 1
B = 0.7134∗B;
end

k3 = k2 ;

k6 = (641/375) ∗k4 ; % 1/(m. mole∗min) % see notes

% i n i t i a l r a t e s
dHSF = k3 .∗HSP HSF.∗MFP + k4 .∗HSP HSF.∗CHIP − k2 .∗HSF( 1 , : ) .∗HSP;
dHSP = B.∗HSF( 1 , : ) . / ( (K. ˆ n)+(HSF(1) . ˆ n) ) + k5 .∗HSP MFP + k6 .∗HSP MFP.∗

CHIP − k2 .∗HSF( 1 , : ) .∗HSP − k3 .∗HSP.∗MFP − k4 .∗HSP.∗CHIP ;
dCHIP = 0 ;
dMFP = k7 − k3 .∗HSP.∗MFP − k3 .∗HSP HSF.∗MFP;
dHSP HSF = k2 .∗HSF( 1 , : ) .∗HSP − k3 .∗HSP HSF.∗MFP − k4 .∗HSP HSF.∗CHIP ;
dHSP MFP = k3 .∗HSP HSF.∗MFP + k3 .∗HSP.∗MFP − k5 .∗HSP MFP − k6 .∗HSP MFP

.∗CHIP ;

f o r t = 0 : dt :T % time

% choose random t r an s c r i p t i o n time between [ 1 , 3 ] hrs
t d e l a y = randi ( [ 6 0 1 8 0 ] ) ;

% monitor abundances
totalHSP ( round (1+( t /dt ) ) , : ) = HSP + HSP HSF + HSP MFP;
totaldHSP ( round (1+( t /dt ) ) , : ) = dHSP + dHSP HSF + dHSP MFP;
totalHSF ( round (1+( t /dt ) ) ) = HSF( round (1+( t /dt ) ) ) + HSP HSF ;
totalMFP ( round (1+( t /dt ) ) , : ) = MFP + HSP MFP;

r a t e s ( round (1+( t /dt ) ) , : ) = [B.∗HSF(max(1 , round (1+( t /dt ) ) − (
t d e l a y /dt ) ) ) / ( (Kˆn)+(HSF(max(1 , round (1+( t /dt ) ) − ( t d e l a y /dt
) ) ) ˆn) ) , . . .

k2 .∗HSF( round (1+( t /dt ) ) ) .∗HSP , . . .
k3 .∗HSP HSF.∗MFP + k3 .∗HSP.∗MFP, . . .
k4 .∗HSP HSF.∗CHIP + k4 .∗HSP.∗CHIP

, . . .
k5 .∗HSP MFP , . . .
k6 .∗HSP MFP.∗CHIP , . . .
k7 ] ;

i f t == 6000 % ” swi t ch on” s t r e s s
k7 = s t r e s s .∗ k7 ;

%record b a s e l i n e l e v e l s f o r o v e r l a y i n g exper imenta l data
HSPt0 = HSP+HSP HSF+HSP MFP;

end
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i f t == 6120 % ” swi t ch o f f ” s t r e s s
k7 = k7 . / s t r e s s ;

end

% progre s s time
HSF( round (2+( t /dt ) ) , : ) = max(0 ,HSF( round (1+( t /dt ) ) , : ) + dHSF.∗ dt ) ;
HSP = max(0 ,HSP + dHSP.∗ dt ) ;

% Match CHIP to s teady s t a t e l e v e l o f HSP
i f t < 6000

CHIP = (HSP+HSP HSF+HSP MFP) /3 . 1033 ;
i f s ene s c ent == 1
CHIP = 0 .582 4 .∗CHIP ;
end

e l s e
CHIP = CHIP + dCHIP.∗ dt ;
end
MFP = max(0 ,MFP + dMFP.∗ dt ) ;
HSP HSF = max(0 ,HSP HSF + dHSP HSF.∗ dt ) ;
HSP MFP = max(0 ,HSP MFP + dHSP MFP.∗ dt ) ;

% update r a t e s f o r change at next time po in t
dHSF = k3 .∗HSP HSF.∗MFP + k4 .∗HSP HSF.∗CHIP − k2 .∗HSF( round (1+( t /dt

) ) , : ) .∗HSP;
dHSP = B.∗HSF(max(1 , round (1+( t /dt ) ) − ( t d e l a y /dt ) ) , : ) . / ( (K. ˆ n)+(

HSF(max(1 , round (1+( t /dt ) ) − ( t d e l a y /dt ) ) , : ) . ˆ n) ) + k5 .∗HSP MFP
+ k6 .∗HSP MFP.∗CHIP − k2 .∗HSF( round (1+( t /dt ) ) , : ) .∗HSP − k3 .∗

HSP.∗MFP − k4 .∗HSP.∗CHIP ;
dCHIP = 0 ;
dMFP = k7 − k3 .∗HSP.∗MFP − k3 .∗HSP HSF.∗MFP;
dHSP HSF = k2 .∗HSF( round (1+( t /dt ) ) , : ) .∗HSP − k3 .∗HSP HSF.∗MFP − k4

.∗HSP HSF.∗CHIP ;
dHSP MFP = k3 .∗HSP HSF.∗MFP + k3 .∗HSP.∗MFP − k5 .∗HSP MFP − k6 .∗

HSP MFP.∗CHIP ;

end

% ca l c u l a t e SSE in HSP vs exper imenta l data
i f s ene s c ent == 0
% low passage
s s e = s s e + . . .

( totalHSP (6000/ dt +1 , : ) . / HSPt0−2.ˆ0) . ˆ2 + . . .
( totalHSP (6060/ dt +1 , : ) . / HSPt0−2.ˆ0 .1721) . ˆ2 + . . .
( totalHSP (6120/ dt +1 , : ) . / HSPt0−2.ˆ0 .4725) . ˆ2 + . . .
( totalHSP (6150/ dt +1 , : ) . / HSPt0−2.ˆ0 .7322) . ˆ2 + . . .
( totalHSP (6180/ dt +1 , : ) . / HSPt0−2.ˆ0 .8536) . ˆ2 + . . .
( totalHSP (6240/ dt +1 , : ) . / HSPt0−2.ˆ0 .9621) . ˆ2 + . . .
( totalHSP (6360/ dt +1 , : ) . / HSPt0−2.ˆ1 .244) . ˆ2 + . . .
( totalHSP (6600/ dt +1 , : ) . / HSPt0−2.ˆ0 .9421) . ˆ2 + . . .
( totalHSP (7560/ dt +1 , : ) . / HSPt0−2.ˆ0 .5177) . ˆ 2 ;

e l s e
high passage

s s e = s s e + . . .
( totalHSP (6000/ dt +1) . / HSPt0−2.ˆ−0.0747) . ˆ2 + . . .
( totalHSP (6060/ dt +1) . / HSPt0−2.ˆ−0.2382) . ˆ2 + . . .
( totalHSP (6120/ dt +1) . / HSPt0−2.ˆ0 .2081) . ˆ2 + . . .
( totalHSP (6150/ dt +1) . / HSPt0−2.ˆ0 .3995) . ˆ2 + . . .
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( totalHSP (6180/ dt +1) . / HSPt0−2.ˆ0 .3458) . ˆ2 + . . .
( totalHSP (6240/ dt +1) . / HSPt0−2.ˆ0 .4000) . ˆ2 + . . .
( totalHSP (6360/ dt +1) . / HSPt0−2.ˆ0 .6687) . ˆ2 + . . .
( totalHSP (6600/ dt +1) . / HSPt0−2.ˆ0 .5430) . ˆ2 + . . .
( totalHSP (7560/ dt +1) . / HSPt0−2.ˆ0 .3112) . ˆ 2 ;

end

end
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model indicates that the heat shock response in Chlamydomonas reinhardtii
is tailored to handle natural temperature variation. Journal of The Royal
Society Interface, 15 (142), 20170965. https://doi.org/10.1098/rsif.2017.0965

Mahat, D. B., Salamanca, H. H., Duarte, F. M., Danko, C. G., & Lis, J. T. (2016).
Mammalian Heat Shock Response and Mechanisms Underlying Its Genome-
wide Transcriptional Regulation. Molecular Cell, 62 (1), 63–78. https://doi.
org/10.1016/j.molcel.2016.02.025

Mallikarjun, V., Richardson, S. M., & Swift, J. (2020). BayesENproteomics: Bayesian
Elastic Nets for Quantification of Peptidoforms in Complex Samples. Journal
of Proteome Research, 19 (6), 2167–2184. https : / / doi . org / 10 . 1021 / acs .
jproteome.9b00468

Malyshev, I. (2013). Immunity, Tumors and Aging: The Role of HSP70 (Vol. 6).
Dordrecht, Springer Netherlands. https://doi.org/10.1007/978-94-007-5943-
5

Mann, M. (2006). Functional and quantitative proteomics using SILAC. Nature
Reviews Molecular Cell Biology, 7 (12), 952–958. https://doi.org/10.1038/
nrm2067

Mao, R.-F., Rubio, V., Chen, H., Bai, L., Mansour, O. C., & Shi, Z.-Z. (2013). OLA1
protects cells in heat shock by stabilizing HSP70. Cell Death & Disease, 4 (2),
e491–e491. https://doi.org/10.1038/cddis.2013.23

Jack Llewellyn 186

https://doi.org/10.1016/S0140-6736(17)31363-6
https://doi.org/10.1016/S0140-6736(17)31363-6
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/https://doi.org/10.1155/2019/9628536
https://doi.org/10.1172/JCI73946
https://doi.org/10.1016/j.mad.2017.07.001
https://doi.org/10.1016/j.mad.2017.07.001
https://doi.org/10.1016/j.yexcr.2004.07.006
https://doi.org/10.1098/rsif.2017.0965
https://doi.org/10.1016/j.molcel.2016.02.025
https://doi.org/10.1016/j.molcel.2016.02.025
https://doi.org/10.1021/acs.jproteome.9b00468
https://doi.org/10.1021/acs.jproteome.9b00468
https://doi.org/10.1007/978-94-007-5943-5
https://doi.org/10.1007/978-94-007-5943-5
https://doi.org/10.1038/nrm2067
https://doi.org/10.1038/nrm2067
https://doi.org/10.1038/cddis.2013.23


Bibliography

Markoski, M. M. (2016). Advances in the Use of Stem Cells in Veterinary Medicine:
From Basic Research to Clinical Practice. Scientifica, 2016 (4516920). https:
//doi.org/https://doi.org/10.1155/2016/4516920

Marroquin, L. D., Hynes, J., Dykens, J. A., Jamieson, J. D., & Will, Y. (2007).
Circumventing the Crabtree effect: Replacing media glucose with galactose
increases susceptibility of HepG2 cells to mitochondrial toxicants. Toxicologi-
cal Sciences: An Official Journal of the Society of Toxicology, 97 (2), 539–547.
https://doi.org/10.1093/toxsci/kfm052

Martinello, T., Bronzini, I., Maccatrozzo, L., Mollo, A., Sampaolesi, M., Mascarello,
F., Decaminada, M., & Patruno, M. (2011). Canine adipose-derived-mesenchymal
stem cells do not lose stem features after a long-term cryopreservation. Re-
search in Veterinary Science, 91 (1), 18–24. https://doi.org/10.1016/j.rvsc.
2010.07.024
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& Koš, M. (2020). Cellular senescence and quiescence are associated with al-
tered ribosomal RNA methylation and processing. bioRxiv, 2020.04.01.019653.
https://doi.org/10.1101/2020.04.01.019653

Yang, R., Zheng, G., Ren, D., Chen, C., Zeng, C., Lu, W., & Li, H. (2018). The
clinical significance and biological function of tropomyosin 4 in colon cancer.
Biomedicine & Pharmacotherapy, 101, 1–7. https : / / doi . org / 10 . 1016 / j .
biopha.2018.01.166

Youn, D.-Y., Lee, D.-H., Lim, M.-H., Yoon, J.-S., Lim, J. H., Jung, S. E., Yeum,
C. E., Park, C. W., Youn, H.-J., Lee, J.-S., Lee, S.-B., Ikawa, M., Okabe, M.,

Jack Llewellyn 199

https://doi.org/10.1186/s13287-019-1425-4
https://doi.org/10.1038/s41514-020-0042-x
https://doi.org/10.1074/jbc.M112.413070
https://doi.org/10.1126/science.1165946
https://doi.org/10.1126/science.1165946
https://doi.org/10.1098/rstb.2017.0192
https://doi.org/10.1073/pnas.1914376117
https://doi.org/10.1073/pnas.1914376117
https://doi.org/10.3389/fimmu.2017.01908
https://doi.org/10.1038/s41598-018-27469-z
https://doi.org/10.1101/2020.04.01.019653
https://doi.org/10.1016/j.biopha.2018.01.166
https://doi.org/10.1016/j.biopha.2018.01.166


Bibliography

Tsujimoto, Y., & Lee, J.-H. (2008). Bis deficiency results in early lethality
with metabolic deterioration and involution of spleen and thymus. American
Journal of Physiology-Endocrinology and Metabolism, 295 (6), E1349–E1357.
https://doi.org/10.1152/ajpendo.90704.2008

Young, J. C., Hoogenraad, N. J., & Hartl, F. U. (2003). Molecular chaperones Hsp90
and Hsp70 deliver preproteins to the mitochondrial import receptor Tom70.
Cell, 112 (1), 41–50. https://doi.org/10.1016/s0092-8674(02)01250-3

Zanotti, S., Kalajzic, I., Aguila, H. L., & Canalis, E. (2014). Sex and Genetic Fac-
tors Determine Osteoblastic Differentiation Potential of Murine Bone Marrow
Stromal Cells (L. Malaval, Ed.). PLoS ONE, 9 (1), e86757. https://doi.org/
10.1371/journal.pone.0086757

Zhang, H., Amick, J., Chakravarti, R., Santarriaga, S., Schlanger, S., McGlone, C.,
Dare, M., Nix, J. C., Scaglione, K. M., Stuehr, D. J., Misra, S., & Page,
R. C. (2015). A Bipartite Interaction between Hsp70 and CHIP Regulates
Ubiquitination of Chaperoned Client Proteins. Structure, 23 (3), 472–482.
https://doi.org/10.1016/j.str.2015.01.003

Zhang, W., Xue, D., Yin, H., Wang, S., Li, C., Chen, E., Hu, D., Tao, Y., Yu, J.,
Zheng, Q., Gao, X., & Pan, Z. (2016). Overexpression of HSPA1A enhances
the osteogenic differentiation of bone marrow mesenchymal stem cells via
activation of the Wnt/-catenin signaling pathway. Scientific Reports, 6 (1),
27622. https://doi.org/10.1038/srep27622

Zhao, R., Davey, M., Hsu, Y.-C., Kaplanek, P., Tong, A., Parsons, A. B., Krogan,
N., Cagney, G., Mai, D., Greenblatt, J., Boone, C., Emili, A., & Houry, W. A.
(2005). Navigating the Chaperone Network: An Integrative Map of Physical
and Genetic Interactions Mediated by the Hsp90 Chaperone. Cell, 120 (5),
715–727. https://doi.org/10.1016/j.cell.2004.12.024

Zhao, X., Jiang, M., & Wang, Z. (2019). TPM4 promotes cell migration by modu-
lating F-actin formation in lung cancer. OncoTargets and Therapy, 12, 4055–
4063. https://doi.org/10.2147/OTT.S198542

Zheng, X., Krakowiak, J., Patel, N., Beyzavi, A., Ezike, J., Khalil, A. S., & Pincus,
D. (2016). Dynamic control of Hsf1 during heat shock by a chaperone switch
and phosphorylation. eLife, 5, e18638. https://doi.org/10.7554/eLife.18638

Jack Llewellyn 200

https://doi.org/10.1152/ajpendo.90704.2008
https://doi.org/10.1016/s0092-8674(02)01250-3
https://doi.org/10.1371/journal.pone.0086757
https://doi.org/10.1371/journal.pone.0086757
https://doi.org/10.1016/j.str.2015.01.003
https://doi.org/10.1038/srep27622
https://doi.org/10.1016/j.cell.2004.12.024
https://doi.org/10.2147/OTT.S198542
https://doi.org/10.7554/eLife.18638

	Introduction
	Overview
	Background
	Division of thesis
	Thermodynamic protein folding
	Molecular chaperones
	The heat shock proteins
	The HSP70 family
	HSP70 co-chaperones
	The HSP90 family
	Chaperonins
	Small heat shock proteins
	The HSP110 disaggregation machinery
	Misfolded protein degradation pathways

	Chaperone regulation
	Transcriptional regulation
	Post-translational regulation

	The heat shock response
	Mathematical models of the heat shock response
	Inhibition of HSP70

	Proteostasis in ageing
	Human Mesenchymal Stem Cells as a model system to study cellular ageing
	Senescence provides a model for cell ageing
	-galactosidase as a biomarker for cellular senescence
	Chaperone function in senescent cells
	Mesenchymal stem cells in regenerative medicine

	Aims

	Materials & methods
	Reagents & solutions
	Equipment
	Software
	Acquisition of human mesenchymal stem cells
	Cell culture
	Cell culture contaminant testing and prevention

	Cell expansion
	Passaging of cells
	Cryogenic storage and recovery of cells
	Intra-donor pairing of early- and late-passage cells
	-galactosidase staining of senescent cells
	Seeding of cells onto single well plates
	Heat shock of cells
	Cell fixation, permeabilisation, and blocking for microscopy
	Primary and secondary antibody staining
	Immunofluorescence microscopy
	Fluorescence quantification
	Analysis of microscopy data
	RNA isolation
	DNase treatment
	RNA quantification

	Reverse transcription
	Quantitative Polymerase Chain Reaction
	Analysis of RT-qPCR data
	RNA-sequencing
	Analysis of sequencing data
	HSP70 inhibition
	Cell lysis for mass spectrometry
	Protein quantification by infrared spectrometry

	Protein digestion
	Peptide reduction and alkylation
	Biphasic extraction of peptides
	Peptide desalting
	Liquid chromatography-Mass spectrometry
	Peptide quantification
	Peptide identification
	Relative protein quantification
	Monobromobimane (mBBr) labelling
	Pathway analysis
	Chaperone network analysis
	Ordinary/Delay Differential Equation(ODE/DDE) modelling
	Initial conditions
	Parameter optimisation


	The transcriptomic and proteomic profiles of proliferating and senescent human mesenchymal stem cells before and after stress
	-galactosidase staining validates senescence in late-passage populations
	Label-free mass spectrometry
	RNA-sequencing
	The -omic proteotoxic stress response in early- and late-passage cells
	Transcript and protein regulation analysis
	Pathway enrichment analysis

	Functional differences of the early- and late-passage proteomes under stress
	Transcript and protein regulation analysis
	Pathway enrichment analysis

	Summary

	A functional module based around HSP70 machinery becomes unresponsive to heat stress in senescent human mesenchymal stem cells
	The human chaperone network
	Establishing functional modules of the human chaperone network

	The modular response to proteotoxic stress
	The HSP70 machinery
	PES functional inhibition of HSP70
	Protein regulation analysis
	Pathway enrichment analysis
	Human chaperone network analysis

	Temporal dynamics of the HSP70 machinery in response to stress
	Transcriptional dynamics of the HSP70 machinery
	Analysis of the dynamics of stress-inducible HSP70 protein through immunofluorescence microscopy

	Summary

	A mathematical model of early- and late-passage stress response dynamics and prediction of cellular ``damage"
	Regulation of model populations and parameters in late-passage cells
	HSF1
	CHIP
	Ribosome

	Parameter constraints
	Parameter optimisation
	Parameter modification for senescent cells
	A descriptive model of the ageing stress response
	A predictive model of the ageing stress response
	Reaction rates
	Impact on the stress response of varying parameters

	Monobromobimane-labelling mass spectrometry
	Summary

	Conclusions & future work
	Appendix MATLAB script
	Titration model of proteotoxic stress


