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Abstract 

Cells within an organism are constantly exposed to environmental insults that challenge 

the homeostasis of their proteome by causing protein misfolding. To survive these 

adverse situations, cells are equipped with a stress-responsive family of transcription 

factors called heat shock factors (HSFs). Upon exposure to stress, the HSFs are activated 

and induce the expression of molecular chaperones, known as heat shock proteins, which 

in turn aid misfolded proteins to regain their native conformation. HSF1 and HSF2 are 

the most studied members of the HSFs family, and HSF1 has been considered the master 

regulator of the proteotoxic stress response. However, despite years of HSFs research, 

several questions remain unanswered, including: Is there an HSF2-dependent gene 

expression profile associated with proteotoxic stress? Do HSF1 and HSF2 drive distinct 

transcriptional programs depending on the type of stress? What are the proteins that 

interact with HSF2?  

The first study of this thesis shows that HSF2 is a prominent transcriptional regulator of 

the cadherin superfamily of adhesion proteins, and impaired cell-cell adhesion 

predisposes cells to sustained proteotoxic stress. The second study demonstrates that 

HSF1 and HSF2 are multi-stress-responsive transcription factors, that trigger distinct 

transcriptional programs depending on the type of stress. The third study characterizes 

the protein interactome of HSF2 in a tissue-relevant context and establishes TLN1 as the 

first adhesion-related HSF2 interacting partner. Lastly, the fourth study in this thesis 

shows that TLN1 is also present in the nucleus where it strongly binds to chromatin, 

accumulates in the nucleolus, and regulates gene expression.  
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Sammanfattning (Swedish Abstract) 

Celler i en organism utsätts ständigt för miljöförolämpningar som utmanar deras 

proteoms homeostas genom att orsaka felveckning av proteiner. För att överleva dessa 

negativa situationer är cellerna utrustade med en stressresponsiv familj av 

transkriptionsfaktorer som kallas värmechockfaktorer (HSF:er). Vid exponering för 

stress aktiveras HSF:erna och inducerar uttrycket av molekylära chaperoner, kända som 

värmechockproteiner, som i sin tur hjälper felveckade proteiner att återfå sin 

ursprungliga konformation. HSF1 och HSF2 är de mest studerade medlemmarna i HSF-

familjen, och HSF1 har ansetts vara huvudregulatorn för proteotoxisk stressrespons. Men 

trots år av HSF-forskning förblir flera frågor obesvarade, inklusive: Finns det en HSF2-

beroende genuttrycksprofil associerad med proteotoxisk stress? Driver HSF1 och HSF2 

distinkta transkriptionsprogram beroende på stresstyp? Vilka är proteinerna som 

interagerar med HSF2? 

Den första studien av denna avhandling visar att HSF2 är en framträdande 

transkriptionsregulator av kadherin-superfamiljen av adhesionsproteiner, och att nedsatt 

cell-celladhesion predisponerar celler för ihållande proteotoxisk stress. Den andra 

studien visar att HSF1 och HSF2 är multistressresponsiva transkriptionsfaktorer, som 

utlöser distinkta transkriptionsprogram beroende på stresstyp. Den tredje studien 

karakteriserar proteininteraktomet för HSF2 i ett vävnadsrelevant sammanhang och 

etablerar TLN1 som den första adhesionsrelaterade HSF2-interagerande partnern. 

Slutligen visar den fjärde studien i denna avhandling att TLN1 också finns i cellkärnan 

där det starkt binder till kromatin, ackumuleras i nukleolen och reglerar genuttryck. 
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Introduction 

Cell adhesion is a fundamental process for every stage in the life of a multicellular 

organism. On one hand, during embryogenesis cells must adhere to their neighbor cells 

and substrates to form boundaries and determine the shape of the organism. On the other 

hand, fully developed organisms rely on cell adhesion to maintain the integrity and 

functionality of tissues. Indeed, the cells that form part of a tissue, work in synergy partly 

because the physical connections between them mediate the transmission of information. 

This mechanosensitive property of cells implies that there is a mechanical homeostasis 

within tissues, which is constantly surveilled by the proteins mediating cell adhesion. 

For instance, cells within a wounded tissue, respond to disruptions in cell adhesion by 

activating the expression of specific genes, which in turn control proliferation, 

differentiation, and migration. The process through which genes are activated is called 

transcription, and it is orchestrated by proteins known as transcription factors. HSF1 and 

HSF2 are stress-responsive transcription factors that react to protein damaging stress, a 

type of stress that causes proteins to unfold, and their misfunction is linked to pathologies 

such as neurodegenerative diseases, developmental alterations, and cancer. 

This thesis work establishes a connection between cell adhesion and the role of HSF1 

and HSF2 in specific types of proteotoxic stress responses. Our data showed that HSF2 

is an indispensable transcription factor under chronic proteotoxic stress, a condition in 

which the prominent HSF2-dependent regulation of cell-cell adhesion is required for cell 

survival. Although HSF1 and HSF2 were discovered in the context of stress, the 

transcriptional programs that these HSFs regulate under different types of stress 

conditions had not been compared before. Therefore, we also compared the role of HSF1 

and HSF2 in heat shock and oxidative stress, and our results revealed that these 

transcription factors regulate different sets of genes depending on the stress condition. 

Moreover, we characterized the HSF2 interactome in a tissue context and discovered 

TLN1 as the first adhesion-related HSF2-interacting partner. Lastly, we uncover the 

nuclear localization of TLN1 and explore its functional impact on gene expression.  
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Review of the Literature 

1 Cell adhesion as a cornerstone of multicellular organisms  

All multicellular organisms develop from a single cell that gives rise to a whole 

individual. Carefully regulated serial divisions of the founder cell, also known as the 

zygote, generates different cell types with unique properties. Within the multicellular 

organism, a subset of cell types are organized into tissues and organs, where each cell 

functions in synergy with the other cells to ensure the optimal fulfillment of vital 

functions (dos Santos & Liberali, 2019). To ensure proper tissue organization and 

architecture, multicellular organisms contain a matrix of macromolecules surrounding 

their cells, which is known as the extracellular matrix (ECM). The ECM is the non-

cellular component of tissues and organs, which is composed of proteins and 

polysaccharides. The ECM has a particular structure and composition in every tissue and 

organ to provide proper mechanical support and mediate signal transduction in specific 

conditions (Frantz et al., 2010).  

The assembly of single cells into three-dimensional tissues is mediated by the process of 

cell adhesion. This process can be divided into cell-cell adhesion, referring to the 

interaction between cells, and cell-matrix adhesion, referring to the interaction between 

cells and their surrounding ECM. The proteins involved in cell adhesion are generally 

composed of three major classes: ECM proteins, cell adhesion molecules 

(CAM)/adhesion receptors, and cytoplasmic adaptor/peripheral membrane proteins 

(Gumbiner, 1996). The ECM proteins are mostly fibril-forming proteins, like collagens, 

fibronectins, and laminins, that act as ligands for CAMs (Theocharis et al., 2016). The 

CAM proteins are generally transmembrane glycoproteins that mediate cell-cell or cell-

matrix adhesion through the interaction of their extracellular segments with specific 

ligands. There are four major groups of CAMs: integrins, selectins, cadherins, and the 

immunoglobulin superfamily (IgSF). However, some CAM proteins are not included in 

these major groups, such as non-classical CAMs, e.g. claudins and occludin (Hintermann 

& Christen, 2019). At the intracellular side of the plasma membrane, CAMs interact with 
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cytoplasmic adaptor or peripheral membrane proteins. The function of cytoplasmic 

adaptor proteins (e.g. α-catenin, β-catenin, catenin delta 1 (CTNND1), desmoplakin, 

talin1) is to connect the adhesion molecules to the cytoskeleton and to transduce signals 

initiated at the cell surface when CAMs bind their ligands (Gumbiner, 1996). 

The shape and organization of tissues are maintained by cytoskeletal components (such 

as actin filaments, intermediate filaments, and microtubules) and the activity of myosin 

type II proteins, both of which function in concert with cell-cell and cell-matrix adhesion 

complexes (Gilbert & Weaver, 2017). Myosin II proteins act as molecular motors that 

move along actin filaments exerting tension on the cytoskeleton (Shutova & Svitkina, 

2018). CAMs, in turn, mediate force transmission along tissues, providing a structural 

platform to propagate mechanical inputs from the extracellular space. Different stimuli 

affect the intracellular tension of cells within tissues, causing changes in gene expression, 

differentiation, cell size, and morphology (Heisenberg & Bellaïche, 2013). For example, 

stem cells can differentiate into different lineages upon changes in substrate stiffness, 

and this process is completely abolished in the absence of myosin II (Engler et al., 2006). 

This cellular response to mechanical cues is particularly important to maintain tissue 

self-organization and homeostasis.  

When a tissue is injured, stem cells must divide and differentiate in a controlled manner 

to replace the lost cells without producing an overcrowded tissue (da Silveira dos Santos 

& Liberali, 2019). In this context, mechanical stimuli are critical to regulate tissue 

regeneration, since signaling pathways that sense plasma membrane tension stop cell 

proliferation and differentiation once tissue integrity is restored (Elbediwy & Thompson, 

2018; Piddini, 2017). In addition to cell division and differentiation, cells must also 

migrate to repair injuries within tissues. This process is evident in epithelial tissues, due 

to their role in establishing boundaries within different areas of an organism. When an 

epithelial tissue is damaged, the epithelial cells acquire a quasi-mesenchymal state 

through a reversible gene expression program called epithelial-to-mesenchymal 

transition (EMT) (Dongre & Weinberg, 2019). Cells that undergo EMT are characterized 

by altered cell-cell contacts and cell polarity, enhanced capacity to degrade the 
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surrounding ECM, and reorganization of their actin cytoskeleton to cope with the 

mechanical strain produced during cell migration (Dongre & Weinberg, 2019).  

Sustained exposure to mechanical stimuli of high intensity (e.g. pressure, stretching, and 

shear forces), is known as mechanical stress (Collier & Benesch, 2020). While almost 

all cells of an organism are susceptible to experience mechanical stress, there are 

particular cell types, including bone and muscle cells, that are constantly exposed to it 

(King, 2012). From a structural point of view, cells exposed to mechanical stress need 

to strengthen their cytoskeleton and reinforce their attachment sites to preserve their 

integrity and protect their nucleus and genome (Collier & Benesch, 2020) (Figure 1). 

However, mechanical stress also causes protein damage, promoting the toxic 

accumulation of proteins that have lost their conformation and function (King, 2012). 

This condition is known as proteotoxicity, and it will be presented in more detail in 

section 2. Here, it suffices to say that cells are equipped with a group of proteins, which 

are known as molecular chaperones, that assist protein folding or degradation under 

stress conditions to avoid the fatal effects of proteotoxicity (Lindquist, 1986). Molecular 

chaperones can recognize damaged proteins and selectively mediate their degradation in 

lysosomes, a process known as chaperone-mediated autophagy (Kaushik & Cuervo, 

2018). Interestingly, a similar process, which is known as chaperone-assisted selective 

autophagy, is essential for the maintenance of skeletal muscle during mechanical stress 

(Arndt et al., 2010). For instance, the chaperones involved in chaperone-assisted 

selective autophagy monitor the mechanical unfolding of an actin-crosslinker protein 

called filamin, targeting it for lysosomal degradation during mechanical stress conditions 

(Ulbricht et al., 2013). Accordingly, molecular chaperones are highly expressed in 

organs exposed to mechanical stress (e.g. skeletal muscle, heart, diaphragm), indicating 

that they are needed to preserve protein homeostasis in these locations (Collier & 

Benesch, 2020).   
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Figure 1. Cell adhesion and tissue homeostasis. In physiological conditions, tissues within 
an organism are exposed to different intensities of mechanical stimuli. For example, vascular 
smooth muscle cells bear a great amount of mechanical force, and therefore present more 
stable cell-cell junctions that are linked to the cytoskeleton to mediate myosin II-dependent 
intracellular tension. In contrast, intestinal cells are exposed to lower amounts of mechanical 
force and they possess less stable cell-cell junctions (Friedl & Mayor, 2017). Black arrows 
indicate the direction of mechanical forces. In stress conditions, cell adhesion is required to 
preserve intracellular tension and tissue integrity. When a tissue is injured, the cells within it 
react to regenerate the disruption of cell adhesion and intracellular tension. A wound in the 
skin is depicted to exemplify tissue injury. 
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Taken together, cell adhesion is a complex process that is required for the preservation 

of tissue integrity. The cell’s capability to adhere is required to maintain intracellular 

tension, and therefore carefully regulated cell adhesion is fundamental to preserve tissue 

homeostasis in physiological conditions and mechanical stress. Importantly, adhesion 

proteins show extraordinary diversity, and they function in a context-specific manner.  

1.1 Cell-cell adhesion  

The term cell-cell adhesion includes many different types of intercellular adhesion 

events, which involve a myriad of adhesion molecules. Direct contacts between cells are 

mediated by intercellular junctional complexes, which are composed of different 

adhesion molecules that interact with the cytoskeleton. These junctions are the basis of 

all types of animal tissues, and many of them are used in parallel by the same cell types 

(Friedl & Mayor, 2017). The major junctional complexes are tight junctions, adherens 

junctions, desmosomes, and gap junctions (Figure 2). In epithelial tissues, the tight 

junctions are composed of the transmembrane proteins claudins and occludin, which act 

as molecular gates to restrict the diffusion of molecules and connect the actin 

cytoskeletons of adjacent cells (Zihni et al., 2016). Adherens junctions, in turn, are 

protein complexes that connect the actin cytoskeleton of adjacent cells through classical 

cadherins (see section 1.1.1.1), and they are considered a universal adhesion machinery 

for multicellular organisms since they are found across the metazoan phyla (Oda & 

Takeichi, 2011). In contrast, desmosomes are important junctional complexes to support 

mechanically challenged tissues by connecting the intermediate filaments of adjacent 

cells through demosomal cadherins (see section 1.1.1.2) (Hatzfeld et al., 2017). Gap 

junctions are intercellular channels composed of transmembrane proteins called 

connexins that link the actin cytoskeletons of adjacent cells and facilitate the exchange 

of ions and small molecules among cells within tissues (Beyer & Berthoud, 2018).  

The junctional complexes were observed for the first time in epithelial tissues by Marylin 

Farquhar and George Palade in 1963 (Farquhar & Palade, 1963; Horwitz, 2012). The 

work of Farquhar and Palade set the physiological context where the molecules 



Review of the Literature 
 

19 
 
 

 

underlining cell-cell adhesion operate. Although the existence of CAMs was already 

hypothesized by Paul Weiss in 1947, the first adhesion molecules were not discovered 

until the late 1970s (Horwitz, 2012; Takeichi, 1977; Weiss, 1947). Among the pioneers 

participating in the quest for CAMs, Masatoshi Takeichi made a remarkable contribution 

by discovering the process of calcium-mediated cell-cell adhesion and the first set of 

proteins involved therein (Horwitz, 2012; Takeichi, 1977). Indeed, these proteins were 

members of a protein superfamily that we now know as cadherins for their important 

role in calcium-dependent cell-cell adhesion.  

Figure 2. Junctional complexes in epithelial cells.  (I) Tight junctions are in the most apical 
part of the cell-cell contacts in epithelial cells where they build a seal. These junctions are 
composed of claudins and occludin, which interact with actin filaments. (II) Adherens 
junctions are adhesion machineries that link actin filaments of adjacent cells and they are 
composed of cadherins. (III) Desmosomes are hyperadhesive junctions that preserve the 
structure of mechanically challenged tissues. They are composed of desmosomal cadherins, 
which link intermediate filaments of adjacent cells together. (IV) Gap junctions are 
intercellular channels that connect the cytoplasm of adjacent cells. They are composed of 
connexins, which interact with actin filaments. Modified from Schnell et al., 2013. 
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1.1.1 Cadherin-mediated cell-cell adhesion  

Cadherins constitute a superfamily of transmembrane proteins that were initially 

discovered as mediators of calcium-dependent cell-cell adhesion (Takeichi, 1988). All 

cadherins have two or more primary sequences termed the extracellular cadherin (EC) 

domain, which is known as the hallmark of the cadherin superfamily (Gul et al., 2017; 

Sotomayor et al., 2014). Several repeats of the EC domain are arranged along the 

extracellular region of cadherin proteins and conserved calcium-binding sites are 

alternated in between each repeat of the EC domain (Hirano & Takeichi, 2012) (Figure 

3).  Upon calcium-binding, the cadherin EC domain rigidifies, becoming more stable to 

mediate cell-cell adhesion (Sotomayor et al., 2014). The EC domain is crucial for the 

interaction between cadherins located in neighboring cells, a process known as trans 

interaction, and cadherins located on the same cell membrane, a process known as cis 

interaction (Hirano & Takeichi, 2012). A specific cadherin usually shows homophilic 

interaction with identical proteins in cis or trans, but certain subtypes can also interact 

heterophilically (Takeichi, 2007).  

Despite sharing the EC domain, the cadherin superfamily members have a remarkable 

diversity in structure and function (Hirano & Takeichi, 2012). Therefore, it has been 

challenging to establish a consistent classification for the families inside this superfamily 

(Sotomayor et al., 2014). Here, the cadherin superfamily will be classified into two 

groups: classical cadherins, which were the first group of cadherins to be discovered, and 

non-classical cadherins. Of the non-classical cadherins, desmosomal cadherins and 

protocadherins will be described below, since they are among the best-characterized 

cadherin families (Hirano & Takeichi, 2012). While classical cadherins have a well-

defined structure, non-classical cadherins vary drastically in the number of EC domains, 

length of the transmembrane domain, and composition of the cytoplasmic domain 

(Sotomayor et al., 2014) (Figure 3). For example, the CELSR family of cadherins and 

its ortholog the Flamingo cadherins, which belong to the non-classical cadherins, are 

characterized by the presence of seven transmembrane segments and so-called “variable” 

domains in addition to the conventional EC domain repeats in their extracellular region 
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(Goffinet & Tissir, 2017). Other non-classical cadherins, such as the Fat & Dachsous 

cadherins,  have a much higher amount of EC domains than the classical cadherins 

(Brasch et al., 2012). Protocadherins and desmosomal cadherins, in turn, generally 

resemble the structure of the classical cadherins, bearing most of the differences in their 

cytoplasmic regions (Sotomayor et al., 2014) (Figure 3).   

 

Figure 3. Schematic representation of cadherin superfamily members. Classical and 
desmosomal cadherins share an identical domain structure, except for the variable 
cytoplasmic domain. Clustered protocadherins (α,β,γ) have six EC domains and a variable 
cytoplasmic domain. Non-classical cadherins and other cadherins possess between two and 
34 EC domains, variable non-cadherin domains, different amounts of transmembrane 
segments, and variable cytoplasmic domains. Figure adapted from Sotomayor et al., 2014. 
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1.1.1.1 Classical cadherins  

The classical cadherins are characterized by five EC domains (1-5 EC) in their 

extracellular region, a single-pass transmembrane domain, and a well conserved 

cytoplasmic domain (Paulson et al., 2014; Takeichi, 2007) (Figure 3). In mammals, the 

classical cadherins are divided into type I and type II cadherins, according to the 

sequence similarity of their cytoplasmic domain (Table 1). Overall, classical cadherins 

require the cleavage of an N-terminal protodomain to acquire adhesive capability, which 

in most of the cases takes place as homophilic adhesive interactions mediated by the EC1 

domain (Sotomayor et al., 2014). However, heterophilic adhesive interactions can also 

occur between the different proteins of this family (Paulson et al., 2014) (Table 1).  

Table 1. Types of classical cadherins and their interaction partners. Table modified from 

Paulson et al., 2014. NA: Not applicable. 

Type I 
cadherins 

Heterophilic 
interaction for 

type I 

Type II 
cadherins 

Heterophilic 
interaction 
for type II 

 For E-cadherin 
(CDH1) N-cadherin (CDH2) VE-cadherin 

(CDH5) NA 

N-cadherin 
(CDH2) 

E-cadherin (CDH1) 
R-cadherin (CDH4) 

K-cadherin 
(CDH6/6B) 

CDH7, T1-cadherin 
(CDH9) 

P-cadherin 
(CDH3) NA CDH7 K-cadherin 

(CDH6B) 
R-cadherin 

(CDH4) CDH2 CDH8 OB-Cadherin 
(CDH11) 

M-cadherin 
(CDH15) NA T1-cadherin 

(CDH9) 

K-cadherin 
(CDH6B), T2-

cadherin (CDH10) 

  T2-cadherin 
(CDH10) 

T1-cadherin 
(CDH9) 

  OB-Cadherin 
(CDH11) CDH8 

  N-cadherin 2 
(CDH12) NA 

  CDH18 NA 
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  CDH19 NA 

  MN-cadherin 
(CDH20) 

NA 

  PB-cadherin 
(CDH22) 

NA 

  CDH24 NA 
 

The classical cadherins are important components of the adherens junctions, where they 

provide crucial physical support for tissue integrity (Meng & Takeichi, 2009; Najor, 

2018; Oda & Takeichi, 2011). Apart from providing physical support, the classical 

cadherins also mediate the transmission of extracellular stimuli to the actin cytoskeleton 

through their interaction with cytoplasmic adaptor proteins called catenins (Meng & 

Takeichi, 2009; Oda & Takeichi, 2011).  According to our current understanding, the 

core cadherin/catenin complex is formed in sequential steps. Initially, CTNND1 and β-

catenin interact with the cytoplasmic domain of classical cadherins within the 

endoplasmic reticulum (ER) (Ladoux et al., 2015). Once the classical cadherins are 

transported in vesicles from the ER to the membrane, β-catenin interacts with α-catenin 

and CTNND1 catenin stabilizes this newly formed protein complex (Ladoux et al., 

2015). Upon mechanical stimuli, α-catenin undergoes a force-dependent conformational 

change that is required for its interaction with actin filaments (Ishiyama et al., 2018) 

(Figure 4A). This connection between the cadherin/catenin complex and filamentous 

actin allows actomyosin-dependent contractile forces to produce tension across 

neighboring cells (Teo et al., 2019). In addition, actin-binding proteins that control the 

stabilization and de novo assembly of actin filaments, such as α-actinin-4 and ARP2/3, 

respectively, are located at the cadherin-enriched junctions, facilitating the recruitment 

of different signaling molecules (Tang & Brieher, 2012).  
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Figure 4. Schematic representation of classical and desmosomal cadherins mediating 
cell-cell adhesion. A) Classical cadherins form cis-dimers that interact in trans with other 
classical cadherins to mediate cell-cell adhesion. Intracellularly, the cytoplasmic domain of 
classical cadherins forms a protein complex with catenin delta 1 (CTNND1), β-catenin, and 
α-catenin, which in turn couples the cadherins with filamentous actin. B) According to 
current knowledge, dimers of desmosomal cadherins interact in trans with other desmosomal 
cadherins to mediate cell-cell adhesion (here a heterodimer is depicted). The cytoplasmic 
tails of desmosomal cadherins, in turn, interact with plakoglobin and plakophilin, which are 
coupled to intermediate filaments through desmoplakin. Modified from Angst et al., 2001; 
Ladoux et al., 2015; Najor, 2018. 
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The cell-cell adhesion sites in which classical cadherins participate are also important 

signaling hubs that communicate with molecular pathways involved in cell growth and 

differentiation, e.g. the Wnt and Hippo pathways (Juliano, 2002). For instance, β-catenin 

is a fundamental protein in both the classical cadherin-mediated cell-cell adhesion and 

the Wnt signaling pathway. There are three pools of β-catenin in the cell: a nuclear pool, 

a cytoplasmic pool, and a membrane-associated pool. The activation of the Wnt signaling 

pathway promotes the translocation of β-catenin from the cytoplasm to the nucleus, 

where it associates with the transcription factor T-cell factor/lymphoid enhancer-binding 

factor and regulates gene expression (Juliano, 2002; Nelson & Nusse, 2004). However, 

the association of β-catenin to the classical cadherins prevents this translocation, 

repressing the Wnt pathway signaling (Yulis et al., 2018). Ultimately, classical cadherins 

control different cellular processes, such as proliferation, apoptosis, differentiation, and 

metabolism (Takeichi, 2007; Yulis et al., 2018).  

Interestingly, the expression of specific members within the classical cadherin subfamily 

is tightly regulated by members of the SoxB1 and PAX families of transcription factors 

during development (Paulson et al., 2014). Whereas epigenetic mechanism such as gene 

promoter methylation plays a fundamental role in regulating cadherin expression in the 

context of malignancies. However, holistic studies addressing the transcriptional 

regulation of classical cadherins in different contexts are needed.  

1.1.1.2 Non-classical cadherins 

The non-classical cadherins are a group of cadherins that share the EC domain of the 

classical cadherins, but present considerable differences in their cytoplasmic and 

transmembrane domains. Desmosomal cadherins and protocadherins are among the most 

studied non-classical cadherins (Meng & Takeichi, 2009). 

Desmosomal cadherins 

Among the non-classical cadherins, the desmosomal cadherins are the most similar to 

the classical cadherins in sequence identity, and they form part of the specialized 
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junctions commonly known as desmosomes (Meng & Takeichi, 2009). The desmosomal 

cadherins family can be divided into two subfamilies, desmocolins (Dsc1-3) and 

desmogleins (Dsg1-4), in which each member is generated by alternative splicing in a 

tissue-dependent manner (Garrod & Chidgey, 2008). Different isoforms of desmocolins 

and desmogleins bind to each other in trans as dimers, of which heterodimers mediate 

stronger cell-cell adhesion interactions when compared to homodimers (Hatzfeld et al., 

2017). The cytoplasmic domain of the desmosomal cadherins differs substantially from 

the one found in classical cadherins since it contains binding sites for plakoglobin (Pg) 

and plakophilin (Pkp1-3) (Berika & Garrod, 2014). Plakoglobin and plakophilins, are β-

catenin-related proteins that connect the desmosomal cadherins with the intermediate 

filament cytoskeleton through their interaction with desmoplakin (Hatzfeld et al., 2017) 

(Figure 4B). 

In humans, desmosomes are found in many different tissues, but they are prominent in 

tissues that are exposed to mechanical stress. Importantly, the intermediate filaments and 

some of the components of the desmosomes (e.g. the desmosomal cadherin isoforms) 

vary among tissues, which causes a specialization of this cell-cell adhesion apparatus 

(Najor, 2018). Contrary to classical cadherins, desmosomal cadherin can switch between 

a calcium-dependent and a calcium-independent adhesion mode. The calcium-

independent mode mediates a hyper-adhesion state that locks cells in epithelia together, 

whereas the calcium-dependent mode mediates a weaker adhesion that is required during 

regeneration and wound healing (Berika & Garrod, 2014).  

Protocadherins 

Protocadherins (PCDH) are the largest family within the cadherin superfamily consisting  

of two subfamilies: clustered and non-clustered protocadherins (Gul et al., 2017). These 

subfamilies receive their names according to their location in the genome. While the 

clustered protocadherins are located in three consecutive gene clusters (Pcdhα, Pcdhβ, 

Pcdhγ), the non-clustered protocadherins are scattered across the genome (Hirano & 

Takeichi, 2012). The gene clusters Pcdhα, Pcdhβ, and Pcdhγ are organized in a  very 
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complex manner and they code for a total of 52 proteins in humans (15 Pcdhα, 15 Pcdhβ, 

22 Pcdhγ) (Mountoufaris et al., 2018) (Figure 5). The Pcdhα and Pcdhγ clusters are 

characterized by the presence of so-called variable and constant exons. After 

transcription, the mRNA of a particular variable exon associates, through alternative 

splicing, with the mRNAs of all the constant exons within the corresponding gene cluster 

to produce different isoforms with identical cytoplasmic tails. The Pcdhβ cluster, in 

contrast, does not contain constant exons, and therefore the protein isoforms encoded by 

this cluster do not have identical intracellular domains (Hirayama & Yagi, 2017) 

(Figure 5). All variable exons in the three protocadherin gene clusters have their 

promoters, allowing different protocadherin isoforms to be expressed in a cell-type and 

tissue-specific manner (Hirayama & Yagi, 2017). Interestingly, most of the variable 

exons are expressed stochastically and from individual alleles with the exception of the 

c-type exons located at the end of the Pcdhα and Pcdhβ clusters (Mountoufaris et al., 

2018) (Figure 5).   

The abundance of promoters in the Pcdhα, Pcdhβ, and Pcdhγ gene clusters raises an 

important question: What determines the promoter selectivity between protocadherin 

isoforms? Even though this question remains enigmatic at the organismal level, 

important insights have been obtained from experiments conducted in the nervous 

system. Protocadherins are expressed in different subsets of neurons to increase surface 

variability and establish a unique protein “barcode” that is fundamental for cell-cell 

interaction and communication (Canzio & Maniatis, 2019). The best-characterized 

regulatory mechanism controlling the expression of protocadherins in neurons is 

mediated by the CCCTC-binding factor (CTCF) (Chen & Maniatis, 2013). CTCF is a 

highly conserved zinc finger protein that binds to CG-rich consensus sequences when 

they are unmethylated. After binding to its consensus sequences, CTCF forms chromatin 

loops that produce local clusters of genes, mediates communication between enhancers 

and promoters, and defines the boundaries of chromatin compartments. Importantly, 

CTCF also recruits other proteins, such as RAD21, a subunit of a protein complex known 

as cohesin, to stabilize the chromatin looping (Kim et al., 2015).  
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Figure 5: Genomic organization and gene expression scheme of murine clustered 
protocadherins. A) Schematic representation of Pcdhα, Pcdhβ, and Pcdhγ gene clusters. The 
exons of the three gene clusters are divided into variable exons (depicted in blue, orange, and 
green) and constant exons (depicted in brown for Pcdhα and light blue for Pcdhγ). Variable 
exons can be either alternate, which are stochastically expressed, or C-type exons, which are 
regulated independently. Pcdhβ does not contain constant exons or C-type exons. Enhancers 
are shown and arrows indicate which protocadherin cluster they regulate. The black and white 
gradient bars indicate the strength of functional interaction between individual promoters 
(not shown) and the enhancers. B) Alternative splicing joins the mRNA from each variable 
exon with the corresponding constant exon. Each variable exon encodes the whole 
extracellular domain, transmembrane domain, and the proximal intracellular domain, 
whereas the constant exons encode the distal intracellular domain (parallel lines indicate the 
plasma membrane). Modified from Mountoufaris et al., 2018.  
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Each protocadherin promoter is influenced by one or more enhancers, which were 

identified by DNase 1 hypersensitivity assays, and therefore are commonly denoted as 

hypersensitive regions (Mountoufaris et al., 2018) (Figure 5). The CTCF-Cohesin 

complex draws enhancers near to their corresponding promoters, through chromatin 

looping, to increase the expression of protocadherin isoforms (Mountoufaris et al., 

2018). As mentioned above, DNA methylation inhibits the binding of the CTCF-Cohesin 

complex to its target sequences, thereby regulating chromatin looping. Even though it is 

not completely understood how the methylation status of protocadherin promoters and 

their enhancer sequences is regulated, recent studies conducted in olfactory sensory 

neurons have shed some light on this topic. In this cell type, promoters within the Pcdhα 

cluster are by default methylated, and the stochastic transcription of antisense long non-

coding RNAs leads to their demethylation (Canzio & Maniatis, 2019). The methylation 

status of the protocadherin promoters also depends on the activity of the 

methyltransferase Dnmt3b, which shows a stage-specific pattern of expression during 

neuronal development (Mountoufaris et al., 2018). Taken together, our current 

knowledge of the expression of clustered protocadherins is centered on changes in the 

chromatin landscape, but the identity of other key players in this process, e.g. 

transcription factors, remains unknown.   

Similar to other members of the cadherin superfamily, protocadherins bind to each other 

in a calcium-dependent manner through their extracellular domain. However, they 

assemble strictly homophilically in cis and/or trans (Canzio & Maniatis, 2019). The 

protocadherin isoforms that originate from the three gene clusters are located at the site 

of synapsis and they can also be detected throughout the neuronal soma, dendrites, and 

axons (Chen & Maniatis, 2013). Phenotypic characterization of single, double, and full 

protocadherin gene cluster knockouts in olfactory sensory neurons has shown a 

functional synergism among these clusters (Mountoufaris et al., 2018). The axons of 

olfactory sensory neurons concentrate in specialized structures called glomeruli, which 

are considered as functional units of olfactory sensory processing (Zou et al., 2009). 

While the absence of single gene clusters (Pcdhα, Pcdhβ, or Pcdhγ) produces mild 
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alterations in the structure of olfactory glomeruli, the absence of two (Pcdhαβ -/-) or all 

the gene clusters (Pcdhαβγ -/-) causes a profound alteration in the glomeruli structure 

(Mountoufaris et al., 2017; Mountoufaris et al., 2018). However, recent studies have 

revealed that the functional impact of protocadherins is not only due to their synergistic 

activity, since specific protocadherin clusters and even protocadherin isoforms can affect 

unique processes of brain development. For example, the Pcdhγ cluster is required for 

dendritic self-avoidance of retinal neurons, and the C-type isoforms from the Pcdhα 

cluster (Pcdhαc1 and Pcdhαc2) are fundamental for the proper spread of axons belonging 

to serotonergic neurons through the brain (Chen et al., 2017; Lefebvre et al., 2012; 

Mountoufaris et al., 2018). In summary, cell-cell adhesion is a complex process mediated 

by a wide variety of proteins, whose expression and localization needs to be carefully 

regulated.   

1.2 Cell-matrix adhesion  

The term cell-matrix adhesion refers to the interaction between cell adhesion receptors 

and protein components of the ECM (e.g. collagens, fibronectin, laminin). Interestingly, 

the ECM not only contains ligands that trigger a chemical response within cells, but it 

also provides positioning and structural information about the surrounding environment 

(Wickström & Niessen, 2018). Indeed, in most cases, cells can respond to different 

mechanical signals, because they are able to sense ECM stretching, its topography, and 

rigidity (Geiger et al., 2009). Cells exposed to mechanical stimuli adapt their shape and 

cytoskeleton organization, which activates different signaling pathways that control 

proliferation and differentiation (Orré et al., 2019). Among the adhesion receptors that 

mediate cell-matrix adhesion, the integrins are the most prominent (Gumbiner, 1996). In 

contrast to other cell adhesion receptors, the integrin-mediated adhesion can remodel the 

configuration of the ECM, and they are particularly important for cell migration 

(Wickström & Niessen, 2018).  

According to the classical model, cell migration is a three-step process which includes 

extension of the leading edge of the cell as a protrusion called lamellipodium, attachment 
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of the lamellipodium to the substrate (e.g. ECM), and contraction at the posterior part of 

the cell (Paluch et al., 2016). The formation of the lamellipodium requires dynamic 

polymerization and depolymerization of actin filaments, which produces an actin 

treadmilling effect that facilitates the retrograde flow of molecules. Additionally, myosin 

II-mediated actomyosin contraction generates complementary pulling forces to facilitate 

cell motility (Gilbert & Weaver, 2017). These intracellular pulling forces are coupled to 

the substrate through integrins. However, the coupling is not mediated by a direct 

interaction between the integrins and the actin cytoskeleton. Instead, there are layers of 

so-called “clutch” proteins that are horizontally stratified (Paluch et al., 2016). 

Cells assemble different types of integrin-mediated adhesions, which are classified 

according to their stability, localization, and protein composition. The earliest 

microscopically visible adhesion sites are called nascent adhesions, since they are small, 

dot-like, and transient structures formed at the lamellipodium (Geiger et al., 2009). The 

nascent adhesions can mature into focal complexes. Although the molecular components 

of the focal complexes are similar to the nascent adhesions, focal complexes are bigger 

in size and depend on the force generated by non-muscle myosin II for their formation 

(Vicente-Manzanares & Horwitz, 2011). Due to the effect of traction forces applied 

continuously by the activity of non-muscle myosin II A, the focal complexes mature into 

focal adhesions. Focal adhesions are stable structures characterized by a wide variety of 

adaptor proteins that crosslink the actin filaments to integrins and transduce the 

actomyosin-dependent traction forces to the ECM (Case & Waterman, 2015; Geiger et 

al., 2009). Then, fibrillar adhesions are the endpoint in the adhesion maturation, being 

characterized by the presence of tensin, a lifetime of several hours, and their association 

with fibronectin fibers in the ECM (Vicente-Manzanares & Horwitz, 2011).  

1.2.1 Integrins as mediators of cell-matrix adhesion  

In the 1980s, affinity chromatography with ECM components and monoclonal 

antibodies were used to identify the cell-matrix adhesion receptors. Initially, several 

independent studies, using monoclonal antibodies that were known to inhibit cell 
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adhesion in cultured cells, led to the discovery of a group of glycoproteins with a 

molecular weight of 140 kDa (Brown & Juliano, 1985; Knudsen, 1985; Wylie et al., 

1979). Protein complexes formed by these glycoproteins were suspected to be the 

transmembrane receptors that would mediate cell adhesion to the ECM, since they were 

known to interact with ECM components and their solubility properties were similar to 

integral membrane proteins (Brown & Juliano, 1985; Horwitz, 2012; Tamkun et al., 

1986). Tamkun and co-workers reported the characterization of the cDNA sequence 

corresponding to a subunit of the glycoprotein complex and called it “integrin” due to its 

important role in connecting the cytoskeleton and the ECM (Tamkun et al., 1986). 

Characterization of the first integrin subunit, which would be known later as the β1 

integrin, marked the starting point of the integrin field facilitating the identification of 

other members of this protein family (Horwitz, 2012).  

Integrins are a family of transmembrane receptors, composed of 18 α subunits and eight 

β subunits in mammals (Moreno-layseca et al., 2019; Takada et al., 2007). They are 

organized in heterodimers, which include 24 different permutations among the multiple 

α and β subunits (Michael & Parsons, 2020). As the predominant cellular receptors for 

the ECM, integrin heterodimers show selective affinity for particular components of the 

ECM (Theocharis et al., 2016).  Many integrins bind to the Arg-Gly-Asp motif in their 

protein ligands, such as fibronectin, vitronectin, and fibrinogen (Theocharis et al., 2016). 

Upon ligand-binding, integrins acquire an active conformation by going through a 

process known as “outside-in” activation, which is followed by the recruitment of 

signaling proteins to their cytoplasmic tails. Integrins can also be activated from signals 

within the cell, a process known as “inside-out” activation (Hamidi & Ivaska, 2018).  In 

this process, intracellular activators bind to the cytoplasmic tail of the β integrin subunit, 

which in turn undergoes a conformational change that increases ligand-binding affinity 

(Shattil et al., 2010). Therefore, integrins are considered bidirectional signaling 

machineries. Once integrins are activated and bind to their substrate, kinase signaling 

pathways and mechanotranduction events take place to regulate proliferation, 

differentiation, and survival (Cooper & Giancotti, 2019; Isomursu et al., 2019).  One of 
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the fundamental integrin signaling proteins is the focal adhesion kinase (FAK), which 

upon integrin activation associates with members of the Scr-family of protein kinases to 

phosphorylate a wide variety of downstream effectors that regulate cell survival (Cooper 

& Giancotti, 2019). However, many more signaling proteins localize to the cell-matrix 

adhesion complexes in which integrins participate.  

The network of proteins that is recruited to the cytoplasmic tails of active integrins is 

known as the integrin adhesome. To identify the members of this protein network, 

Horton and co-workers analyzed seven mass spectrometry datasets that were performed 

by different laboratories in distinct cell lines, including human malignant melanoma 

cells, human foreskin fibroblasts, human chronic myelogenous leukemia cells, mouse 

kidney fibroblasts, and mouse embryonic fibroblasts (Horton et al., 2015). Each of these 

mass spectrometry datasets were generated from isolated integrin-associated protein 

complexes from the plasma membrane. After the analysis, 60 proteins were identified as 

the core components of integrin-associated complexes, and they were defined as the 

“consensus” adhesome. The functional categories with the highest coverage among the 

proteins in the consensus adhesome were protein adaptors, actin regulators, and 

molecular chaperones. In addition, GTPases, kinases, and phosphatases were also found 

in the protein network (Horton et al., 2015). Importantly, a wide variety of signaling 

proteins are involved in the adhesome, and they mediate the signal transduction that 

controls cell proliferation, differentiation, and motility (Hastings et al., 2019). Protein-

protein interaction maps within the consensus adhesome indicate that there are key 

proteins forming a structural connection between the integrins and the actin cytoskeleton. 

Among these proteins, talins are particularly important because of their mechanosensory 

properties and their fundamental function in adhesion maturation (Horton et al., 2016). 

1.2.2 Talins as integrin activators and intracellular mechanosensors 

Vertebrates have two talin genes, talin 1 (TLN1) and talin 2 (TLN2), which encode 

proteins that share an identical domain structure and 76% protein sequence identity 

(Goult et al., 2018). TLN1 has attained the main focus of the field, because of the drastic 
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phenotypic difference between tln1-/- and tln2-/- mice. While tln1-/- mice die during 

embryonic development due to arrested gastrulation, tln2-/- mice are viable and only 

show a reduced number of pups that can reach adulthood (Gough & Goult, 2018). TLN2 

also shows a tissue-specific pattern of expression, as opposed to the ubiquitous 

expression of TLN1, which suggests that TLN2’s function is confined to specific 

contexts (Gough & Goult, 2018). However, the ECM-integrin-cytoskeleton link is 

abolished only when TLN1 and TLN2 are simultaneously depleted in cells, showing 

some degree of functional redundancy of the isoforms (Zhang et al., 2008).   

To date, TLN1 is better characterized than TLN2. TLN1 is a 270 kilodalton protein 

composed of 18 domains that are grouped into an N-terminal head domain (~400 amino 

acids) and a C-terminal rod domain (~2000 amino acids) (Klapholz & Brown, 2017) 

(Figure 6). The head domain belongs to the family of FERM domains and contains four 

subdomains (F0-F3), which mediate the association of TLN1 with the plasma membrane. 

F1-F3 bind directly to phosphatidylinositol 4,5, biphosphate (PIP2) lipids, and F3 

interacts with β integrin subunits (Gough & Goult, 2018; Klapholz & Brown, 2017). A 

flexible linker of 82 amino acids connects the head domain to the rod domain. The rod 

domain is composed of 13 subdomains (R1-13) that participate in force transmission and 

sense mechanical stimuli (Goult et al., 2018). At the end of the rod domain, there is a 

dimerization domain (DD), which mediates the formation of anti-parallel TLN1 

homodimers (Gough & Goult, 2018).  
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Figure 6. Schematic representation of TLN1 domains and binding sites for interacting 
partners. A) TLN1 is composed of 18 domains, which are divided into a head domain (F0-
F3) and a rod domain (R1-DD). The head and the rod domains are connected by a flexible 
linker region. B) Several interacting partners bind across TLN1 and the binding site of 
selected partners are depicted. Modified from Gough & Goult, 2018. 

 

1.2.2.1 Mechanosensitive properties of TLN1 

To function as mechanosensors, each subdomain of the TLN1 rod domain can be 

unfolded upon a different level of tension. This mechanoreactive property is based on 

the helical structure of each rod subdomain, which gives them a reversible switch-like 

behavior resembling a spring (Goult et al., 2018). The helical structure of R1, R5-R7, 

and R9-R12 is particularly interesting since it contains a talin-specific five-helix bundle 

fold that increases the resistance to tension-dependent unfolding (Gough & Goult, 2018). 
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Once specific rod subdomains are unfolded, binding sites for interacting partners that are 

required for adhesion maturation become available (Klapholz & Brown, 2017) (Figure 

7). Therefore, it is thought that TLN1 is constantly subjected to cycles of extension and 

relaxation in which interacting partners are bound and released from it, depending on the 

intensity of the applied tension (Goult et al., 2018).  

There are three different actin-binding sites (ABS) in TLN1, of which ABS1 is located 

in the head domain (F2-F3) and the other two in the rod domain (ABS2 spanning R4-R8 

and ABS3 in R13-DD) (Goult et al., 2018). According to the current model, once TLN1 

engages an active integrin β subunit, ABS3 is the first site to interact with actin filaments 

(Klapholz & Brown, 2017). Subsequently, the rearwards flow of actin that is associated 

with the integrin-mediated adhesion sites increases tension on the rod domain, causing 

the unfolding of the R3 subdomain, which is the most mechanosensitive subdomain of 

TLN1 (Goult et al., 2018). When R3 unfolds, vinculin is recruited to it, stabilizing the 

stretched subdomain and facilitating the unfolding of ABS2. Vinculin is a key protein 

for the maturation of adhesion sites since it crosslinks TLN1 with the actin cytoskeleton 

allowing adhesion reinforcement. Finally, the binding of ABS2 to actin filaments permits 

the further stretching of TLN1 and consequently the eventual maturation of the adhesion 

site (Klapholz & Brown, 2017) (Figure 7).  

Even though vinculin is the only protein known to have binding sites in the unfolded rod 

subdomains of TLN1, it is expected that many other unidentified interactors behave in a 

similar way. This hypothesis is based on current understanding of vinculin and the notion 

that most of the rod subdomains of TLN1 are constantly unfolded in vivo, exposing a 

considerable amount of the protein surface (Gough & Goult, 2018). There are 11 

vinculin-binding sites along the rod domain of TLN1 and all of them need to be revealed 

by tension (Klapholz & Brown, 2017). Consequently, vinculin molecules bind 

progressively to TLN1 conforming the rod domain unfolds to promote focal adhesion 

maturation (Goult et al., 2018).  
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Figure 7. Mechanosensitive properties of the TLN1 rod domain. (I) The actin-binding 
sites (ABS) of the TLN1 rod domain are inhibited by adjacent domains. When the ABS3 is 
activated by a yet unknown mechanism, it binds to filamentous actin (orange circles). (II) 
The rearwards flow of actin (purple arrows), which is caused by actin polymerization and 
myosin contraction, increases tension in the rod domain causing the unfolding of R3 and 
exposing a vinculin-binding site. The unfolding of R3, and eventually R9, due to the increase 
in tension, alleviates the repression of the ABS2 and permits its binding to filamentous actin. 
(III) Vinculin also changes from a close conformation to an open conformation, in which the 
vinculin tail (grey) binds to talin and the vinculin head (light green) binds to filamentous 
actin. Modified from Klapholz & Brown, 2017. 
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1.2.2.2 Regulation of TLN1  

The majority of the known TLN1 interactors bind to folded TLN1 subdomains, and they 

are released upon stretching. Among these interacting partners, PIP2, the small GTPase 

Rap1, the Rap1-interacting-adaptor-molecule (RIAM), and the heterotrimeric G protein 

Gα13 are important for the activation of TLN1 (Klapholz & Brown, 2017). These four 

proteins interact with the F3 subdomain and release TLN1 from an autoinhibitory state, 

which, in turn, is mediated by the binding of the TLN1 head domain to the rod domain 

(Goult et al., 2018). Once TLN1 is out of the autoinhibitory state, it is recruited to the 

plasma membrane by Rap1/RIAM where the presence of PIP2 lipids provides favorable 

electrostatic interactions that facilitate the binding of TLN1 to the β integrin subunit 

(Haining et al., 2016).  

TLN1 is also regulated by post-translational modifications (PTMs), including protein 

cleavage by the protease calpain 2. There are at least three cleavage sites in TLN1: the 

first is in the linker region between the head domain and the rod domain, the second is 

located in the R10 subdomain, and the third is preceding the DD domain (Gough & 

Goult, 2018) (Figure 6B). When TLN1 is cleaved in the linker region, the head domain 

(~47 kDa) and the rod domain (~190 kDa) are separated (Yan et al., 2001). Interestingly, 

both fragments of the cleaved TLN1 seem to have independent roles as separate 

molecules. On one hand, the separated TLN1 head has been shown to interact with 

phosphatidylinositol phosphate kinase (PIPKIγ661), suggesting that it can affect the 

synthesis of PIP2 (Franco et al., 2004). On the other hand, the separated rod domain 

alone can restore cell cycle progression in tln1-/- cells that have stopped proliferating 

(Wang et al., 2011). The cleavage of TLN1 in the linker region also serves as a 

mechanism of focal adhesion turnover, since it mediates the rapid disassembly of TLN1 

from the adhesion site and the consequent loss of tension (Franco et al., 2004). Similarly, 

loss of the cleavage site preceding the DD domain increases the number of matured 

adhesions delaying focal adhesion turnover (Bate et al., 2012). In contrast to the cleavage 

sites already mentioned, the cleavage in the R10 domain is required for proper cell-cell 

adhesion. Upon tension-dependent unfolding of the R10, calpain 2 cleaves TLN1 
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producing a ~70 kDa fragment, which contains the dimerization domain and some 

vinculin- and actin-binding sites. This fragment localizes to cell-cell adhesion sites 

where it is required for the formation of cadherin-containing plaques, partly by favoring 

actin polymerization and connecting cytoplasmic adhesion molecules at the adhesion site 

(Zhang et al., 2012).   

Phosphorylation of three particular residues in the TLN1 head domain (T144, T150, and 

S446) has been shown to regulate the calpain-2-dependent cleavage of TLN1 in the 

linker region. While site-directed mutagenesis of T144 and T150 into alanine residues 

mimics the phenotype corresponding to calpain-2-mediated cleavage of TLN1, the 

substitution of S446 for an alanine residue inhibits TLN1 cleavage, delaying focal 

adhesion turnover (Li et al., 2016). In addition, phosphorylation of S425 by CDK5 has 

been shown to mediate β1 integrin activation and consequently cell migration (Jin et al., 

2015). Apart from protein cleavage and phosphorylation, there are other PTMs in TLN1, 

and the functional impact of many of them needs to be elucidated (Table 2).   

Table 2. TLN1 PTMs. Adapted from Gough & Goult, 2018.  

TLN1 
domain Phosphorylation Glycosylation Methylation Acetylation 

Head 

S5, Y26, Y70, T78, T96, 
T114, S1021, Y127, S128, 
T144, T150, S1225, T167, 

T190, S311 

  
K1544, 
K2031, 
K2115 

Linker 
S405, S425, S429/T430, 
Y436, S446, S455/S458, 

S467 
   

Rod 

S677, S815, S729, 
S979/S981, S940, S1201, 

Y1116, T1142, T1263, 
S1323, S1508, S1641, 
S1684, S1849, T1855, 
S1878, S2040, S2127, 
S2338, y2530, S2535 

T1487, 
T1890 K2454 T1487 
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1.2.2.3 Diseases associated with TLN1 

Mutations and dysregulation of TLN1 have been associated with cancer, hematologic 

pathologies, and cardiomyopathies (Chen et al., 2020; Haining et al., 2016). 

Overexpression of TLN1 is common in metastatic cancers, where it is associated with 

integrin activation and enhanced cell motility (Haining et al., 2016). TLN1 also plays an 

important role in cancer survival by inducing pro-survival signaling pathways through 

adhesion-independent activation of protein kinases, such as FAK (Sakamoto et al., 

2010). The role of TLN1 in cancer is also evidenced by the effects of TLN1 levels on 

the efficacy of anti-cancer drugs (Haining et al., 2016). For example, RNAi-mediated 

downregulation of TLN1 in different breast cancer cells shows increased 

chemosensitivity to docetaxel, a common chemotherapy drug (Singel et al., 2013).  

The effect of TLN1 in hematologic pathologies is evidenced by the phenotype of mice 

with TLN1-deficient platelets, which are characterized by their inability to halt bleeding 

upon vessel injury (Nieswandt et al., 2007). These defects in platelet aggregation are 

thought to arise from defective TLN1-dependent conformational change in the αIIbβ3 

integrin pair, which otherwise enhances platelet adhesion to blood vessels (Provasi et al., 

2014). In addition, the TLN1-mediated connection between integrins and the actin 

cytoskeleton is also required for the progressive shrinkage of blood clots during the 

reparation of the vessel wall (Haling et al., 2011). The levels of TLN1 have also been 

shown to increase in the cardiomyocytes of failing human hearts, and mice with TLN1-

deficient cardiomyocytes exhibit increased hypertrophy and reduced fibrosis upon 

exposure to pressure overload (Manso et al., 2013). Interestingly, missense mutations in 

TLN1 are also associated with spontaneous coronary artery injury, showing that the 

function of TLN1 is also important for the cardiovascular system of humans (Turley et 

al., 2019). Taken together, TLN1 is associated with different human pathologies that 

involve misregulation of cell adhesion, migration, and response to mechanical stress. 
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2 How do cells respond to proteotoxic stress? 

All cells are constantly exposed to environmental insults that challenge the homeostasis 

of their proteome. These adverse situations cause protein damage and eventually lead to 

cell death unless it is mitigated in time (Lindquist, 1986). Damaged proteins lose their 

native conformation and solubility, exposing their hydrophobic residues and forming 

protein aggregates. In order to return to their fully functional native state, the misfolded 

proteins must be assisted by molecular chaperones (Balchin et al., 2016). The cellular 

response that involves the induction of molecular chaperones under stress conditions can 

be classified in two major terms, depending on the subcellular localization where protein 

damage occurs. If the protein damage accumulates in the endoplasmic reticulum or 

mitochondria, the molecular response is defined as the unfolded protein response. If 

damaged proteins accumulate in the cytoplasm, the molecular response is defined as the 

heat shock response (HSR) (Morimoto & Cuervo, 2014). Importantly, these responses 

are regulated by different mechanisms. This thesis will be focused on the HSR, which is 

characterized by the rapid upregulation of conserved stress-responsive molecular 

chaperones known as heat shock proteins (HSPs) (Lindquist, 1986).  

2.1 The heat shock response  

The research field of the HSR began in the early 1960’s when Ferruccio Ritossa observed 

a puffing pattern in the Drosophila busckii salivary gland polytene chromosomes, which 

was induced by heat, dinitrophenol or sodium salicylate (Lindquist, 1986; Ritossa, 

1962). At that time, it was known that puffs in the Drosophila polytene chromosomes 

were sites of active gene transcription, which raised the question: What were the proteins 

encoded by those heat-responsive genes? Tissières and co-workers isolated this new set 

of proteins that were rapidly synthesized upon stress and coincided with the induction of 

puffs in the polytene chromosomes of Drosophila salivary glands (Lindquist, 1986; 

Tissiéres et al., 1974). Since this stress response was very prominent it became a model 

system to study gene expression. Indeed, the genes of Drosophila hsps were among the 

first eukaryotic genes to be cloned and characterized in terms of structure and regulation. 
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After the characterization of the hsps in Drosophila, it became evident that almost every 

known organism is equipped with a set of genes coding for this type of molecular 

chaperones, which gives a universal dimension to the HSR (Lindquist, 1986). Hence, 

without knowing it himself, Ritossa started a field of research that is relevant to the 

majority of known organisms. Quoting his own words while he was describing the initial 

interpretation of his finding “it did not matter if this interpretation was true or false; it 

was a working link between imagination and reality, like love”  (Ritossa, 1996).  

2.2 Heat shock proteins  

The term heat shock protein (HSP) originated from the prototypical stimulus, namely 

heat shock, in which the pathway was discovered. However, most HSPs are expressed 

under physiological conditions, where their function is fundamental for cell viability 

(Kampinga & Bergink, 2016). The human HSP families include HSPH (Hsp110), HSPC 

(Hsp90), HSPA (Hsp70), DNAJ (Hsp40), HSPB (small Hsps), and chaperonins 

including HSPD/E (HSP60/HSP10) and CCT (TRiC) (Kampinga et al., 2009). Under 

physiological conditions, HSPs from all these families are constitutively expressed to 

assist newly synthesized proteins to fold, mature, localize to their proper subcellular 

compartment, and associate with protein assemblies (Gidalevitz et al., 2011). In contrast, 

under proteotoxic conditions, the stress-inducible members of these families are 

expressed to degrade proteins or restore the native state of misfolded proteins (Mogk et 

al., 2018). The function of distinct HSPs is mediated by different molecular mechanisms, 

of which the activation cycle of HSPAs is among the best understood (Balchin et al., 

2016). HSPAs have an N-terminal nucleotide-binding domain, which interacts with 

ATP, and a C-terminal binding domain that recognizes short hydrophobic-rich amino 

acid sequences of their targets. DNAJs are co-chaperones that recognize and present the 

substrate to the ATP-bound HSPAs, which in turn mediate the proper folding of the 

substrate upon DNAJ-mediated ATP hydrolysis. Once the substrate is folded, a 

nucleotide exchange factor binds to HSPAs to facilitate the exchange of ADP for ATP 

and the release of the folded substrate (Balchin et al., 2016). Other HSPs share common 

features with HSPAs, such as ATP hydrolysis and the recognition of hydrophobic 
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residues, but the detailed molecular mechanism operating behind their activation cycle 

is not yet fully understood in many HSP families (Balchin et al., 2016; Kampinga et al., 

2009).   

Since the activity of HSPs is fundamental for cell viability, it is not surprising that their 

dysregulation is involved in different diseases. For example, the upregulation of 

chaperones enables cancer cells to cope with intrinsic proteotoxic stress, and different 

HSP inhibitors have been developed for therapeutic purposes (Chatterjee & Burns, 

2017). Additionally, a vast majority of age-specific neurodegenerative diseases present 

protein aggregates, which can be disaggregated by the activity of specific HSPs (Mogk 

et al., 2018). Therefore, HSPs are promising drug targets to treat different diseases, and 

knowing the molecular mechanisms that regulate their activity is fundamental to design 

therapeutic strategies.  

2.3 Heat shock factors   

In the late 1970’s, Drosophila hsps genes were introduced into different cell types to 

perform deletion experiments, which aimed to determine the common promoter element 

regulating the induction of HSPs under stress conditions (Nover, 1987). Already in the 

early 1980’s, the first proposal of a consensus sequence for this gene regulatory element, 

named the heat shock element (HSE), was made (Mirault et al., 1982; Pelham, 1982). 

Eventually the HSE consensus sequence was defined as inverted repeats of the 

pentameric sequence nGAAn (Amin et al., 1988). Importantly, the discovery of the HSE 

was essential for the isolation of a transcription factor that induced the expression of 

HSPs under stress condition (Wu, 1995). Crude extracts from heat-shocked Drosophila 

cells were used for footprint analysis to isolate the transcription factor that bound to the 

HSE and promoted the transcription of a Drosophila hspa (hsp70) gene in vitro (Parker 

& Topol, 1984; Wu, 1995). After the isolation of the Drosophila HSF, homologs of this 

transcription factor were found in yeast (Sorger & Pelham, 1987; Wiederrecht et al., 

1987), tomato (Scharf et al., 1990),  mouse (Sarge et al., 1991), and human (Rabindran 

et al., 1991; Schuetz et al., 1991). 
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Currently, HSFs are defined as a versatile family of transcription factors that are well 

conserved from fungi to humans. While invertebrates exhibit a single HSF, multiple 

HSFs are present in vertebrates (Roos-Mattjus & Sistonen, 2022). There are seven HSFs 

in mammals: HSF1, HSF2, HSF3, HSF4, HSF5, HSFX, and HSFY, of which HSF1 and 

HSF2 are the most studied ones (Joutsen & Sistonen, 2019). HSF1 is considered the 

functional counterpart of the single HSF in yeast, nematodes, and flies since other HSFs 

fail to induce the expression of HSPs during stress (Roos-Mattjus & Sistonen, 2022). In 

contrast, HSF2 is targeted for degradation during acute stress, and its role has been 

described in the context of development, cell differentiation, cell division, and cancer 

invasion (Joutsen & Sistonen, 2019).  

HSF4 has been intensively studied during the last two decades due to its function in the 

crystalline lens of the eye. Initially, Bu and co-workers found four missense mutations 

in the DNA-binding domain of human HSF4 that were linked to autosomal dominant 

lamellar and Marner cataracts (Bu et al., 2002). Subsequently, Fujimoto and co-workers 

described the phenotype of hsf4-/- mice, which displayed abnormal differentiation of lens 

epithelial cells and cataract development (Fujimoto et al., 2004). More recently, the 

number of human HSF4 mutations linked to eye pathologies have increased 

significantly, reinforcing the idea that HSF4 is fundamental for eye development (Anand 

et al., 2018; Cao et al., 2018). According to the current model, mutations in HSF4 cause 

cataracts by impairing the expression of the lens chaperone γ-crystalline and the DNase 

DLAD (Cui et al., 2013; Fujimoto et al., 2004; Shi et al., 2009). 

HSF3 and HSF5 have been only observed in a few organisms, and little is known about 

their function. HSF3 was initially found in chicken, where it plays a major role in the 

HSR mimicking the function of mammalian HSF1 (Kawazoe et al., 1999). More than 

ten years later, HSF3 was also found in mouse where under heat shock conditions, it 

translocates to the nucleus to induce the expression of non-classical heat shock genes 

(Fujimoto et al., 2010). Although high protein levels of HSF5 were initially observed in 

rat and mouse testes, the function of HSF5 in these organisms remains enigmatic  

(Chalmel et al., 2012). Indeed, the function of HSF5 has been mostly studied in zebrafish, 
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where it is also highly expressed in testes (Saju et al., 2018). Interestingly, depletion of 

HSF5 results in male infertility due to drastically reduced sperm count and defects in 

sperm morphology, which were attributed to transcriptional deregulation of genes related 

to cell cycle and apoptosis (Saju et al., 2018). Lastly, much less is known about HSFY 

and HSFX in comparison to other HSFs.  HSFY is located in the Y chromosome as 

palindromic sequences that are mostly expressed in testes, where it is thought to 

participate in spermatogenesis (Tessari et al., 2004). HSFX is located in the X 

chromosome and its function has not yet been described (Gomez-Pastor et al., 2018). 

2.3.1 Domain structure of HSFs 

The hallmark of the HSF family members is the winged helix-turn-helix DNA-binding 

domain (DBD), which is well conserved in all eukaryotic HSFs (Wu, 1995) (Figure 8). 

The HSFs DBD is composed of an antiparallel β-sheet with four strands that confines 

the hydrophobic core of a three-α-helix bundle (Harrison et al., 1994). The crystal 

structures of human HSF1 and HSF2 DBDs in complex with DNA were recently 

resolved. Both crystal structures provided evidence for a model in which HSF1 and 

HSF2 embrace the HSE in the DNA double helix, causing the rest of the protein to be 

opposite to the DNA-bound DBD. This position exposes distinct surfaces of both HSFs, 

including the DBD, to different protein-interacting partners (Jaeger et al., 2016; 

Neudegger et al., 2016).  
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Figure 8. Domain organization across the heat shock factor family. The mammalian 
genome contains seven HSFs (HSF1-5, HSFX, HSFY), which are composed of different 
domains. The HSF5 protein has been detected in zebrafish (Danio rerio), rat (Rattus 
norvegicus), and human (Homo sapiens). The HSF5 domain structure is compared between 
the fish and human paralogs. HSF3 has only been observed in chicken (Gallus gallus) and 
mouse (Mus musculus). DNA-binding domain (DBD), heptad repeat domains (HR-A/B/C), 
regulatory domain (RD), and a transactivation domain (TAD). The numbers indicate amino 
acids. Modified from Joutsen & Sistonen, 2019. 
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A prerequisite for most HSFs to function as transcription factors is their assembly into 

oligomers (Gomez-Pastor et al., 2018; Wu, 1995). For this purpose, the majority of HSFs 

are equipped with conserved hydrophobic leucine-zipper-like heptad repeats (HR-A/B), 

which are positioned immediately after the DBD (Joutsen & Sistonen, 2019) (Figure 8). 

In some HSFs, the HR-A/B-mediated oligomerization is inhibited by another heptad 

repeat that is located in the C-terminus of the protein (HR-C), which mediates 

intracellular autoinhibition (Gomez-Pastor et al., 2018). Most HSFs also possess a C-

terminal transactivation domain (TAD) that controls their activity (Joutsen & Sistonen, 

2019). In comparison to other domains of the HSFs, TADs are not well conserved or 

structured (Westerheide et al., 2012). In fact, most of the current knowledge of this 

domain comes from investigations focused on HSF1, which provides a limited view 

considering the individual variability of HSFs (Gomez-Pastor et al., 2018). The HSF1 

TAD consists of two modules, AD1 and AD2, which are modified by different PTMs 

and bound by chromatin remodelers (Corey et al., 2003; Sullivan et al., 2001). These 

domains are normally repressed in the absence of heat stress by a regulatory domain 

(RD) located between the HR-A/B and the TADs (Green et al., 1995).  

2.3.2 HSF1 

Among the mammalian HSFs, HSF1 is essential for the induction of HSPs upon 

proteotoxic stress, and therefore it is considered the master regulator of the HSR 

(Himanen et al., 2022; Joutsen & Sistonen, 2019; Mahat et al., 2016; McMillan et al., 

1998). Due to the fundamental role of HSF1 in the HSR, the activation and attenuation 

cycle of this transcription factor is regulated by distinct mechanisms (Joutsen & 

Sistonen, 2019) (Figure 9). According to the current model, in the absence of stress 

monomeric HSF1 shuttles between the nucleus and the cytoplasm and it interacts with a 

repressive multi-chaperone complex (e.g. HSPC, HSPA, DNAJ, and TRiC) (Gomez-

Pastor et al., 2018; Kmiecik & Mayer, 2022). Under a wide repertoire of proteotoxic 

conditions, the chaperones in the repressive complex interact with misfolded proteins 

and leave HSF1 free to trimerize, translocate to the nucleus, and activate gene expression 

(Joutsen & Sistonen, 2019). The progressive alleviation of proteotoxic stress is 
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accompanied by a gradual reduction of HSF1 activity, which is achieved by an HSP-

mediated negative feedback loop and PTMs. Essentially, once misfolded proteins are 

restored or degraded, the molecular chaperones are available to repress HSF1 (Anckar 

& Sistonen, 2011). Different chaperones seem to operate through distinct molecular 

mechanisms to inhibit HSF1. For example, the HSPC-FKBP2-p23 complex is required 

to dissociate HSF1 from the DNA (Guo et al., 2001). HSPA and DNAJ, in turn, interact 

with the TAD domain of HSF1 and repress its transactivating capacity, but they are 

unable to dissociate HSF1 from the DNA (Shi et al., 1998). Recently, Kmiecik and co-

workers elegantly showed that HSPA8 (HSC70), which is a constitutively expressed 

member of the HSPA family, removes HSF1 from the DNA in a concentration-

dependent manner (Kmiecik et al., 2020). Moreover, this in vitro study revealed that 

DNA-bound HSF1 trimers are monomerized through an unzipping mechanism driven 

by the entropic pulling of HSPA8 (HSC70), which presumably allows HSF1 monomers 

to be efficiently recycled (Kmiecik et al., 2020) (Figure 9). Then, Kourtis and co-workers 

showed that the ubiquitin ligase FBXW7α ubiquitinates HSF1, targeting it for 

proteasomal degradation upon heat stress, and lack of FBXW7α produces a defective 

attenuation of the HSR (Kourtis et al., 2015).  
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Figure 9. Mechanisms of activation and attenuation of HSF1.  Under physiological 
conditions, monomeric HSF1 interacts with a repressive multi-chaperone complex. Upon a 
wide variety of proteotoxic stresses, HSF1 is released from the multi-chaperone complex, 
oligomerizes, translocates to the nucleus, and promotes gene expression. Simultaneously, 
HSF1 is modified with different PTMs. Phosphorylation and acetylation of particular 
residues correlate with the transactivating capacity of HSF1, and the induction of HSPs. 
During the attenuation phase, trimeric HSF1 is dissociated from the DNA by acetylation of 
its DBD and targeted for ubiquitination-dependent proteasomal degradation. Additionally, 
HSC70 disassembles DNA-bound HSF1 trimers into monomers, which can be recycled.  

Interestingly, HSF1 presents an intrinsic capability to sense stress, since it trimerizes and 

acquires DNA-binding capacity upon increased temperatures and treatments with 

sodium salicylate (Hentze et al., 2016; Jurivich et al., 1992). A study conducted by 

Hentze and co-workers, showed that the HR-C domain of HSF1 unfolds upon 

temperature elevation, leaving the HR-A/B free to oligomerize, and this phenomenon 
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occurs in an HSF1 concentration-dependent manner (Hentze et al., 2016). This intrinsic 

property of HSF1 activation is thought to act in synergy with the chaperone-repressive 

complex to regulate the activity of HSF1 upon stress (Kmiecik & Mayer, 2022). 

Additionally, HSF1 also trimerizes and binds to DNA in cells treated with sodium 

salicylate, but it cannot induce the expression of HSPA, showing that apart from 

trimerization and DNA-binding capacity HSF1 has other requirements, such as PTMs, 

to induce target gene expression (Jurivich et al., 1992).  

2.3.2.1 Post-translational modifications of HSF1 

As illustrated in the HSFs, the function of a protein does not merely depend on its amino 

acid sequences and structural features. Indeed, after synthesis, functional groups can be 

covalently linked to proteins that determine protein activity, localization, association 

with protein assembly, trafficking, and degradation (Wang et al., 2022). Therefore, 

PTMs, constitute a fundamental regulatory layer of the proteome, which allows protein 

networks to function in harmony. Not surprisingly, PTMs are tightly involved in the 

regulation of HSF1, and multiple types of PTMs have been described to modify it 

(Gomez-Pastor et al., 2018) (Figures 9 and 10). The first notion of PTMs on HSF1 came 

from studies in yeast that identified the stress-inducible hyperphosphorylation of the 

single HSF in this organism (Sorger et al., 1987).  Since the publication of this seminal 

study, it was considered that the phosphorylation of key residues in HSF1 was a 

prerequisite for its transactivating capacity. However, subsequent studies have shown 

that phosphorylation is dispensable for the transactivating capacity of HSF1. Instead, 

phosphorylation appears to modulate the activity of HSF1 according to the intensity of 

the stress (Budzyński et al., 2015; Zheng et al., 2016). There are 23 phosphorylation sites 

in HSF1, most of which are located in the RD domain (Gomez-Pastor et al., 2018; 

Joutsen & Sistonen, 2019). Among these sites, S303 and S307 are particularly 

interesting, since they function as priming sites for other PTMs. The S303 forms part of 

a phosphorylation-dependent sumoylation motif, which consists of a consensus 

sumoylation site adjacent to a proline-directed phosphorylation site (Anckar & Sistonen, 

2011). Once S303 is phosphorylated, sumoylation of K298 takes place in HSF1 to 
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repress its transactivating capacity (Hietakangas et al., 2006). In addition, 

phosphorylation of S303 and S307 is required for the interaction between HSF1 and the 

ubiquitin ligase FBXW7α, and therefore necessary for the proteasome-mediated 

degradation of HSF1 (Kourtis et al., 2015). Interestingly, due to the activity of different 

kinases, the proteasomal degradation of HSF1 is dysregulated in cancer and 

Huntington’s disease, leading to an abnormal accumulation or depletion of HSF1 protein 

levels, respectively (Gomez-Pastor et al., 2018). 

 

Figure 10. Schematic representation of human HSF1 post-translational modifications. 
HSF1 is phosphorylated in 23 residues, most of which are located in the regulatory domain 
(RD) domain. The majority of acetylation and sumoylation sites reside in the DNA-binding 
domain (DBD) and oligomerization domains (HR-A/B). The carboxy-terminal heptad repeat 
(HR-C) and the transactivation domain (TAD) are also shown. Modified from Joutsen & 
Sistonen, 2019. 

 

Apart from the K298 in the phosphorylation-dependent sumoylation motif, HSF1 has 14 

sumoylation sites that mostly reside in the DBD and HRA/B (Hendriks et al., 2017). 

However, the function of these sites has not yet been characterized. Acetylation has been 

shown to regulate HSF1 activity both under physiological conditions and stress. In the 

absence of stress, acetylation of HSF1 in K208 and K298, by the histone 
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acetyltransferase EP300, prevents HSF1 proteasomal degradation (Raychaudhuri et al., 

2014, de Thonel et al., 2022). Upon stress, EP300 acetylates HSF1 in K80, which resides 

in the DBD, promoting the dissociation of HSF1 from the DNA (Westerheide et al., 

2009). 

Taken together, different PTMs regulate HSF1 during its activation cycle. Under control 

conditions, phosphorylation keeps HSF1 inactive, while acetylation stabilizes it 

(Hietakangas et al., 2006, Raychaudhuri et al., 2014). During the outset of stress, the 

phosphorylation signature of HSF1 is modified to avoid repression and enhance its 

transactivating capacity (Budzyński et al., 2015; Zheng et al., 2016). When the stress 

conditions decline, HSF1 undergoes an attenuation cycle in which acetylation and 

ubiquitination take place. Considering the mechanisms regulating the activity of HSF1, 

it is tempting to speculate that PTMs direct HSF1 to different genomic loci in different 

conditions, but this possibility remains to be investigated.    

2.3.2.2 Roles of HSF1 in health and disease  

Development 

Within the first decade after its discovery, HSF1 was mostly considered as a stress-

induced transcription factor that controlled the expression of HSPs. However, this view 

changed with the identification of HSF1-target genes during development (Barna et al., 

2018). Early studies in Drosophila revealed that the single HSF in this model organism 

regulates also other genes than the hsps, which are required for oogenesis and larval 

development (Jedlicka et al., 1997). More recent work in C. elegans has also shown that 

there is an HSF-dependent transcriptional profile, which is distinct from the HSR and is 

required for nematode development (Brunquell et al., 2016).  

In mice, HSF1 acts as a maternal factor that is required for gametogenesis and the 

development of the sensory epithelium (Christians et al., 2000; Metchat et al., 2009; 

Takaki et al., 2006). The hsf1-/- female mice are infertile since their fertilized oocytes are 

unable to progress beyond the zygote state (Bierkamp et al., 2010). In contrast, male 
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hsf1-/- mice are fertile, despite showing a reduced number of germ cells and 

morphological defects in their sperm (Åkerfelt et al., 2010). There are other phenotypes 

associated with both female and male hsf1-/- mice. For example, loss of HSF1 causes 

reduced organ and body size (Xiao et al., 1999). This phenotype has been recently linked 

to the activity of the serine-threonine kinase mTOR. mTOR is the catalytic subunit of 

the protein complexes mTORC1 and mTORC2, which regulate cell growth, 

proliferation, and survival (Laplante & Sabatini, 2009). With an elegant experimental 

setup, Su and co-workers showed that HSF1 promotes the activity of the mTORC1 

complex by inhibiting the c-Jun N-terminal kinase, which in turn phosphorylates 

mTORC1 promoting its disassembly (Su et al., 2016). HSF1 is also required for brain 

development, since hsf1-/- mice show brain morphological alterations, such as lateral 

ventricles enlargement, loss of white matter, progressive myelin loss, and increased 

levels of ubiquitinated proteins (Homma et al., 2007; Santos & Saraiva, 2004).  

Aging and metabolism 

In C. elegans the HSR undergoes an abrupt decline in early adulthood, correlating with 

the onset of reproductive maturity. This decline is mediated by an increase in the histone 

mark H3K27me3 within hsps promoters due to reduced activity of the histone 

demethylase jmjd3.1, which hinders the binding of the single HSF in C. elegans (HSF-

1 hereafter). The decline of the HSR leads to a reduced lifespan of the organism, and it 

has been suggested that this is a programmed event to favor progeny fitness (Labbadia 

& Morimoto, 2015). Apart from the age-dependent deregulation of the HSR, deficiency 

of HSF-1 reduces the lifespan of C. elegans through its cooperation with the transcription 

factor DAF-16 (FOXO in mammals). Upon activation of the insulin-like growth factor 

receptor DAF-2 (IGFR in mammals), DAF-16 is phosphorylated and retained in the 

cytoplasm. In turn, the absence of insulin or upon disruption of DAF-2, DAF-16 and 

HSF-1 translocate together to the nucleus where they activate anti-aging target genes, 

which include the HSPs (Hsu et al., 2003). Interestingly, mammals also present an age-

dependent decline of HSF1 DNA-binding and induction of the HSR (Fawcett et al., 

1994). However, this decline is reversed by caloric restriction, indicating that 
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proteostasis is regulated by a common mechanism controlling aging and metabolism 

(Anckar & Sistonen, 2011). 

The, mammalian HSF1 is considered as a metabolic sensor, since it is regulated by 

signaling molecules that monitor energy and nutrient availability, like the protein kinase 

AMPK and mTORC1. AMPK monitors the equilibrium of the intracellular AMP: ATP 

ratio, while the mTORC1 complex senses the availability of nutrients, such as amino 

acids (Su & Dai, 2016). As mentioned above, HSF1 promotes the activity of mTORC1 

via inhibition of c-Jun N-terminal kinase, which is a mechanism to control organ and 

body size (Su et al., 2016). In addition, HSF1 and AMPK constitute a mutually repressive 

complex. On one hand, when the cell is exposed to an accumulation of metabolites that 

cannot be processed further due to low levels of energy, a condition known as metabolic 

stress, AMPK phosphorylates HSF1 in serine 121 preventing its translocation to the 

nucleus (Dai et al., 2015). On the other hand, HSF1 inhibits AMPK activity upon direct 

interaction, which promotes lipogenesis and protein cholesteroylation (Su et al., 2019). 

AMPK also regulates HSF1 indirectly by activating the PGC-1α (Li et al., 2017). PGC-

1α is a transcriptional co-activator that regulates the expression of genes involved in 

different metabolic processes, including mitochondria biogenesis and gluconeogenesis. 

Interestingly, PGC-1α can modulate the activity of HSF1 in a context-dependent manner 

(Joutsen & Sistonen, 2019). In mouse liver, fasting promotes the activation of PGC-1α, 

which in turn interacts with HSF1 and represses its transactivating capacity (Minsky & 

Roeder, 2015). However, in the context of heat shock, PGC-1α interacts with HSF1 and 

promotes the expression of HSPs (Xu et al., 2016). Taken together, HSF1 is a metabolic 

sensor that integrates signaling inputs from different energy- and nutrient-sensing 

pathways. 

Neurodegeneration  

The age-dependent decay in HSF1 activity is tightly linked to age-related pathologies, 

including neurodegenerative diseases, which are characterized by abnormal protein 

misfolding and aggregation that causes high levels of proteotoxicity. Among these 
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diseases, HSF1 has been shown to present similar disfunctions in the context of 

Huntington’s, Parkinson’s, and Alzheimer’s diseases (Gomez-Pastor et al., 2018). 

Huntington’s disease is characterized by the accumulation and aggregation of mutant 

huntingtin, which is a protein that can accumulate a variable number of polyglutamine 

repeats. In a Huntington’s mouse model (R6/2), deficiency of HSF1 exacerbates the 

aggregation of mutant huntingtin. The HSF1-mediated suppression of polyglutamine-

huntingtin aggregation involves the expression of the transcription factor NFATc2, 

indicating that the role of HSF1 is not restricted to the induction of HSPs in this disease 

(Hayashida et al., 2010). Congruently, the expression of constitutively active HSF1 in 

cultured cells suppresses polyglutamine aggregation more efficiently than the combined 

expression of HSPAs and DNJs, and the constitutively active HSF1 alleviates the 

phenotype of  R6/2 mice (Fujimoto et al., 2005). In support of the protective role of 

HSF1 in Huntington’s disease, brain samples from human patients present remarkably 

low levels of HSF1, due to its enhanced proteasomal degradation. Indeed, mutant 

huntingtin increases the levels of the protein kinase CK2a’ and the E3 ligase FBXW7, 

promoting the phosphorylation and proteasomal degradation of HSF1 (Gomez-Pastor et 

al., 2017).  

A hallmark of Parkinson’s disease is the aggregation of α-synuclein and the loss of 

dopaminergic neurons. In a similar way as in Huntington’s disease, the overexpression 

of α-synuclein promotes the proteasomal degradation of HSF1. This aberrant 

degradation depends on the ubiquitin ligase NEDD4 and requires the deacetylation of 

HSF1 by SIRT1 (Kim et al., 2016). Moreover, when HSF1 is overexpressed in cells 

modeling Parkinson’s disease, α-synuclein aggregates are dramatically reduced 

presumably through the strong induction of HSPA1A (Liangliang et al., 2010). 

 Among different hypotheses, Alzheimer’s disease is thought to be caused by the 

accumulation of amyloid-β toxic peptide that is generated when a precursor protein is 

cleaved. The toxic peptides aggregate and cause neuronal loss in the hippocampus and 

cerebellum, where the number of Purkinje cells are particularly reduced  (Gomez-Pastor 
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et al., 2018). Following the patterns described before for Huntington’s and Parkinson’s 

diseases, HSF1 overexpression in an Alzheimer’s rat model restores the levels of 

Purkinje cells in the cerebellum and this effect correlates with increased levels of HSPs 

(Zou et al., 1998). However, the molecular mechanism of HSF1 downregulation in 

Alzheimer’s disease remains enigmatic. Taken together, the current evidence supports 

the hypothesis that HSF1 is a protective factor against proteotoxicity in the context of 

neurodegeneration. 

Cancer  

Even though signaling cascades that enhance the activity and protein stability of HSF1 

constitute promising therapeutic targets to treat devastating neurodegenerative diseases, 

activating HSF1 is a “double edge sword” due to the prominent role of HSF1 in cancer.  

Indeed, a wide variety of malignancies show HSF1 addiction, since they depend on the 

activity of HSF1 to progress. Cancer cells exploit the role of HSF1 as a primus motor of 

the hsps genes to alleviate the proteotoxic effects of genomic instability and abnormal 

rates of cell division. However, the role of HSF1 in cancer goes beyond the induction of 

HSPs (Dong et al., 2019). Mendillo and co-workers identified a set of genes specifically 

regulated by HSF1 in the context of cancer, named the HSF1 cancer signature (HSF1-

CaSig), which is distinct from the set of genes that are regulated upon heat shock, 

including genes involved in cell-cycle regulation, metabolism, cell adhesion, and 

translation (Mendillo et al., 2012). Importantly, the HSF1 cancer signature correlates 

with poor patient outcome in different types of cancers (e.g. lung, skin, pancreas, and 

liver tumors), and it can be used to predict cancer severity (Dong et al., 2019). In addition 

to driving a specific set of genes in cancer cells, HSF1 also supports tumorigenesis by 

activating a complementary transcriptional profile in cancer-associated fibroblasts. After 

cancer cells, cancer-associated fibroblasts are the most abundant cell type in the tumor 

microenvironment, and they are recruited by cancer cells to produce cytokines and 

growth factors that support tumor growth. Using an elegant experimental setup, Scherz-

Shouval and co-workers showed that HSF1 is required for the expression of transforming 

growth factor beta and the chemokine stromal cell-derived factor 1 by cancer-associated 
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fibroblasts (CAFs). The subsequent secretion of these signaling molecules, in turn, 

functions as an autocrine and paracrine signal to promote growth and invasion in the 

tumor microenvironment (Scherz-Shouval et al., 2014). Since this seminal study, HSF1 

has been shown to be upregulated in CAFs of colon and gastric cancers, where it 

regulates ECM proteins to enhance cancer progression (Grunberg et al., 2021; Levi-

galibov et al., 2020). 

Due to its important role in cancer, HSF1 inhibitors have a promising therapeutic 

potential, and many small molecules have been reported in the literature as inhibitors of 

HSF1 (Dong et al., 2019). However, the majority of these inhibitors have been found by 

monitoring transcription in gene reporter-based high-throughput screens using the HSE, 

which is a method that is vulnerable to off-target effects. Moreover, the molecular 

mechanisms through which these inhibitors function are largely unknown, and evidence 

for direct interaction with HSF1 is lacking in many cases (Dong et al., 2019). Therefore, 

future studies are needed to characterize how these small molecules inhibit the 

transactivating capacity of HSF1. 

2.3.3 HSF2 

HSF2 was cloned from mouse and human cells in the early 1990’s, and two isoforms, 

HSF2-α and HSF2-β, were found to be expressed in a tissue-dependent manner 

(Goodson et al., 1995; Sarge et al., 1991; Schuetz et al., 1991). In contrast to HSF1, 

HSF2 was observed to bind DNA in the absence of heat stress, and its DNA-binding 

capability was shown to decrease upon heat shock (Sarge et al., 1991). These 

observations indicated that HSF2 was not a potent inducer of the HSPs upon elevated 

temperatures. Due to the high homology between the oligomerization domains of both 

HSFs, however, it was suggested that HSF2 could cooperate with HSF1 to regulate gene 

expression through the formation of heterooligomers (Schuetz et al., 1991). This 

suggestion was confirmed by later investigations which characterized the interplay 

between HSF1 and HSF2 (He et al., 2003; Lecomte et al., 2010; Östling et al., 2007; 

Sandqvist et al., 2009; Vihervaara et al., 2013). He and co-workers, showed that HSF1 
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and HSF2 are physically associated and the overexpression of the HSF2-α isoform 

enhances the induction of HSP70 upon heat shock (He et al., 2003). Subsequently, it was 

found that HSF2 modulates HSF1-mediated expression of hsp genes and the HSF1-

HSF2 heterooligomers regulate transcription (Östling et al., 2007; Sandqvist et al., 

2009). Chromatin immunoprecipitation coupled with DNA sequencing (ChIP-seq) 

revealed that HSF1 and HSF2 share most of their target sequences upon heat shock in 

mouse and human cells (Himanen et al., 2022; Vihervaara et al., 2013). Taken together, 

these studies provide evidence for a role of HSF2 in the HSR through its interplay with 

HSF1.  

The activity of HSF2 is mainly regulated through its protein levels. Mathew and 

collaborators demonstrated that HSF2 acquires DNA-binding competence during 

proteasome inhibition (Mathew et al., 1998). Since the protein levels of HSF2 are crucial 

for its activity, it is not surprising to find context-dependent regulatory mechanisms that 

control HSF2 expression. On one hand, during heat shock HSF2 is ubiquitinated and 

targeted to proteasomal degradation by the E3 ubiquitin ligase anaphase/cyclosome 

protein complex, resulting in the clearance of HSF2 from the promoter of HSPA1A 

(Ahlskog et al., 2010). On the other hand, the expression of HSF2 in testes is regulated 

in a cell-type-specific manner by miR-18, which is a microRNA that targets the mRNA 

of HSF2 for degradation when it binds to its 3’-UTR (Björk et al., 2010).   

2.3.3.1 Post-translational modifications of HSF2  

Similarly to HSF1, HSF2 can also be modified by ubiquitination, sumoylation, and 

acetylation (de Thonel et al., 2020; Joutsen & Sistonen, 2019) (Figure 11). Although 

HSF2 is ubiquitinated by the E3 ubiquitin ligase anaphase/cyclosome protein complex, 

these ubiquitination sites have not been confirmed experimentally. Interestingly, two 

independent mass spectrometry data sets performed in human cells indicate that there 

are five ubiquitination sites in HSF2 (Kim et al., 2011; Wagner et al., 2011). HSF2 

sumoylation was first described by Goodson and co-workers, who identified lysine 82 

(K82) as a target for sumoylation. In this first publication, sumoylation was reported to 
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be required for  HSF2 DNA-binding activity (Goodson et al., 2001). However, 

subsequent studies showed that the sumoylation of K82 inhibits the DNA-binding 

capability of HSF2, and this is the current view in the field (Anckar et al., 2006; Jaeger 

et al., 2016; Tateishi et al., 2009). Apart from K82, a proteome-wide analysis performed 

in human cells, revealed 20 sumoylation sites across the HSF2 DBD and HR-A/B, 

expanding the range of possible HSF2 modifications (Hendriks et al., 2017). It was also 

found that HSF2 can be acetylated in eight key lysine residues (K82, K128, K135, K197, 

K209, K210, K395, and K401), of which at least three (K128, K135, and K197) are 

acetylated by the acetyl transferases CBP and EP300 to inhibit HSF2’s proteasomal 

degradation (de Thonel et al., 2022). Importantly, the simultaneous mutation of these 

three lysine residues to glutamines, which mimic HSF2 acetylation, decreases HSF2 

poly-ubiquitination, suggesting a crosstalk between acetylation and ubiquitination (de 

Thonel et al., 2022). 

 

Figure 11. Schematic representation of human HSF2 post-translational modifications. 
HSF2 contains 24 sumoylation sites, of which the majority reside in the DNA-binding 
domain (DBD) and the oligomerization domains (HR-A/B). Additionally, five ubiquitination 
sites have been reported. The carboxy-terminal heptad repeat (HR-C), the transactivation 
domain (TAD), and the regulatory domain (RD) are also shown. Modified from Joutsen & 
Sistonen, 2019. 
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2.3.3.2 HSF2 in health and disease  

Soon after its discovery, HSF2 was suggested to act as a developmental and 

differentiation factor. Sistonen and co-workers reported that the expression of HSF2 

increased during hemin-induced erythroid differentiation of human K562 leukemia cells 

(Sistonen et al., 1992). Moreover, studies in mouse embryonal carcinoma cells, F9 cells, 

demonstrated that HSF2 constitutively binds to HSE sequences during early stages of 

mouse embryogenesis (Mezger et al., 1994). Contrary to the ubiquitous expression of 

HSF1, the expression of HSF2 was also observed to be specific for tissues and cell types 

(Fiorenza et al., 1995). However, the pivotal evidence that demonstrated the role of HSF2 

in development came from the generation of hsf2-/- mice by three independent 

laboratories. Curiously, while two of these mouse models showed similar phenotypes 

(Kallio et al., 2002; Wang et al., 2003), the third mouse model did not report clear 

phenotypic changes (McMillan et al., 1998). These differences might be rooted in the 

different strategies used to generate the mouse models. The mouse models showing an 

HSF2-associated phenotype were characterized by brain abnormalities, embryonic 

lethality, reduced female fertility, and a remarkable reduction in testes size. After these 

physiological disparities were identified in hsf2-/- mice, the role of HSF2 has been 

extensively studied in brain development and spermatogenesis.   

Spermatogenesis  

Since soon after its discovery HSF2 was thought to be a differentiation factor, its 

expression pattern was studied in mouse spermatogenesis (Sarge et al., 1994). The 

process of mammalian spermatogenesis involves continuous waves of cell 

differentiation that included numerous cell divisions through mitosis and meiosis to 

finally produce haploid sperm (Kotaja, 2014). In this context, cell differentiation occurs 

in specialized structures called seminiferous tubules, which form part of the testes (Jan 

et al., 2012). The seminiferous tubules contain the following cell types in order of 

differentiation: spermatogonia stem cells, spermatocytes, post-meiotic round spermatids, 

and spermatozoa (Kotaja, 2014). Among these cell types, meiosis takes place in the 
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spermatocytes, and they are classified into the following types: preleptotene, leptotene, 

zygotene, pachytene, and diplotene spermatocytes (Jan et al., 2012). Originally, Sarge 

and collaborators observed that HSF2 is highly expressed in a stage-specific manner in 

the nuclei of pachytene spermatocytes and round spermatids, where it exhibits a 

constitutively DNA-binding state (Sarge et al., 1994). In agreement with these 

observations, the hsf2-/- mice show morphological abnormalities in seminiferous tubules 

and reduced amount of differentiating spermatids due to increased apoptosis of the 

pachytene spermatocytes (Kallio et al., 2002).  Intriguingly, the interplay between HSF1 

and HSF2 is vital for the process of spermatogenesis, since HSF1 and HSF2 double 

knockout mice are infertile since they exhibit stalling of spermatogenesis in the 

pachytene state and male infertility (Wang et al., 2004). 

How does disruption of HSF2 affect spermatogenesis? To answer this question, Åkerfelt 

and co-workers performed high-resolution chromatin immunoprecipitation on 

microarray in mouse testes (Åkerfelt et al., 2008). They found that HSF2 directly 

occupies the Y chromosome, and lack of HSF2 impairs the expression of Y chromosome 

multicopy genes that are required for proper sperm morphology (Åkerfelt et al., 2008). 

The repertoire of HSF2-binding sites during spermatogenesis was recently expanded by 

Korfanty and co-workers, who performed ChIP-seq in isolated mouse spermatocytes. In 

this study, HSF2 was found to bind to 1282 sites on the chromatin including promoters, 

inter-genic, and intra-genic areas. Importantly, HSF1 was observed to co-occupy some 

areas of the chromatin with HSF2, suggesting that HSF1 and HSF2 cooperate during 

spermatogenesis (Korfanty et al., 2014). Interestingly, HSF1 and HSF2  interact in 

mouse testes by forming heterotrimers (Sandqvist et al., 2009). 

Corticogenesis 

During the second half of mouse gestation, the expression of HSF2 is predominant in the 

central nervous system, indicating strong HSF2 activity (Rallu et al., 1997). The hsf2-/- 

mouse model presents brain abnormalities, such as reduction of the hippocampus, 

enlargement of the lateral and third ventricles, and defective formation of the cerebral 
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cortex, i.e. corticogenesis (Chang et al., 2006; Kallio et al., 2002). During corticogenesis, 

the migration of neurons in the cerebral cortex is directed by two specific cell types: 

radial glia and Cajal-Retzius cells. Importantly, hsf2-/- mice display a reduced number of 

both cell types, which affects the signaling pathways governing neuron positioning. 

Moreover, lack of HSF2 also promotes impaired expression of p35 and p39, proteins that 

activate the CDK5, which in turn phosphorylates a wide variety of substrates involved 

in cell migration and cytoskeletal dynamics (Chang et al., 2006). Importantly, HSF2 is a 

direct transcriptional regulator of p35 during corticogenesis, and impaired binding of 

HSF2 to the promoter of p35 during fetal alcohol exposure leads to defective 

corticogenesis (Chang et al., 2006; El Fatimy et al., 2014).  

Cancer 

Although HSF1 has been widely studied in the context of cancer for approximately 15 

years, the role of HSF2 in cancer was only recently characterized. Contrary to the HSF1-

CaSig that is required for cancer cells to progress, HSF2 seems to play context-specific 

roles in different malignancies. HSF2 protein levels are downregulated in epithelial 

cancers, such as prostate and breast cancers, whereas low-grade gliomas, lung cancer 

tissues, and esophageal squamous cell carcinoma display high levels of HSF2 (Puustinen 

& Sistonen, 2020). Moreover, the molecular mechanism through which HSF2 is linked 

to cancer progression also varies among different cancer types. For example, in breast 

cancer, HSF2 cooperates with the transcription factor ZEB1 to regulate the expression 

of a cluster of microRNAs that, in turn, promote cancer cell migration and proliferation 

(Li et al., 2014). In hepatocellular cancer cells, HSF2 has been shown to alter metabolism 

through epigenetic regulation of gene expression. Interestingly, HSF2 interacts with the 

methyl transferase EHMT2 to epigenetically silence the gene encoding for the enzyme 

FBP1, which is a tumor suppressor gene that hinders cancer cell proliferation by 

inhibiting aerobic glycolysis  (Yang et al., 2019). In prostate cancer, HSF2 functions as 

a tumor suppressor, where low levels of HSF2 correlate with poor prognosis and high 

Gleason score, a standard score for assessing cancer patient prognosis and treatment 

(Björk et al., 2016). Even though the molecular mechanism behind the tumor suppressive 
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role of HSF2 is not known, a gene expression profile in prostate cancer cells suggested 

that HSF2 regulates cell-cell adhesion, cytoskeletal dynamics, and extracellular matrix 

components (Björk et al., 2016). Interestingly, it has been shown that HSF2 cooperates 

with HSF1 across different types of cancer to regulate the expression of HSPs and non-

canonical targets to support malignancy (Smith et al., 2022). Taken together, HSF2 has 

a context-dependent role in cancer progression, which might involve different gene 

expression signatures that are regulated in cooperation with HSF1. 
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Aims of the Study 

When I joined Lea Sistonen’s laboratory, the role of HSF2 during chronic proteotoxic 

stress conditions was poorly understood. Therefore, in the first study of this thesis work, 

we determined the gene expression profile associated with HSF2 upon prolonged 

treatments with the clinically approved proteasome inhibitor bortezomib (BTZ). In 

addition, the transcriptional programs of HSF1 and HSF2 under different stress 

conditions had not been compared before. Consequently, the second study of this thesis 

work compared HSF1- and HSF2-driven nascent transcriptional programs between 

oxidative stress and heat shock. Apart from its function in stress conditions, HSF2 has 

been shown to play important roles in developmental processes, such as spermatogenesis 

and corticogenesis, but the protein networks that interact with HSF2 in a tissue context 

had remained enigmatic. Thus, in the third study, we identified the HSF2 interactome in 

mouse testes, and characterized TLN1 as the first cell adhesion-related HSF2-interacting 

partner. Curiously, we found that HSF2 and TLN1 interacted predominantly in the 

nucleus, which prompted us, to investigate the nuclear localization of TLN1 in the fourth 

study.  

The specific aims of this thesis were to: 

• Elucidate the HSF2-dependent gene expression profile under prolonged 

proteotoxic stress 

• Compare the HSF1- and HSF2- dependent transcriptional programs in oxidative 

stress and heat shock 

• Determine the HSF2 interactome in mouse testes 

• Characterize the function of the peripheral membrane protein talin1 (TLN1) in 
the nucleus 
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Experimental Procedures 

The corresponding methods, cell lines, and antibodies used in this thesis can be found in 

the original publications (I-IV). Here an index is presented.  

Table 3. Methods used in this thesis 

Method Study 

Cell culture I, II, III, IV 

Cell viability assay with calcein and CellTiter-Glo I 

Chicken chorioallantonic membrane (CAM) assay I 

Chromatin immunoprecipitation sequencing (ChIP-seq) IV 

Co-immunoprecipitation II 

CRISPR-Cas9 I 

Differential salt fractionation III 

3D organotypic cultures I 

Flow Cytometry I 

Immunoblotting I, II, III, IV 

LC-MS/MS II 

Plasmid construction III 

PRO-seq IV 

Proximity ligation assay II 

Quantitative RT-PCR (qRT-PCR) I, III, IV 

RNA-sequencing I 

Subcellular fractionations I, III 

Transient Transfections I, III, IV 
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Table 4. Cell lines used in this thesis 

Cell line Type Study 

HS578T Human breast carcinoma III 

MCF10A Human breast epithelial III 

MDA-MB-231 Human breast carcinoma III 

MEFs WT Mouse embryonic fibroblast I, IV 

MEFs HSF1 knockout Mouse embryonic fibroblast I, IV 

MEFs HSF2 knockout Mouse embryonic fibroblast I, IV 

PC-3 Human prostate carcinoma II, III 

RWPE-1 Human prostate epithelial II 

U2OS WT Human osteosarcoma I, II 

U2OS HSF2 knockout Human osteosarcoma I, II 
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Table 5. Antibodies used in this thesis. ChIP-seq: chromatin immunoprecipitation 

sequencing, Co-IP: co-immunoprecipitation, IF: immunofluorescence, PLA: proximity 

ligation assay, WB: western blot. 

Antigen Antibody Manufacturer Application Study 

GAPDH ab9485 Abcam WB I 

GFP 
ab1218,  

A-11122 

Abcam, Thermo 

Scientific 
PLA II 

H4 05-858 Millipore WB III 

Hsc70 SPA-815 Stressgen WB III 

HSF1 
ADI-SPA-

901, AB4 

Stressgen,  

Thermo Scientific 

ChIP-seq, WB,  

co-IP 
I, III, IV 

HSF2 HPA031455 Sigma-Aldrich WB, IF I 

HSF2 3E2 Millipore WB, co-IP I, II, IV 

HSF2 
Östling et 

al., 2008 

Sistonen’s 

laboratory 

ChIP-seq, WB, 

 co-IP 
II, IV 

β1 integrin 610468 BD Biosciences WB III 

Lamin A/C ab26300 Abcam WB III 

Nucleolin 39-6400 Thermo Scientific IF III 

PARP-1 sc-8007 
Santa Cruz 

Biotechnology 
WB I 

TLN1 T3287 Sigma-Aldrich IF, WB, co-IP II, III 

TLN1 HPA004748 Sigma-Aldrich IF III 

TLN1 ab78291 Sigma-Aldrich IF, WB, co-IP II, III 

β-tubulin 
T8328, 

ab6046 

Sigma-Aldrich, 

Abcam 
WB I, IV 

α-tubulin AB 1157911 Hybridoma Bank WB III 
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Results and Discussion  

1 HSF2 as a regulator of cell-cell adhesion: implications in the 
proteotoxic stress response (I) 

While heat shock factor 1 (HSF1) is the master regulator of the protein quality-control 

machinery upon acute stress, the role of HSF2 during stress is not conclusively 

understood (Gomez-Pastor et al., 2018). Interestingly, HSF2 is required for the survival 

of cells exposed to prolonged heat shock within a febrile range (Shinkawa et al., 2011). 

Early experiments in the field of HSFs research have also shown that proteasome 

inhibition induced by different compounds, such as MG132 and Lactacystin, promotes 

HSF2 upregulationat the protein level and activates its DNA-binding capability 

(Kawazoe et al., 1998; Mathew et al., 1998). These observations suggest that HSF2 can 

respond to disruptions in cellular proteostasis depending on the duration and type of 

stress.   

Under physiological conditions, most proteins are degraded by the 26S proteasome 

machinery, which recognizes ubiquitinated proteins (Budenholzer et al., 2017). Indeed, 

the function of the ubiquitin-proteasome system is so fundamental for maintaining 

cellular proteostasis that a great number of malignancies show high dependency on this 

system for their cell survival (Manasanch & Orlowski, 2017). Therefore, many 

proteasome inhibitors such as bortezomib (BTZ), have been generated for therapeutic 

purposes (Chen et al., 2017). BTZ is a dipeptide boronic acid derivative that partially 

inhibits the chymotrypsin-like activity of the proteasome, causing prolonged proteotoxic 

stress (Robak & Robak, 2019). Like other compounds that inhibit the proteasome, BTZ 

causes an increase in the protein and mRNA levels of HSF2 (Rossi et al., 2014). Upon 

BTZ treatment both HSF1 and HSF2 occupy the promoter region of different stress-

responsive genes (e.g. HSPA), but only HSF1 is required for their expression during 

stress (Rossi et al., 2014). Moreover, lack of HSF2 has been associated with sensitivity 

to proteasome inhibition, but the molecular mechanism behind this phenomenon was not 

known (Lecomte et al., 2010; Rossi et al., 2014). Therefore, we determined the gene 
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expression profile associated with HSF2 upon prolonged proteotoxic stress caused by 

proteasomal inhibition with BTZ.   

1.1 HSF2 is required for cell survival upon prolonged proteotoxic stress  

We first determined the protein levels and subcellular localization of HSF2 in human 

osteosarcoma U2OS cells exposed to prolonged BTZ treatments. U2OS cells were 

treated with different concentrations of BTZ (0-100 nM) for either 6 h or 22 h, and the 

samples were analyzed by immunoblotting (Figure 1A in I). Our results showed that the 

protein levels of HSF2 increase in a dose and time-dependent manner. Indirect 

immunofluorescence and subcellular fractionations revealed that, during control 

conditions, HSF2 is predominantly nuclear in U2OS cells, and this pattern of localization 

is maintained upon BTZ treatment (Figure 1B and C in I). These results are in agreement 

with previous studies where HSF2 has been shown to respond in a similar way to 

proteasome inhibition (Kawazoe et al., 1998; Mathew et al., 1998; Rossi et al., 2014).  

To study the role of HSF2 in prolonged proteotoxic stress, we engineered an HSF2 

knockout U2OS cell line (referred as 2KO hereafter), by mutating the first exon of hsf2 

using the CRISPR-Cas9 genome editing system. Immunoblotting of 2KO cells showed 

that HSF2 was successfully abolished, while the levels of HSF1 remained unchanged 

(Figure 2A and Figure Supplement 1I in I). After validating the 2KO cells, we 

investigated their viability upon prolonged BTZ treatment. For this purpose, we 

examined the morphology of WT and 2KO cells upon BTZ treatment (0-50 nM) for 22h. 

At concentrations of 25 nM and 50 nM BTZ, 2KO cells showed a clear morphological 

change in comparison to WT cells, indicating cell death (Figure 2B in I). This 

observation was confirmed when the same experimental setup was used in a Calcein AM 

assay to quantify the number of living cells, and in a PARP-1 immunoblot, which was 

used to evaluate the accumulation of cleaved PARP-1 as an indicator of apoptosis (Figure 

2C-D in I). To verify that our results are not restricted to BTZ treatment, we repeated 

these experiments using two HSP90 inhibitors (Geldanamycin and 17AAG), the amino 

acid analog L-Canavanine, and the proteasome inhibitor MG231 to induce proteotoxic 
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stress (Figure 2H-I and Figure Supplement 1D-H in I). Indeed, we found that 2KO cells 

were more sensitive to all the above-mentioned treatments in comparison to WT cells, 

showing that HSF2 is required for cell survival upon progressive accumulation of 

damaged proteins during extended periods of time. 

We next confirmed that the reduced viability of 2KO cells was not due to Cas9-mediated 

off-target effects by evaluating the response of another HSF2 knockout U2OS cell line 

(2KO#2 hereafter) to BTZ treatment (Figure Supplement 1A in I). As expected, 2KO#2 

cells recapitulated the accumulation of cleaved PARP-1 when compared to their WT 

counterparts upon BTZ treatment (Figure Supplement 1A in I). Furthermore, shRNA-

mediated downregulation of HSF2 was sufficient to sensitize WT U2OS cells to 

prolonged BTZ treatment (Figure 2E-F in I), and re-introduction of HSF2 in 2KO cells 

resulted in significantly less cleavage of PARP-1 compared to Mock-transfected cells 

(Figure 2G in I). Since all the previously described experiments were conducted in U2OS 

cells, we also used mouse embryonic fibroblasts (MEFs) to examine whether our results 

were cell-type specific. MEFs showed BTZ-dependent HSF2 upregulation, indicating 

that HSF2 also responds to prolonged proteotoxic stress in these cell lines (Figure 

Supplement 1B in I). WT and Hsf2–/– MEFs were treated with BTZ and the accumulation 

of cleaved Caspase-3, a well-known marker for apoptosis, was examined with 

immunoblotting. Like 2KO and 2KO#2 cells, Hsf2 –/– MEFs were more sensitive to BTZ 

treatments compared to WT MEFs (Figure Supplement 1B-C in I). Therefore, we 

concluded that our observations were not restricted to the intrinsic characteristics of a 

particular cell line.   

Our findings highlight the importance of the type and duration of stress as determinant 

factors for the function of HSFs. Previous studies had characterized the role of HSF2 as 

cooperative and dispensable under acute heat shock conditions, since HSF1 and HSF2 

co-localize to the same genomic sites and HSF1 is a more prominent trans-activator than 

HSF2 (Mahat et al., 2016; Östling et al., 2007; Vihervaara et al., 2013). However, HSF2 

is required for cell survival under prolonged heat shock treatments in the febrile range 

of temperatures, indicating that the role of HSF2 is reserved for the accumulation of 
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misfolded proteins under milder stress conditions (Shinkawa et al., 2011). In this study, 

we show that HSF2 is indispensable for cell survival under prolonged treatments with 

proteotoxic agents such as proteasome inhibitors, amino acid analogs, and HSP90 

inhibitors. Therefore, we expand the repertoire of stress conditions in which HSF2 is 

required for cell survival, which emphasizes the importance of this transcription factor 

in stress responses.  

1.2 HSF2 regulates cell adhesion-associated genes 

To determine the HSF2-dependent gene expression profile upon prolonged proteotoxic 

stress, we performed a whole genome transcriptome analysis with RNA-seq. Our RNA-

seq setup was composed of WT and 2KO cells treated with 25 nM BTZ for 6 h or 10 h 

(Figure 3A in I). These conditions were sublethal as shown by bright field microscopy 

images of the cell morphology (Figure Supplement 2A in I). Furthermore, the protein 

levels of HSF1 and HSF2 were also verified by immunoblotting to confirm the quality 

of our samples and the efficacy of the BTZ treatment before performing the RNA-seq 

screen (Figure Supplement 2B in I). The differentially expressed genes were determined 

based on a fold change ≥ 3 and a false discovery rate < 0.001. Our analysis had four 

biological replicas that showed a high correlation according to Spearman’s test (Figure 

Supplement 2C in I). Both WT and 2KO cells presented hundreds of genes upregulated 

and downregulated upon BTZ treatment, showing that a transcriptional program must be 

activated in response to BTZ-induced prolonged proteotoxic stress (Figure 3B in I). 

The induction of HSPs is a fundamental survival mechanism upon proteotoxic stress, 

and HSF2 has been shown to regulate the induction of HSPs in an HSF1-dependent 

manner (Joutsen & Sistonen, 2019; Östling et al., 2007). Therefore, we examined the 

expression patterns of all human HSPs (Kampinga et al., 2009) in WT and 2KO cells. 

Surprisingly, the expression patterns of HSPs were extremely similar between both cell 

lines, with a few exceptions (HSPB2, DNAJC12, and DNAJC18) (Figure 3C in I). Since 

HSF2 also localizes to the promoters of HSP90 co-chaperones and polyubiquitin genes, 

we also examined the expression patterns of PTGES3 and AHSA1 (two HSP90 
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cochaperones) and UBB and UBC (two polyubiquitin genes) (Vihervaara et al., 2013). 

As in the case of the HSPs, the expression profiles of these genes were not significantly 

different (Figure 3D in I). In the light of these results, we conclude that 2KO cells are 

capable of triggering an HSR, but the induction of the HSR is not sufficient to protect 

these cells from prolonged proteotoxic stress.  

Next, we investigated what other genes than HSR related were differentially expressed 

between WT and 2KO cells. The RNA-seq results identified hundreds of genes that were 

differentially expressed in 2KO cells compared to the WT cells, already under control 

conditions and during the BTZ treatments (Figure 4A-B in I). Surprisingly, when we 

performed a gene ontology (GO) term analysis of the differentially expressed genes in 

control conditions, cell adhesion and cell-cell adhesion via plasma membrane adhesion 

molecules were enriched terms. Similar GO terms were also observed among the 

different comparison pairs from our experimental setup (Figure 4A and C in I), revealing 

that the lack of HSF2 produces an abnormal expression of cell adhesion-associated genes 

in control and stress conditions. The gene set overlaps between our comparison pairs 

(Figure 4A in I) were analyzed by Venn diagrams to determine the adhesion molecules 

that were abnormally expressed in 2KO cells. A total of 114 and 227 genes were 

upregulated and downregulated, respectively (Figure 4D in I). These genes were then 

used as input for a functional cluster analysis performed by the DAVID analysis tool 

(Figure 4E in I). Interestingly, both upregulated and downregulated genes showed a 

strong association with cell adhesion. While the upregulated genes included collagens 

(COL16A1 and COL18A1) and laminins (LAMB1 and LAMA5), the downregulated 

genes mostly included members of the cadherin superfamily of cell-cell adhesion 

receptors, such as protocadherins, desmosomal cadherins, and Fat-Dachsous cadherins.  

1.3 Disruption of HSF2 causes abnormal cadherin expression and 
impaired cell-cell adhesion  

After identifying some members of the cadherin superfamily as HSF2-dependent genes, 

we investigated the expression profile of all cadherin superfamily members in 2KO cells. 
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Upon comparison of WT vs 2KO cells in control and BTZ treatment, we detected a 

prominent downregulation of at least one member of each cadherin subfamily in 2KO 

cells (Figure 5A in I). Interestingly, among the different cadherin subfamilies, clustered 

protocadherins showed the most drastic downregulation. To verify that the reduction of 

cadherin mRNA levels also affected the levels of these proteins, we determined the 

protein levels of classical cadherins (Pan-Cadherin), N-cadherin (CDH2), and clustered 

g-protocadherins (Pan-PCDHgA) by immunoblotting. Our results showed that the 

protein levels of the classical cadherins, specifically N-cadherin, and γ-protocadherins 

were significantly downregulated in control conditions (Figure 5B in I) and throughout 

BTZ treatment (Figure Supplement 4A in I). This result is very exciting because it 

uncovers the role of HSF2 as a key regulator of the cadherin superfamily of cell-cell 

adhesion receptors already in control conditions. Additionally, although different 

cadherin genes are affected by a wide variety of signals and transcription factors, a single 

transcription factor that affects the expression of at least one member from each cadherin 

subfamily has not been previously identified (Paulson et al., 2014).  

To determine the functional impact of impaired cadherin expression in 2KO cells, we 

performed an aggregation assay. WT and 2KO cells were suspended in a cell aggregation 

buffer and allowed to form cell-cell contacts in the presence of CaCl2 or the Ca2+-

chelating agent EDTA. Congruently with a deficient expression of cadherins, 2KO cells 

were unable to agglomerate in cell aggregates in the presence of Ca2+, while WT cells 

formed large cell aggregates (Figure 5C in I). These results were recapitulated when WT 

and 2KO cells were grown in ultra-low attachment round bottom plates, 3D extracellular 

matrix (ECM), and the in vivo tumor growth with chicken chorioallantoic membrane 

(CAM) assay (Figure 5D-E and Figure Supplement S4D). Next, we explored the 

connection between impaired cell-cell adhesion and proteotoxic stress by re-introducing 

cadherins back into 2KO cells (Figure 6A in I). Since N-cadherin was the most 

prominently expressed cadherin superfamily member in WT U2OS cells according to 

our RNA-seq screen, this cadherin was chosen. After verifying the restoration of the N-

cadherin protein levels, we also verified that the re-introduction of N-cadherin was 
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sufficient to restore the cell-cell adhesion properties of 2KO cells (Figure 6B in I). 

Excitingly, when 2KO cells transfected with N-cadherin were exposed to BTZ 

treatments, they exhibited less cleaved PARP-1 in comparison to their Mock 

counterparts (Figure 6C-E in I). These results demonstrate that impaired cell-cell 

adhesion is a factor that predisposes cells to sustained proteotoxic stress. 

Future investigations are required to determine how HSF2 regulates the expression of 

different cadherins. The HSF2-dependent effect on the expression of clustered 

protocadherins is particularly puzzling since these cadherins exhibit a complex genomic 

architecture. The clustered protocadherin genes are composed of many promoters that 

control the expression of constant and variable exons to produce unique protocadherin 

variants (Hirayama & Yagi, 2017).  

Indeed, one of the best-characterized regulators of the expression of protocadherins, is 

the zinc finger transcription factor CTCF. CTCF associates with the cohesin complex to 

form chromatin loops that bring enhancer sequences close to specific protocadherin 

promoters (Guo et al., 2015). Interestingly, a recent study showed that CTCF directly 

interacts with the DBD of HSF1 and co-localize with HSF1 in genomic loci (Burchfiel 

et al., 2021). Since HSF1 and HSF2 share high sequence similarity in their DBD, it is 

tempting to hypothesize that HSF2 could also interact with CTCF and control the 

expression of protocadherins through chromatin looping. In addition, ChIP-seq studies 

in mouse spermatocytes show that HSF2 occupies cadherin genes such as CDH15, 

CDH5, CDH18, CDH13, FAT1, PCDH9, PCDH17, and PCDHA1 under physiological 

conditions, suggesting that HSF2 could also regulate their expression directly (Korfanty 

et al., 2014).  

In the light of these results, it is interesting to consider how the misregulation of 

cadherins could be linked to the Hsf2–/– mice phenotype. Members of the cadherin 

superfamily have been shown to affect neuronal migration (Chang et al., 2006; Hirano 

& Takeichi, 2012; Kallio et al., 2002), which could explain the brain abnormalities seen 

in the Hsf2–/– mice. The Hsf2–/– mice show drastic hippocampus reduction and 
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mispositioning of neurons in the cerebral cortex (Chang et al., 2006; Kallio et al., 2002). 

Interestingly, mice lacking N-cadherin and αN-catenin (an adaptor protein that sustains 

the activity of classical cadherins) also exhibit abnormal cortical architecture and defects 

in the formation of the hippocampus, respectively (Hirano & Takeichi, 2012). Therefore, 

the impaired expression of N-cadherin could be a factor of major contribution to the 

neuronal defects observed in Hsf2 –/– mice. In support of this idea, a recent study showed 

that cells derived from patients suffering Rubinstein Taby syndrome, a genetic disorder 

that is characterized by intellectual disability, exhibit reduced levels of HSF2 and 

impaired expression of N-cadherin (de Thonel et al., 2022). Taken together, our results 

reveal that proper cell adhesion is vital under chronic proteotoxic stress and identify 

HSF2 as a prominent regulator of the cadherin superfamily members.  
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2 HSF1 and HSF2 as drivers of gene and enhancer expression under 
different stress conditions (II) 

Cells under stress conditions modify their transcriptional programs to survive. Although 

stress conditions trigger global repression of transcription, selected transcription factors, 

for example HSFs, are activated to induce the expression of their specific target genes 

(Himanen & Sistonen, 2019). Previous studies have shown that the activity of HSFs is 

required for cell survival under different types of stress. However, the transcriptional 

programs controlled by HSFs in stress conditions, apart from heat shock, remain largely 

unexplored. Therefore, we investigated the genome-wide transcriptional profile of 

nascent RNA in WT, HSF1 knockout, and HSF2 knockout MEFs exposed to either heat 

shock or oxidative stress. Oxidative stress is caused by the abnormal accumulation of 

reactive oxygen species, which damage proteins, lipids, and nucleic acids by inducing 

their oxidation (Sies, 2015). Previous studies have shown that heat shock and oxidative 

stress induce the transcription of enhancers, which are distal regulatory elements that 

regulate gene expression through chromatin looping (Hou & Kraus, 2021; Nilson et al., 

2017). Consequently, we investigated whether HSF1 and HSF2 impact enhancer 

transcription in these types of stress.  

2.1 Oxidative stress and heat shock trigger different transcriptional 
programs  

To investigate the transcriptional profile of nascent RNA under oxidative stress and heat 

shock, we performed precision run-on sequencing (PRO-seq) in WT, HSF1 knockout, 

and HSF2 knockout MEFs. PRO-seq was used, since it maps the distribution of 

transcriptionally active RNA polymerase II in a genome-wide scale with high resolution 

(Kwak et al., 2013). On one hand oxidative stress was caused by the synthetic quinone 

menadione (2-methyl-1,4-naphthoquinone), which generates superoxide (O2.-) after its 

reduced form is oxidized by molecular oxygen (Klotz et al., 2014). On the other hand, 

heat shock was induced by incubating MEFs at 42 ◦C for 1 h. All samples were 

normalized using spike-ins, which showed a high correlation (rho > 0.95) among the 

biological replicas (Figure Supplement 3 in II). Our PRO-seq results revealed that 
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oxidative stress and heat shock caused pronounced changes in the transcription of genes 

and enhancers (Figure 1A in II). Curiously, in both types of stress, the downregulated 

genes were more abundant than the upregulated genes, and an opposite pattern of 

expression was observed for enhancers (Figure 1A in II). Moreover, we observed that 

oxidative stress and heat shock caused unique transcriptional changes, indicating that 

cells mount a stress-specific response upon these cytotoxic insults (Figure 1B in II). 

Subsequently, we investigated the transcriptional mechanisms mediating the changes in 

gene expression under oxidative stress and heat shock. To this end, we analyzed the 

distribution of Pol II along differentially expressed genes and enhancers under both stress 

conditions (Figure 1C-E in II). Our analysis revealed that, in the same way as heat shock, 

oxidative stress triggered upregulation or a downregulation of genes by controlling the 

release of paused Pol II at the proximity of gene promoters (Figure 1C in II). However, 

the induction or downregulation of enhancers depended on the recruitment or depletion 

of Pol II, respectively, in the corresponding enhancer sequences (Figure Supplement 5A 

in II). These results show that oxidative stress and heat shock trigger transcriptional 

changes through the comparable transcriptional mechanisms.  

Additionally, we examined in detail the position of Pol II within the genes activated by 

both types of stress. On average, the density of Pol II was higher at the beginning of gene 

bodies (0–2 kb from the transcription start site) under oxidative stress conditions 

compared to heat shock. On the contrary, Pol II reached more distal segments of genes 

under heat shock, exhibiting a more stable density throughout gene bodies (2–4 kb from 

transcription start site) (Figure 1D in II). Thus, we investigated whether Pol II advances 

towards the end of oxidative stress-induced genes, by calculating the fold change of 

engaged Pol II at the start (0.5–2.5 kb relative to transcription start site) and end (-2–0 

kb relative to cleavage and polyadenylation site) of these genes. Congruently, oxidative 

stress only increased the levels of engaged Pol II at the start of the stress-induced genes, 

whereas upon heat shock the levels of engaged Pol II were increased at both locations 

(Figure 1E in II). These findings suggest that a substantial amount of the genes affected 

by oxidative stress present a hindrance in the elongation of Pol II. Since oxidative stress 
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has been shown to provoke DNA damage, which in turn is known to inhibit the 

elongation of Pol II (Oh et al., 2020), we measured DNA damage in our experimental 

conditions. To this end, we investigated the levels of phosphorylated histone H2AX, a 

well-known marker for DNA damage, with immunofluorescent staining (Rothkamm et 

al., 2015). Congruently, we found that menadione drastically increased the amount of 

phosphorylated H2AX as compared to heat shock or control conditions (Figure 

Supplement 6 in II).   

2.2 HSF1 and HSF2 are involved in the oxidative stress response  

The role of HSF1 and HSF2 in oxidative stress and the heat shock response was 

determined by comparing the PRO-seq result of WT MEFs to their HSF1 knockout or 

HSF2 knockout counterparts. Our analysis revealed that both types of stress induce the 

upregulation of hundreds of genes and enhancers in an HSF1- and/or HSF2- dependent 

manner (Figure 2A-B in II). Moreover, MEFs lacking HSF1 or HSF2 exhibited a 

disrupted transcriptional program when compared to the WT MEFs in the absence of 

stress (Figure 2C in II). To dissect which genes were directly regulated by HSF1 and 

HSF2, we performed a ChIP-seq with the same experimental setup as used for PRO-seq. 

HSF1 presented a strong stress-inducible binding to gene promoters and enhancers in 

oxidative stress and heat shock (Figure 2D in II). In contrast, HSF2 bound several targets 

already under control conditions, which has been observed in other cell lines (Murphy et 

al., 1994; Vihervaara et al., 2013). Interestingly, while the number of HSF2 direct targets 

did not increase upon heat shock, oxidative stress provoked a prominent binding of HSF2 

to promoters and enhancers (Figure 2D in II). We also determined the number of genes 

and enhancers whose induction upon stress requires the binding of HSF1 or HSF2 to cis-

acting elements in the genome. In both types of stress, HSF1 was a more prominent 

trans-activator than HSF2, since hundreds of genes and enhancers required HSF1 

binding, while only a few targets depended on the binding of HSF2 (Figure 2E in II). 

Previous studies have shown that HSF2 primarily acts in cooperation with HSF1 during 

acute heat shock, but whether HSF1 and HSF2 exhibit a functional interplay under 
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oxidative stress conditions was not known (Mahat et al., 2016; Östling et al., 2007). 

Therefore, we examined the proportion of HSF direct targets that were induced in an 

HSF1- or HSF2- dependent manner upon oxidative stress and heat shock. Our results 

revealed that in both stress conditions, a great majority of HSF targets were induced in 

an HSF1-dependent manner, and HSF2 colocalized to the same genomic sites as HSF1 

(Figure 3A-C in II). Importantly, we found three genes and ten enhancers whose 

induction upon oxidative stress was HSF2-dependent, showing that HSF2 can also 

function as a stress-responsive transcription factor in this context (Figure 3A in II). 

Therefore, we conclude that similarly to heat shock, HSF2 mostly cooperates with HSF1 

to drive the response to oxidative stress.  

Since we observed that unique sets of genes and enhancers were regulated by HSF1 and 

HSF2 in heat shock vs oxidative stress, we asked whether both HSFs bound to stress-

specific sites in the chromatin (Figure 3C and Figure Supplement 8 in II). Surprisingly, 

we found many genes that were occupied and induced by HSF1 and HSF2 only in 

response to oxidative stress, demonstrating that HSFs show a stress-dependent 

specificity (Figure 3D in II). Moreover, the HSF1 targets found in heat shock were also 

bound by HSF1 under oxidative stress, but most of them were not induced (Figure 3E in 

II). These results suggest that DNA-binding specificity is not the only mechanism 

regulating the transactivation capacity of HSF1 upon disruption of the redox state.  

2.3 HSF1 and HSF2 regulate gene expression through enhancers 

Since more than half of the HSF1-dependent genes were not regulated directly by 

promoter-bound HSF1, we investigated whether these HSF1 targets could be regulated 

by enhancers (Figure 3E in II). Interestingly, we found that a prominent proportion of 

these genes were located within 100 kb from enhancer sequences occupied by HSF1 

(Figure 4A in II). In contrast, no correlation between HSF1-dependent genes and their 

distance with HSF1 direct enhancer targets was found under oxidative stress (Figure 4A 

in II). We also asked whether HSF1 alters different cellular processes through promoters 

and enhancers. A GO term analysis showed that HSF1 targets containing promoter-
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bound HSF1 were related to protein folding and stress responses (Figure 4C-D in II). In 

contrast, the HSF1-dependent genes residing in the vicinity of direct HSF1 enhancer 

targets were strongly associated with focal adhesions and transmembrane receptor 

signaling pathways (Figure 4C-D in II).  

Taken together, our study provides a detailed investigation of the transcriptional 

mechanisms behind the role of HSF1 and HSF2 in two types of cytotoxic stress i.e. 

oxidative stress and heat shock. We show that HSF1 and HSF2 regulate genes and 

enhancers under both types of stress. Interestingly, the HSF-dependent transcriptional 

programs vary depending on the type of stress, which shows, for the first time that HSF1 

and HSF2 are multi-stress responsive factors. In the light of these results, it is important 

to ask how HSF1 and HSF2 find their target genes under different stress conditions. One 

possibility is that stress-specific protein-interacting partners guide HSF1 and HSF2 to 

their target genes. Another possibility is that the trans-activation capability of both HSFs 

is inhibited in certain genomic loci by either post-translational modifications or protein-

protein interactions under a particular stress condition. Therefore, future studies are 

needed to determine the mechanisms dictating HSFs specificity.  

 

 

 

 

 

 

 

 

 



Results and Discussion 
 

81 
 
 

 

3 Implications of studies I and II 

Studies I and II investigated the role of HSF1 and HSF2 under different stress conditions. 

In study I we found that the HSF2-dependent regulation of cadherin superfamily genes 

is indispensable under chronic proteotoxic stress, while study II demonstrated that both 

HSF1 and HSF2 are multistress-responsive factors, since they drive the transcription of 

distinct genes and enhancers under oxidative stress and heat shock. Both studies 

corroborated, in a genome-wide scale, that HSF1 and HSF2 regulate gene expression 

already under control conditions, which is in line with the role of these transcription 

factors in development, metabolism, and cell cycle regulation (Joutsen & Sistonen, 2019; 

Roos-Mattjus & Sistonen, 2022). However, our ChIP-seq experiment in study II showed 

that HSF1 exhibits a strong stress-inducible binding to promoters and enhancers, 

whereas HSF2 binds to several promoters and enhancers already prior to stress. These 

results indicate that the HSF1-dependent genes under control conditions are 

predominantly regulated in an indirect manner. Curiously, oxidative stress, but not heat 

shock, induced a prominent binding of HSF2 to promoters and enhancers, which 

highlights the importance of stress type as a determinant of HSF2’s activity. The findings 

of study I and II rise very important questions, such as: the identity of direct HSF2 targets 

under chronic proteotoxic stress and whether HSF1 and HSF2 regulate enhancer 

activation in other types of stress, development, and pathological states.  

Future studies should determine the chromatin binding sites of HSF2 upon chronic 

proteotoxic stress and dissect what genes are direct HSF2 targets. Indeed, since the role 

of HSF2 under chronic proteotoxic stress is largely unexplored in a genome-wide scale, 

it is important to compare the HSF2 direct target genes upon proteasomal inhibition as 

well as treatments with amino acid analogs and chaperone inhibitors. A recent study 

showed that treatment with gambogic acid, a natural compound that has been proposed 

to inhibit HSP90, induces the heat shock response and disrupts the protein-protein 

interaction between HSP90 and HSF2 (Pesonen et al., 2021). Therefore, one can 

hypothesize that once HSF2 is released from its interaction with HSP90, it will 

translocate to the nucleus and bind to its target regions in the chromatin. 
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Another type of chronic stress that has been shown to activate HSF2 is exposure to 

ethanol (Drissi et al., 2021; El Fatimy et al., 2014). Exposure to ethanol during prenatal 

development, provokes the binding of HSF2, together with HSF1, to HSP promoters and 

also disrupts the binding of HSF2 to genes involved in radial neuronal migration (El 

Fatimy et al., 2014). Moreover, under sustained exposure to ethanol, adult mice lacking 

HSF2 are unable to trigger changes in synaptic transmission and plasticity in comparison 

to WT mice (Drissi et al., 2021). Consequently, investigating what genes are under direct 

regulation of HSF2 upon this type of chronic stress in a genome-wide scale is also an 

important subject to address in future studies. Indeed, impaired expression of cadherin 

genes could play a major role in the synaptic defects observed in hsf2 –/– adult mice under 

prolonged exposure to ethanol (Drissi et al., 2021). For example, changes in activity and 

localization of N-cadherin, a gene whose expression has been shown to correlate with 

the protein levels of HSF2 independently from our study, impair synaptic plasticity 

processes (Tai et al., 2008; de Thonel et al., 2022). Therefore, it is tempting to speculate 

that the HSF2-dependent regulation of the cadherin superfamily genes is also involved 

in the neuronal stress response, which would represent another HSF2-mediated 

connection between adhesion and stress.  

The regulation of enhancers by HSF1 and HSF2 is a groundbreaking finding that 

provides a new layer of complexity in our functional understanding of both HSFs. 

Interestingly, among the genes occupied by HSF1 and HSF2 under oxidative stress and 

heat shock conditions, the majority were co-occupied by these HSFs. This observation 

suggests that upon disruption of the redox state, HSF2 acts in cooperation with HSF1, 

which is in agreement with previous studies performed in heat shock and cancer (Mahat 

et al., 2016; Smith et al., 2022; Vihervaara et al., 2013). However, whether HSF2 could 

regulate gene expression through a specific set of enhancers under chronic stress or 

during development needs to be addressed in the future. Taken together, studies I and II 

expanded the repertoire of stress conditions in which HSF1 and HSF2 function, and 

unveiled the role of both HSFs in the regulation of cell adhesion and stress-associated 

enhancers.  
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4 HSF2 interacts with adhesion-related proteins including TLN1 (III) 

HSF1 and HSF2 are versatile transcription factors that play a fundamental role in stress, 

development, and pathologies (Joutsen & Sistonen, 2019). However, despite years of 

research, little is known about the protein networks that interact with both transcription 

factors in different conditions. To fill this gap in knowledge, a recent study conducted 

by Burchfield and co-workers explored the HSF1 interactome in human cell lines during 

control conditions, acute proteotoxic stress (heat shock), and chronic proteotoxic stress 

(Huntington’s disease) (Burchfiel et al., 2021). In contrast, only a few HSF2-interacting 

partners have been validated in the literature, among which HSF1 is the best 

characterized. HSF1 and HSF2 interact through their leucine zipper-like heptad repeats 

(HR-A/B) (Figure 8), to form heterotrimers that bind to DNA (Loison et al., 2006; 

Sandqvist et al., 2009). Indeed, ChIP-seq experiments in the context of stress, 

development, and cancer have revealed that HSF1 and HSF2 do co-localize in many 

genomic loci, showing a complex interplay between these transcription factors (Roos-

Mattjus & Sistonen, 2022).  

Among adult tissues, the levels of HSF2 are exceptionally high in testes, where the 

process of spermatogenesis occurs inside specialized structures known as seminiferous 

tubules (Fiorenza et al., 1995; Sarge et al., 1994). Congruently with the high protein 

levels of HSF2 in testes, the Hsf2–/– mice phenotype is characterized by reduced testes 

size, a disorganized structure of seminiferous tubules, pronounced apoptosis in 

spermatocytes, and defects in structure and number of spermatozoa (Åkerfelt et al., 2008; 

Kallio et al., 2002). Therefore, we investigated the HSF2 interactome in mouse testes, a 

tissue where high levels of HSF2 are required for proper organ development and 

spermatogenesis.  

4.1 HSF2 interacts with cell adhesion-related proteins   

HSF2-interacting partners were identified in mouse testes by performing co-

immunoprecipitation (co-IP) coupled with liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) (Figure 1A in III). Immunoblotting of the HSF2 co-IP 
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sample showed that HSF2 was efficiently enriched as compared to the IgG control and 

input (Figure 1B in III). Additionally, we corroborated that HSF1 co-precipitated with 

HSF2, since both proteins have been shown to interact in mouse testes (Sandqvist et al., 

2009). After verifying the quality of the co-IP samples, LC-MS/MS analysis was carried 

out and 464 HSF2-interacting partners were identified (Figure 1C in III). Since 306 of 

the HSF2-interacting partners were also found in the IgG negative control, we 

established a cut-off criterion by selecting proteins that exhibited at least two peptide 

spectrum matches (PSMs) and a ratio of HSF2 PSMs/IgG PSMs > 3. These criteria led 

to the identification of 105 HSF2-specific partners.  

Among the HSF2-interacting partners that met our cut-off criteria, we found proteins 

involved in biological processes that are disrupted in the absence of HSF2. For example, 

hsf2–/– mice produce spermatozoa with aberrant morphology, and our screen identified 

two proteins involved in sperm morphogenesis, i.e. MAP7, and NPHP1, as HSF2-

interacting partners (Åkerfelt et al., 2008). Mice lacking HSF2 also show a defective axis 

between the homologous chromosomes of spermatocytes in the pachytene stage of 

meiosis (Kallio et al., 2002). Interestingly, the HSF2-interactome identified the 

synaptonemal complex protein 1 (SYCP1), which is fundamental for proper synapsis 

and recombination of homologous chromosomes during meiosis (de Vries et al., 2005). 

Therefore, it is tempting to hypothesize that, in addition to changes in gene expression, 

HSF2 could play an important role in spermatogenesis by promoting or inhibiting the 

function of its protein-interacting partners.    

To gain functional insight into the 105 HSF2-interacting partners, we performed a gene 

ontology (GO) term analysis (Figure 1D in III). We found that the most enriched GO 

term within the molecular function ontology was cell adhesion molecule binding. This 

is particularly interesting because lack of HSF2 has been shown to impair the expression 

of cell adhesion-related genes, such as cadherin, integrins, and ECM proteins (Björk et 

al., 2016; Study I) (Table 6).  
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Table 6. HSF2 regulates the expression of cell adhesion-related genes in human cells. 
Representative examples of cell adhesion-related genes that are differentially expressed upon 
decreased HSF2 levels (Björk et al., 2016; Study I). 

  ID Gene Name 

Jo
ut

se
n 

et
 a

l.,
 (2

02
0)

  

CDH6 Cadherin 6 
CDHR1 Cadherin-Related Family Member 1  
CELSR1 Cadherin Family Member 9 

DSC2 Desmocollin 2 
IGFN1 EEF1A2-Binding Protein 1 
FAT2 FAT Atypical Cadherin 2 

PCDHA7 Protocadherin Alpha 7 
PCDHA10 Protocadherin Alpha 10 
PCDHB4 Protocadherin Beta 4 

PCDHGA7 Protocadherin Gamma Subfamily A, 7 
PCDHGB4 Protocadherin Gamma Subfamily B, 4 
PCDHGC5 Protocadherin Gamma Subfamily C, 5 
PCDH15 Protocadherin Related 15 

B
jö

rk
 e

t a
l.,

 (2
02

0)
  COL13A1 Collagen Type XIII Alpha 1 Chain 

FAT1 FAT Atypical Cadherin 1 
LGALS3 Galectin 3  
ITGA1 Integrin Subunit Alpha 1 
ITGA5 Integrin Subunit Alpha 5 
ITGB2 Integrin Subunit Beta 2 
MCAM Melanoma Cell Adhesion Molecule 
CDH2 N-Cadherin 

 

 

Additionally, we also interrogated an HSF2 ChIP-seq dataset from mouse spermatocytes 

to elucidate whether HSF2 binds to adhesion-related genes (Korfanty et al 2014). 

Interestingly, we found that HSF2 binds to a wide variety of adhesion-related gene 

families in spermatocytes, including catenins, protocadherins, cadherins, integrins, 

claudins, and ADAMSs (Figure 12). In the light of our findings, we studied HSF2-

interacting partners related to cell adhesion and we found several adaptor proteins that 

connect the actin cytoskeleton with transmembrane adhesion receptors. These adaptor 

proteins were zonula occludens 1 and 2 (ZO1 and ZO2), catenin delta 1 (CTNND1), and 
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talin1 (TLN1), of which we chose to focus on TLN1 due to its important role in cell-

matrix adhesion (Gough & Goult, 2018) (Figure 1E in III).   

 

Figure 12. HSF2 occupies genes related to cell adhesion in spermatocytes. Graphical 

representation of adhesion-related genes whose genomic loci are occupied by HSF2 in mouse 

spermatocytes (Korfanty et al., 2014). 

4.2 HSF2 and TLN1 interact in mouse and human cells    

TLN1 is an important adaptor protein in the focal adhesion complexes, where it connects 

integrin transmembrane receptors to the actin cytoskeleton (Gough & Goult, 2018). We 

first validated the HSF2-TLN1 interaction in mouse teratocarcinoma F9 cells, where 

HSF2 is highly abundant and constitutively active (Murphy et al., 1994) (Figure 2A in 

in III). Once the HSF2-TLN1 interaction was validated in mouse cells, we investigated 

whether the interaction also occurs in human cell lines, including RWPE-1 (prostate 



Results and Discussion 
 

87 
 
 

 

epithelial), and PC-3 (prostate carcinoma). To this end, we immunoprecipitated HSF2 

and performed immunoblotting with antibodies specific for TLN1 and HSF1 (as a 

positive control).  Additionally, we also performed the reciprocal experiment, where 

TLN1 was immunoprecipitated and the presence of HSF2 and HSF1 was monitored with 

immunoblotting. Our results revealed that HSF2 and TLN1 interact in both human cell 

lines, whereas HSF1 did not interact with TLN1 (Figure 2B in III). This finding suggests 

that the HSF2 molecules that bind to TLN1 are different from HSF2-HSF1 heterotrimers, 

and also highlights that hetero- and homooligomers of HSF2 exhibit distinct properties. 

To complement our biochemical data, we performed immunofluorescent labeling and a 

proximity ligation assay (PLA). The immunofluorescence labeling revealed that while 

HSF2 is predominantly nuclear, TLN1 resides in the focal adhesions (FA) near the 

periphery of the plasma membrane (Figure 2C in III). Moreover, TLN1 also showed a 

modest nuclear localization, which is in supported by our findings in study IV. Both 

proteins showed a clear cytoplasmic localization. In addition, the PLA assay indicated 

that HSF2 and TLN1 are in close proximity (≤40 nm) to each other, implying that both 

proteins are found in the same complex (Figure 2D in III). To determine the subcellular 

localization of the HSF2-TLN1 interaction we performed an orthogonal projection of 

our PLA assay images (Figure 2E in III). Interestingly, we noticed that the majority of 

the PLA signal was detected in the nucleus, suggesting that HSF2 and TLN1 

predominantly interact in this subcellular compartment (Figure 2F in III). 

4.3 The C-terminus of HSF2 interacts directly with TLN1 

Since HSF1 was not found to interact with TLN1, we examined the similarities and 

differences between HSF1 and HSF2. These HSFs share similar domains in common, 

including a DNA binding domain (DBD), an oligomerization domain containing 

hydrophobic-leucine-zipper-like heptad repeats (HR-A/B), a C-terminal heptad repeat 

domain (HR-C), regulatory domains (RD), and transactivation domains (AD) (Figure 3A 

in III). However, their amino acid sequences are considerably different, because beyond 

the DBD these HSFs share only approximately 35% identity (Roos-Mattjus & Sistonen, 
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2022). Therefore, we compared the amino acid sequences of HSF1 and HSF2 to 

determine HSF2-specific sequences that might bind to TLN1 (Figure 3B in III). A 

sequence alignment of HSF1 and HSF2 in Homo sapiens, Mus musculus, Bos taurus, 

Sus scrofa, Gallus gallus, and Danio rerio unveiled that the C-terminus of HSF2 contains 

the longest conserved HSF2-unique sequence.  

Next, we searched for a TLN1-binding motif in the C-terminus of HSF2. TLN1 functions 

as an adaptor protein that interacts with a wide variety of interacting partners, and 

therefore specific TLN1-binding motifs have been well described (Gough et al., 2021). 

Among the best-characterized TLN1-binding motif is the LD motif, a leucine-rich 

sequence following the consensus LDXLLXXL (Tumbarello et al., 2002). Multiple 

sequence analyses between the HSF2-specific sequence and the LD motifs of DLC1, 

RIAM, PXN, KANK1, and KANK2, revealed that the C-terminus of HSF2 indeed 

contains the distribution of amino acids that corresponds to this type of TLN1-binding 

motif (Figure 3C in III). Interestingly, we also noticed that all of these TLN1-interacting 

partners bind to the rod domain of TLN1 in specific subdomains (Figure 3D in III). TLN1 

is a 270 kDa adaptor protein composed of an N-terminal head domain with four 

subdomains (F0-F3), a flexible linker, a C-terminal rod domain with 13 alpha-helical 

bundles (R1-R13), and a dimerization domain (DD) (Gough & Goult, 2018). Detailed 

structural work on the interaction between the Rho GAP protein DLC1 and TLN1 has 

given a mechanistic understanding of how proteins containing an LD domain interact 

with TLN1 (Zacharchenko et al., 2016). The LD motif of DLC1 forms a helix that docks 

in between the second and third helices of the R8 helical bundle in the TLN1 rod domain. 

This type of binding mechanism is known as helix addition, and it requires the presence 

of key hydrophobic residues in the LD motif (Zacharchenko et al., 2016). Based on the 

TLN1/DLC1 interaction, the binding of other LD motif-containing proteins, such as the 

focal adhesion adaptor proteins KANK1, KANK2, and Pax, has been predicted and 

validated (Bouchet et al., 2016; Zacharchenko et al., 2016). Moreover, the TLN1-binding 

site of RIAM, a Rap1-GTP interacting protein that activates integrins through TLN1, 

contains a similar distribution of hydrophobic amino acids as the LD motif. Interestingly, 
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RIAM binds to the R8 helical bundle of the TLN1 rod domain via the same helix addition 

mechanism as DLC1 and PXN, showing that this specific arrangement of hydrophobic 

amino acids is indeed recognized by the helical bundles of TLN1 (Lee et al., 2009; 

(Zacharchenko et al., 2016). Prompted by this finding, we investigated whether the 

HSF2-specific sequence binds directly to TLN1. To determine if HSF2 and TLN1 

interact directly, we performed a fluorescent polarization assay with the LD motif in the 

HSF2 C-terminal domain and three different regions of TLN1 (R4-R8, R9-R12, R13-

DD), using the LD motif of KANK1 as a positive control (Bouchet et al., 2016). Our 

results showed that the C-terminal domain of HSF2 interacts directly with the folded R4-

R8 and R9-R12 regions of TLN1, indicating that HSF2 binds to multiple sites in TLN1 

(Figure 3E in III). 

The binding of HSF2 to the R4-R8 region of TLN1 is particularly interesting because 

the unfolding of the R8 domain directly depends on the unfolding of R7 (Yao et al., 

2016). Consequently, HSF2 could bind to the folded TLN1 at the FA, and upon 

stretching the HSF2-TLN1 interaction could be disrupted when a specific threshold of 

strength is reached. Moreover, HSF2 could be recruited to the plasma membrane by 

TLN1 as is the case of other TLN1-interacting partners containing LD motifs, such as 

DLC1, KANK1 and PXN (Li et al., 2011; Zacharchenko et al., 2016; Bouchet et al., 

2016). It is also important to consider that our mass spectrometry screen showed that, 

apart from TLN1, HSF2 interacts with ZO1, ZO2, CTNND1, desmoplakin, and 

plakoglobin, which are proteins that belong to major cell adhesion protein complexes in 

the vicinity of the plasma membrane. Firstly, ZO1 and ZO2 belong to the tight junctions, 

which connect the actin cytoskeleton with the cell-cell adhesion receptors claudins, 

occludin, and JAMs (Zihni et al., 2016). Secondly, CTNND1 is an important component 

of the adherens junctions, which connect the actin cytoskeleton with classical cadherins 

(Oda & Takeichi, 2011). Lastly, desmoplakin and plakoglobin are adaptor proteins that 

connect desmosomal cadherin with the intermediate filaments network (Garrod & 

Chidgey, 2008). These results suggest that HSF2 could act as an adhesion surveillance 

factor in the periphery of the plasma membrane, and upon appropriate stimuli, e.g. 



Results and Discussion 
 

90 
 
 

 

mechanical cues, HSF2 would translocate to the nucleus and regulate the expression of 

adhesion-related genes (Figure 13).     

 

Figure 13. Schematic model of how HSF2 could act as an adhesion surveillance factor. 
Before mechanical stimuli, HSF2 interacts with adaptor/peripheral membrane proteins in 
major cell adhesion complexes, including tight junctions (I), adherens junctions (II), 
desmosomes (III), and focal adhesion (IV). Upon mechanical stimuli, produced by changes 
in cell-cell or cell-matrix adhesion, HSF2 is released from its interacting partners and 
translocates to the nucleus to regulate the expression of adhesion-related genes.  
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5 Nuclear TLN1 as a regulator of gene expression (IV) 

Accumulating evidence shows that proteins involved in cell-cell and cell-matrix 

adhesion are important signaling hubs that transmit signals from the plasma membrane 

to the nucleus (Zheng & Jiang, 2022). In a recent publication, Byron and co-workers 

described a subset of adhesion-related proteins that reside in the nucleus, which they 

named as the nucleo-adhesome, but their function is still unclear (Byron et al., 2022). 

Therefore, investigating the role of adhesion-related protein in the nucleus is 

fundamental to know how cells can respond to their environment. 

TLN1 is an important mechanosensing protein that connects the integrin adhesion 

receptors to the actin cytoskeleton in the focal adhesion (FA) protein complexes (Gough 

& Goult, 2018). Due to the important role of TLN1 in cell-matrix adhesion, diseases 

such as cancer, cardiovascular malfunction, and hematologic disorders are characterized 

by dysregulation of the protein levels and function of TLN1 (Azizi et al., 2021; Haining 

et al., 2016; Y. Li et al., 2021). Curiously, apart from localizing to the FAs, TLN1 is also 

present in the invadopodia and cytoplasm. In the invadopodia, TLN1 acts as a scaffold 

to recruit the sodium/hydrogen exchanger 1 protein, whereas in the cytoplasm TLN1 is 

in an autoinhibited conformational state that is incapable of binding integrins and its 

function remains unclear (Beaty et al., 2014; Goult et al., 2013; Haage et al., 2018). 

When we investigated the subcellular localization of TLN1, we were surprised to find 

TLN1 residing in the nucleus where it interacts with chromatin and regulates gene 

expression.  

5.1 TLN1 resides in the nucleus and interacts strongly with the 
chromatin 

We first examined the cellular component GO terms associated with TLN1-interacting 

partners that were recently identified by Gough and co-workers (Figure 1A, right panel 

in IV) (Gough et al., 2021). To discard low-confidence TLN1-interacting partners, we 

only selected proteins that had a SAINT score ≥ 0.7 for our GO term analysis. 

Interestingly, among the 72 TLN1-interacting partners that met our cut-off criteria, 37 
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were nuclear proteins (Figure 1B, right panel in IV). In the light of this result, we 

performed subcellular fractionations in human non-transformed (MCF10A) and 

transformed (HS578T, MDA-MB-231, PC3) cells, to determine whether TLN1 exists in 

the nucleus.  The purity of the subcellular fractions was verified by monitoring the 

enrichment of proteins that primarily reside in one of the following locations: plasma 

membrane (β1 integrin), cytoplasm (α tubulin), nucleus (lamin A/C), and chromatin 

(histone H4) (Figure 1C in IV) (Abdrabou et al., 2020; Alanko et al., 2015; Herrmann et 

al., 2017). Congruently with the localization of the TLN1-interacting partners, the 

subcellular fractionations revealed that TLN1 was in the nuclear and chromatin fractions 

of all the cell lines that were tested. Since our chromatin fraction was obtained by treating 

the final fractionation pellet with micrococcal nucleases to release all proteins associated 

with DNA, we also determined the strength of the TLN1-chromatin interaction. To this 

end, we treated the final pellet with a salt gradient of NaCl (0.3, 0.45, 0.6, 0.8, and 1.2 

M) to release proteins bound to DNA. With this gradient, proteins weakly bound to DNA 

(e.g. transcription factors) are soluble in low concentrations of NaCl, while proteins 

tightly bound to the chromatin (e.g. histones) are displaced with high NaCl 

concentrations (Herrmann et al., 2017). Interestingly, in MCF10A and MDA-MB-231 

cells, TLN1 co-eluted with histone H4 at the highest concentrations of NaCl, whereas in 

HS578T cells, TLN1 co-eluted with lamin A/C throughout the NaCl gradient (Figure 1D 

in IV). These results show that TLN1 resides in the nucleus of human cells, where it 

strongly binds to the chromatin. 

5.2 TLN1 concentrates in specific areas within the nucleus 

The subnuclear distribution of TLN1 was examined with indirect immunofluorescence 

staining in HS578T and MDA-MB-231 cells. To circumvent challenges with low 

antibody specificity, we used three different TLN1 antibodies for our 

immunofluorescence staining. One of these antibodies recognizes the head domain of 

TLN1, while the other two recognize the rod domain (Figure 2A in IV). In accordance 

with the literature, TLN1 could be observed in the FA, at the bottom plane of the cells. 

However, when we visualized the middle plane of the cell, we noticed a clear nuclear 
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localization of TLN1 (Figure 2C-E in IV). Curiously, a subpopulation of cells showed a 

strong foci pattern inside the nucleus. These foci co-localized with the dark areas of the 

DAPI staining and the nucleolar marker nucleolin (NLC), indicating that TLN1 

accumulates in the nucleoli of these cells (Figure 2E in IV) (Jia et al., 2017). These results 

are in line with our mass spectrometry data analysis, which identified 14 nucleolar 

proteins as TLN1-interacting partners (Figure 1B, left panel in IV).  

5.3 Nuclear TLN1 regulates gene expression 

The nuclear localization, strong chromatin interaction, and nucleolar accumulation of 

TLN1 prompted us to ask whether nuclear TLN1 regulates gene expression. We 

performed an RNA-seq from HS578T cells transfected with either two small interfering 

RNAs (siRNA) specific for TLN1 (siTLN1), or a scramble RNA (Scr) as the 

corresponding negative control (Figure 3A in IV). Since immunoblotting of the siTLN1 

transfected cells revealed a prominent reduction of TLN1 protein levels as compared to 

the Scr control, we investigated the global gene expression profile of these cells (Figure 

3A in IV). Depletion of TLN1 caused extensive changes in the gene expression profile 

of HS578T cells, resulting in the upregulation of 318 genes and the downregulation of 

419 genes (Figure 3C in IV). The top 25 upregulated and downregulated differentially 

expressed genes were used to generate heatmaps from the normalized data (Figure 3D in 

IV). Due to the fundamental role of TLN1 in cell adhesion, we also explored whether its 

depletion altered the expression of cell adhesion genes, and we found several examples 

of such cases (Figure 3E in IV). Moreover, we investigated whether TLN1 depletion 

altered the expression of proteins with nuclear functions. Interestingly, we identified 

those encoding nuclear structural proteins (NEMP1, H2BC4), chromatin remodelers 

(BCL7B, MORF4L1), and transcription factors (NFATC2) (Figure 3F in IV). These 

results show, for the first time, that there is a gene expression profile associated with 

TLN1 downregulation.  

Since downregulation of TLN1 is likely to affect gene expression via loss of FAs, we 

investigated whether five of the TLN1-dependent genes i.e. SEMA7A, NFATC2, 
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ACTG1, BCL7B, and SEC23A, changed their expression upon fluctuations in the levels 

of nuclear TLN1 specifically. To modulate the levels of nuclear TLN1, we constructed 

a fusion protein consisting of the full-length human TLN1 coupled with GFP and a 

nuclear localization signal (TLN1-NLS). Confocal microscopy revealed that the TLN1-

NLS construct was confined in the nucleus, whereas the corresponding negative control 

GFP was dispersed in the whole cell (Figure 4A in IV). Once the subcellular localization 

of the TLN1-NLS and GFP was verified, we measured the mRNA levels of the five 

TLN1-dependent genes with qPCR (Figure 4B in IV). In accordance with our RNA-seq 

results, increasing the protein levels of nuclear TLN1 changed the expression of 

SEMA7A, NFATC2, and ACTG1, in an opposite pattern to that observed upon TLN1-

depletion (Figures 3D and 4B in IV). In contrast, the mRNA levels of BCL7B and 

SEC23A remained unchanged upon the increase of nuclear TLN1, showing that not all 

TLN1-dependent genes change their expression patterns in function of nuclear TLN1 

(Figure 4B in IV). Taken together, these results serve as proof-of-concept to demonstrate 

the impact of nuclear TLN1 on gene expression.  

Our findings raise several questions. For instance, what is the mechanism mediating 

TLN1 nuclear localization? Nuclear import is usually mediated by nuclear pore 

complexes that maintain a semipermeable channel through the nuclear envelope (Wente 

& Rout, 2010). Cargoes smaller than  ̴ 40 kDa can diffuse passively through the nuclear 

pores, whereas bigger cargoes require energy-dependent transport (Terry et al., 2007). 

Due to the high molecular weight of TLN1 (270 kDa), it is reasonable to infer that active 

transport is required for its nuclear translocation. However, the capability of the TLN1 

to bind phosphatidylinositol-4,5-bisphosphate through its head domain suggests that a 

phosphoinositide-dependent pathway may also mediate the nuclear localization of the  

full length TLN1 (Ye et al., 2016). Such a pathway has been previously described for 

myosin-1C, and it requires the binding of myosin-1C to phospholipids (Nevzorov et al., 

2018). Therefore, these possible mechanisms of TLN1 nuclear translocation warrant 

further investigation.   
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Another important question is how nuclear TLN1 modulates gene expression. Previous 

studies have shown that nuclear actin and nuclear myosin-1C, which were initially 

classified as cytoplasmic proteins, alter chromatin landscape and also cooperate to 

maintain active RNA polymerase II at gene promoters (Almuzzaini et al., 2015; Klages-

Mundt et al., 2018). Our results revealed that TLN1 is tightly associated with the 

chromatin of transformed and non-transformed human cells (Figure 1C in IV), 

suggesting that it could function in a similar manner as nuclear actin and/or nuclear 

myosin-1C. Following this line of reasoning, it is important to consider how nuclear 

TLN1 can access the chromatin. One possibility is that certain interacting partners 

mediate the association of TLN1 and the chromatin, since we found many nucleic acids-

binding proteins among the TLN1-interacting partners identified by Gough and 

collaborators (Gough et al., 2021). Another exciting possibility is that TLN1 would bind 

DNA by electrostatic interactions through its phosphoinositide-binding surfaces, as it 

has been suggested for myosin-1C (De Lanerolle et al., 2005). Moreover, the presence 

of TLN1 in the nucleolus opens a new avenue for future studies to investigate the role of 

TLN1 in gene expression. At this point, it is tempting to speculate that TLN1 plays a role 

in the processing of rRNA molecules, since several proteins that are involved in this task 

are found among the nucleolar-associated TLN1-interacting partners. For example, we 

found proteins that are required for synthesis (e.g. POLR2E, POLR2H, and POLR1C) 

and maturation (e.g. NIP7 and NOP16) of the polycistronic rRNA precursors (Boisvert 

et al., 2007; Tafforeau et al., 2013).  

Finally, it is important to determine whether nuclear TLN1 responds to mechanical 

stimuli. A wealth of evidence has shown that a specialized protein complex, known as 

the linker of nucleoskeleton and cytoskeleton (LINC), transmits mechanical stimuli from 

the extracellular space to the nucleus (Jahed & Mofrad, 2019). To achieve its function, 

the LINC complex connects proteins in the inner periphery of the nuclear envelope to 

the contractile cytoskeleton (Khilan et al., 2021; Miroshnikova et al., 2019). Considering 

that the 13 α-helical bundles in the rod domain of TLN1 unfold upon mechanical force, 

it is plausible that nuclear TLN1 is associated with the LINC complex to serve as a 
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mechanosensitive signaling hub. In support of this view, our mass spectrometry data 

analysis revealed that TLN1 interacts with nine proteins associated with the nuclear 

envelope, of which the protein emerin mediates changes in nuclear stiffness upon 

stimulation of the LINC complex (Janota et al., 2020).  

6 Implications of studies III and IV 

The study III of this thesis work identified the interactome of HSF2 in a physiologically 

relevant context and characterized TLN1 as the first adhesion-related HSF2-interacting 

partner. Since HSF2 and TLN1 were found to interact predominantly in the nucleus, the 

study IV investigated the nuclear localization and function of TLN1. Our data expands 

the canonical view of TLN1’s subcellular localization and function, which raises several 

questions: Do HSF2 and TLN1 bind to chromatin as a protein complex? Indeed, HSF2 

could mediate the localization of TLN1 at specific genomic loci or vice-versa. Future 

studies should map the chromatin occupancy of HSF2 and TLN1 and test whether the 

absence of either protein alters the chromatin-binding profile of the other.  

Another important subject to be determined is the conformation in which HSF2 and 

TLN1 interact with each other. Both HSF2 and TLN1 can exist in either an active or an 

autoinhibited conformation (Gough & Goult, 2018; Joutsen & Sistonen, 2019). 

Monomeric and/or dimeric HSF2 can be found in an autoinhibited conformation in 

which its leucine zipper-like heptad repeats, HR-A/B and HR-C, interact 

intramolecularly. Upon activation, the HR-A/B domain of HSF2 is released from its 

interaction with the HR-C, allowing HSF2 to oligomerize, translocate to the nucleus, and 

acquire DNA-binding capacity (Roos-Mattjus & Sistonen, 2022). Additionally, TLN1 

exists in an extended conformation, where it binds simultaneously to integrins and the 

actin cytoskeleton through its head and rod domains, respectively, or an autoinhibited 

conformation, where dimeric TLN1 forms a so-called donut-shape-structure through the 

interaction of the head domain with the rod domain (Dedden et al., 2019). Curiously, it 

has been shown that the autoinhibited form of TLN1 can also interact with the head 

domain of vinculin, suggesting that this form of TLN1 may also interact with other 
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proteins and play a role in signal transduction (Dedden et al., 2019). Considering that the 

HSF2-TLN1 interaction is predominantly nuclear, it is plausible that HSF2 would 

interact with TLN1 as an oligomer. However, it is important to investigate the 

conformation of nuclear TLN1 and analyze the structure of the HSF2-TLN1 complex. 

The active conformation of TLN1 acts as a mechanosensitive protein that undergoes 

force-dependent conformational changes in its rod domain (Yao et al., 2016). The rod 

domain of TLN1 is composed by 13 helical bundles that can stretch and reveal binding 

sites for TLN1-itneracting partners (Gough & Goult, 2018). Interestingly, our 

fluorescent polarization assay, showed that the last 16 amino acids of HSF2 bind to two 

different regions of the TLN1 rod domain, i.e. R4-R8 and R9-R12. This result suggests 

that force-dependent unfolding of specific TLN1 helical bundles, is not required for the 

HSF2-TLN1 interaction to take place. However, it is also possible that HFS2 binds to 

the areas of TLN1 that are buried inside the 13 helical bundles. Taking this idea forward, 

forthcoming studies should address whether TLN1 can sense mechanical stimuli in the 

nucleus in a similar manner as it does in the vicinity of the plasma membrane. Could the 

chromatin-associated TLN1 change conformation and alter the chromatin structure upon 

mechanical stimuli? Indeed, accumulating evidence shows that the chromatin undergoes 

extensive remodeling upon mechanical ques, but the mechanisms behind this 

phenomenon are not yet well understood (Miroshnikova & Wickström, 2022). Taken 

together, the findings of study III and IV unveil a plethora of new perspectives for the 

structure, subcellular localization, and function of HSF2 and TLN1.   
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Concluding Remarks 

Among the members of the vertebrate HSF family, HSF1 has been considered as the 

master regulator of the proteotoxic stress response. Indeed, before this work, an HSF2-

dependent gene expression profile under stress conditions was not known. In the first 

study of this thesis, we identified a set of genes that are regulated by HSF2 upon 

prolonged proteotoxic stress. On one hand, our groundbreaking results unveiled that 

HSF2 is a prominent regulator of the cadherin superfamily cell-cell adhesion receptors. 

On the other hand, we showed that impaired cell-cell adhesion sensitizes cells to 

prolonged proteotoxic stress. These results open several questions, such as how HSF2 

affects gene expression upon prolonged proteotoxic stress and whether HSF2 affects the 

same set of genes as when proteotoxic stress is caused by chaperone inhibition, 

proteasome inhibition, and/or exposure to amino acid analogs. 

The second study of this thesis work addressed whether HSF1 and HSF2 regulate stress-

specific transcriptional programs. To this end, we used oxidative stress and heat shock 

as distinct stress conditions. We found that these HSFs act as multistress-responsive 

factors, which reprogram transcription in a stress-specific manner. Moreover, our results 

revealed that HSF1 and HSF2 regulate gene expression under stress conditions through 

the induction of enhancers. These results invite us to ask whether the HSFs-mediated 

regulation of enhancers applies beyond the context of stress. 

The third study focused on elucidating the HSF2-interactome in mouse testes, a tissue 

where HSF2 is required for proper sperm development. Before this work, no studies on 

the HSF2-interactome had been conducted in the relevant context of tissues. 

Interestingly, we found that adhesion-related proteins were the most enriched type of 

HSF2-interacting partners. We also characterized the interaction between HSF2 and the 

mechanosensitive protein TLN1 in murine and human cell lines. Since many of the 

HSF2-interacting partners were part of major adhesion complexes at the plasma 

membrane, our results open exciting possibilities about the function of HSF2. For 

example, a population of HSF2 in the vicinity of the plasma membrane could respond to 
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mechanical stimuli, by translocating to the nucleus to regulate cell adhesion-related 

genes.  

Active communication between the plasma membrane and the nucleus is partly mediated 

by the nuclear translocation of adhesion proteins. Indeed, recent studies have shown that 

proteins that were initially considered to be strictly cytoplasmic also reside in the 

nucleus. Since we found that HSF2 interacts with TLN1 predominantly in the nucleus, 

we investigated the subcellular localization of TLN1 in the fourth study of this thesis. To 

our surprise, TLN1 indeed is present in the nucleus, where it binds strongly to the 

chromatin and accumulates in the nucleolus. Moreover, our results demonstrated that 

changes in the levels of nuclear TLN1 regulate gene expression, which represents a 

seminal finding. It is for future studies to determine the mechanism mediating TLN1-

dependent changes in gene expression and whether HSF2 forms part of such a 

mechanism.  

Taken together, HSFs are versatile transcription factors that operate in a context-

dependent manner to orchestrate specific transcriptional programs under stress 

conditions, development, and disease. Notably, the studies presented in this thesis work 

not only demonstrated the multifaceted functions of HSFs in different types of stress, but 

also revealed a prominent connection between HSFs and cell adhesion. This nexus 

between HSFs and cell adhesion is particularly interesting because dysregulation of 

HSFs has been previously linked with developmental abnormalities and cancer cell 

invasion and metastasis. Therefore, the functional impact of HSFs in cell adhesion during 

development and disease is an exciting subject for future studies.  
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SUMMARY

Maintenance of protein homeostasis, through induc-
ible expression of molecular chaperones, is essential
for cell survival under protein-damaging conditions.
The expression and DNA-binding activity of heat
shock factor 2 (HSF2), a member of the heat shock
transcription factor family, increase upon exposure
to prolonged proteotoxicity. Nevertheless, the spe-
cific roles of HSF2 and the global HSF2-dependent
gene expression profile during sustained stress
have remained unknown. Here, we found that HSF2
is critical for cell survival during prolonged proteo-
toxicity. Strikingly, our RNA sequencing (RNA-seq)
analyses revealed that impaired viability of HSF2-
deficient cells is not caused by inadequate induction
of molecular chaperones but is due to marked down-
regulation of cadherin superfamily genes. We
demonstrate that HSF2-dependent maintenance of
cadherin-mediated cell-cell adhesion is required for
protection against stress induced by proteasome in-
hibition. This study identifies HSF2 as a key regulator
of cadherin superfamily genes and defines cell-cell
adhesion as a determinant of proteotoxic stress
resistance.

INTRODUCTION

The cells in a human body are constantly exposed to environ-

mental stressors, which challenge the maintenance of protein

homeostasis, also called proteostasis. To survive insults that

disturb proteostasis, cells rely on a selection of protective mech-

anisms that can be launched upon stress exposures. The heat

shock response is a well-conserved stress protective pathway

that is induced in response to cytosolic protein damage and

mediated by heat shock transcription factors (HSFs; Joutsen

and Sistonen, 2019). Upon activation, HSFs oligomerize, accu-

mulate in the nucleus, and bind to their target heat shock ele-

ments (HSEs) at multiple genomic loci (Vihervaara et al., 2013,

2017; Mahat et al., 2016). The canonical HSF target genes

encode molecular chaperones, such as heat shock proteins

(HSPs), which assist in the maintenance of a correct protein

folding environment by refolding the misfolded proteins or di-

recting them to protein degradation machineries (Hartl et al.,

2011). In addition, HSFs are important in a variety of other phys-

iological and pathological processes and the repertoire of HSF

target genes has been shown to extend beyond the HSPs

(Hahn et al., 2004; Åkerfelt et al., 2010; Gonsalves et al., 2011;

Mendillo et al., 2012; Riva et al., 2012; Björk et al., 2016; Li

et al., 2016).

The human genome encodes six HSF family members (HSF1,

HSF2, HSF4, HSF5, HSFX, and HSFY), of which HSF1 and HSF2

are the most extensively studied (Joutsen and Sistonen, 2019).

Although these factors are homologous in their DNA-binding do-

mains, they share only a few similarities in the tissue expression

patterns, regulatory mechanisms, and signals that stimulate their

activity (Jaeger et al., 2016; Gomez-Pastor et al., 2018). HSF1 is

essential for HSP expression and cell survival under acute stress

conditions (Joutsen and Sistonen, 2019). HSF2 is an unstable

protein and its expression is highly context dependent, fluctu-

ating in different cell and tissue types (Sarge et al., 1991; Alastalo

et al., 1998), developmental stages (Mezger et al., 1994; Rallu

et al., 1997), and during the cell cycle (Elsing et al., 2014). Conse-

quently, regulation of HSF2 protein levels has been considered

to be the main determinant of its DNA-binding capacity (Mathew

et al., 1998; Budzy�nski and Sistonen, 2017). Interestingly, the

DNA-binding activity of HSF2 increases in cells exposed to lac-

tacystin- or MG132-induced proteasome inhibition (Kawazoe

et al., 1998; Mathew et al., 1998; Pirkkala et al., 2000), indicating

that HSF2 can respond to proteostasis disruption. Nevertheless,

the molecular details of the activation mechanisms of HSF2 are

currently not conclusively understood.
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The ubiquitin-proteasome system is one of the main cellular

mechanisms regulating protein turnover, thereby affecting multi-

ple aspects of cell physiology, such as signal transduction and

apoptosis (Hershko and Ciechanover, 1998; Varshavsky, 2012).

Due to the fundamental function in cell physiology, the protea-

some complex has emerged as an important target for anti-can-

cer therapy (Deshaies, 2014). The most common drug to inhibit

proteasome function is bortezomib (BTZ; PS-341, VELCADE),

which is currently used as a standard treatment in hematological

malignancies (Chen et al., 2011). BTZ is a dipeptide boronic acid

derivative that targets the chymotrypsin-like activity of the 26S

proteasome, causingprogressive accumulationof damagedpro-

teins (Kisselev et al., 2006; Chen et al., 2011; Goldberg, 2012). By

exposing humanblood-derived primary cells to clinically relevant

concentrations of BTZ, Rossi and colleagues demonstrated that

prolonged proteasome inhibition results in upregulation of HSF2

at both mRNA and protein levels (Rossi et al., 2014). They also

showed that HSF2, together with HSF1, localizes to the pro-

moters of HSP70 and AIRAP (zinc finger AN1-type domain 2a)

genes (Rossi et al., 2014). In another study, sensitivity to protea-

some inhibition was linked to HSF2 deficiency in mouse embry-

onic fibroblasts (Lecomte et al., 2010), but the mechanisms by

which HSF2 promotes cell survival are currently unknown.

In this study, we show that HSF2 is critical for survival of cells

during prolonged proteasome inhibition. To our surprise, the

genome-wide expression analyses revealed that HSF2 disrup-

tion results in a profound downregulation of genes belonging

to the cadherin superfamily and subsequent functional impair-

ment of cell-cell adhesion. Furthermore, we show that failure to

form adequate cadherin-mediated cell-cell adhesion contacts

predisposes cells to proteasome inhibition-induced cell death.

These results identify HSF2 as a key regulator of cadherin genes.

Taken together, we show that bymaintaining cadherin-mediated

cell-cell adhesion, HSF2 acts as an important pro-survival factor

during sustained proteotoxic stress.

RESULTS

U2OS Cells Lacking HSF2 Are Predisposed to BTZ-
Induced Proteotoxicity
To explore the role of HSF2 in prolonged proteotoxic stress, we

first examined the expression and cellular localization of HSF2

during BTZ treatment. Human osteosarcoma U2OS cells were

treated with different concentrations of BTZ (0–100 nM) for 6

or 22 h and HSF2 protein levels were examined with immuno-

blotting. The time points were selected to assess both the

Figure 1. HSF2 Is Upregulated upon Prolonged Bortezomib (BTZ) Treatment

(A) Immunoblot analysis of HSF2 expression. U2OS WT cells were treated with indicated concentrations of BTZ for 6 or 22 h. Control (C) cells were treated with

DMSO. Tubulin was used as a loading control.

(B) Confocal microscopy images of HSF2 immunofluorescence staining. U2OSWT cells were plated on coverslips and treated with 25 nM BTZ for 6, 10, or 22 h.

Control cells were treatedwith DMSO. Sampleswere fixed and stainedwith anti-HSF2 antibody. DAPI was used for DNA detection. The overlay of HSF2 andDAPI

maximum intensity projection signals is shown in merge. Scale bar, 100 mm.

(C) Immunoblot analysis of HSF2 in subcellular fractions. U2OSWT cells were treated with 25 nM BTZ for 6 and 22 h. Control cells were treated with DMSO. Wc,

whole cell fraction; Cy, cytoplasmic fraction; and Nu, nuclear fraction. Lamin A/C and Tubulin were used as fractionation controls.
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short-term and the long-term exposure to BTZ. HSF2 was

slightly upregulated already at the 6-h time point and at 22 h

its expression was highly elevated (Figure 1A), which is in agree-

ment with a previous report (Rossi et al., 2014). Indirect immuno-

fluorescence and analysis of distinct subcellular fractions

revealed that HSF2, which is known to be both cytoplasmic

and nuclear (Sheldon and Kingston, 1993; Sistonen et al.,

1994), resides predominantly in the nucleus already under con-

trol conditions and the nuclear localization is further enhanced

during BTZ treatment (Figures 1B and 1C). These results show

that cells respond to BTZ treatment with marked increases in

HSF2 levels and accumulation in the nucleus.

Next, we asked if HSF2 is required for cell survival under sus-

tained stress conditions. We generated a U2OS HSF2 knockout

cell line (2KO hereafter), where HSF2 expression was abolished

by mutating the first exon of the HSF2 gene using the CRISPR-

Cas9 method. In these cells, the protein expression of HSF2

was completely abrogated (Figure 2A). U2OS WT and 2KO cells

were treated with indicated concentrations of BTZ for 22 h and

examined with microscopy. We observed a dramatic difference

in the viability of the wild-type (WT) and 2KO cells, since the cells

lacking HSF2 exhibited an apoptotic non-adherent phenotype in

concentrations where the WT cells remained adherent (Fig-

ure 2B). Quantitative cell viability measurements confirmed that

the survival of 2KO cells was significantly impaired upon BTZ

treatment (Figure 2C). Furthermore, 2KO cells accumulated

more cleaved PARP-1 thanWT cells, demonstrating a more pro-

nounced activation of apoptosis (Ling et al., 2002) (Figure 2D).

Similar results were obtained with another HSF2 knockout cell

line (2KO#2 hereafter) (Figure S1A) and with Hsf2�/� MEFs

(mouse embryonic fibroblasts) (Figures S1B and S1C), confirm-

ing that the observations are not cell type specific. To verify that

the decreased survival of 2KO cells was not caused by off-target

effects of the CRISPR-Cas9 gene editing method, we trans-

fected the U2OSWT cells with scramble (Scr) or HSF2-targeting

short hairpin RNA (shRNA) plasmids and treated the cells with

BTZ for 22 h. In accordance with the results obtained with 2KO

cells, transient HSF2 downregulation significantly reduced cell

viability upon BTZ treatment and enhanced the progression of

apoptosis, which was detected by increased accumulation of

cleaved PARP-1 (Figures 2E and 2F). In contrast, re-introduction

of HSF2 to the 2KO cells resulted in significantly less cleaved

PARP-1 than in the Mock-transfected cells after BTZ treatment

(Figure 2G). Hence, we conclude that HSF2 is essential for cell

survival upon proteotoxic stress.

In addition to BTZ, treatments with MG132, a well-established

proteasome inhibitor, and amino acid analog L-canavanine,

which causes protein misfolding when incorporated into nascent

peptide chains, clearly reduced the viability of HSF2-deficient

cells (Figures S1D–S1H). Importantly, whenwe exposed the cells

to even more extended proteotoxic stress of 46 h, induced by

HSP90 inhibitor drugs (Geldanamycin, 17-AAG), the HSF2-defi-

cient cells exhibited reduced survival (Figures 2H and 2I).

Altogether these results demonstrate that HSF2 is critical for

cell survival upon prolonged accumulation of damaged proteins.

In contrast to HSF2, which has been found to be downregu-

lated in a subset of human cancers (Björk et al., 2016), the

expression, nuclear accumulation, and transcriptional activity

of HSF1 are increased in a majority of studied cancer types

(Björk et al., 2018; Gomez-Pastor et al., 2018). Phosphorylation

of serine 326 (pS326) in HSF1 is considered to be a marker for

its activation (Guettouche et al., 2005; Mendillo et al., 2012).

HSF1 expression and pS326 have been established as require-

ments for multiple myeloma cell survival during BTZ treatment

(Shah et al., 2016). Therefore, we examined whether the

decreased survival of 2KO cells was due to impaired HSF1

expression or phosphorylation upon proteasome inhibition.

U2OS WT and 2KO cells were treated with BTZ or MG132, and

the HSF1 protein levels and S326 phosphorylation status were

analyzed with immunoblotting. Importantly, no difference in

HSF1 expression or S326 phosphorylation between WT and

2KO cells was observed upon proteasome inhibition (Figure S1I).

These results demonstrate that although HSF1 is an essential

survival factor during acute stress (Gomez-Pastor et al., 2018),

it alone is not sufficient to protect cells against prolonged

proteotoxicity.

Figure 2. HSF2 Is Required for Cell Survival upon Prolonged Bortezomib (BTZ) Treatment

(A) Immunoblot analysis of HSF2 expression in U2OS WT and HSF2 KO (2KO) cells. Tubulin was used as a loading control.

(B) Bright-field microscopy images of WT and 2KO cells treated with indicated concentrations of BTZ for 22 h. Control cells were treated with DMSO. Scale bar,

100 mm.

(C) Calcein AM assay of WT and 2KO cells treated as in (B). Relative fluorescence was calculated against each respective control that was set to 1. The data are

presented as mean values of at least three independent experiments + SEM; *p < 0.05.

(D) Immunoblot analysis of PARP-1. Cells were treated as in (B). HSC70 was used as a loading control.

(E) Calcein AM assay of U2OS WT cells transfected with Scr or HSF2-targeting shRNA constructs (Östling et al., 2007) and treated with 25 nM BTZ for 22 h.

Relative fluorescence was calculated against each respective control that was set to 1. The data are presented as mean values of three independent experi-

ments + SEM; *p < 0.05.

(F) Immunoblot analysis of HSF2 and PARP-1. Cells were transfected and treated as in (E). Tubulin was used as a loading control.

(G) Immunoblot analysis of HSF2 and PARP-1. HSF2 levels in U2OS 2KO cells were restored to those in WT cells by transiently transfecting the cells with either

Mock or HSF2 encoding plasmids. Cells were treated with 25 nM BTZ for 22 h. Control cells were treated with DMSO. HSC70 was used as a loading control.

The amount of cleaved PARP-1 relative to HSC70 was quantified with ImageJ. The data are presented as mean values of three independent experiments + SEM;

*p < 0.05.

(H) CellTiter-Glo assay of U2OS WT and 2KO cells treated with indicated concentrations of Geldanamycin (GA) for 46 h. Control cells were treated with DMSO.

Relative luminescence was calculated against each control that was set to 1. The data are presented as mean values of three independent experiments + SEM;

**p < 0.01 and ***p < 0.001.

(I) CellTiter-Glo assay of U2OS WT and 2KO cells treated with indicated concentrations of 17-AAG for 46 h. Control cells were treated with DMSO. Relative

luminescence was calculated against each control that was set to 1. The data are presented as mean values of three independent experiments + SEM; *p < 0.05.

See also Figure S1.
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Induction of Heat Shock Response Is Not Sufficient to
Protect Cells against Proteotoxicity
Similarly to many other surveillance transcription factors, such

as p53 (Kubbutat et al., 1997), HIF-1a (Kallio et al., 1999), and

Nrf2 (Kobayashi et al., 2004), HSF2 is an unstable protein under

normal growth conditions (Ahlskog et al., 2010). HSF2 expres-

sion fluctuates in response to stress exposure, tumor progres-

sion, and during the cell cycle (Ahlskog et al., 2010: Elsing

et al., 2014; Björk et al., 2016), and high expression levels of

HSF2 correlate with its increased DNA-binding activity (Mathew

et al., 1998; Sarge et al., 1994). Due to the massive increase in

nuclear HSF2 levels upon BTZ treatment (Figures 1B and 1C),

we investigated if the impaired survival of 2KO cells was caused

by misregulation of HSF2 target genes. U2OS WT and 2KO cells

were treated with 25 nM BTZ for 6 or 10 h (Figure 3A), and the

global gene expression profiles were analyzed with RNA-seq.

It is important to note that the selected time points represent

sub-lethal proteotoxic stress conditions, at which the cell

viability is not yet compromised (Figure S2A). Before mRNA pu-

rification, the knockout phenotype was confirmed with immuno-

blotting (Figure S2B). Stress-inducible hyperphosphorylation of

HSF1 (Sarge et al., 1993) and increased HSP70 expression

were observed in bothWT and 2KO cells (Figure S2B). To identify

the HSF2-dependent target genes, we first compared the induc-

ible gene expression profiles between WT and 2KO cells in

response to BTZ treatment for 6 and 10 h (Figure 3A). Differen-

tially expressed (DE) genes were determined with the Bio-

conductor R package Limma (Ritchie et al., 2015), with fold

changeR3 and false discovery rate (FDR) <0.001, from quadru-

plet samples that correlated well to each other (Figure S2C).

According to the analysis, BTZ treatment resulted in a significant

upregulation and downregulation of genes in WT (>600 and

>300, respectively) and 2KO (>500 and >200, respectively) cells

(Figure 3B; Table S1). The complete dataset is available at Gene

Expression Omnibus under GEO: GSE115973.

The HSF-regulated heat shock response is one of the main

cellular survival pathways induced by proteotoxic stress (Jout-

sen and Sistonen, 2019), and it is characterized by simultaneous

upregulation of genes essential for maintaining the correct pro-

tein folding environment (Vihervaara et al., 2018). To examine

whether the impaired survival of 2KO cells is caused by a

compromised heat shock response, we analyzed the inducible

expression patterns of all human molecular chaperone genes

(Kampinga et al., 2009), in WT and 2KO cells treated with BTZ.

Intriguingly, the chaperone expression profiles of WT and 2KO

cells were nearly identical, and only HSPB2, DNAJC12, and

DNAJC18 exhibited distinct expression patterns in 2KO cells

(Figure 3C). A closer examination of the RNA-seq data for

the expression of selected chaperone genes, i.e., HSPA1A

(HSP70), HSP90AA1 (HSP90), HSPA6 (HSP70B0), and HSPB1

(HSP27), revealed equal or even higher expression levels in

2KO cells than inWT cells (Figure 3D). In response to proteotoxic

stress, HSF2 also localizes to the promoters of genes encoding

HSP90 co-chaperones and polyubiquitin (Vihervaara et al.,

2013). To study whether the regulation of these genes was

disturbed in 2KO cells, HSP90 co-chaperones PTGES3 (p23)

and AHSA1 (AHA1), as well as the polyubiquitin genes UBB

and UBC, were examined from our RNA-seq data. Since no sig-

nificant differences were observed in the expression patterns of

any of these genes (Figure 3E), we conclude that despite the

intact heat shock response, the 2KO cells were not protected

against proteotoxic stress. These findings indicate that other de-

terminants, beyond molecular chaperones, govern cell survival

during prolonged proteotoxicity.

Disruption of HSF2 Leads to Misregulation of Cell-
Adhesion-Associated Genes
To determine the differentially expressed genes between theWT

and 2KO cells, we examined the 2KO:WT comparison pair at

each experimental time point (0, 6, and 10 h) (Figure 4A). Using

the stringent cutoff criteria (fold change [FC] R 3; FDR 0.001),

2KO cells were found to display significant misregulation of

819 genes already under normal growth conditions (2KO, C;

WT, C), and the proportion of upregulated and downregulated

genes remained similar throughout the BTZ treatments (2KO,

6 h; WT, 6 h: 2KO, 10 h; 2KO, 10 h) (Figure 4B; Table S1).

Gene Ontology (GO) term analysis of the misregulated genes re-

vealed a specific enrichment of terms related to cell adhesion

and cell-cell adhesion via plasma membrane adhesion mole-

cules (Figure 4C; Table S1). Similar GO terms among the com-

parison pairs implied that the genes misregulated in 2KO cells

are tightly linked to cellular adhesion properties both under con-

trol and stress conditions (Figure 4C).

To identify the adhesion molecules that are abnormally ex-

pressed in 2KO cells under both control and stress conditions,

the gene set overlaps were examined with Venn diagrams.

Among the comparison pairs, a total of 114 and 277 genes

were upregulated and downregulated, respectively (Figure 4D).

Functional cluster annotation of the 114 upregulated genes

with the DAVID analysis tool (Dennis et al., 2003) confirmed

Figure 3. Induction of the Heat Shock Response Is Not Sufficient to Protect HSF2-Deficient Cells against BTZ-Induced Proteotoxic Stress
(A) A schematic overview of the RNA-seq experiment outline. U2OSWT and 2KO cells were treated with 25 nM BTZ for 6 or 10 h. Control cells were treated with

DMSO. After treatments, mRNAwas extracted and analyzed by RNA-seq. Experiments were performed in biological quadruplets. The arrows depict comparison

pairs.

(B) Differentially expressed (DE) genes in each comparison pair were determined with the Bioconductor R package Limma (Ritchie et al., 2015) (FC R 3; FDR <

0.001). The upregulated and downregulated genes in a given comparison pair are indicated with red and blue bars, respectively.

(C) Normalized gene expression data for human heat shock proteins, as defined in Kampinga et al. (2009), was used to calculate the fold change of each gene in

relationWT control sample. The data are presented as a heatmap of log2-transformed values and were generated with GraphPad Prism7. Examples of genes that

exhibit a divergent expression pattern are framed.

(D and E) mRNA expression levels of selected heat shock proteins (HSPA1A,HSP90AA1,HSPA6, andHSPB1) (D), HSP90 co-chaperones (PTGES3 and AHSA1),

and stress-responsive ubiquitin genes (UBB andUBC) (E) determined with RNA-seq. The data are presented asmean values ±SEM relative toWT control sample

that was set to 1.

See also Figure S2 and Table S1.
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the strong association to cell adhesion and an extracellular

matrix, including collagens (COL16A1 and COL18A1) and

laminins (LAMB1 and LAMA5) (Figure 4E, left panel; Figure S3).

Interestingly, the 277 downregulated genes included members

from multiple cadherin sub-families, such as protocadherins

(PCDHA1 and PCDHA7), desmosomal cadherins (DSC2), and

Fat-Dachsous cadherins (FAT2), suggesting that the cadherin-

mediated cell adhesion was extensively misregulated in 2KO

cells (Figure 4E, right panel). The most prominent changes

were detected in protocadherins, as 13 distinct protocadherin

genes were significantly downregulated in 2KO cells both under

normal growth conditions and upon exposure to BTZ-induced

stress (Figure 4E).

Cells Lacking HSF2 Display Abnormal Cadherin
Expression
Cadherins are transmembrane adhesion molecules that

mediate Ca2+-dependent cell-cell adhesion via the conserved

extracellular cadherin domains (Hirano and Takeichi, 2012).

The human genome encodes 110 cadherin genes, which

together form the cadherin superfamily consisting of distinct

cadherin sub-families (Hirano and Takeichi, 2012). Since the

cadherin genes appeared as an HSF2-dependent gene group

and showed significant misregulation in multiple sub-family

members, we examined the expression profiles of all cadherin

superfamily genes in 2KO cells. Normalized gene expression

data were used to generate a heatmap encompassing all cad-

herin genes encoded by the human genome. By comparing

the expression profiles of WT and 2KO cells in control and

BTZ-induced stress conditions, we observed a prominent

downregulation of the entire cadherin superfamily. At least

one member from every sub-family was found downregulated

in 2KO cells, including classical cadherins (CDH2 and CDH6),

desmosomal cadherins (DSC2 and DSG2), CDH23-PCDH15

cadherins (CDH12), Fat-Dachsous cadherins (FAT2 and FAT4),

Flamingo cadherins (CELSR1), and Calsyntenins (CLSTN2) (Fig-

ure 5A; Table S1). The most striking downregulation was de-

tected in clustered a-, b-, and g-protocadherins (Peek et al.,

2017), of which a majority were found to be abnormally ex-

pressed in 2KO cells (Figure 5A). Based on these results, we

propose that cadherins are the main adhesion molecules down-

regulated in HSF2-depleted U2OS cells.

For understanding the biological relevance of the RNA-seq an-

alyses, we determined the protein expression levels of classical

cadherins (Pan-Cadherin), N-cadherin (CDH2), and clustered

g-protocadherins (Pan-PCDHgA) by immunoblotting. As shown

in Figure 5B, classical cadherins, specifically N-cadherin, and

g-protocadherins were significantly downregulated also at the

protein level (Figure 5B), and the downregulation wasmaintained

throughout the BTZ treatment (Figure S4A). Since cadherins are

essential in mediating Ca2+-dependent cell-cell contacts, we

examined the functional impact of our observations using a cell

aggregation assay, where single cells were allowed to freely

make cell-cell adhesion contacts in suspension. U2OS WT and

2KO cells were suspended in cell aggregation buffer supple-

mented with either CaCl2 or EDTA. WT cells supplemented

with Ca2+ formed large cell aggregates, which were completely

abolished in Ca2+-chelating conditions (EDTA) (Figures 5C and

S4B). In stark contrast, 2KO cells were unable to form cell aggre-

gates even in the presence of Ca2+ (Figures 5C and S4B), indi-

cating that HSF2 is required to maintain cadherin-mediated

cell-cell contacts.

Loss of distinct cell-cell adhesion molecules has been associ-

ated with cellular inability to form three-dimensional (3D) spher-

oids in ultra-low attachment (ULA) round bottom plates (Stadler

et al., 2018). When U2OS WT and 2KO cells were grown on ULA

plates, we found that WT cells formed compact spheroids in 48

h. In contrast, 2KO cells were not able to integrate into compact

spheres, thereby occupying a significantly larger area of the ULA

plates (Figure 5D). Similar spheroid-forming phenotypes were

observedwhenWT and 2KOcells were grown on bacterial plates

(Figure S4C). We further explored the spheroid-forming capacity

by culturing the cells in a 3D extracellular matrix (ECM) and the

in vivo tumor growth with chicken chorioallantoic membrane

(CAM) assay. As expected, the spheroids and tumors originating

from 2KO cells were significantly smaller than the WT counter-

parts (Figures 5E and S4D), further strengthening the findings

of functional impairment of cell-cell adhesion in the absence of

HSF2. A profound decline in the expression and function of cad-

herin superfamily proteins was also observed in 2KO#2 cells

(Figures S4E–S4H), demonstrating that the alterations are not

specific for a single-cell clone. Altogether these results show

that the lack of HSF2 leads to disrupted cadherin expression at

the mRNA and protein levels, thereby resulting in deterioration

of cadherin-mediated cell-cell adhesion.

Impaired Cell-Cell Adhesion Sensitizes Cells to
Proteotoxic Stress
Although it is well acknowledged that cadherins are essential

mediators of tissue integrity and pivotal in regulating the devel-

opment of multicellular organisms (Hirano and Takeichi, 2012;

Peek et al., 2017), their impact on proteotoxic stress resistance

Figure 4. HSF2 Regulates Expression of Genes Associated with Cadherin-Mediated Cell-Cell Adhesion

(A) A schematic overview of the U2OS WT and 2KO comparison pairs.

(B) DE genes in 2KO:WT comparison pairs (control, 6 h, and 10 h) were determined with the Bioconductor R package Limma (Ritchie et al., 2015) (FCR 3; FDR <

0.001). The upregulated and downregulated genes are indicated with red and blue bars, respectively.

(C) Gene Ontology (GO) terms were analyzed with topGO and GOstats packages in Bioconductor R. Biological processes from each comparison pair were

ranked according to their p values and the five most significantly changed GO terms are shown. The number of genes associated with a given term is indicated.

(D) Venn diagrams presenting the interrelationship of significantly (FC R 3; FDR < 0.001) upregulated or downregulated genes in 2KO:WT comparison pairs at

control (orange), 6-h (gray), and 10-h (green) time points. Diagrams were generated using the BioVenn web application.

(E) Gene term heatmap generated with DAVID Functional Annotation Clustering Tool based on the 114 upregulated (left panel) and the 277 downregulated (right

panel) genes in 2KO cells in all treatment conditions as shown in (D). Red and blue squares denote positive association between the gene and the keyword, GO

term, or InterPro (IPR) term. Cluster enrichment score for the upregulated gene cluster is 4.39 and for the downregulated gene cluster it is 9.71.

See also Figure S3 and Table S1.
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has remained unexplored. To examine whether the observed

impairment of cell-cell adhesion in 2KO cells also contributes

to the susceptibility of the cells to BTZ-induced stress, we

restored the cellular adhesion properties by re-introducing

N-cadherin to 2KO cells. N-cadherin was selected for these ex-

periments, because it is the most abundantly expressed cad-

herin superfamily member in WT U2OS cells, according to our

RNA-seq data (GEO: GSE115973), and it was found to be down-

regulated in 2KO cells. WT and 2KO cells were transfected with

either Mock or N-cadherin plasmids, and the N-cadherin expres-

sion was examined with immunoblotting (Figure 6A). As shown in

Figure 6A, we were able to restore the N-cadherin levels in 2KO

cells, which resulted in a functional rescue of cell-cell adhesion in

2KO cells (Figure 6B). Importantly, when exposed to BTZ, the

2KO cells expressing exogenous N-cadherin displayed signifi-

cantly less cleaved PARP-1 than the Mock-transfected cells

(Figures 6C, 6D, and S5), suggesting that restoration of cell-

cell adhesion can suppress cell death caused by BTZ-induced

proteotoxic stress.

All cadherin superfamily proteins are characterized by

extracellular cadherin repeat domains, which mediate homo-

philic adhesion contacts between adjacent cells (Seong et al.,

2015). Stabilization of the extracellular domains is regulated

by Ca2+, which binds to the interdomain regions of the

consecutive cadherin repeats and rigidifies the ectodomain

structure. To be able to comprehensively investigate the role

of cadherins in the cellular resistance to proteotoxic stress,

we first treated WT U2OS cells and MEFs with BTZ for 20 h

to induce proteotoxic stress, after which the whole cadherin-

mediated cell-cell adhesion program was destabilized by spe-

cifically depleting the extracellular Ca2+ with EGTA (Figure 6E).

Serum-free culture conditions were used for complete deple-

tion of extracellular Ca2+. We observed that Ca2+ depletion

intensified cell death, which was evidenced by the enhanced

PARP-1 and Caspase-3 cleavage in WT U2OS cells and

MEFs, respectively, after a combined treatment with both

BTZ and EGTA (Figure 6F). Altogether, these results show

that cadherin-mediated cell-cell adhesion is a key determinant

of cell survival upon BTZ treatment and that destabilization

of cadherin contacts predisposes cells to stress-induced

proteotoxicity.

DISCUSSION

Maintenance of cellular proteostasis is fundamental for the

viability of all cells and organisms (Joutsen and Sistonen,

2019). The heat shock response is critical for promoting proteo-

stasis and it is under strict control of the HSFs, among which

HSF1 is considered as the main factor responding to acute

stress. Until now, the role of HSF2 in the cellular response to

sustained proteotoxicity has remained unknown. We hypothe-

sized that HSF2 is required to protect cells against progressive

accumulation of protein damage. To test this hypothesis, we

used proteasome inhibitors (BTZ and MG132), L-Canavanine,

and HSP90 inhibitors as our experimental tools to induce

long-term proteotoxic stress. BTZ treatment has been previ-

ously shown to upregulate HSF2 at both mRNA and protein

levels in blood-derived human primary cells and to induce

HSF2 binding at designated gene loci (Rossi et al., 2014). Our

data showed that BTZ treatment also leads to a remarkable in-

crease in HSF2 protein levels in malignant human cells. More-

over, we demonstrate that the amount of nuclear HSF2 is mark-

edly increased in BTZ-treated cells, showing that HSF2

specifically responds to proteasome inhibition. We found that

HSF2 is not only activated by BTZ-induced proteotoxicity, but

it is absolutely essential for cell survival under these conditions.

Based on our results, we conclude that HSF2 is required to

protect cells against progressive accumulation of damaged

proteins.

Elevated protein levels of HSF1 and its phosphorylation on

serine 326 were recently shown to be a prerequisite for multiple

myeloma cell survival upon BTZ treatment (Shah et al., 2016; Fok

et al., 2018). Therefore, we explored whether HSF2 depletion

sensitizes cells to BTZ through misregulated HSF1, specifically,

or the heat shock response in general. Neither difference in HSF1

levels nor serine 326 phosphorylation was detected betweenWT

and HSF2-depleted cells treated with proteasome inhibitors.

Strikingly, the classical heat shock response, as characterized

by the global upregulation of molecular chaperones, HSP90

co-chaperones, and polyubiquitin genes, was not compromised

in cells lacking HSF2. These results indicate that HSF2 promotes

cell survival independently of HSF1. Thus, we provide evidence

that the ability to survive proteotoxic stress does not solely

Figure 5. HSF2 Controls Cellular Adhesion Properties through Cadherin Superfamily Proteins

(A) Normalized gene expression data from the RNA-seq analysis for cadherin superfamily genes, as defined in Hirano and Takeichi (2012), was used to calculate

the fold change of each gene in relation to respective expression in theWT control sample. The data are presented as a heatmap of log2-transformed fold changes

and were generated with GraphPad Prism7. N-cadherin and protocadherin gamma subfamily A (PCDHgA) were chosen for further analyses.

(B) Immunoblot analysis of classical cadherins, N-cadherin, and the members of PCDHgA in U2OSWT and 2KO cells. Lack of HSF2 expression in 2KO cells was

confirmed and HSC70 was used as a loading control. The amount of cadherins relative to respective HSC70 level was quantified with ImageJ. The data are

presented as mean values of three independent experiments + SEM; ***p < 0.001 and ****p < 0.0001.

(C) Cell aggregation assay of U2OS WT and 2KO cells suspended in cell aggregation buffer supplemented with 3 mM CaCl2 (Ca
2+) or 3 mM EDTA. Cells were

rotated for 2.5 h at 37�C and visualized with bright-field microscopy. Scale bar, 1 mm.

(D) Bright-field microscopy images of U2OS WT and 2KO cells cultured in ULA plates. Cells were imaged after 24 and 48 h. Scale bar, 200 mm. The size of the

spheroid area was quantified with ImageJ. The data are presented as mean values of three independent experiments + SEM. *p < 0.05 and **p < 0.01.

(E) Confocal microscopy images of U2OS WT and 2KO cells. Cells were cultured in 3D in Matrigel for 5, 8, and 13 days. At the indicated days, spheroids were

fixed, and F-actin was stained with Alexa 488-labeled phalloidin (green). DAPI was used to stain the nuclei (blue). Z stacks of the spheroids were imaged with a

spinning disc confocal microscope. The maximum intensity projection images represent the average spheroid size for each cell line at indicated time points from

three biological repeats. Scale bar, 10 mm. The volume of the spheroids was quantified with ImageJwith the 3DObject Counter v2.0 plugin (Bolte and Cordelières,

2006). The data are presented as mean values of three independent experiments + SEM. ***p < 0.001.

See also Figure S4.
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depend on the induction of molecular chaperones but engages a

larger repertoire of cellular pathways and properties.

To our surprise, despite the stringent cutoff criteria (FC R 3;

FDR 0.001), we found a considerable number of genes display-

ing altered expression profiles in cells lacking HSF2. Among

the most prominently misregulated genes were those belonging

to the cadherin superfamily. Here, we demonstrate that lack of

HSF2 leads to a profound downregulation of cadherins both at

mRNA and protein levels, identifying HSF2 as a key regulator

of cadherin genes. Cadherins are a large group of transmem-

brane adhesion molecules, which mediate Ca2+-dependent

cell-cell adhesion and thereby function as essential mediators

of tissue integrity (Hirano and Takeichi, 2012). We found that

HSF2-deficient cells display functional impairment of cadherin-

mediated cell-cell adhesion already under normal growth

conditions. Together with earlier results of HSF2 displaying

DNA-binding capacity already in the absence of stress (Sarge

et al., 1991; Åkerfelt et al., 2008; Vihervaara et al., 2013), these

results suggest that HSF2 has a physiological role in regulating

cadherin functions. Excitingly, impaired migration and misposi-

tioning of neurons have been shown to underlie the corticogen-

esis defects in Hsf2�/� mice (Kallio et al., 2002; Chang et al.,

2006), and cadherin superfamily proteins are fundamental for

correct neuronal migration (Hayashi and Takeichi, 2015). Thus,

it is tempting to speculate that the HSF2-dependent disruption

of cadherin-mediated cell-cell contacts contributes to the

abnormal corticogenesis of Hsf2�/� mice.

The downregulation of cadherin gene expression raises

important questions about the mechanisms by which HSF2 reg-

ulates these genes. Genome-wide mapping of HSF2 binding

sites has been previously determined with chromatin immuno-

precipitation sequencing (ChIP-seq) in human K562 erythroleu-

kemia cells (Vihervaara et al., 2013) and in mouse testis (Korfanty

et al., 2014). Remarkably, both studies identified HSF2 occu-

pancy on multiple cadherin superfamily genes. Since non-

adherent K562 cells are deficient of endogenously expressed

classical cadherins and distinct protocadherins (Ozawa and

Kemler, 1998), it is not surprising that HSF2 was found to occupy

only the CLSTN gene under control growth conditions (Viher-

vaara et al., 2013). However, upon acute heat stress, HSF2 bind-

ing was observed at classical cadherins (CDH4), desmogleins

(DSG2), Fat-Dachous cadherins (DCHS2), Flamingo cadherins

(CELSR2), and CDH23-PCDH15 cadherins (CDH23) (Vihervaara

et al., 2013), demonstrating that multiple genes belonging to the

cadherin superfamily can be targeted by HSF2 in human cells. In

mouse testis, HSF2 was also shown to occupy several cadherin

genes, includingCDH15,CDH5,CDH18,CDH13, FAT1, PCDH9,

PCDH17, and PCDHA1 (Korfanty et al., 2014). Importantly, we

now demonstrate the functional relevance of HSF2-mediated

cadherin regulation and propose HSF2 as a central regulator of

cadherin genes.

Failure in themaintenanceof proteostasis is a hallmark of aging

and neurodegenerative diseases (Douglas and Dillin, 2010).

Intriguingly, in a mouse model of Huntington’s disease, lack of

HSF2 was shown to predispose mouse brain to poly-Q aggre-

gates and reduce lifespan (Shinkawa et al., 2011), suggesting

that HSF2 is required to protect neurons from progressive accu-

mulation of damaged proteins. Cell survival upon proteotoxic

stress has been conventionally considered to depend on induc-

ible transcriptional programs, such as the heat shock response

or the unfolded protein response (Walter and Ron, 2011; Go-

mez-Pastor et al., 2018). However, in this study, we show that

HSF2-dependent maintenance of cell-cell adhesion is an essen-

tial determinant of proteotoxic stress resistance. Our results indi-

cate that misregulation of distinct cellular properties already

under normal growth conditions can sensitize cells to proteotox-

icity. HSF1 andHSF2 represent the two arms of the cellular resis-

tance toward proteotoxic stress; HSF1 as an acute responder to

protein damage and HSF2 as a factor maintaining the long-term

stress resistance. Notably, in a meta-analysis of transcriptional

changes associated with Alzheimer’s disease and aging, HSF2

was identified as a gene commonly downregulated during aging

(Ciryam et al., 2016). Therefore, it is possible that the age-associ-

ated downregulation of HSF2 and subsequent disruption of cad-

herin-mediated cell-cell adhesionparticipates in sensitizing cells,

such as neurons, to aggregate mismanagement.
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Figure 6. Impaired Cell-Cell Contacts Sensitize Cells to BTZ-Induced Proteotoxic Stress

(A–D) N-cadherin levels in U2OS 2KO cells were restored to those in WT cells by transiently transfecting the cells with either Mock or N-cadherin plasmids co-

expressing GFP.

(A) Immunoblot analysis of HSF2 and N-cadherin. HSC70 was used as a loading control.

(B) Cell aggregation assay was performed as in Figure 5C. Cell aggregates were imaged with bright-field (BF) and fluorescence filters (GFP). Scale bar, 500 mm.

(C) For immunoblot analysis of HSF2 and PARP-1, cells were treated with 25 nM BTZ for 22 h. Control cells were treated with DMSO. HSC70 was used as a

loading control. The amount of cleaved PARP-1 relative to the respective HSC70 level was quantified with ImageJ. The data are presented as mean values of

three independent experiments + SEM; *p < 0.05.

(D) Flow cytometry analysis of fluorescently labeled cleaved PARP-1 antibody. Cells were treated with 25 nMBTZ for 22 h. Control cells were treated with DMSO.

The data are presented as mean values of three independent experiments + SEM; *p < 0.05. The statistical analysis was performed with a Student’s t test.

(E) A schematic overview of the calcium-depletion experiments.

(F) U2OS WT cells were treated with or without 25 nM BTZ for 20 h in serum-free growth medium after which the extracellular calcium was depleted with 4 mM

EGTA and BTZ treatment continued for 2 h. MEFs were treated with 5 or 10 nM BTZ for 20 h in serum-free growth medium after which the extracellular calcium

was depleted with 2 mM EGTA and BTZ continued for 2 h. Control cells were treated with DMSO. PARP-1 and Caspase-3 cleavage was assessed with

immunoblotting. Cells were imaged with a bright-field microscope. Scale bar, 200 mm.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-GAPDH Abcam Cat#Ab9485; RRID:AB_307275

Rat monoclonal anti-HSC70 Enzo Life Sciences Cat#ADI-SPA-815; RRID:AB_10617277

Rabbit polyclonal anti-HSF1 Enzo Life Sciences Cat#ADI-SPA-901; RRID:AB_10616511

Rabbit polyclonal anti-HSF1 p326 Abcam Cat#Ab76076; RRID:AB_1310328

Rabbit polyclonal anti-HSF2 Sigma-Aldrich Cat#HPA031455; RRID:AB_10670702

Mouse anti-HSP70 Enzo Life Sciences Cat#ADI-SPA-810; RRID:AB_10616513

Rabbit monoclonal anti-N-cadherin Millipore Cat#04-1126; RRID:AB_1977064

Rabbit polyclonal anti-N-cadherin Abcam Cat#Ab76057; RRID:AB_1310478

Mouse monoclonal anti-PARP-1 Santa Cruz Biotechnology Cat#Sc-8007; RRID:AB_628105

Rabbit polyclonal anti-cleaved Caspase 3 Abcam Cat#Ab2302; RRID:AB_302962

Mouse monoclonal anti-Pan-PCDHgA NeuroMab Cat#75-178; RRID:AB_2159447

Rabbit polyclonal anti-Pan-Cadherin Abcam Cat#Ab6529; RRID:AB_305545

Mouse monoclonal anti-Lamin A/C Cell Signaling Technology Cat#4777S; RRID:AB_10545756

Mouse monoclonal anti- b-tubulin Sigma-Aldrich Cat#T8328; RRID:AB_1844090

Mouse monoclonal anti-cleaved PARP antibody conjugated

to BV421

Cat#564129; RRID:AB_2738611

Goat anti-rabbit Alexa Fluor 488 Invitrogen Cat# R37116; RRID:AB_2556544

Chemicals, Peptides, and Recombinant Proteins

Bortezomib Santa Cruz Biotechnology Cat#sc-217785

MG132 Peptide Institute Inc. Cat#317-V

17-AAG InvivoGen Cat#anti-agl-5

Geldanamycin InvivoGen Cat#anti-gl-5

L-Canavanine sulfate salt Sigma-Aldrich Cat#C9758

Alexa Fluor 488 Phalloidin Thermo Fisher Scientiffic Cat#A12379; Cat #A22287

Critical Commercial Assays

CellTiter-Glo reagent Promega Cat#G7570

Calcein AM R&D Systems Cat#4892-010-K

AllPrep DNA/RNA/miRNA Universal Kit QIAGEN Cat#80224

Matrigel Corning Cat#356231

RNeasy mini kit QIAGEN Cat#74106

iScript cDNA Synthesis Kit Bio-Rad Cat#1708891

GenJet SignaGen Laboratories Cat#SL100489-OS

Deposited Data

RNA-seq raw data This paper GEO: GSE115973

Experimental Models: Cell Lines

U2OS wild-type This paper N/A

U2OS HSF2 knock out This paper N/A

U2OS HSF2 knock out clone 2 This paper N/A

Mouse embryonic fibroblasts wild-type Östling et al., 2007 N/A

Mouse embryonic fibroblasts Hsf2�/� Östling et al., 2007 N/A

Experimental Models: Organisms/Strains

Chicken: fertilized white Leghorn chicken eggs Munax Oy N/A

(Continued on next page)
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Oligonucleotides

Primers for generating HSF2 knock-out U2OS cells

with CRISPR-Cas9 see Table S2

This paper N/A

Primer RNA18S5 forward: GCAATTATTCCCCATGAACG Sigma-Aldrich N/A

Primer RNA18S5 reverse: GGGACTTAATCAACGCAAGC Sigma-Aldrich N/A

Probe RNA18S5: FAM-TTCCCAGTAAGTGCG GGTC-BHQ Sigma-Aldrich N/A

Primer DSC2 forward: ATCCATTAGAGGACACACTCTGA Sigma-Aldrich N/A

Primer DSC2 reverse: GCCACCGATCCTCTTCCTTC Sigma-Aldrich N/A

Primer PCDHA6 forward: TGACTGTTGAATGATGGCGGA Sigma-Aldrich N/A

Primer PCDHA6 reverse: TCGGGTACGGAGTAGTGGAG Sigma-Aldrich N/A

Primer PCDH10A forward: AGGCATCAGCCAGTTTCTCAA Sigma-Aldrich N/A

Primer PCDH10A reverse: GAGAGCAGCAGACACTGGAC Sigma-Aldrich N/A

Recombinant DNA

pMLM3636, Human-gRNA-Expression Vector Keith Joung laboratory, Addgene RRID:Addgene_43860

pcDNA3.3-TOPO hCas9 Mali et al., 2013; Addgene RRID:Addgene_41815

pEGFP-N1 Clontech N/A

shRNA against HSF2 in pSUPERIOR Östling et al., 2007 N/A

shRNA scrambled in pSUPERIOR Östling et al., 2007 N/A

N-Cadherin in pCCL-c-MNDU3c-PGK-EGFP Zhang et al., 2007; Addgene RRID:Addgene_38153

Software and Algorithms

FastQC version 0.20.1 Andrews, 2010; FastQC. http://www.bioinformatics.babraham.

ac.uk/projects/fastqc/

TopHat2 version 2.1.0 Kim et al., 2013 https://ccb.jhu.edu/software/tophat/

index.shtml

Subreads version 1.5.0 Liao et al., 2013

R: A language an Environment for Statistical Computing R Core Tean https://www.r-project.org/

Bioconductor Gentleman et al., 2004 http://www.bioconductor.org/

Bioconductor R package edgeR Robinson et al., 2010 https://bioconductor.org/packages/

release/bioc/html/edgeR.html

Bioconductor R package Limma Ritchie et al., 2015 https://bioconductor.org/packages/

release/bioc/html/limma.html

Bioconductor R package topGO Alexa and Rahnenfuhrer, 2019 https://bioconductor.org/packages/

release/bioc/html/topGO.html

Bioconductor R package GOstats Falcon and Gentleman, 2007 https://bioconductor.org/packages/

release/bioc/html/GOstats.html

ImageJ v1.51n Rueden et al., 2017 https://imagej.net/Citing

Fiji Schindelin et al., 2012 https://imagej.net/Citing

3D Object Counter Bolte and Cordelières, 2006 https://imagej.net/Citing

FlowJo Version 10 https://www.flowjo.com/

DAVID Bioinformatic Tool Huang et al., 2009 https://david.ncifcrf.gov/home.jsp

GraphPad Prism Software Version 7 and 8 https://www.graphpad.com/

BioVenn Hulsen et al., 2008 http://www.biovenn.nl
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Generation of HSF2 knock-out U2OS cells with CRISPR-Cas9
Guide RNAs (gRNA) targeting the exon 1 of HSF2 were designed using CRISPOR software (http://crispor.tefor.net/) and cloned into

pMLM3636 gRNA expression plasmid (a gift from Keith Joung, Addgene plasmid #43860). Human osteosarcoma U2OS cells were

transfected with Cas9 and gRNA expression plasmids using Amaxa electroporation as recommended by the manufacturer (Lonza).

The hCas9 was a gift from George Church (Addgene plasmid #41815; http://addgene.org/41815; RRID:Addgene_41815). One week

after transfections, cells were seeded at single cell density. Clones were genotyped by DNA sequencing of PCR products spanning

the targeted region of the HSF2 gene. The selected U2OS clones presented 3 different outframe mutations on HSF2 exon 1, each

corresponding to a different allele (Table S2). Guide RNA sequence targeting the 1st AUG of the HSF2 exon 1: 50-UGCGCCGC

GUUAACAAUGAA-30. Following primers were used for PCR for validation: forward (hHSF2_Cr_ATG_F): 50-AGTCGGCTCCTGG

GATTG-30 and reverse (hHSF2_Cr_ATG_R): 50-AGTGAGGAGGCGGTTATTCAG-30. For the experiments, we utilized HSF2 knock-

out cell clone 1 (hereafter 2KO) and HSF2 knock-out cell clone 2 (hereafter 2KO#2).

Cell culture
U2OS cells andmouse embryonic fibroblasts (WT andHsf2�/�MEFs, Östling et al., 2007) were cultured in DMEM (Dulbecco’s Modi-

fied Eagle’s media, D6171, Sigma-Aldrich), supplemented with 10% fetal calf serum, 2 mM L-glutamine and 100 mg/ml penicillin-

streptomycin, and grown in 5% CO2 at 37
�C. Culture media for MEFs were also supplemented with 1 X MEM non-essential amino

acid solution (M7145, Sigma-Aldrich).

Chicken chorioallantoic membrane (CAM) assay
The CAM-assay was performed as in Björk et al. (2016). Briefly, fertilized white Leghorn chicken eggs were incubated at 37�C under

60% humidity (embryo development day 0, EDD0). Separation of the developing CAM was induced on EDD4. On EDD8, 1 3 106

U2OSWT and 2KO cells were mixed with Matrigel in 1:1 ratio and implanted on the CAM. On EDD11, the tumors were photographed

in ovo. Tumor area was measured in blind using ImageJ.

METHOD DETAILS

Treatments
Proteasome inhibition was induced with Bortezomib (BTZ, sc-217785, Santa Cruz Biotechnology) or MG132 (Z-Leu-Leu-Leu-H,

317-V, Peptide Institute Inc.). For HSP90 inhibition, 17-AAG (anti-agl-5, InvivoGen) and Geldanamycin (anti-gl-5, InvivoGen) were

used. All inhibitors were diluted in DMSO (dimethyl sulfoxide, D8418, Sigma-Aldrich) and applied to cells in final concentrations indi-

cated in the figures. Control cells were treated with DMSO only. To induce protein misfolding with amino acid analogs, cells were

starved for 17 h in L-arginine free culture medium (A14431-01, GIBCO) supplemented with 10% fetal calf serum, 2 mM L-glutamine

and 100 mg/ml penicillin-streptomycin. Following that, L-Canavanine sulfate salt (C9758, Sigma-Aldrich) was applied to the cells in

final concentrations indicated in the figure. Cells were treated for 3 or 6 h. After the treatments, cells were visualized with Leica phase

contrast microscope, an EVOS FL Cell Imaging System (Thermo Fisher Scientific), or an Axio Vert A1-FL LEDmicroscope (Carl Zeiss)

and harvested for further analyses.

Transfections
For transfections, 6 3 106 U2OS WT or 2KO cells were suspended in 400 mL of Opti-MEM (11058-021, GIBCO) and subjected to

electroporation (230 V, 975 mF) in BTX electroporation cuvettes (45-0126, BTX). To downregulate HSF2 in WT cells, HSF2 targeting

shRNA and Scr vectors as previously described (Östling et al., 2007), were used. For restoring the protein levels of HSF2 and N-Cad-

herin in 2KO cells, HSF2 in pcDNA3.1/myc-His(-)A vector and N-cadherin in pCCL-c-MNDU3c-PGK-EGFP (Zhang et al., 2007) (a gift

fromNora Heisterkamp; Addgene plasmid #38153; http://addgene.org/38153; RRID:Addgene_38153) were used. Empty pcDNA3.1/

myc-His(-)A vector was used as Mock. One day after transfection, cells were trypsinized, counted, re-plated, and let to recover for

24 h before BTZ treatments.

For cell aggregation assays, cells were transfected with GenJet (#SL100489-OS, SignaGen Laboratories) according to man-

ufacture�rs instructions. Briefly, cells were plated 18 to 24 h prior to transfections to ensure 80% confluency, and fresh culture media

with supplements was added to the cells before transfections. The N-Cadherin encoding vector (described above) was used for

transfections, and pEGFP-N1 (Clontech) was used as a Mock. The plasmids and the GenJet reagent were diluted in serum free me-

dia, and applied to the cells in a ratio of 1:2 (DNA:GenJet reagent). Cells were incubated with the DNA:GenJet mixture for 4 h, washed

with PBS, and supplemented with complete culture media. Cells were let to recover for 24 h before the cell aggregation experiments.

Immunoblotting
Cells were collected in culture media, washed with PBS (L0615, BioWest) and lysed in lysis buffer [50 mM HEPES, pH 7.4, 150 mM

NaCl, 1 mM EDTA, 2 mM MgCl2, 1% Triton X-100, 10% glycerol, 1 x complete Protease Inhibitor Cocktail (04693159001, Roche

Diagnostics), 50mMNaF, 0.2mMNa3VO4]. Protein concentration of the lysates was determinedwith Bradford assay. Equal amounts
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of cell lysates were resolved on 4%–20% or 7.5%Mini-PROTEAN� TGX precast gels (Bio-Rad) and the proteins were transferred to

a nitrocellulose membrane. For HSF2 detection, membranes were boiled for 15 min in MQ-H2O and blocked in 3% milk-PBS-

Tween20 solution for 1 h at RT. Primary antibodies were diluted in 0.5%BSA-PBS-0.02%NaN3 and the membranes were incubated

in respective primary antibodies overnight at 4�C. The following antibodies were used: anti-GAPDH (ab9485, Abcam), anti-HSC70

(ADI-SPA-815, Enzo Life Sciences), anti-HSF1 (ADI-SPA-901, Enzo Life Sciences), anti-HSF1 pS326 (ab76076, Abcam), anti-

HSF2 (HPA031455, Sigma-Aldrich), anti-HSP70 (ADI-SPA-810, Enzo Life Sciences), N-cadherin (04-1126, Millipore or ab76057,

Abcam), anti-PARP-1 (F-2, sc-8007, Santa Cruz Biotechnology), anti-Caspase-3 (ab2302, Abcam), anti-Pan-PCDHgA (75-178,

NeuroMab), anti-Pan-Cadherin (ab6529, Abcam), anti-Lamin A/C (4777S, Cell Signaling Technology), and anti-b-Tubulin (T8328,

Sigma-Aldrich). Secondary antibodies were HRP-conjugated and purchased from Promega, GE Healthcare or Abcam. All immuno-

blotting experiments were performed at least three times.

Immunofluorescence
2 3 105 U2OS WT cells were plated on coverslips or MatTek plates (P35GC-.5-14-C, MatTek Corporation) 24 h before treatments.

Cells were fixedwith 4%paraformaldehyde (PFA) for 15min, permeabilized in 0.1% Triton X-100 in PBS andwashed three timeswith

PBST (PBS-0.5% Tween20). Cells were blocked with 10% FBS in PBS for 1 h at RT and incubated overnight at 4�C with a primary

anti-HSF2 antibody (HPA031455, Sigma-Aldrich), which was diluted 1:20 in 10% FBS-PBS. Secondary goat anti-rabbit Alexa Fluor

488 (R37116, Invitrogen) was diluted 1:500 in 10%FBS-PBS and the cells were incubated for 1 h in RT. Cells werewashed three times

with PBST, incubated with 300 nM DAPI diluted in PBS or mounted in Mowiol-DABCO or VECTASHIELD mounting medium, and

imaged with a 3i CSU-W1 spinning disc confocal microscope (Intelligent Imaging Innovations).

Subcellular fractionation
23 106 U2OSWT cells were plated and cultured overnight. The following day, cells were treated with 25 nMBTZ for 6 or 22 h. Control

cells were treated with DMSO for 22 h. Cells were collected in culture media and washed with PBS. 20%of the suspended cells were

collected for preparation of the whole cell lysate and lysed. The remaining 80% were collected for subcellular fractionation. Cyto-

plasmic and nuclear fractions were prepared using NE-PER Nuclear and Cytoplasmic Extraction Reagents (78833, Thermo Fisher

Scientific) according to manufacturer’s instructions. Briefly, suspended cells were washed with cold PBS. The cell pellet was sus-

pended in 200 mL of cytoplasmic extraction reagent I. After incubation on ice, 11 mL of cytoplasmic extraction reagent II was added.

The suspension was incubated on ice and centrifuged (16 000 g, 5 min). The supernatant was collected and the pellet was resus-

pended in 100 mL of nuclear extraction reagent, incubated on ice and centrifuged (16 000 g, 10min). The supernatant (nuclear extract)

was collected and the protein concentrations were determined by BCA assay (23225, Thermo Fischer Scientific).

Cell viability measurements
53 103 U2OSWT andHSF2 KO cells were cultured in clear bottom 96-well plate (6005181, Perking Elmer) in complete culturemedia.

Cells were treated with indicated concentrations of Bortezomib or MG132 for 22 h. For calcium-depletion, cells were treated with or

without 25 nMBTZ (U2OS cells) or 5 and 10 nMBTZ (MEFs) for 20 h in serum freemedia. The extracellular calciumwas depleted with

4mMEGTA (U2OS cells) and 2mMEGTA (MEFs) in calcium-free media and the Bortezomib treatment was continued for 2 h. Control

cells were treated with DMSO. After treatments cells were washedwith PBS and incubated for 30min at 37�Cwith Calcein AM (4892-

010-K, R&DSystems) diluted 1:1000 in PBS. Fluorescence intensity wasmeasuredwith Hidex Sensemicroplate reader (HIDEXCorp)

with excitation and emission wavelengths 485 nm and 535 nm, respectively. Alternatively, CellTiter-Glo reagent (G7570, Promega)

was added to thewells in 1:1 ratio and the luminescencewasmeasuredwith Hidex Sensemicroplate reader. Respective blank values

were subtracted from the sample values and the viability of untreated control samples was set to value 1. All measurements were

repeated at least three times.

Cell aggregation assays
After trypsinization, 53 105 U2OSWTand 2KOcells were suspended in 2mL of aggregation assay buffer (137mMNaCl, 5.4mMKCl,

0.63 mM, Na2HPO4, 5.5 mM glucose, and 10 mM HEPES, pH 7.4) supplemented with either 3 mM CaCl2 or 3 mM EDTA. Cells were

rotated for 2.5 h in 150 rpm at 37�C, after which the aggregates were imaged with the EVOS FL Cell Imaging System (Thermo Fisher

Scientific) or with an Axio Vert A1-FL LED microscope (Carl Zeiss). Cell aggregation assays were performed in biological triplicates.

The area of the three biggest aggregates in each sample was measured with ImageJ (U. S. National Institutes of Health, Bethesda,

Maryland, USA) for quantification purposes. All cell aggregation experiments were repeated at least three times.

RNA-sequencing
23 106 U2OSWT andHSF2 KO cells were plated and cultured overnight. Following day, cells were treatedwith 25 nMBTZ for 6 or 10

h. Control cells were treated with DMSO. Cells were collected, and total RNA was purified with AllPrep DNA/RNA/miRNA Universal

Kit (80224, QIAGEN) according to manufacture�rs instructions. Genomic DNA from mRNA columns was digested with DNase I. The

RNA library was prepared according to Illumina TruSeq� Stranded mRNA Sample Preparation Guide (part #15031047). Briefly,

poly-A containing mRNA molecules were purified with poly-T oligo magnetic beads and fragmented with divalent cations under

elevated temperatures. For first-strand cDNA synthesis, RNA fragments were copied using reverse transcriptase and random
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primers. Unique Illumina TrueSeq indexing adapters were ligated to each sample. The quality and concentration of cDNA samples

were analyzed with Advanced Analytical Fragment Analyzer and Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA) and Qubit� Fluo-

rometric Quantitation (Life Technologies). Samples were sequenced with Illumina HiSeq 3000 (Illumina). All the experimental steps

after the RNA extraction were conducted in the Finnish Microarray and Sequencing Center, Turku, Finland. RNA-sequencing was

performed from four independent sample series.

Flow cytometry
0.5 3 106 U2OS WT and 2KO cells were fixed at 4�C with BD Cytofix/Cytoperm (554722, BD Bioscience) and washed with cold BD

Perm/Wash (554723, BDBioscience) solution. Cells were incubated over night at 4�Cwith anti-cleaved PARP antibody conjugated to

BV421 (564129, BD Horizon), which was diluted 1:250 in BD Perm/Wash solution. Fluorescence was analyzed with a BD LSRFor-

tessa flow cytometer (BD Bioscience) using a standard Pacific Blue filter set (450/50 nm). The flow cytometry profiles were analyzed

using FlowJo 10 software.

Quantitative RT-PCR (qRT-PCR)
RNA was isolated using a RNeasy mini kit (74106, QIAGEN) according to the manufacturer’s instructions and quantified using a

NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific). Following that, 1 mg of total RNA was reverse transcribed with

an iScript cDNA Synthesis Kit (#1708891, Bio-Rad). SensiFAST Probe Lo-ROX and SensiFAST SYBR� Lo-ROX kits (Bioline) were

used for qRT-PCRs that were performed with QuantStudio 3 Real-Time PCR system (Applied Biosystems, Thermo Fisher Scientific).

All primers and probes were purchased from Sigma Aldrich. The following forward (f) and reverse (r) primers, and probes (pr) were

used: fRNA18S5, 50-GCAATTATTCCCCATGAACG-30; rRNA18S, 50- GGGACTTAATCAACGCAAGC-30; prRNA18S5, 50-FAM-

TTCCCAGTAAGTGCG GGTC-BHQ-30; fDSC2; 50-ATCCATTAGAGGACACACTCTGA-30; rDSC2, 50- GCCACCGATCCTCTT

CCTTC-30; fPCDHA6, 50-TGACTGTTGAATGATGGCGGA-30; rPCDHA6, 50-TCGGGTACGGAGTAGTGGAG-30; fPCDHA10, 50- AGG

CATCAGCCAGTTTCTCAA-30; rPCDHA10, 50-GAGAGCAGCAGACACTGGAC-30. The mRNA expression levels were normalized

against the respective 18S RNA (RNA18S5) expression in a given sample. All reactions were run in triplicate from samples derived

from four biological replicates.

3D cell culture and immunofluorescence
5 3 103 U2OS WT and 2KO cells were cultured on Clear Round Bottom Ultra-Low Attachment (ULA) Microplates (#7007, Corning).

13 106 cells were used for bacterial plates. After 24 and 48 h, cells were imaged with Axio Vert A1-FL LED microscope (Carl Zeiss).

For 3D in Matrigel, cells were embedded in growth factor reducedMatrigel (#356231, Corning) and cultured in Angiogenesis m-slides

(#81501, Ibidi) as described previously (Härmä et al., 2010). Briefly, wells were filled with 10 ml of Matrigel:culture medium (1:1 ratio),

whichwas polymerized at 37�C for 60min.WT, 2KO, or 2KO#2 cells were seeded on top of the gel at a density of 700 cells per well, let

to attach at 37�C for 2 h, and coveredwith 20 ml of Matrigel:culturemedium (1:4 ratio). The upper layer ofMatrigel:culturemediumwas

polymerized at 37�C overnight, and appropriate humidity was ensured by adding droplets of MQ-H2O between the wells. Culture

medium was changed every second day, and cell growth was monitored by imaging the cultures with a Zeiss Axio Vert A1-FL

LED microscope (Carl Zeiss).

For immunofluorescence, spheroids were washed with 40 ml of PBS and fixed with 25 ml of 4% PFA for 20 min at RT, followed by

three washes with 40 ml of PBS. Spheroids were stained with 25 ml of 0.7% Triton X-100, 1:500 Alexa Fluor 488 Phalloidin (#A12379,

#A22287, Thermo Fisher Scientific), 300 nMDAPI in PBS at RT for 1 h. The stained spheroids were stored in PBS at 4�C until imaging.

The spheroids were imaged as z stacks with a 3i CSU-W1 spinning disc confocal microscope (Intelligent Imaging Innovations) using

the same settings between the repeats. Spheroid volume was calculated based on the phalloidin staining using ImageJ v1.51n (Rue-

den et al., 2017) software with the 3D Object Counter v2.0 (Bolte and Cordelières, 2006) plugin. The threshold for background and

object voxels were manually adjusted for each image in order to capture the whole volume of each spheroid.

Visualization of the data
Heatmaps were generated with GraphPad Prism 7 Software (GraphPad Prism Software, La Jolla California USA, https://www.

graphpad.com). Venn diagrams were generated with BioVenn web application (http://www.biovenn.nl/). DAVID Bioinformatic Re-

sources 6.7 (https://david-d.ncifcrf.gov/home.jsp) was used for functional annotation clustering.

QUANTIFICATION AND STATISTICAL ANALYSIS

Bioinformatic analysis of the RNA-seq data
The quality of the raw sequencing reads was confirmed with FastQC version 0.20.1 and aligned against the hg38 human genome

assembly using TopHat2 version 2.1.0. Subreads version 1.5.0 was used to calculate gene level expression counts according to

RefSeq-based gene annotations. The downstream analysis was carried out with R and Bioconductor. The data were normalized

with TMM normalization method on the edgeR package. In all sample groups, the Spearma�ns correlation value was above 0.97, indi-

cating high reproducibility. Statistical testing between the sample groups was carried out using Bioconductor R package Limma

(Ritchie et al., 2015) and the differentially expressed genes were filtered using fold change R 3 and false discovery rate (FDR) of
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0.001 as cutoff. Enrichment analysis for the differentially expressed (DE) filtered geneswas performedwith topGOandGOstats pack-

ages. GO terms in each comparison pair were ranked according to their significance (lowest p value) and the most significantly

changed terms were selected for the figures. Additional information regarding the term IDs can be found from http://

geneontology.org.

Other data analyses
Statistical analyses were performed with GraphPad Prism 7 and 8 Software (GraphPad Prism Software, La Jolla California USA,

https://www.graphpad.com). The statistical significance was analyzed with two-way ANOVA and Holm-Sidak’s post hoc test unless

indicated differently. For details, see Figures 1, 2, 3, 4, 5, and 6.

DATA AND CODE AVAILABILITY

The original data are available at Gene Expression Omnibus (GEO) database under accession number GSE115973.
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Figure S1. HSF2 depletion sensitizes cells to proteotoxic stress independently of  HSF1 phosphorylation on 
serine 326 (Related to Figure 1). (A) Immunoblot analysis of HSF2 and PARP-1. U2OS WT, 2KO, and HSF2 knock-
out clone 2 (2KO#2) cells were treated with 25 nM BTZ for 22 h. Control cells were treated with DMSO. HSC70 was 
used as a loading control. (B) Immunoblot analysis of HSF2 and Caspase-3. WT and Hsf2-/- MEFs were treated with 
indicated concentrations of BTZ for 22 h. Control cells were treated with DMSO. HSC70 was used as a loading 
control. (C) CellTiter-Glo assay of WT and Hsf2-/- MEFs treated with 25 or 50 nM BTZ for 22 h. Control cells were 
treated with DMSO. Relative luminescence was calculated against each respective control that was set to 1. The data is 
presented as mean values of at least three independent experiments + SEM, **p < 0.01, ****p < 0.0001. (D) Bright-
field microscopy images of U2OS WT and HSF2 KO (2KO) cells treated with indicated concentrations of MG132 for 
22 h. Control cells were treated with DMSO. Scale bar 100 μm. (E) Calcein AM assay of WT and 2KO cells treated as 
in D. Relative fluorescence was calculated against each respective control that was set to 1. The data is presented as 
mean values of at least three independent experiments + SEM, *p < 0.05. (F) Immunoblot analysis of PARP-1. Cells 
were treated as in D. HSC70 was used as a loading control. (G) Immunoblot analysis of HSF2 and PARP-1. U2OS WT 
and 2KO cells were starved in L-arginine free growth medium for 17 h after which the medium was supplemented 
with L-canavanine (Can) in indicated concentrations. Cells were treated in this growth medium for 3 or 6 h. HSC70 
was used 32 as a loading control. (H) Bright-field microscopy images of U2OS WT and 2KO cells treated as in G. 
Scale bar 100 μm. (I) Immunoblot analysis of HSF2, HSF1 and HSF1 pS326. Cells were treated with either 50 nM
BTZ or 10 μM MG132 (MG) for 6 h. Tubulin was used as a loading control. Arrowheads denote hyperphosphorylation
of HSF1 (Sarge et al. 1993). 
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Figure S3. HSF2-dependent genes are linked to cell adhesion (Related to Figure 4.). mRNA expression levels of 
COL16A1, COL18A1, LAMB1, and LAMA5 in control (C) and BTZ-treated WT and 2KO cells determined with 
RNA-seq. The data is presented as mean values ± SEM relative to WT control sample that was set to 1. 
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Figure S4. Cadherin misregulation and sensitization to proteotoxicity in the absence of HSF2 (Related to Figure 
5). (A) Immunoblot analysis of HSF2, N-cadherin, and the members of PCDH A (Pan-PCDH A). U2OS WT and 
2KO cells were treated with 25 nM BTZ for 6 or 10 h. HSC70 was used as a loading control. (B) The size of the U2OS 
WT and 2KO cell aggregates was quantified with ImageJ. The data is presented as mean values of three independent 
experiments + SEM. ****p < 0.0001. (C) Bright-field microscopy images of U2OS WT and 2KO cells cultured in 
bacterial plates. Cells were imaged after 24 and 48 h. Scale bar 200 μm. (D) Representative photographs of cells 
grown on CAM. U2OS WT and 2KO cells were implanted on CAM and the tumor growth was followed for three 
days. The difference in the area of tumors is visualized by overlaying the area of the WT tumor (dotted yellow line) to 
the 2KO tumor area. Relative tumor areas were quantified with ImageJ. Statistical analysis was performed with 
student’s t-test. The data is presented as independent data points ± SEM. *p < 0.05. (E) Immunoblot analysis of HSF2 
and N cadherin in U2OS WT and 2KO#2 cells. HSC70 was used as a loading control. (F) mRNA expression of 
desmocollin 2 (DSC2), protocadherin 6 (PCDHA6), and protocadherin 10 (PCDHA10) of cadherin superfamily in 
WT, 2KO, and 2KO#2 cells. The mRNA levels were quantified with qRT-PCR. The data is presented as mean values 
of three independent experiments + SEM, ****p < 0.0001. (G) Cell aggregation assay of U2OS WT and 2KO#2 cells 
suspended in cell aggregation buffer supplemented with 3 mM CaCl2 (Ca2+) or 3 mM EDTA. Cells were rotated for 
2.5 h at 37°C and visualized with bright-field microscopy. Scale bar 1 mm. (H) Bright-field microscopy images of 
U2OS WT and 2KO#2 cells cultured in 3D in Matrigel. The spheroids were imaged at days 5, 8, and 13. Scale bar 100
μm. 
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Figure S5. Quantitative analysis of apoptosis (Related to Figure 6). U2OS WT and 2KO cells were transfected and 
treated as in Figure 6, after which they were stained with anti-cleaved PARP antibody. Fluorescence was analyzed 
with a flow cytometer using a standard filter set 450/50 nm. The flow cytometry profiles were analyzed using FlowJo
10 software. 
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ABSTRACT

Reprogramming of transcription is critical for the
survival under cellular stress. Heat shock has pro-
vided an excellent model to investigate nascent tran-
scription in stressed cells, but the molecular mech-
anisms orchestrating RNA synthesis during other
types of stress are unknown. We utilized PRO-seq
and ChIP-seq to study how Heat Shock Factors, HSF1
and HSF2, coordinate transcription at genes and en-
hancers upon oxidative stress and heat shock. We
show that pause-release of RNA polymerase II (Pol
II) is a universal mechanism regulating gene tran-
scription in stressed cells, while enhancers are acti-
vated at the level of Pol II recruitment. Moreover, be-
sides functioning as conventional promoter-binding
transcription factors, HSF1 and HSF2 bind to stress-
induced enhancers to trigger Pol II pause-release
from poised gene promoters. Importantly, HSFs act
at distinct genes and enhancers in a stress type-
specific manner. HSF1 binds to many chaperone
genes upon oxidative and heat stress but activates
them only in heat-shocked cells. Under oxidative
stress, HSF1 localizes to a unique set of promot-
ers and enhancers to trans-activate oxidative stress-
specific genes. Taken together, we show that HSFs
function as multi-stress-responsive factors that acti-
vate distinct genes and enhancers when encounter-
ing changes in temperature and redox state.

GRAPHICAL ABSTRACT

INTRODUCTION

Cells are exposed to various cytotoxic stresses including el-
evated temperatures and oxidative stress. While increased
temperatures lead to protein misfolding, oxidative stress is
caused by elevated production of reactive oxygen species
(ROS) that oxidizemacromolecules (proteins, lipids and nu-
cleic acids) (1,2). Regulation of ROS levels is critical for cell
survival and also for normal physiology, since basal lev-
els of ROS activate cellular signaling pathways, while in-
creased production of ROS promotes aging and progres-
sion of many diseases, such as cancer (1,3). To combat cy-
totoxic stresses, cells extensively reprogram their transcrip-
tion (4). Although genome-wide transcription is repressed
upon stress, certain stress-responsive transcription factors
can trans-activate pro-survival genes, allowing cells to over-
come the adverse conditions (4–6). Transcription under ox-
idative stress is known to be regulated by nuclear factor ery-
throid 2-related factor 2 (Nrf2) and forkhead box transcrip-
tion factors (FOXOs), while proteotoxic stress-inducible
transcription is driven by a family of heat shock factors
(HSFs) (4). In addition to gene activation, cytotoxic con-
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ditions have been shown to activate transcription at numer-
ous enhancers, which are distal regulatory elements in the
DNA that can promote gene expression through loop for-
mation (6–10). Intriguingly, active enhancers produce short
and unstable enhancer RNAs (eRNAs) that regulate gene
transcription by mechanisms which are not entirely under-
stood (10). The characteristic pattern of eRNA transcrip-
tion serves as a means to identify active enhancers de novo
using methods that measure nascent transcription at a nu-
cleotide resolution (11–13).

The master trans-activators in stressed cells include the
HSFs, which are activated in response to various pro-
teotoxic stresses, e.g. heat shock (14,15). Proteotoxic stress
impairs proper protein folding and causes accumulation
of unfolded proteins (2). To prevent and mitigate these
damages, HSFs rapidly trans-activate genes encoding heat
shock proteins (HSPs), which, in turn, function as molec-
ular chaperones (4). HSF1 is the master regulator of chap-
erone expression and the most studied member of the HSF
family, whereas HSF2 has been mainly characterized as a
developmental transcription factor, particularly in gameto-
genesis and neurogenesis (15). Intriguingly, exogenous hu-
man HSF2, but not HSF1, can substitute for yeast HSF to
provide thermotolerance, demonstrating that HSF2 has a
capability to act as a stress-responsive transcription factor
(16). There is also evidence for a context-dependent inter-
play between HSF1 and HSF2, either competitive or syn-
ergistic, but the functional role of HSF2 in stress-inducible
transcription has remained elusive (17,18). Although HSF1
has been identified as the master regulator of the heat shock
response and other proteotoxic stresses, it is also activated
in response to oxidative stress (19). The biological signifi-
cance of HSF1 in the regulation of redox status was pre-
viously reported in a study, where increased production of
cardiac ROS was observed in the absence of HSF1 (20).
Nevertheless, how HSF1 and other member of the HSF
family contribute to transcriptional reprogramming upon
oxidative stress is unknown.

Recently, it was shown that apart from binding promot-
ers, HSF1 is recruited to heat-induced enhancers to activate
genes, such as forkhead box O3 (Foxo3) and tax1-binding
protein 1 (Tax1bp1) (6,9,21). The function of the HSF fam-
ily members in the genome-wide enhancer activation under
different stress conditions is, however, not known. In this
study, we compared the stress-specific transcription pro-
grams by tracking transcription at genes and enhancers
in cells exposed to either oxidative stress or heat shock.
We used precision run-on sequencing (PRO-seq), which
quantifies transcriptionally engaged RNA polymerase II
(Pol II) complexes at a single nucleotide resolution across
the genome (11). Unlike RNA-seq and other conventional
methods that measure steady-state mRNA levels, PRO-
seq allows detection of active transcription at promoter-
proximal regions, upstream divergent transcripts, gene bod-
ies, termination windows and enhancers (11,12,22). Com-
bining PRO-seq with chromatin immunoprecipitation se-
quencing (ChIP-seq), we identified HSF1 and HSF2 as
new regulators of oxidative stress-inducible transcription.
HSF1 and HSF2 were recruited to distinct genomic sites
in cells exposed to oxidative stress or heat shock, which
triggered the activation of stress-specific transcription pro-

grams. Furthermore, besides functioning as conventional
promoter-binding transcription factors, HSFs activate sev-
eral oxidative stress- and heat-inducible enhancers. Finally,
we found that in contrast to the promoter-bound HSF1,
which drives the classical chaperone genes, binding ofHSF1
to enhancers activates genes encoding proteins localized at
plasma membrane and cell junctions. Taken together, our
results show that HSFs function as multi-stress-responsive
transcription factors that orchestrate stress-specific tran-
scription programs through genes and enhancers.

MATERIALS AND METHODS

Cell lines

Wild-type (WT) andHSF1 knock-out (KO)MEFs were de-
rived from mice generated in the laboratory of Ivor J. Ben-
jamin (23). HFS2 KOMEFs were derived frommice gener-
ated in the laboratory of Valerie Mezger (24).

Cell culture and treatments

MEFs were grown in Dulbecco’s modified Eagle’s medium
(Sigma) supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 50 �g/ml penicillin/streptomycin, and non-
essential amino acids (Gibco). Cells were maintained at
37◦C with 5% CO2. Cells were exposed to heat shock by
submerging the cell culture dishes into a 42◦C water bath
for 1 h. This heat shock condition was used for all the PRO-
seq and ChIP-seq analyzes. Oxidative stress was induced by
treating the cells with freshly prepared menadione solution
at 37◦C. For PRO-seq and ChIP-seq, cells were treated with
30 �M menadione for 2 h, whereas for GSH/GSSG assay,
cells were treated with 10, 30 and 50 �M menadione for 2
h. DNA damage was induced by exposing cells to 2 mM
hydroxyurea for 17 h.

Western blotting

Cells were lysed in Laemmli sample buffer (30% glyc-
erol; 3% SDS; 188 mM Tris–Cl, pH 6.8; 0.015% bro-
mophenol blue; 3% �-mercaptoethanol). Equal volumes of
lysates were run on SDS-PAGE, after which proteins were
transferred to nitrocellulose membrane. Membranes were
blocked with nonfat dried milk diluted in PBS-Tween20
for 1 h at room temperature (RT). Proteins bound to
membrane were analyzed using primary antibodies against
HSF1 (ADI-SPA-901, Enzo), HSF2 (3E2, EMDMillipore)
and �-tubulin (T8328, Merck). Next, the membranes were
incubated in secondary HRP-conjugated antibodies, and
the proteins were detected with enhanced chemilumines-
cence.

Immunofluorescence

WT MEFs were plated on MatTek plates (P35GC-1.5-14-
C, MatTek Corporation) 48 h before treatments. Cells were
fixed with 4% paraformaldehyde (PFA) for 10 min, perme-
abilized in 0.1% Triton X-100 in PBS and washed three
times with PBS. Samples were blocked with 10% FBS in
PBS for 1 h at RT and incubated overnight at 4◦C with a
primary anti-�H2AX antibody (05-636, EMD Millipore,
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1:500 in 10% FBS-PBS). Following primary antibody in-
cubations, the samples were washed three times with PBS.
Next, samples were incubated in a secondary goat anti-
mouseAlexa Fluor488 antibody (A11001, Invitrogen, 1:500
in 10% FBS–PBS) for 1 h at RT. Finally, the samples were
washed two times with PBS, incubated with 300 nM DAPI
diluted in PBS, and covered with VECTASHIELD mount-
ingmedium (H-1000, Vector Laboratories). All images were
acquired with a 3i CSU-W1 spinning disc confocal micro-
scope (Intelligent Imaging Innovations).

Measurement of GSH/GSSG ratio

The effect of menadione on the induction of oxidative stress
was determined by measuring the ratio between oxidized
and reduced glutathione (GSH/GSSG) using a commercial
kit by Promega (GSH/GSSG-Glo Assay, V6611).

PRO-seq

PRO-seq was performed from two biological replicates as
described previously (11,25). Specifically, PRO-seq was per-
formed in WT, HSF1 KO, and HSF2 KO MEFs that were
untreated, exposed to 30 �M menadione for 2 h or heat-
shocked at 42◦C for 1 h. Nuclei of MEFs were isolated in
buffer A (10 mM Tris–HCl pH 7.4, 300 mM sucrose, 3 mM
CaCl2, 2 mM MgCl2, 0.1% Triton X-100, 0.5 mM DTT)
using a dounce homogenizer. The isolated nuclei were flash-
frozen and stored at –80◦C in a storage buffer (10 mMTris–
HCl pH 8.0, 25% glycerol, 5 mMMgCl2, 0.1 mM EDTA, 5
mMDTT). Run-on reactions were performed at 37◦C for 3
min in the presence of biotinylated nucleotides (5 mMTris–
HCl pH 8.0, 2.5 mM MgCl2, 150 mM KCl, 0.5 mM DTT,
0.5% Sarkosyl, 0.4 u/�l RNase inhibitor, 0.025 mM biotin-
ATP/CTP/GTP/UTP [Perkin Elmer]). Equal amounts of
nuclei extracted fromDrosophila S2 cells were used as spike-
in material in run-on reactions. Total RNA was isolated
with Trizol, precipitated with ethanol and fragmented by
base hydrolysis using NaOH. Biotinylated transcripts were
isolated with streptavidin-coated magnetic beads (M280,
Invitrogen). In the next steps, TruSeq small-RNA adaptors
were ligated to the ends of nascent RNAs. Before ligating
5′adaptor, the 5′-cap was removed with RNA 5′ pyrophos-
phohydrolase (Rpph, NEB), after which 5′end was repaired
with T4 polynucleotide kinase (NEB). Nascent RNAs con-
taining the adaptors were converted to cDNA, amplified by
PCR and sequenced using NovaSeq 6000. The raw files are
available in GEO accession: GSE183245.

ChIP-seq

HSF1- and HSF2-bound DNA fragments were isolated
from two biological replicates using ChIP as previously
described (26). Specifically, ChIP-seq was performed in
WT MEFs that were untreated, exposed to 30 �M mena-
dione for 2 h or heat-shocked at 42◦C for 1 h. Cells
were crosslinked with 1% paraformaldehyde for 5 min, af-
ter which paraformaldehyde was quenched with 125 mM
glycine. Cells were lysed and the chromatin was fragmented
by sonication with Bioruptor Pico (Diagenode) using seven
cycles (30 s on/off). Agarose gel electrophoresis was used

to verify that fragment size after sonication was 300–400
bp. The following antibodies were used for immunopre-
cipitation: HSF1 (ADI-SPA-901, Enzo), HSF2 (26), and
normal rabbit IgG (EMD Millipore). Crosslinks were re-
versed by incubating the samples at 65◦C overnight, and
the DNA was purified with phenol:chloroform. ChIP-seq
libraries were generated using NEXTFLEX ChIP-seq kit
and barcodes (Perkin Elmer). NovaSeq 6000 was used to
sequence ChIP-seq libraries. The raw files are available in
GEO accession: GSE183245.

Mapping of PRO-seq and ChIP-seq data

Adapters were removed from the sequencing reads using cu-
tadapt (27) and the reads were mapped to mouse genome
(mm10) using Bowtie 2 (28). PRO-seq reads were mapped
in single-endmode with parameters: –sensitive-local. ChIP-
seq reads were mapped in paired-end mode with parame-
ters: –sensitive-local –no-mixed –no-discordant –no-unal.
The raw data (GSE183245) is available in Gene Expression
Omnibus database (https://www.ncbi.nlm.nih.gov/geo/).

Normalization of PRO-seq data

Various strategies are used for the normalization of PRO-
seq data, including normalization to spike-ins, read counts
in ends of longs genes, and read counts in genes that remain
unregulated or inactive across samples (5,7,29–33). Spike-
in normalization is highly recommended due to its ability
to detect global changes in the level of transcription that
would be left undetected with several other methods, such
as sequencing depth normalization (29). To utilize spike-
ins, we added equal amounts of nuclei from Drosophila S2
cells to each run-on reaction in the PRO-seq samples. Since
transcripts produced by Drosophila S2 nuclei are retained
in the samples through every step of PRO-seq, reads map-
ping to Drosophila genome can be used for the normaliza-
tion of the sample data (9,29,34). Normalization was per-
formed by correcting read counts from spike-in genome to
library sizes, followed by calculation of final normalization
factors for each sample as described earlier (29).

Normalization of ChIP-seq data

Spike-in normalization was utilized by adding equal
amounts of chromatin from heat-shocked human Hs578T
cells to each immunoprecipitation reaction. Hs578T cells
were exposed to heat shock because it triggers the binding of
HSF1 and HSF2 to chromatin, which in turn, allows simul-
taneous immunoprecipitation of HSF-bound DNA from
the sample and spike-in material.We verified that each sam-
ple contained equal proportion of spike-inmaterial bymap-
ping the sequencing reads to human genome (hg38).

Quantification of transcription at genes

Actively transcribed genes were identified using discrimina-
tive regulatory elements identification from global run-on
data (dREG; https://dreg.dnasequence.org) (13), which de-
tects transcription initiation sites at genes and enhancers.
Intersecting TSSs of annotated genes with dREG-called ini-
tiation sites resulted in a list of 19,350 active genes that were
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retained for further analyses. Transcription was quantified
from the gene bodies, which were defined as +0.5 kb from
TSS to –0.5 kb from CPS. In addition, the maximum length
of genes was set to 300 kb, since Pol II can only travel 240
kb during 2 h-treatments at elongation rate of 2 kb/min
(35,36).

Identification of transcribed enhancers

Transcribed regulatory regions, including promoters and
enhancers, were identified from the PRO-seq data using
dREG gateway (https://dreg.dnasequence.org/) (13), as de-
scribed in previous studies (6,9). The dREG-identified re-
gions of divergent transcription that resided over 1 kb from
the TSSs of annotated genes, were defined as transcribed
enhancers. To make a unified list of enhancers across the
samples, we first identified enhancers individually in each
sample and then merged the coordinates of overlapping en-
hancers using bedtools merge with parameters: d -100 (31).
The resulting list contained 44 593 enhancers, whose level
of transcription was quantified in each sample from the
coordinates detected by dREG. Paused Pol II can be ob-
served at enhancers similarly to promoter-proximal regions,
although pausing of Pol II is more evident at promoter-
proximal regions (37). Quantification of enhancer tran-
scription from dREG coordinates contains a possible site
of Pol II pausing.

Differential expression analysis

Changes in transcription of genes and enhancers were de-
termined using DESeq2 (38). Differential gene expression
was measured in gene bodies, whose coordinates were de-
fined as +0.5 kb from TSS to –0.5 kb from CPS. Changes in
enhancer transcription were analyzed separately from plus
and minus strands using the enhancer coordinates deter-
minedwith dREG.To call statistically significant changes in
transcription of both genes and enhancers, P-value thresh-
old was set to 0.05, and fold change threshold to 1.5 for up-
regulated and to 0.667 for downregulated genes/enhancers.

ChIP-seq peak calling

ChIP-seq peaks were identified from two combined repli-
cates using findPeaks tools included in HOMER program
(39). For HSF1 and HSF2 peaks to be called statistically
significant, we set the FDR threshold to 0.001 (default value
used by HOMER) and required that the fold change over
IgG was at least five. For H3K27ac and H3K4me1 peaks to
be statistically significant, FDR threshold was set to 0.001
and fold change over input was required to be at least four.
HSF1 and HSF2 peaks were called using parameters: -style
factor -F 5 -L 7 -localSize 20 000. H3K27ac and H3K4me1
peaks were called using parameters: -region -L 0 -size 250.

GO analysis

Biological processes enriched in distinct groups of HSF tar-
get genes were identified using Metascape tool (40) (https://
metascape.org/gp/index.html#/main/step1).GO termswere
determined for two different heat-inducible gene groups: (i)

target genes, whose promoters were bound by HSF1, (ii)
target genes devoid of promoter-bound HSF1 that were lo-
cated within 100 kb of enhancer-bound HSF1. GO terms
were ranked in descending order based on the number of
genes associated with each term.

Analysis of HSE content

Content of HSE motif in the target genes and enhancers
of HSFs was analyzed using findMotifsGenome.pl tool in-
cluded in HOMER program (39). HSE content was ana-
lyzed within 2 kb regions centered around the summits of
HSF1 and HSF2 peaks.

Additional datasets used

H3K27ac and H3K4me1 ChIP-seq data is from GEO
dataset: GSE99009.

RESULTS

Oxidative stress and heat shock reprogram transcription of
distinct genes and enhancers

To examine reprogramming of transcription in response to
two different types of cell stress, i.e. oxidative stress and heat
shock, we tracked transcription at a nucleotide resolution
in mouse embryonic fibroblasts (MEFs) utilizing PRO-seq.
For determining the specific roles of HSF1 and HSF2 in or-
chestrating transcription under these stresses, PRO-seq was
performed in HSF1 knock-out (KO) MEFs and HSF2 KO
MEFs, in addition to wild-type (WT) MEFs (Supplemen-
tary Figure S1A and S1B). Oxidative stress was induced by
treatingMEFswith different concentrations of a commonly
used ROS generator, menadione, for 2 h (41). From the con-
centrations tested, 30 �M was selected for transcriptional
analyses, since it was the lowest concentration that caused
oxidative stress, as measured by the decrease in the ratio of
reduced and oxidized glutathione (GSG/GSSG) (Supple-
mentary Figure S2). The heat shock response was induced
by exposingMEFs to 42◦C for 1 h. For accurate analyses of
PRO-seq samples between distinct conditions and cell lines,
we utilized spike-in normalization, which verified high cor-
relation (rho > 0.95) of the biological replicates (Supple-
mentary Figure S3).

The normalized PRO-seq data was used to investigate
the impact of menadione treatment and heat shock on
transcription of genes and enhancers. Transcribed regula-
tory regions were identified using the divergent pattern of
transcription that characterizes active promoters and en-
hancers in mammals (12,13). Enhancers were distinguished
from promoters by requiring them to reside over 1 kb from
any transcription start site (TSS) of annotated genes. As
previously reported (6,13), the active enhancers identified
from PRO-seq profiles, contained enhancer-associated his-
tone marks H3K27ac and H3K4me1 (42,43) (Supplemen-
tary Figure S4). Both menadione and heat shock caused re-
markable changes in transcription of genes and enhancers
(Figure 1A). Interestingly, the changes in transcription were
more prominent upon oxidative stress than upon heat shock
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Figure 1. Oxidative stress and heat shock display distinct changes in the transcription of genes and enhancers. PRO-seq was performed in MEFs that were
exposed to oxidative stress induced by menadione (MD, 30 �M, 2 h) or to heat shock (HS, 42◦C, 1 h). (A) The number of upregulated and downregulated
genes and enhancers in stressed cells was determined. Threshold for p-value was set to 0.05, and threshold for fold change was set to 1.5 and 0.667 to
call statistically significant upregulations and downregulations, respectively. (B) Genes and enhancers with altered expression during menadione and heat
shock were compared to determine the number of genes and enhancers that were upregulated or downregulated in a stress type-specificmanner. (C) Average
density of Pol II was analyzed upstream and downstream of the TSS in the genes that were upregulated or downregulated by menadione or heat shock.
Pol II density was measured separately for the sense (solid line) and antisense (dotted line) strands. (D) Pol II densities of upregulated genes in menadione
and heat shock samples were overlaid in promoter-proximal region (–0.2–0.6 kb relative to the TSS) and gene body (1–4 kb relative to the TSS). (E) Log2
fold changes (FC) of upregulated genes in cells treated with menadione or heat shock were determined in start and end of the genes. Start of the gene was
defined as a 2-kb window starting 0.5 kb downstream from the TSS. End of the gene was defined as a 2-kb window upstream of the CPS. (F) PRO-seq
profile of calcylin-binding protein (Cacybp) gene in cells exposed to menadione and heat shock. C: control.
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(Figure 1A). During both stresses, the number of down-
regulated genes was greater than the number of upregu-
lated genes, whereas enhancers displayed an opposite pat-
tern (Figure 1A). These results show a general reduction of
gene transcription in response to stress, accompanied with
increased residency of engaged Pol II at enhancers. Com-
parison of transcriptional changes at individual genes and
enhancers, however, revealed a prominent stress-specific re-
programming of transcription (Figure 1B).

Pol II pause-release triggers rapid gene activation in the ox-
idative stress response

To gain a mechanistic understanding of transcriptional re-
programming, caused by oxidative stress and heat shock,
we analyzed the distribution of Pol II along genes and en-
hancers. Previous studies have shown that upon induction
of genes by heat shock, the paused Pol II is released from
promoter-proximal regions into elongation simultaneously
with the recruitment of new Pol II molecules to the promot-
ers (6,8,44). In contrast, repression of gene transcription
by heat shock occurs by reducing the pause-release, which
causes accumulation of Pol II within promoter-proximal re-
gions (6). Our results show that the distribution of Pol II in
the upregulated and downregulated genes follows the same
pattern at the promoter-proximal pause region upon mena-
dione treatment and heat shock, indicating that the induc-
tion and repression of transcription is regulated at the level
of Pol II pause-release during both types of stress (Figure
1C). These results demonstrate that cells activate and re-
press stress-specific sets of genes through universal mech-
anisms.

Engaged Pol II accumulates at enhancers upon oxidative
stress and heat shock

The enhancers that were induced upon stress, showed an
absence of Pol II under normal growth conditions (Supple-
mentary Figure S5A). Consequently, the critical step in the
upregulation of enhancers, upon both oxidative stress and
heat shock, was the recruitment of Pol II, which is differ-
ent from the stress-mediated activation of genes (Supple-
mentary Figure S5A). Downregulated enhancers, in turn,
displayed Pol II occupancy already under normal growth
conditions, and the occupancy decreased in response to
both stresses (Supplementary Figure S5A). Intriguingly, the
profiles of downregulated enhancers, showed several Pol II
peaks, which implies that transcriptionally active enhancer
clusters, also known as super-enhancers (45), lose engaged
Pol II under stress conditions.

Increased Pol II density at early gene bodies coincides with
oxidative DNA damage

A detailed analysis of Pol II distribution along genes re-
vealed that oxidative stress induced a more profound in-
crease in Pol II density at the promoter-proximal region and
beginning of the gene body (0–2 kb from TSS) than was
detected at heat-activated genes (Figure 1D). In contrast,
as Pol II reached more distal parts of the gene body (2–4

kb from TSS), a higher Pol II density was detected in heat-
shocked cells (Figure 1D). Since productive elongation re-
quires Pol II to transcribe through the entire gene body and
beyond the cleavage and polyadenylation site (CPS), these
results suggest a transcriptional hindrance after the release
of paused Pol II in the menadione-treated cells. To inves-
tigate whether Pol II proceeded to the end of menadione-
activated genes, we determined the fold change of engaged
Pol II at the start of the gene (0.5–2.5 kb relative to TSS) and
the end of the gene (-2–0 kb relative toCPS) (Figure 1E).We
selected the 0.5–2.5 kb region to represent the start of the
gene to avoid the paused Pol II from interfering with the
measurement of the fold change in the gene body. We also
discarded short genes (0–5 kb) from the analysis. Interest-
ingly, menadione caused a greater fold change in the start of
the genes than heat shock, while the fold change in the end
of the genes was higher upon heat shock (Figure 1E). These
results are exemplified by the calcylin-binding protein (Ca-
cybp) gene, which is upregulated by both stresses, but shows
elevated levels of Pol II throughout the gene body only upon
heat shock (Figure 1F).

Although the average induction during menadione treat-
ment was observed particularly in the start of the genes, we
found that 37% of the menadione-inducible genes included
in the analysis, displayed a fold change above 1.5 also in
the end of the genes (Supplementary Figure S5B). Genes
that showed increased levels of Pol II throughout the gene
body in menadione-treated cells include fork head box O4
(Foxo4) and heme oxygenase 1 (Hmox1) (Supplementary
Figure S5C), known to be critical in the oxidative stress re-
sponse (46,47). The induction that was observed only in the
start of several menadione-inducible genes could occur due
to oxidative DNA damage, which has been shown to im-
pede the elongation of Pol II (48). This is supported by our
finding, which shows that the amount of DNA damage, as
measured by levels of phosphorylatedH2AX,was increased
in response to menadione but not heat shock (Supplemen-
tary Figure S6). Furthermore, the DNA damage is likely to
affect open regions, such as early gene bodies where histone
acetylation increases upon transcriptional activation (6,49).

HSF1 and HSF2 direct the oxidative stress response

HSF1 is a well-known trans-activator of protein folding
machinery under proteotoxic stress conditions, while the
role of HSF2 in the regulation of stress-inducible transcrip-
tion has remained elusive (17). For determining the specific
roles of HSF1 andHSF2 in transcriptional activation of en-
hancers and genes during oxidative stress and heat shock,
we quantified transcription from the PRO-seq data that
we produced from WT, HSF1 KO, and HSF2 KO MEFs.
To analyze the impact of HSFs on the enhancer transcrip-
tion, we selected enhancers that were upregulated in WT
MEFs and contained one of the two enhancer-associated
histone marks, H3K27ac or H3K4me1 (Supplementary
Figure S4). Previously, it has been shown that H3K27ac
marks active enhancers, whereas H3K4me1 primes poised
enhancers for subsequent activation (43,50,51). Similarly to
heat shock, menadione treatment resulted in upregulation
of hundreds of genes and enhancers in an HSF1- and/or
HSF2-dependentmanner (Figure 2A andB).We also found
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Figure 2. HSF1 and HSF2 reprogram the transcription of genes and enhancers in response to oxidative stress and heat shock. PRO-seq was performed
in wild-type (WT), HSF1 knock-out (HSF1 KO) and HSF2 knock-out (HSF2 KO) MEFs that were exposed to oxidative stress induced by menadione
(MD, 30 �M, 2 h) or to heat shock (HS, 42◦C, 1 h). (A, B) Log2 fold changes are shown for the genes and enhancers that are upregulated either in WT and
KO cells (blue dots) or only WT cells (red dots). Some of the HSF-dependent genes and enhancers are likely false positives, since they displayed high fold
change in both WT and KO cells (red dots towards the right side of the panels). In these cases, the fold changes in KO cells were not statistically significant
and, therefore, these genes and enhancer are upregulated only inWT cells. (C) Comparison between KO andWT cells revealed several genes and enhancers
that are upregulated or downregulated in HSF1 and HSF2 KO cells under normal growth conditions. (D) Antibodies against HSF1 and HSF2 were used
to perform ChIP-seq in MEFs that were exposed to menadione or heat shock. The number of promoters and enhancers that contained HSF1 or HSF2
peak was determined in cells exposed to menadione or heat shock. (E) Target genes and enhancers regulated through direct binding of HSF1 or HSF2
were identified by comparing the targets bound by HSF1 or HSF2 with the targets that were upregulated only in WT cells. C: control.
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that the transcriptional program was altered in HSF1 and
HSF2 KO MEFs already under normal growth conditions
(Figure 2C). This result is in line with the various roles of
HSF1 and HSF2 under physiological conditions, including
differentiation, development, and cell cycle control as well
as in pathological states, such as cancer and neurodegener-
ation (14,15).

To distinguish the direct targets of HSF1 and HSF2 from
the indirect ones, we identified genes and enhancers oc-
cupied by HSF1 and HSF2 in stressed cells. We treated
WT MEFs with menadione (30 �M, 2 h) or heat shock
(42◦C, 1 h), and immunoprecipitated HSF1 and HSF2 for
the ChIP-seq analysis. A clear correlation was observed be-
tween two biological ChIP-seq replicates (Supplementary
Figure S7A), and thus, we combined reads from the repli-
cates to perform peak calling. Robustness of the replicates
was also evident from the profiles of HSF1 and HSF2 bind-
ing at the Hspa1b and Bag3 promoters, both of which are
strongly stress-inducible HSF targets (Supplementary Fig-
ure S7B). A strong stress-inducible binding of HSF1 to
promoters and enhancers was evident during both stresses,
and remarkably, the number of HSF1-bound promoters
and enhancers was even higher upon menadione treat-
ment than heat shock (Figure 2D). In addition to HSF1,
HSF2 displayed a prominent inducible binding to both pro-
moters and enhancers in menadione-treated cells (Figure
2D). Unlike HSF1, HSF2 bound to several targets prior
to stress exposures, and the number of HSF2 targets did
not increase in response to heat shock (Figure 2D). This
observation could be explained by heat-induced degrada-
tion of HSF2, which occurs shortly after exposure to heat
shock (52). Together, our results indicate distinct kinetics
of HSF2-mediated transcription in heat-shocked and ROS-
challenged cells.

Next, we identified the direct targets of HSFs whose
stress-inducibility was dependent on the binding of HSF1
or HSF2 to the corresponding cis-acting elements in the
genome. Our analysis revealed a multitude of menadione-
and heat-inducible genes and enhancers, which were depen-
dent onHSF1 binding (Figure 2E and Supplementary Table
S1). Although menadione-inducible target genes of HSF1
play roles in various biological processes, many of them
were related to protein folding (Supplementary Table S1). In
line with our previous findings (26), HSF2-dependent heat
induction was detected only for seven target genes and nine
target enhancers, and HSF2 was not required for stress-
inducible upregulation of HSP genes (Figure 2E and Sup-
plementary Table S1). Similarly to heat shock, HSF2 was
required for induction of only 11 genes and 20 enhancers
during oxidative stress, implying that in both stresses, HSF1
functions as a more prominent trans-activator than HSF2
(Figure 2E and Supplementary Table S1).

HSF2 cooperates with HSF1 during oxidative stress and heat
shock

HSF2 has been primarily described as amodulator ofHSF1
activity in the heat shock response (15). In agreement,
we found nearly all HSF targets in heat-shocked cells, in-
cluding ST13 hsp70 interacting protein (ST13) gene, to be
trans-activated in an HSF1-dependent manner (Figure 3B

and C, Supplementary Table S1). However, induction of
some genes, such as Adgra3, was dependent on HSF2, in-
dicating that HSF2 is capable of functioning as a stress-
responsive transcription factor (Figure 3B and C, Supple-
mentary Table S1). Next, we sought to understand whether
HSF2 plays an HSF1-supportive role in oxidative stress or
whether it can trans-activate genes and enhancers indepen-
dently of HSF1. In menadione-treated cells, a majority of
HSF-dependent transcriptional induction was triggered by
HSF1, as exemplified by an HSF1-specific target gene, so-
lute carrier family 25 member 38 (Slc25a38) (Figure 3A and
C, Supplementary Table S1). Although three genes and ten
enhancers were HSF2-specific targets, most of them dis-
played equal fold changes in WT and HSF2 KO MEFs ex-
posed to menadione (Figure 3A). Despite the minor effect
of HSF2 on stress-induced transcription, HSF2 was found
to co-localize to the same sites as HSF1 during both oxida-
tive stress and heat shock, indicating that HSF2 cooperates
with HSF1 to orchestrate transcription in response to dif-
ferent types of stress (Figure 3A–C). This is in line with a
recent finding demonstrating that HSF2 occupies the same
target genes with HSF1 in cancer to drive malignancy (18).

HSFs activate distinct transcription programs through stress-
specific binding to chromatin

We found that HSFs regulated unique sets of genes and en-
hancers in cells treated with menadione or heat shock (Fig-
ure 3C and Supplementary Figure S8, Table S1). Next, we
asked whether HSFs bind to stress-specific sites in the chro-
matin to regulate their stress-specific targets. Our results re-
vealed a large group of genes that were occupied and ac-
tivated by HSF1 only in menadione-treated cells, demon-
strating for the first time that HSFs can bind unique sites
in response to distinct stress stimuli (Figure 3D, Supple-
mentary Table S1). Interestingly, we found that while heat-
inducible HSF1 targets were bound by HSF1 also in re-
sponse to menadione, a majority of these targets were in-
duced in an HSF1-dependent manner only in heat-shocked
cells (Figure 3E, Supplementary Table S1). This implies that
HSF1 lack the full trans-activation capacity at certain genes
during oxidative stress, which could occur either because
oxidative stress represses HSF1 or because transcriptional
co-activators of HSF1 are not available during oxidative
stress.

Differential binding patterns of HSFs between mena-
dione treatment and heat shock could be explained by
their preference for distinct target motifs in the DNA. It
is known that HSFs bind to their cis-acting heat shock el-
ements (HSEs), which were originally defined to contain
three inverted nGAAn sequences (53). These motifs are
called canonical HSEs, but subsequent studies have identi-
fied also non-canonical HSEs, which consist of highly vari-
able sequences (54,55). Therefore, it is plausible that ox-
idative stress-specific target genes of HSF1 contain primar-
ily non-canonical HSEs that are not recognized by current
motif finding algorithms. We found that canonical HSEs
were equally prevalent in the menadione- and heat shock-
specific target promoters and enhancers of HSF1 (Figure
3F). Taken together, our data indicate that although HSF1
binds to the same HSE motifs in both stresses, it displays
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Figure 3. HSF1 andHSF2 drive distinct transcriptional programs upon oxidative stress and heat shock. (A, B) Heatmaps were generated frommenadione-
(MD, 30 �M, 2 h) (A) and heat-treated (HS, 42◦C, 1 h) (B) MEFs to show genes and enhancers, which are regulated through direct binding of both HSF1
and HSF2 or only one of these factors. (C) PRO-seq and ChIP-seq profiles are shown for selected genes that are induced by HSF1 and HSF2 in response to
menadione or heat shock. Headings above each of the four panels indicate whether the gene is regulated by HSF1 or HSF2 during menadione, heat shock
or both. (D, E) Heatmaps were generated from menadione- (D) and heat shock (E) -specific target genes of HSF1. (F) Motif analysis was performed to
determine the percentage of menadione- and heat shock-specific targets of HSF1 that contain canonical HSEs. C: control, Slc25a38: solute carrier family
25 member 38, St13: Hsp70 interacting protein,Msn1: meiosis specific nuclear structural 1, Adgra3: adhesion G protein-coupled receptor A3.
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stress type-specific binding, which results in the activation
of distinct transcription programs.

HSF1 andHSF2 bind enhancers to drive stress-inducible gene
transcription

Since amajority ofHSF1-dependent genes were not directly
regulated by promoter-bound HSF1 (Figure 3E), we hy-
pothesized that these genes could be induced through en-
hancers. Interestingly, we observed that during heat shock,
a prominent number of HSF1-dependent genes resided
within 100 kb from the direct enhancer targets of HSF1
(Figure 4A). Furthermore, most of these genes were de-
void of promoter-bound HSF1, suggesting that HSF1 reg-
ulates a subset of heat-inducible genes through nearby
enhancers (Figure 4A). Also, several menadione-induced
genes requiredHSFs for activation and had the closest HSF
binding-site at a nearby enhancer (Figure 4A). However, no
general correlation was found between the distance of HSF-
dependent genes and the enhancers activated in an HSF1-
dependent manner uponmenadione treatment (Figure 4A).

Since only heat-induced target enhancers and genes of
HSF1 were found in the vicinity of each other, we assessed
how the HSF1-activated enhancers impact distinct steps of
transcription at nearby genes during heat shock. Previous
studies have shown that binding ofHSF1 to promoters is es-
sential for the heat-inducible pause-release and recruitment
of Pol II (56,57). Thus, we analyzed the distribution of Pol
II at genes whose heat-induction was indirectly dependent
on HSF1 and which were located within 100 kb from di-
rect target enhancers. Our result showed that, similarly to
the promoter-bound HSF1, binding of HSF1 to enhancers
was required for the pause-release and recruitment of Pol
II at nearby genes (Figure 4B). Noteworthy is that the aver-
age distribution of Pol II revealed two sites of paused Pol II
in the genes that resided in the vicinity of HSF1-bound en-
hancers, as exemplified by the promoter-proximal region of
B4galt1 gene (Figure 4B and Supplementary Figure S9A).
This pausing pattern is in line with previous results showing
that certain genes display multiple TSSs (58).

Finally, we addressed whether HSF1 regulates different
cellular processes through promoters and enhancers in cells
exposed to cytotoxic stress, especially heat shock. For this
purpose, we compared GO terms between the direct target
genes of HSF1 and the indirect target genes located within
100 kb from its enhancer targets. As expected, the direct
HSF1 target genes were related to processes of protein fold-
ing, and cellular stress responses (Figure 4C). On the con-
trary, the indirect target genes residing in the vicinity of
enhancer targets were strongly associated with GO terms,
such as focal adhesion and transmembrane receptor-linked
signaling pathways (Figure 4C). Examples of these targets
are filamin b (Flnb) and membrane-associated guanylate ki-
nase, WW and PDZ domain containing 1 (Magi1) genes,
both of which encode proteins localized to the plasmamem-
brane (Figure 4D and Supplementary Figure S9B). Fur-
thermore, certain genes with the highest transcriptional in-
duction, e.g. Hspb1, recruited HSF1 both to the promoter
and a nearby enhancer (Figure 4D).

Previous studies have shown that besides protein fold-
ing, HSFs regulate genes related to many other processes,

including cell adhesion (59,60). Moreover, maintenance of
cell adhesions was shown to be essential for surviving stress
(60). Our results advance these studies by revealing that in
contrast to the promoter-bound HSF1, which drives the
classical chaperone genes, binding of HSF1 to enhancers
activates genes encoding proteins localized at cell junc-
tions and the plasma membrane. We also found that both
HSFs are important for the activation of oxidative stress-
inducible genes and enhancers, which are different from
heat shock-inducible HSF targets. Hereby, we conclude that
HSFs function as multi–stress-responsive transcription fac-
tors that activate distinct sets of genes and enhancers de-
pending on the type of stress experienced by cells.

DISCUSSION

Mechanisms of transcriptional reprogramming in response
to cellular stresses, especially acute heat shock, are well
characterized, but they have remained poorly understood
under other stress conditions. Here, we provide the first
comprehensive study, in which we combined PRO-seq and
ChIP-seq to determine the roles of HSF1 and HSF2 in the
regulation of nascent transcription in cells exposed to two
different types of cytotoxic stress, i.e. oxidative stress and
heat shock. As illustrated in our model (Figure 5), these two
stresses cause clearly stress type-specific changes to the tran-
scription of genes and enhancers. Although the transcrip-
tional programs differ between oxidative stress and heat
shock, our results reveal that during both stresses, genes
are regulated at the level of Pol II pause-release, while en-
hancers are regulated via recruitment of Pol II. Unlike heat-
inducible genes, a large fraction of oxidative stress-inducible
genes displayed elongating Pol II only within the early gene
body (0–2 kb from TSS). This could be due to oxidative
DNA damage, which has been shown to cause stalling of
elongating Pol II (48). Other possible explanations are a
slower movement speed of Pol II and a failure in the chro-
matin remodeling in front of elongating Pol II during ox-
idative stress.

Transcriptional regulation in oxidative stress responses
has been largely devoted to nuclear factor erythroid 2-
related factor 2 (Nrf2) and members of the Foxo family
(46,61). Here, we expand the repertoire of transcription fac-
tors in oxidative stress by identifying HSF1 and HSF2 as
new regulators of genes and enhancers in cells exposed to
elevated ROS production (Figure 5). This is an important
finding, since HSFs have been considered as master reg-
ulators of proteotoxic stress responses, especially the heat
shock response, and they also play vital roles in cancer pro-
gression. While HSF1 triggered genome-wide changes in
gene and enhancer transcription, HSF2 was found dispens-
able for genome-wide stress inducibility. However, HSF2
co-occupied the same promoters and enhancers withHSF1,
implying thatHSF1 andHSF2 cooperate to drive transcrip-
tion under distinct types of stress. We also show that HSFs
bind and regulate largely different targets upon oxidative
stress and heat shock (Figure 5). Intriguingly, HSFs bound
to the canonical HSEs in response to both stresses, sug-
gesting that these transcription factors are recruited to their
stress type-specific sites through mechanisms that are inde-
pendent of the target site sequence. It is likely that HSFs
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Figure 4. HSF1-dependent genes are located in the vicinity of HSF1-bound enhancers. (A) Distances from the target enhancers of HSF1 to the HSF1-
dependent genes were measured in cells exposed to menadione (MD, 30 �M, 2 h) and heat shock (HS, 42◦C, 1 h). Distances were calculated between the
summit of an enhancer and the TSS of a gene. Genes were divided into two groups depending on whether their promoters were bound by HSF1 (orange
dots) or not (blue dots). (B) Average Pol II density was analyzed in the direct HSF1 target genes and HSF1 dependent genes located within 100 kb of
direct enhancer targets of HSF1. Pol II densities are shown in wild-type (WT) and HSF1 knock-out (HSF1 KO) MEFs. (C) GO terms of two different
heat-inducible gene groups were analyzed: direct HSF1 targets and indirect HSF1 targets that were located within 100 kb of direct enhancer targets of
HSF1. GO terms were ranked in descending order based on the number of genes associated with each term. (D) PRO-seq and ChIP-seq profiles of selected
target enhancers and genes of HSF1 that were found in the vicinity of each other. Enhancers are framed with green rectangles. All the enhancers and
Hspb1 gene are regulated through direct binding of HSF1, while Flnb gene is devoid of promoter-bound HSF1. C: control, Flnb: filamin b, B4galt1:
beta-1,4-galactosyltransferase.
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Figure 5. Schematic model of howHSF1 and HSF2 drive stress-specific transcriptional programs through activation of genes and enhancers. (I) HSF1 and
HSF2 co-occupy several gene promoters during oxidative stress and heat shock. However, many of these HSF1 and HSF2 -bound genes are only induced
in response to heat shock, in an HSF1-dependent manner. (II) Increased levels of ROS trigger HSF1 and HSF2 to bind to their oxidative stress-specific
target genes. (III) HSF1 and HSF2 bind stress-inducibly to a large number of enhancers. The HSF-bound enhancers differ in heat shock versus oxidative
stress, but during both conditions HSFs can trigger the release of paused Pol II from the promoter-proximal region of a nearby gene. Please note, in this
model co-occupancy of HSF1 and HSF2 is drawn as a heterotrimer.

bind to their oxidative stress-specific targets by interacting
with cofactors that are activated by changes in the cellular
redox status. Formation of these interactions, in turn, could
involve stress-specific protein modifications, since HSFs are
known to undergo extensive post-translational modifica-
tions, including the oxidation of two redox-sensitive cys-
teines within the DNA-binding domain of HSF1 (17,19). In
addition, chromatin environment likely undergoes different
changes upon oxidative stress and heat shock, which could
allow HSFs to access unique sites depending on the type of
stress.

Our data uncover a new regulatory level of stress-
inducible transcription that is mediated through enhancers,
which in turn are activated by HSFs (Figure 5). We found
that unlike promoter-bound HSF1, which activates classi-
cal chaperone genes, enhancer-bound HSF1 was required
for the transcriptional induction of cell type-specific genes,
including genes that encode proteins localized in the plasma
membrane and cell junctions. Enhancer-mediated induc-
tion of genes by HSFs is likely not restricted to stress, since
HSFs are important transcription factors in a wide vari-
ety of physiological processes, including development, dif-
ferentiation, and metabolism, as well as pathologies, espe-
cially cancer and neurodegeneration (14,15). Furthermore,
enhancers play key roles in determining cell fate during
development and differentiation, while cancer cells hijack
oncogenic enhancers to promote malignancy (62). In fu-

ture studies, it will be fundamental to determine the func-
tional relevance of HSF-activated enhancers in physiology
and pathology.
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Abstract

Heat shock factor 2 (HSF2) is a versatile transcription factor, which regulates gene 

expression under stress conditions, development, and disease. Despite recent 

advances in identifying HSF2-dependent target genes, little is known about the protein 

networks that are associated with this transcription factor. Here, we performed a mass 

spectrometry analysis to characterize the HSF2 interactome in mouse testis, where 

HSF2 is required for normal sperm development. Of the HSF2-binding partners, we 

validated the interaction between HSF2 and the mechanosensitive focal adhesion 

protein talin1 (TLN1) and expanded the analyses to mouse and human cell lines. We 

found a TLN1-binding motif in the HSF2 C-terminus that binds directly to multiple 

regions of TLN1 in vitro. Importantly, this TLN1-binding motif is not present in the C-

terminus of a closely related HSF family member HSF1, and consistently HSF1 was 

not found in complex with TLN1. Taken together, our data unveils the HSF2 

interactome in a physiologically relevant context and validates TLN1 as the first 

adhesion-related HSF2-specific protein partner.

Key words: HSF1, HSF2, interactome, LC-MS/MS, LD motif, PLA,
spermatogenesis, TLN1
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Introduction

All living organisms must respond effectively to environmental insults that challenge the 

homeostasis of their proteome. For this purpose, every kingdom of life possesses a stress 

response mechanism known as the heat shock response, which involves the expression of 

molecular chaperones called heat shock proteins (HSPs) (Kmiecik & Mayer, 2022). The 

expression of HSPs is regulated by a family of transcription factors known as heat shock 

factors (HSFs), of which HSF1 and HSF2 are the most studied members in mammals (Joutsen 

& Sistonen, 2019). While HSF1 is indispensable under acute proteotoxic stress, HSF2 

cooperates with HSF1 to drive gene expression under adverse conditions (Himanen et al.,

2022; Mahat et al., 2016; Vihervaara et al., 2013). Intriguingly, HSF2 is essential for cell 

survival during chronic accumulation of misfolded proteins, which shows the independent role 

of this transcription factor in stress responses (Joutsen et al., 2020; Lecomte et al., 2010; 

Shinkawa et al., 2011).

In addition to stress, HSF1 and HSF2 play important roles in physiological processes, such as 

embryogenesis, corticogenesis and spermatogenesis (Abane & Mezger, 2010; Joutsen & 

Sistonen, 2019). Among adult tissues, testes possess the highest protein levels of HSF2 

(Fiorenza et al., 1995; Sarge et al., 1994). Interestingly, mice lacking HSF2 are characterized 

by reduced testes size, a disorganized structure of seminiferous tubules, pronounced 

apoptosis in the pachytene spermatocytes, and defects in the quality and number of sperm

(Åkerfelt et al., 2008; Kallio et al., 2002; Wang et al., 2003). Moreover, mice lacking both HSF1 

and HSF2 suffer from a severe disruption of spermatogenesis leading to male infertility (Wang 

et al., 2004). Thus, there is accumulating evidence that HSF1 and HSF2 act synergistically 

during spermatogenesis, which is congruent with ChIP-chip and ChIP-seq experiments 

showing co-occupancy of genomic loci of these HSFs in mouse testes (Åkerfelt et al., 2008, 

2010; Korfanty et al., 2014).

In contrast to the knowledge of downstream targets of HSF1 and HSF2 in stress and 

development (Abane & Mezger, 2010; Joutsen & Sistonen, 2019), little is known about the 

protein networks that are associated with these HSFs in different biological contexts. A recent 

study approached this gap in knowledge by screening for HSF1-binding partners under control

conditions, in comparison to responses to either acute (heat shock) or chronic (Huntington’s 

disease) proteotoxic stress (Burchfiel et al., 2021). However, no similar unbiased 

investigations have been reported for HSF2. Currently, the best characterized HSF2-binding

partner is HSF1, since a wealth of studies have provided deep understanding of the HSF1-

HSF2 protein complex (Alastalo et al., 2003; He et al., 2003; Jaeger et al., 2016; Sandqvist et 

al., 2009). HSF1 and HSF2 form homo- and heterotrimers through their highly homologous

oligomerization domains, which are composed of two leucine-zipper like heptad repeats (HR-
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A and HR-B) (Roos-Mattjus & Sistonen, 2022). Apart from HSF1, only a handful of HSF2-

interacting partners have been previously reported and validated, including the molecular 

chaperone HSP90 (Pesonen et al., 2021), members of the E3 ubiquitin ligase 

anaphase/cyclosome protein complex (Ahlskog et al., 2010), a subunit of a cullin-RING E3 

ubiquitin ligase cullin 3 (Xing et al., 2010), small ubiquitin-related modifier 1 (Goodson et al., 

2001), and the acetyltransferase CBP/EP300 (de Thonel et al., 2022).

In this study, we investigate the interactome of endogenous HSF2 in mouse testes. Our data 

shows that HSF2 associates with proteins associated with gene ontology (GO) terms, such as

cell adhesion molecule binding and unfolded protein binding. Of these proteins, we focus on 

talin 1 (TLN1), which is a mechanosensitive protein that plays a fundamental role in the 

formation of cell-matrix adhesion by connecting integrin transmembrane receptors to the actin 

cytoskeleton at complexes known as focal adhesions (Gough & Goult, 2018; Klapholz & 

Brown, 2017). TLN1 functions as an adaptor protein and several TLN1-binding motifs have 

been well characterized in different proteins (Goult et al., 2021). Excitingly, we found a TLN1-

binding motif at the end of the C-terminus of HSF2, but not in HSF1. By performing a 

fluorescent polarization assay, we demonstrate that the TLN1-binding motif in HSF2 binds

directly with multiple regions of TLN1. We also show that the HSF2-TLN1 interaction is 

conserved from mouse to human. In summary, we provide the first HSF2 interactome in

physiological context and validate TLN1 as the first adhesion-related HSF2-binding partner.
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Results

Identification of HSF2-binding partners in mouse testes

To identify proteins interacting with endogenous HSF2 in the context of tissues, we performed 

an HSF2 co-immunoprecipitation (co-IP) coupled with liquid chromatography tandem-mass 

spectrometry (LC-MS/MS) from mouse testes (Fig 1A). Mouse testes were used, because we 

and others have shown that the protein levels of HSF2 are exceptionally high in this tissue, 

and lack of HSF2 disrupts the process of spermatogenesis (Åkerfelt et al., 2008; Kallio et al., 

2002; Sarge et al., 1994). The endogenous HSF2 protein was immunoprecipitated with an 

HSF2-specific antibody and IgG was used as a negative control. Immunoblotting of the HSF2 

co-IP sample showed that HSF2 was efficiently enriched as compared to the IgG control and 

input (Fig 1B). Additionally, we validated that HSF1 was present in the HSF2 co-IP sample, 

since these proteins have been shown to associate in mouse testes (Sandqvist et al., 2009).

Once the quality of the co-IP samples was verified, the HSF2 interactome was determined 

through LC-MS/MS. This MS analysis identified 464 proteins in the HSF2 co-IP sample, and

306 in the IgG control (Fig 1C) (Supplemental table 1). Of these, we chose only high 

confidence HSF2-binding partners (proteins with at least two peptide spectrum matches 

[PSMs] and a ratio of HSF2 PSMs/IgG PSMs > 3), which led to the identification of 105 HSF2 

partners. Interestingly, the MS analysis identified proteins involved in sperm morphogenesis 

(MAP7, NPHP1), sperm-egg recognition (ACRBP, HSPA2) and meiosis (GOGA3, Nek1, 

SYCP1), which is congruent with the role of HSF2 in spermatogenesis.

To gain more insights into the type of proteins that were enriched among the 105 HSF2-

binding partners, we performed a gene ontology (GO) term analysis with the online tool

ShinyGO (Ge et al., 2020) (Fig 1D). The unfolded protein binding GO term was highly 

enriched, wherein several proteins belonging to the HSP70 and HSP90 chaperone families 

were found (Fig 1E). This is in agreement with a recent report showing an interaction between 

HSF2 and HSP90 (Pesonen et al., 2021). Surprisingly, cell adhesion molecule binding was 

the most enriched GO term (Fig 1D). This is particularly interesting because previous studies 

have shown that lack of HSF2 alters the expression of cell adhesion-related genes, even 

though no proteins involved in cell adhesion have been validated as HSF2-binding partners

(Björk et al., 2016; Joutsen et al., 2020). Within the cell adhesion molecule binding GO term,

we found several adaptor proteins that connect the actin cytoskeleton with transmembrane 

adhesion receptors. These adaptor proteins were zonula occludens 1 and 2 (ZO1 and ZO2), 

catenin delta 1 (CTNND1), and talin1 (TLN1), of which we focused on TLN1 (Fig 1E).
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The interaction between HSF2 and TLN1 is conserved from mouse to human

TLN1 is an adaptor protein that connects the integrin transmembrane receptors with the actin 

cytoskeleton at the focal adhesions that are cell-matrix adhesion protein complexes (Gough & 

Goult, 2018). To validate the HSF2-TLN1 interaction, we performed co-IP of HSF2 in mouse 

teratocarcinoma F9 cells, in which the levels of HSF2 are considerably high compared to other 

murine cell lines (Murphy et al., 1994) (Fig 2A). Immunoblotting of the HSF2 co-IP sample 

showed the enrichment of HSF2, the formation of HSF2 and HSF1 heterotrimers, and the 

association between HSF2 and TLN1. This finding prompted us to ask whether the HSF2-

TLN1 interaction is conserved from mouse to human. Therefore, we immunoprecipitated 

HSF2 from RWPE-1 (prostate epithelial) and PC-3 (prostate carcinoma) cells (Fig 2B). To 

exclude an unspecific immunoprecipitation of TLN1 by our HSF2 antibody, we also performed 

the reciprocal co-IP experiment where TLN1 was immunoprecipitated. These experiments

revealed that HSF2 and TLN1 form protein complexes in both human cell lines, confirming

that the HSF2-TLN1 interaction is indeed conserved from mouse to human. In contrast, HSF1 

and TLN1 were not found in the same protein complex, demonstrating that HSF1-HSF2 

heterotrimers do not bind to TLN1 (Fig 2B). This result thus suggests that hetero- and 

homooligomers of HSF2 exhibit distinct properties.

Next, we utilized indirect immunofluorescent labeling and proximity ligation assay (PLA) to 

complement the biochemical data on the HSF2-TLN1 interaction. While immunofluorescent 

labeling of HSF2 showed a predominantly nuclear localization, TLN1 displayed a strong 

localization in the vicinity of the plasma membrane. Additionally, TLN1 showed a modest 

nuclear localization, which is supported by the findings of nuclear TLN1 reported in our recent 

preprint article (Da Silva et al., 2022). Both proteins also exhibited a clear cytoplasmic 

localization (Fig 2C). In accordance with the co-IP data, the PLA assay showed that HSF2 and 

TLN1 are in close proximity (≤40 nm) to each other, indicating that these proteins are found in 

the same complex (Fig 2D). Importantly, the negative control composed of two GFP antibodies 

showed a dramatic reduction in the corresponding signal, confirming the specificity of the PLA 

assay. To determine the subcellular localization of the HSF2-TLN1 interaction, we visualized 

the PLA assay images using an orthogonal projection (Fig 2E). Surprisingly, we observed that 

most of the PLA signal was localized within the nucleus, suggesting that the HSF2-TLN1

complex resides predominantly in this subcellular compartment (Fig 2F).

The C-terminus of HSF2 binds directly to TLN1

Since the co-IP assays showed that only HSF2 binds to TLN1, we evaluated the similarities

in the domain structure of HSF1 and HSF2. Both HSFs are composed of a DNA-binding 

domain (DBD), an oligomerization domain containing hydrophobic-leucine-zipper-like heptad 
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repeats (HR-A/B), a C-terminal heptad repeat domain (HR-C), regulatory domains (RD), and 

transactivation domains (AD) (Fig 3A). Beyond the DBD, HSF1 and HSF2 share approximately 

35% identity, which indicates that these proteins are considerably different from each other

(Roos-Mattjus & Sistonen, 2022). Hence, we compared the amino acid sequences of these 

HSFs in different species to identify HSF2-specific regions that could potentially bind to TLN1. 

A sequence alignment of HSF1 and HSF2 in Homo sapiens, Mus musculus, Bos taurus, Sus 

scrofa, Gallus gallus and Danio rerio unveiled that the longest conserved HSF2-specific 

sequence is located in its C-terminus (Fig 3B). Prompted by this finding, we searched for a

TLN1-binding motif in the C-terminus of HSF2. Among the best characterized TLN1-binding 

motifs is the LD motif, a leucine-rich sequence following the consensus LDXLLXXL 

(Tumbarello et al., 2002; Zacharchenko et al., 2016). Comparison between the HSF2-specific 

sequence and five known TLN1-interacting proteins with an LD motif (DLC1, RIAM, PXN, 

KANK1, and KANK2), revealed that the C-terminus of HSF2 indeed contains an LD motif (Fig 

3C).

TLN1 is composed of an N-terminal FERM domain (also known as the head domain) and a 

C-terminal flexible rod domain, and they are connected through a linker (Gough & Goult, 

2018). The head domain of TLN1 consists of four subdomains (F0-F3), whereas the rod 

domain consists of 13 helical bundles (R1-R13) and a dimerization domain (DD) arranged 

sequentially like beads on a string (Goult et al., 2021). Importantly, the TLN1-interacting 

proteins DLC1, RIAM, PXN, KANK1, and KANK2 bind to either the R7 or R8 helical bundle 

with their LD domain (Fig 3D). Detailed structural work on the interaction between the Rho 

GAP protein DLC1 and TLN1 has provided a mechanistic understanding of how proteins 

containing an LD domain bind to TLN1 (Zacharchenko et al., 2016). The LD motif of DLC1 

forms a helix that docks in between the second and third helices of the R8 helical bundle in 

the TLN1 rod domain. This type of binding mechanism is known as helix addition, and it 

requires the presence of key hydrophobic residues in the LD motif. Consequently, it is 

plausible that the LD domain also binds to the helical bundles of the TLN1 rod domain. To test 

this hypothesis, we performed a fluorescent polarization assay with a peptide containing the 

HSF2 LD motif and three different regions of the rod domain of TLN1 (R4-R8, R9-R12, R13-

DD), and the LD motif in KANK1 was used as a positive control (Bouchet et al., 2016) (Fig 

3E). Our results show that the C-terminus of HSF2 indeed binds to both R4-R8 and R9-R12 

TLN1 fragments. Therefore, we conclude that the C-terminus of HSF2 has multiple binding 

sites in TLN1. 
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Discussion

The protein networks associated with HSF2 have been largely unexplored. Here we provide 

the first proteomic profiling of HSF2 partners in a physiologically relevant context. We

performed an LC-MS/MS analysis to identify binding proteins of endogenous HSF2 in mouse 

testes, a tissue where HSF2 is required for proper formation of haploid spermatozoa during 

spermatogenesis (Åkerfelt et al., 2008; Kallio et al., 2002; Sarge et al., 1994). Our results show 

that HSF2 interacts with proteins of different molecular functions, among which cell adhesion-

related proteins were the most enriched. This is particularly interesting because increasing 

evidence shows that there is a functional link between HSF2 and cell adhesion. Lack of HSF2 

disrupts the expression of a wide variety of cadherin superfamily members, which are cell-cell 

adhesion receptors crucial for maintaining tissue integrity (Joutsen et al., 2020; de Thonel et 

al., 2021). Moreover, downregulation of HSF2 in 3D organotypic cell cultures impairs the 

expression of cell-matrix adhesion proteins (e.g. integrins), extracellular matrix proteins (e.g. 

collagens), and regulators of cytoskeletal organization (e.g. members of the Rho family of

GTPases) (Björk et al., 2016). Intriguingly, we observed that HSF2 interacts with several

adaptor proteins, belonging to major cell adhesion protein complexes in the vicinity of the 

plasma membrane, such as ZO1 and ZO2, CTNND1 and TLN1 (Goult et al., 2018; Mège & 

Ishiyama, 2017; Zihni et al., 2016). All of these adaptor proteins have been shown to also 

reside in the nucleus (Da Silva et al., 2022; Daniel, 2007; Zihni et al., 2016), suggesting that 

HSF2 might cooperate with them to drive the expression of specific cell adhesion genes during

spermatogenesis. In support of this idea, ChIP-seq data from spermatocytes in control 

conditions shows that HSF2 binds to gene loci corresponding to several families of adhesion 

proteins, such as ADAMs, cadherins, catenins, claudins, integrins, and protocadherins 

(Korfanty et al., 2014).

Among the adhesion adaptor proteins identified in our LC-MS/MS analysis, we validated the 

interaction between HSF2 and TLN1 in mouse and human cells. The analysis of subcellular 

localization of this interaction, using PLA assay, showed that the HSF2-TLN1 complex resides 

predominantly in the nucleus. In a recent preprint article, we investigated the nuclear 

localization of TLN1, and found that TLN1 is strongly associated with the chromatin and 

regulates gene expression (Da Silva et al., 2022). The molecular mechanisms mediating TLN1 

nuclear translocation are currently undefined, but HSF2 could conceivably be involved in the 

process. Likewise, it is plausible that HSF2 and TLN1 cooperate to bind specific genomic loci 

and regulate gene expression.
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Remarkably, HSF1 was not found in complex with TLN1, indicating that HSF1-HSF2 

heterotrimers do not bind to TLN1. This finding is particularly important, because it 

demonstrates that although HSF1 and HSF2 share certain domains, their protein sequences 

are largely different. Moreover, it also highlights that HSF2 hetero- and homooligomers have

distinct protein partners. Congruently, when we explored the differences in protein sequences 

between HSF1 and HSF2 in Homo sapiens, Mus musculus, Bos taurus, Sus scrofa, Gallus 

gallus and Danio rerio, we found a conserved region at the end of the HSF2 C-terminus that 

is absent from HSF1. The HSF2-specific sequence contained an LD TLN1-binding motif, 

which binds directly to two regions of the TLN1 rod domain (R4-R8 and R9-R12). Interestingly, 

this is different from other known LD-containing TLN1-binding partners, which only bind to 

individual helical bundles of TLN1 (Gough et al., 2021; Zacharchenko et al., 2016). Hence, 

this atypical binding mechanism warrants more detailed structural analysis in forthcoming 

studies. 

In this study, we identify TLN1 as the first adhesion-related HSF2-interacting partner and 

expand HSF2’s role beyond the regulation of cell adhesion genes. Interestingly, HSF1 was 

not found in complex with TLN1 demonstrating distinct partner specificity of HSF1 and HSF2. 

This finding is particularly important since it establishes a new layer of functional complexity 

for HSFs. Indeed, specific protein networks could orchestrate the activation, localization, and 

function of HSF1 and HSF2 in different biological milieus. Therefore, our findings establish a 

new direction for exploring the unique functions of HSF1 and HSF2.
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Materials and Methods

Mice

Male hybrid mice of the B6129SF2/J strain were used for co-immunoprecipitation assays. The 

pathogen-free mice were housed under controlled environmental conditions at the Animal 

Core Facility of University of Turku and were provided with food and tap water. The mice were 

handled according to the institutional animal care policies of Åbo Akademi University (Turku, 

Finland). Adult (60–80 days old) mice were sacrificed by CO2 asphyxiation and cervical 

dislocation, followed by the isolation of testes.

Cell culture 

All cells were maintained at 37°C in a humidified 5% CO2 atmosphere. Mouse teratocarcinoma 

F9 cells were cultured in suspension with DMEM (Dulbecco’s Modified Eagle’s media, D6171, 

Sigma-Aldrich) supplemented with 10% fetal calf serum, 2 mM L-glutamine, and 100 μg/ml

penicillin-streptomycin. Human prostate epithelial RWPE-1 cells were cultured in Keratinocyte 

SFM media (Gibco, 17005042) supplemented with 25 mg of bovine pituitary extract, 2.5 μg of 

human recombinant EGF, and 100 μg/ml penicillin-streptomycin. Human prostate cancer PC-

3 cells were cultured in RPMI (Roswell Park Memorial Institute, 1640, Sigma-Aldrich)

supplemented with 10% fetal calf serum, 2 mM L-glutamine, and 100 μg/ml penicillin-

streptomycin.

Preparation of cell lysates from mouse testes and cells 

Mouse testes were lysed in lysis buffer (25 mM HEPES, pH 8.0, 100 mM NaCl, 5 mM EDTA 

pH 8.0, 0.5% Triton X-100, 20 mM β-glycerophosphate, 20 mM PNPP, 100 μM Na3VO4, 0.5

mM DTT, 0.5 mM PMSF, and 1 x protease Inhibitor Cocktail [04693159001, Roche 

Diagnostics] ). First, the tissue was suspended in lysis buffer and homogenized using an ultra 

turrax T8 homogenizer (IKA Labortechnik). The resulting lysate was incubated on ice for 15 

min and centrifugated at 20,000 rcf for 15 min at 4°C. The supernatant was collected and the 

protein concentration was measured with the Bradford reagent. 

For lysis of cell lines, the corresponding cells were collected in PBS (L0615, BioWest) and 

lysed in the same lysis buffer used to lyse mouse testes for at least 30 min at 4°C with rotation. 

Subsequently, the suspension was centrifuged at 20,000 rcf for 10 min at 4°C, the supernatant 

was collected, and the protein concentration was determined by BCA assay (23225, Thermo 

Scientific).
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Co-immunoprecipitation from cell lines

Cell lysate containing 750 μg total protein was used for each pull-down, and all centrifugation 

steps were at 2,000 rcf for 2 min at 4°C unless otherwise specified. Lysates were first pre-

cleared with 30 μl protein G sepharose beads (50% slurry, GE Healthcare) by 30 min 

incubation with rotation at 4°C. After centrifugation, the supernatants were transferred to 1.5 

ml microcentrifuge tubes and antibodies were added. Following antibodies were used: 5 μl of 

anti-HSF2 58f (Östling et al., 2007), 5 μg anti-TLN1 8D4 (T3287, Sigma-Aldrich), 5 μg normal 

rabbit IgG (12-370, Millipore), 5 μg normal mouse IgG (12-371, Millipore). Samples were 

incubated with rotation over night at 4°C. Next, 30 μl of 50% protein G sepharose bead slurry 

was added, and the samples were incubated an additional 4 h (at 4°C, with rotation). Following 

centrifugation, the supernatant was aspirated, the beads washed four times using 1 ml wash 

buffer (20 mM Tris-HCl pH 7.5, 1 mM EDTA, 10% Glycerol, 150-300 mM NaCl, 0.1% Triton 

X-100), and 45 μl of 3x laemmli sample buffer was added to each sample. Input samples were 

prepared by adding laemmli sample buffer to 15 μg whole-cell lysate. All samples were boiled 

for 5 min and centrifuged for 10 min at max speed (21,800 rcf) at room temperature prior to 

gel loading.

Immunoblotting 

Equal amounts of total protein were resolved on 4–20% or 7.5% Mini-PROTEAN® TGX 

precast gels (Bio-Rad). The proteins were transferred to a nitrocellulose membrane (0.2 μm 

pore size), which was blocked in 5% milk-PBS with 0.3% Tween 20 for 1 h at room 

temperature. The primary antibodies were diluted in 0.5% BSA-PBS-0.02% NaN3. The 

following primary antibodies were used: 1:1,000 anti-HSF2 (MAB88079, Millipore), 1:1,000 

anti-HSF2 (HPA031455, Sigma-Aldrich), 1:1,000 anti-HSF1 (RT-629-P1, Neomarkers), and 

1:1,000 anti-TLN1 8D4 (T3287, Sigma-Aldrich). The nitrocellulose membranes were 

incubated with the primary antibodies overnight at 4°C. Secondary HRP-conjugated 

antibodies were purchased from Promega or GE Healthcare (anti-mouse Cat. No. W4021, 

Promega; anti-rabbit Cat. No. W4011, Promega; anti-rat Cat. No. NA935V, GE Healthcare). 

All secondary antibodies were diluted in 5% milk-PBS with 0.3% Tween 20. The nitrocellulose 

membranes were incubated with the secondary antibodies at least 1 h at room temperature, 

and then incubated with enhanced chemiluminescence reagent (28980926, GE Healthcare; 

34579, Thermo Scientific; 34094; Thermo Scientific). Images were acquired with an iBright 

imaging system (Thermo Scientific). 

Mass spectrometry
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For sample preparation, 8 mg of protein from the mouse testes lysates were used for co-

immunoprecipitation. All centrifugation steps were 2,000 rcf for 2 min at 4°C, unless specified.

Protein lysates were first pre-cleared with 100 μl protein G sepharose beads (50% slurry, GE 

Healthcare) by 30 min incubation with rotation at 4°C. After centrifugation, the supernatants 

were transferred to 1.5 ml microcentrifuge tubes and antibodies were added. The following 

antibodies were used: 50 μl of anti-HSF2 58f (Östling et al., 2007) and 150 μl normal rabbit 

IgG (SC-2027, Santa Cruz Laboratories). Samples were incubated with the corresponding 

antibody in rotation at room temperature for 30 min. Next, 130 μl of 50% protein G sepharose 

bead slurry was added, and the samples were incubated an additional 2-3 h (at 4°C, in

rotation). Following centrifugation, the supernatant was aspirated, the beads washed four

times using 1 ml wash buffer (20 mM Tris-HCl pH 7.5, 1 mM EDTA, 10% Glycerol, 150-300 

mM NaCl, 0.1% Triton X-100), and 200 μl laemmli sample buffer was added to each sample. 

Input samples were prepared by adding laemmli sample buffer to 30 μg whole-cell lysate. All 

samples were boiled for 5 min and centrifuged for 10 min at max speed (21,800 rcf) at room 

temperature prior to gel loading.

The supernatants obtained from co-immunoprecipitations were loaded into a 8% 

polyacrylamide gel. After the proteins were resolved, the gel was treated with fixation solution

(30% ethanol, 10% acetic acid) for 18 h, followed by washes with 20% ethanol and water on 

a platform shaker. The gel was exposed to 1.2 mM sodium thiosulfate pentahydrate for exactly 

1.5 min and rinsed with water for 20 s. Subsequently, 11.7 mM silver nitrate was used to stain 

the gel for 30 min on a platform shaker. After the staining step, development solution (0.217

M potassium carbonate, 6.04 x10-5 M sodium thiosulfate pentahydrate, 0.07% formaldehyde)

was added. When the bands of the gel had reached the desired intensity, the stop solution

(2.5% acetic acid, 418.8 mM sodium thiosulfate pentahydrate) was used. The developed gel 

was washed with water and stored at 4oC.

Silver-stained protein bands that were present in the HSF2 co-IP and absent from the IgG 

negative control were subjected to reduction, alkylation, and in-gel tryptic digestion as 

described previously (Imanishi et al., 2007). The digests were analyzed by nanoflow liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) using a Q Exactive mass 

spectrometer coupled to an EASY-nLC 1,000 liquid chromatograph (Thermo Scientific). 

Database search was performed against the Swiss-Prot (Mus musculus) using Mascot 2.4 

(Matrix Science) via Proteome Discoverer 1.3 (Thermo Scientific). After applying the cut-off 

criteria (peptide-spectrum matches (PSMs) >2 and a ratio of HSF2 PSMs/IgG PSMs > 3), a

total of 105 HSF2-binding partners were identified.
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Gene ontology (GO) term analysis

GO term analyses were performed with the online application ShinyGO (Ge et al., 2020). For 

analysis performed with ShinyGO v.0.76.1 the following parameters were used: species: 

mouse, false discovery rate (FDR) cut-off: 0.05, number of top pathways to show: 20, and 

pathway size min: 2 and max: 2000.

Confocal microscopy  

For confocal microscopy analyses, 8×104 PC-3 cells were plated on MatTek plates (P35GC-

1.5-14-C MatTek corporation) 48 h before imaging. Cells were fixed with 4%

paraformaldehyde for 10 min, permeabilized with 0.5% Triton X-100 and 3 mM EDTA in 1x 

PBS and washed three times with PBS. Cells were blocked with 10% FBS-PBS for at least 

1 h at room temperature, and then incubated with the corresponding primary antibody dilution 

overnight at 4oC. The following primary antibodies were diluted in 10% FBS-PBS: 1:100 anti-

TLN1 8D4 (T3287, Sigma-Aldrich), and 1:100 anti-HSF2 (HPA031455, Sigma-Aldrich). After 

primary antibody incubation the samples were washed three times in PBS and incubated with 

the corresponding secondary antibody at room temperature for 1 h. The following secondary 

antibodies were diluted 1:500 in 10% FBS-PBS and used: goat anti-rabbit Alexa Fluor 488 

(A11008, Life Technologies), and donkey anti-mouse Alexa Fluor 555 (A31570, Life 

Technologies). After secondary antibody incubation, cells were washed in PBS, incubated with 

300 nM DAPI diluted in PBS for 5 min, washed again with PBS, and covered with 

VECTASHIELD (H-1000, Vector Laboratories) mounting medium. Images were captured with 

a 3i CSU-W1 spinning disc confocal microscope (Intelligent Imaging Innovations).

Proximity ligation assay (DUOLINK)

Proximity ligation assay (PLA) by DUOLINK was performed according to the manufacturer’s 

recommendation with a few modifications. In brief, PC-3 cells seeded on cover slips were fixed 

with 3% PFA for 20 min at room temperature followed by blocking and permeabilization with 

0.3% Triton X-100, 10% FBS in PBS for 15 min. The coverslips were washed with PBS and 

incubated overnight at 4 with 5 ug/ml of the primary antibodies anti-TLN1 8D4 (T3287, 

Sigma-Aldrich), anti-HSF2 (HPA031455, Sigma-Aldrich), anti-GFP mouse (ab1218, Abcam),

and anti-GFP rabbit (A-11122, Thermo Scientific), diluted in 10% FBS in PBS. The probes 

(DUO92002, DUO92004, Sigma-Aldrich), ligation, and amplification (DUO92008, Sigma-

Aldrich) reactions were performed according to the manufacturer’s recommendations. During 

the amplification step, 1:500 Alexa Fluor™ 647 Phalloidin (A22287, Thermo Scientific) was 

also added. The samples were mounted in Mowiol with DABCO and kept in darkness until 

imaging with a Zeiss LSM510 confocal microscope with a 40x objective and a slice distance 
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of 0.7 μm. At least three stacked images were taken per field and over 100 cells were analyzed 

per PLA reaction pair.

The PLA confocal images were pre-processed, segmented, and analyzed using the 

CellProfiler software (Carpenter et al., 2006) to count the amount of PLA signals per cell. In 

brief, maximum intensity projections of the PLA confocal images were pre-processed by 

removing background noise and segmented using OTSU thresholding. The segmented PLA 

signals were analyzed by a Mann-Whitney t-test using GraphPad Prism 7. The data are 

presented as mean values of over 100 cells analyzed from across multiple experiments + 

SEM. ****p < 0.0001.

Fluorescence polarization assay

Fluorescence Polarization was carried out on an HSF2 peptide (C-ELAPAPLDSDMPLLDS)

with an N-terminal cysteine. Peptide stock solution was composed of PBS, 100 mg/ml TCEP 

and 0.05% Triton X-100. The Thiol reactive BIODIPY TMR dye (Invitrogen) was coupled to 

the terminal cysteine in the HSF2 peptide. Gel filtration with a PD-10 column (GE Healthcare)

was used to remove uncoupled dye. The labeled peptide was concentrated to a final 

concentration of 1 mM using a centricon with 3K molecular weight cut off (Millipore). The 

Fluorescence Polarization assay was performed on a black 96 well plate (Nunc). Titrations 

were performed in triplicate using a fixed 0.5 mM concentration of peptide and an increasing 

concentration of talin R4-R8, R9-R12, and R13-DD protein within a final volume of 100 ml of 

PBS. Fluorescence Polarization measurements were aquired on a BMGLabTech CLARIOstar 

plate reader at room temperature and analyzed using GraphPad Prism 6.07. Kd values were 

calculated with a nonlinear curve fitting using a one site total and non-specific binding model.
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Figure 1. Identification of the HSF2 interactome in mouse testes. (A) A schematic figure 
of the workflow. Mouse testes were isolated and lysed. The endogenous HSF2 protein was 
immunoprecipitated with an antibody specific for HSF2 and IgG was used as negative 
control. The proteins that co-precipitated with HSF2 were separated and isolated by SDS-
PAGE. HSF2-binding partners were identified by liquid chromatography tandem-mass 
spectrometry (LC-MS/MS). (B) Immunoblot of co-immunoprecipitation (co-IP) of HSF2 and a 
negative control IgG in mouse testes. The efficacy of the immunoprecipitation was evaluated 
by immunoblotting with antibodies specific for HSF2 and HSF1. The immunoblot is a 
representative figure of three biological replicates.  (C) Venn diagram showing shared and 
distinct proteins identified by LC-MS/MS in the HSF2 co-IP sample and the IgG negative 
control. After applying our cut-off criteria (peptide-spectrum matches (PSMs) > 2 and a ratio 
of HSF2 PSMs/IgG PSMs > 3) a total of 105 proteins were identified. (D) Gene ontology 
(GO) terms associated with the 105 HSF2-binding partners that met our cut-off criteria were 
analyzed with ShinyGO (Ge et al., 2020). The molecular function GO terms were ranked 
according to their false discovery rate (FDR) and the redundant terms were withdrawn. Top 
5 GO term categories are shown (E) HSF2-binding partners within the top three categories 
shown in D.
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Figure 2. The HSF2 and TLN1 interaction is conserved from mouse to human. (A) co-IP 
of HSF2 and a negative control IgG in the mouse cell line F9. HSF2, TLN1 and HSF1 were 
examined by immunoblotting in the co-IP samples. The immunoblot is a representative figure 
of three biological replicates. (B) co-IP of HSF2, TLN1 and a negative control IgG in human 
RWPE-1 and PC-3 cells. TLN1, HSF2 and HSF1 were examined by immunoblotting in the 
co-IP samples. All images are representatives of three biological replicates. (C) Confocal 
microscopy images of immunofluorescent staining of PC-3 cells showing nuclei (DAPI, blue), 
TLN1 (green), HSF2 (magenta), and a merged image of the three channels. Images are 
shown as maximum intensity projections and they are representative of three biological 
replicates. Scale bar 20 μm. (D) Proximity ligation assay (PLA) with antibodies specific for 
HSF2 and TLN1 in PC-3 cells. As negative controls, antibodies against a non-specific target 
(GFP) were used. Phalloidin staining (magenta) was used to visualize the borders of the 
cells, which were marked with white lines in the merge image. The PLA signals appear as 
white dots indicating close proximity (≤40 nm) of the antibodies. Images are shown as 
maximum intensity projections and they are representative of over 100 cells analyzed per 
staining. Scale bar 20 μm. (E) Orthogonal projection of PLA images, the PLA signal appears 
as white dots and nuclei was stained with DAPI (F) Quantification of the PLA signals in the 
whole cell and nucleus. A Mann-Whitney t-test was performed using GraphPad Prism 7. The 
data are presented as mean values of over 100 cells analyzed from across multiple 
experiments + SEM. ****p < 0.0001.
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Figure 3. The C-terminus of HSF2 binds directly to TLN1. (A) Schematic figure of HSF1
and HSF2 domains, modified from (Roos-Mattjus & Sistonen, 2022). HSF1 and HSF2 share 
a highly conserved (70% identity) DNA binding domain (DBD), while the rest of their protein 
sequences exhibits approximately 35% identity. Both HSFs contain an oligomerization
domain composed of hydrophobic-leucine-zipper-like heptad repeats (HR-A/B), and C-
terminal heptad repeat domain (HR-C), regulatory domains (RD), and transactivation 
domains (AD). (B) Sequence alignment of HSF2 and HSF1 amino acid sequences in Homo 
sapiens, Mus musculus, Bos taurus, Sus scrofa, Gallus gallus, and Danio reiro. HSF2-
specific amino acid sequences are depicted in red (C) Multiple sequence alignment of the 
LD TLN1-binding motif in known TLN1-binding partners (DLC1, RIAM, PAX-LD2, KANK1, 
KANK2) and HSF2. The key amino acids of the LD motif are aligned across the different 
proteins in green. Hydrophobic residues are depicted in purple whereas polar hydrophilic 
residues are in red. (D) Schematic figure of TLN1 domains, modified from (Gough & Goult, 
2018). TLN1 is composed of 18 domains including an N-terminal head domain with four 
subdomains (F0-F3), a flexible linker, and a C-terminal rod domain composed of 13 alpha 
helical bundles (R1-R13) and a dimerization domain (DD). (E) In vitro fluorescent 
polarization assay between a short peptide of HSF2 containing amino acids 519-535 and 
three regions of TLN1 (R4-R8, R9-R12, R13-DD). The LD motif of KANK1 was used as 
positive control (R1-R3, R4-R8, R9-R12, R13-DD).
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Abstract

Talin 1 (TLN1) is best known for its role at focal adhesions, where it activates β-integrin 

receptors and transmits mechanical stimuli to the actin cytoskeleton. Interestingly, the 

localization of TLN1 is not restricted to the focal adhesions, but its function in other cellular 

compartments remains poorly understood. By utilizing both biochemical and confocal 

microscopy analyses, we show that TLN1 localizes to the nucleus and that it strongly interacts

with the chromatin. Importantly, depletion of endogenous TLN1 results in extensive changes 

in the gene expression profile of human breast epithelial cells. To determine the impact of

nuclear TLN1 on gene regulation, we expressed a TLN1 fusion protein containing a nuclear 

localization signal. Our results revealed that nuclear TLN1 regulates a specific subset of the 

TLN1-dependent genes. Taken together, we show that apart from localizing at the plasma 

membrane and cytoplasm, TLN1 also resides in the nucleus where it functions in the 

regulation of gene expression.

Key words: 

Chromatin / gene expression / nucleus / talin 1 / TLN1
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Introduction

Accumulating evidence indicates active communication between the cell cortex and the 

nucleus by nuclear translocation of proteins (Zheng & Jiang, 2022). Many of these proteins 

are associated with transmembrane adhesion receptors, which connect the extracellular 

matrix (ECM) and surface proteins of neighboring cells to the cytoskeleton (Hintermann & 

Christen, 2019; Zheng & Jiang, 2022). These cell-ECM and cell-cell junctions provide cells 

with structural and mechanical stability, and both types of junctions act as signaling platforms 

that collect information from the extracellular space. Therefore, identifying proteins that 

mediate the communication between the cell cortex and the nucleus is fundamental to 

understand how cells respond to their surroundings. In a recent preprint article Byron and 

collaborators performed proteomic analyses and found that a considerable number of 

adhesion complex-associated proteins also reside in the nucleus (preprint: Byron et al, 2021).

However, the functions of most adhesion-associated proteins inside the nucleus remain poorly 

understood.

Talin 1 (TLN1) is a 270 kDa adaptor protein that is best known for its role in focal adhesion 

(FA) assembly (Gough & Goult, 2018). FAs are structures characterized by proteins that 

crosslink actin filaments to the integrin transmembrane receptors (Case & Waterman, 2015).

To achieve its function at the FAs, TLN1 has a particular domain structure that is composed 

of an N-terminal FERM (4.1 protein, ezrin, radixin, moesin) domain, known as the head 

domain, which is coupled to a flexible rod domain comprised of 13 helical bundles (Goult et 

al, 2013b). The head domain interacts with the cytoplasmic tails of β-integrin subunits, 

whereas the rod domain binds to actin filaments and acts as a mechanosensitive signaling 

hub (Goult et al, 2021) (Fig 1A, left panel). Dysregulation of TLN1 is associated with different 

diseases, such as cancer, cardiovascular malfunction, and hematologic disorders, which 

makes TLN1 a relevant protein in the context of therapeutics and diagnostics (Azizi et al, 2021; 

Li et al, 2021; Haining et al, 2016). Interestingly, TLN1 is not confined to the FA complexes 

indicating that this protein has other roles apart from the FA assembly. For example, TLN1 is 

localized at invadopodia, which are actin-rich protrusions that mediate cancer cell invasion 

and metastasis, where it acts as a scaffold to recruit the sodium/hydrogen exchanger 1 protein 

(Beaty et al, 2014). Moreover, TLN1 can also reside in the cytoplasm where it adopts a 

conformation that is unable to mediate the connection between integrins and the actin 

cytoskeleton, and therefore might have a role in other signaling pathways (Haage et al, 2018; 

Goult et al, 2013a). Consequently, characterizing the subcellular localization and function of 

TLN1 is fundamental for understanding its role in physiological processes and pathological 

states.
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In this study, we investigated the subcellular localization of TLN1. Biochemical and confocal 

microscopy analyses showed, to our surprise, that TLN1 can also localize to the nuclei of 

human epithelial cells, where it strongly interacts with the chromatin. Moreover, depletion of 

TLN1 resulted in extensive changes in the gene expression profile of breast epithelial cells, 

causing upregulation and downregulation of approximately 300 and 400 genes, respectively.

To determine the importance of nuclear TLN1 in gene regulation, we generated a fusion 

protein composed of the full-length human TLN1 coupled to GFP and a nuclear localization 

signal (NLS). By ectopically expressing the TLN1-NLS fusion protein, we demonstrate that 

enriching TLN1 in the nucleus impacts the expression of a specific subset of genes. Taken 

together, this study identifies TLN1 as a nuclear protein that regulates gene expression.
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Results

TLN1 is localized in the nucleus where it strongly interacts with the chromatin

To initiate the study on the subcellular localization of talin 1 (TLN1), we examined the gene 

ontology (GO) terms associated with 1304 TLN1-interacting proteins, that were identified in a 

recently published mass spectrometry screen (Gough et al, 2021) (Fig 1A, right panel). Gough 

and collaborators determined the probability of bona fide protein-protein interactions by 

calculating the Significance Analysis of INTeractome (SAINT) score, and a total of 72 TLN1-

interacting partners, which had a SAINT score ≥ 0.7, were chosen for our GO term analysis. 

Interestingly, the analysis revealed that a majority, i.e. 37, of these 72 proteins are nuclear, 

and 32 proteins are involved in nucleic acid binding (Fig 1B) (Table1). This unexpected result

prompted us to investigate whether TLN1 is localized in the nucleus of transformed (HS578T,

MDA-MB-231) and non-transformed (MCF10A) human breast epithelial cells, as well as 

transformed human prostate epithelial cells (PC3). To achieve fractions of high purity, we 

utilized a protocol based on stepwise cell lysis where the cytoplasm is separated from the 

intact nucleus, which in turn is lysed separately to extract proteins located either in the 

nucleoplasm or in the chromatin. To assess the purity of the subcellular fractions, we

monitored the localization of proteins that are known to reside in the following compartments:

plasma membrane (β1 integrin), cytoplasm (α tubulin), nucleus (lamin A/C), and chromatin 

(histone H4) (Herrmann et al, 2017; Abdrabou et al, 2020; Alanko et al, 2015). The results 

showed that the control proteins were clearly enriched in their corresponding fractions, 

demonstrating the efficacy of the subcellular fractionation protocol (Fig 1C). In accordance 

with the mass spectrometry data analysis, we found that TLN1 co-purifies with the nuclear and 

chromatin-associated fractions of all the cell lines tested.

Next, we evaluated the strength of the TLN1-chromatin interaction by differential salt 

fractionations. The pellet, which remained after collecting the nuclear fraction, was incubated 

with increasing concentrations of NaCl (0.3, 0.45, 0.6, 0.8, and 1.2 M) to release proteins 

bound to the chromatin. Proteins weakly bound to chromatin (e.g. transcription factors) are 

soluble in low concentrations of NaCl, while proteins tightly bound to chromatin (e.g. histones)

are only displaced at high concentrations of NaCl (Herrmann et al, 2017). In MCF10A and 

MDA-MB-231 cells, TLN1 co-eluted with histone H4 at the highest concentrations of the NaCl, 

whereas in HS578T cells, TLN1 co-eluted with lamin A/C throughout the NaCl gradient (Fig

1D) indicating a weaker interaction with the chromatin. These data indicate that the strength 

of the TLN1-chromatin interaction varies among cell lines, which may be due to differences in 

the identity of TLN1-interacting partners in these cells. Taken together, our results clearly
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demonstrate that TLN1 is localized in the nucleus, where it strongly interacts with the 

chromatin.

TLN1 concentrates in specific areas within the nucleus

To investigate the nuclear distribution of TLN1, we performed indirect immunofluorescence 

staining of TLN1 in HS578T and MDA-MB-231 cells. For this purpose, we used three different 

antibodies against distinct epitopes of TLN1, one antibody recognizing the head domain and 

two antibodies recognizing the rod domain, to be able to validate the specificity of the TLN1 

fluorescent signal (Fig 2A). The expected localization of TLN1 in the FAs was observed at the 

bottom plane of the cells, while visualizing the middle plane of the cells displayed nuclear 

TLN1 signal irrespective of the antibody and the cell line used (Fig 2B-E). Interestingly, a 

strong nuclear foci pattern was detected in a subset of cells. These foci co-localized with the 

dark areas of the DAPI staining, which typically correspond to the presence of nucleoli (Di 

Tomaso et al, 2013). Therefore, we co-stained HS578T and MDA-MB-231 cells with an 

antibody specific for nucleolin (NCL), a well-known nucleolar protein (Jia et al, 2017). As

anticipated, the immunofluorescent signals corresponding to TLN1 and NCL clearly co-

localized, indicating that TLN1 is present in the nucleoli of these cells (Fig 2E). The nucleolar 

localization of TLN1 is also supported by our mass spectrometry data analysis, which showed 

14 nucleolar-associated TLN1-interacting partners with a high confidence score (≥ 0.7 SAINT 

score) (Fig 1B, left panel) (Table 1).

Nuclear TLN1 regulates gene expression  

The nuclear localization of TLN1 and its strong interaction with the chromatin prompted us to 

investigate whether TLN1 affects gene expression. We depleted TLN1 in HS578T cells by

transfecting them with a combination of two small interfering RNAs (siRNAs) specific for TLN1 

(siTLN1) and used scramble siRNAs as a control (Scr). The efficacy of the TLN1 

downregulation was assessed by immunoblot analysis (Fig 3A-B). Since a prominent

reduction in the TLN1 protein levels was detected, we proceeded with analyzing the global 

gene expression profiles with RNA-seq. Differentially expressed (DE) genes between the Scr 

and siTLN1 transfected cells were determined with the Bioconductor R package edgeR 

(Robinson et al, 2009), using a log2 fold change of at least ± 0.5 and a false discovery rate 

(FDR) < 0.05 from two biological replicates. Depletion of TLN1 caused extensive changes in 

the gene expression profile of HS578T cells, resulting in the upregulation of 318 genes and 

the downregulation of 419 genes (Fig 3C) (Table 2). Notably, TLN1 was the most significantly 

downregulated gene in our RNA-seq screen, thereby confirming the efficacy of the silencing

method (Fig 3C, right panel). Normalized gene expression data was used to generate 

heatmaps from the top 25 upregulated and 25 downregulated DE genes (Fig 3D). Based on 
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the well-known function of TLN1 as a mechanosensitive adaptor protein in FAs, it is plausible 

that its depletion affected the expression of genes related to cell adhesion. Accordingly, we 

found several TLN1-dependent genes that are involved in cell adhesion (Fig 3E). Since we 

found that TLN1 is also present in the nucleus, we searched for genes related to nuclear 

functions. Among the DE genes, we identified those encoding nuclear structural proteins 

(NEMP1, H2BC4), chromatin remodelers (BCL7B, MORF4L1), and transcription factors 

(NFATC2) (Fig 3F).

These results are, to the best of our knowledge, the first report of a TLN1-dependent gene 

expression profile. Due to the key role of TLN1 in the FA complexes, it is possible that part of 

the changes in gene expression upon TLN1 depletion are caused by the disruption of cell-

ECM junctions. For instance, it has been shown that the focal adhesion kinase (FAK), a well-

established marker of integrin activation, translocates from the cell cortex to the nucleus, 

where it binds to the chromatin and regulates gene expression (Griffith et al, 2021). In addition,

the integrity of the FA sites is critical for transforming mechanical stimuli into biochemical 

signals that eventually affect the expression of different genes (Janota et al, 2020). Therefore, 

it is crucial to distinguish the impact of nuclear TLN1 from the impact of cytoplasmic TLN1 on 

gene expression.

For interrogating the role of nuclear TLN1 in the regulation of gene expression, we enriched

the amount of nuclear TLN1 and determined the mRNA levels of five TLN1-dependent genes:

SEMA7A, NFATC2, ACTG1, BCL7B, and SEC23A (Figs 3D and 4B). To specifically increase

the level of TLN1 in the nucleus, we constructed a fusion protein consisting of the full-length 

human TLN1 coupled with GFP and a nuclear localization signal (TLN1-NLS). HS578T cells

were transfected with the TLN1-NLS construct, and GFP was used as the corresponding mock 

control. Analysis with confocal microscopy confirmed that the TLN1-NLS fusion protein was 

confined inside the nucleus, whereas the GFP control was dispersed in the whole cell (Fig 

4A). Next, the mRNA levels of the five TLN1-dependent genes were examined in the mock

and TLN1-NLS transfected cells with qRT-PCR (Fig 4B). In line with our RNA-seq data, 

enriching TLN1 in the nucleus shifted the expression of SEMA7A, NFATC2 and ACTG1 in an 

opposite pattern to that observed upon TLN1 depletion (Figs 3D and 4B). In contrast, the 

expression of BCL7B and SEC23A remained unchanged irrespective of the amount of nuclear 

TLN1, showing that not all TLN1-dependent genes are responsive to nuclear TLN1 (Fig 4B). 

Taken together, these results demonstrate that nuclear TLN1 regulates the expression of a

specific subset of genes.
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Discussion

The function of TLN1 as a mechanosensitive adaptor protein in integrin adhesion complexes

is extensively characterized and continues to be the major focus in the field of TLN1 research. 

Nevertheless, roles of TLN1 in other cellular compartments have remained enigmatic, which 

prompted us to investigate the subcellular localization of TLN1. To our surprise, both

biochemical and confocal microscopy analyses showed that TLN1 also resides in the nucleus 

and strongly interacts with the chromatin. RNA-seq analysis revealed that depletion of TLN1 

results in extensive changes in the gene expression profile of human breast epithelial cells,

which to the best of our knowledge is the first report of gene regulation in a TLN1-dependent 

manner. Finally, by enriching TLN1 in the nucleus, we demonstrate that TLN1 impacts the 

expression of a specific subset of the TLN1-dependent genes (Fig 4C).

Active communication between the cell cortex and the nucleus is important to ensure a 

coordinated transcriptional response upon extracellular stimuli (Zheng & Jiang, 2022). Among 

the proteins that participate in the FAs, zyxin, paxillin and FAK have been shown to translocate

to the nucleus and regulate gene expression (Wang & Gilmore, 2003; Lim et al, 2008).

Interestingly, studies centered on FAK have led to the hypothesis that FERM domain-

containing proteins act as information mediators between the plasma membrane and the 

nucleus (Frame et al, 2010). Our results support this idea and suggest that TLN1 translocate 

from the cortex to the nucleus to regulate gene expression in response to extracellular stimuli.

However, further studies are required to determine the mechanisms mediating TLN1 nuclear 

translocation. 

In the light of our results, it is interesting to address a question how nuclear TLN1 is able to

regulate gene expression. Previous studies have shown that nuclear FAK controls chromatin 

accessibility to allow the binding of transcription factors to specific genomic loci (Griffith et al,

2021). In addition, nuclear actin and nuclear myosin-1C, which were initially thought to be

strictly cytoplasmic proteins, alter chromatin landscape and also cooperate to maintain active

RNA polymerase II at gene promoters (Klages-Mundt et al, 2018; Almuzzaini et al, 2015). Our 

results demonstrate that TLN1 strongly interacts with the chromatin of human epithelial cells,

suggesting that it could function in a similar manner as nuclear actin, nuclear myosin-1C

and/or nuclear FAK. The finding that TLN1 is present in the nucleolus also offers an entry point 

to exploit the mechanisms by which TLN1 contributes to gene regulation. To this end, it is 

tempting to speculate that TLN1 plays a role in rRNA maturation, since proteins that are 

required for the synthesis (e.g. POLR2E, POLR2H, and POLR1C) and maturation (e.g. NIP7 

and NOP16) of the polycistronic rRNA precursors were found among the previously identified

TLN1-interacting proteins (Tafforeau et al, 2013; Goodfellow & Zomerdijk, 2013) (Table 1).
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Due to the mechanosensitive role of TLN1 in FA complexes, it is important to consider whether 

nuclear TLN1 might also respond to mechanical stimuli. Over the last years, it has been 

recognized that the nucleus reacts to mechanical forces from the extracellular space and the 

cytoskeleton (Janota et al, 2020). Among the best characterized mechanisms of nuclear 

mechanosensitivity is the protein machinery known as linker of nucleoskeleton and 

cytoskeleton (LINC) complex (Jahed & Mofrad, 2019). The LINC complex connects the 

nuclear envelope with the contractile cytoskeleton, and this physical connection mediates the 

transmission of force to proteins in the inner periphery of the nuclear envelope including 

nuclear lamins (Miroshnikova et al, 2019; Khilan et al, 2021). Curiously, the rod domain of 

TLN1 is composed of 13 α-helical bundles that function as mechanosensitive switches, which 

change their conformation to expose binding sites for different interacting partners (Goult et 

al, 2021). Thus, one can hypothesize that TLN1 acts as a nuclear mechanosensitive signaling 

hub. In support of this view, our mass spectrometry data analysis revealed that TLN1 interacts 

with nine proteins associated with the nuclear envelope, of which emerin mediates changes 

in nuclear stiffness upon stimulation of the LINC complex (Janota et al, 2020). Taken together,

we report an unprecedented property of TLN1 by showing that in addition to its association to

the plasma membrane and cytoplasm, TLN1 also resides in the nucleus where it interacts with 

the chromatin and regulates gene expression. These results provide a paradigm shift in the 

field of TLN1 research, thereby expanding the canonical view of TLN1 subcellular localization 

and function.
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Materials and methods 

Cell culture  

All cells were maintained at 37°C in a humidified 5% CO2 atmosphere. MCF10A cells were 

cultured in DMEM/F12 (Dulbecco’s Modified Eagle’s media, 11330-032, Gibco) medium 

supplemented with 10 μg/ml cholera toxin, 4% horse serum, 10 μg/ml insulin, 10 μg/ml EGF, 

0.5 mg/ml hydrocortisone, and 100 μg/ml penicillin-streptomycin. HS578T cells were cultured 

in DMEM (Dulbecco’s Modified Eagle’s media, D6171, Sigma-Aldrich) supplemented with 

10% fetal calf serum, 2 mM L-glutamine, 100 μg/ml penicillin-streptomycin, and 10 μg/ml 

insulin. MDA-MB-231 cells were cultured in DMEM (Dulbecco’s Modified Eagle’s media, 

D6171, Sigma-Aldrich) supplemented with 10% fetal calf serum, 2 mM L-glutamine, and 

100 μg/ml penicillin-streptomycin. PC3 cells were cultured in RPMI (Roswell Park Memorial 

Institute, 1640, Sigma) supplemented with 10% fetal calf serum, 2 mM L-glutamine, and 

100 μg/ml penicillin-streptomycin. 

Transfections and gene silencing  

All transfections were performed using the NEON Transfection System (MPK5000, Thermo 

Fisher Scientific) according to the manufacturer’s instructions. Briefly, 2.2×106 HS578T cells 

were suspended in 100 μl of resuspension buffer, mixed with either 13 μg of DNA or 1.6 μM 

of RNA, and electroporated using 3×20ms 1050V pulses. To silence TLN1 an equal mixture 

(1:1) of two siRNAs was used, the siRNAs were purchased from Dharmacon: Cat. No. J-

012949-06-0010 and Cat. No. J-012949-07-0010. As a control the ON-TARGETplus Non-

targeting control pool from Dharmacon was used (Cat. No. D-001810-10-20). All RNAs were 

used with a final concentration of 1.6 μM.  

Plasmid construction 

The TLN1-NLS plasmid was generated by cloning full-length human TLN1 from PC3 cells. 

Total RNA was isolated with RNeasy mini kit (74106, QIAGEN) and the complementary DNA 

was synthetized using random hexamer primers (SO142, Thermo Fisher Scientific).  The full-

length TLN1 was inserted into a pEGFP-N2 vector using the In-Fusion HD cloning kit (Takara 

Bio USA). Silent mutations on TLN1 were generated with the QuikChange site-directed 

mutagenesis kit (Agilent Technologies) to make our construct resistant against the previously 

described siRNA specific for TLN1 (Cat. No. J-012949-06-0010 and Cat. No. J-012949-07-

0010, Dharmacon). Finally, a gene strand containing a Strep-tag II and the NLS of c-myc 

(Dang & Lee, 1988) was purchased from Eurofins Genomics and inserted in the C-termini of 

GFP with the In-Fusion HD cloning kit (Takara Bio USA). All primers used for the plasmid 

construction are listed in Table 3. 
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Gene Ontology (GO) term analysis

GO term analyses were performed with the online applications ShinyGO (Ge et al, 2020). For 

analysis performed with ShinyGO v.0.66 the following parameters were used: species: human, 

p-value cutoff: 0.05, and number of top pathways to show: 30.

Immunoblotting 

Cells were washed and collected in PBS (L0615, BioWest). After collection, the cells were 

lysed in lysis buffer (10% glycerol, 1 mM EDTA, pH 7.4, 150 mM NaCl, 2 mM MgCl2, 1% Triton 

X-100, 50 mM HEPES pH 7.4, 1 x Protease Inhibitor Cocktail [04693159001, Roche 

Diagnostics], 50 mM NaF, 0.2 mM Na3VO4). The protein concentration was determined by 

BCA assay (23225, Thermo Fischer Scientific). Equal amounts of total protein were resolved 

on 4–20% Mini-PROTEAN® TGX precast gels (Bio-Rad). The proteins were transferred to a 

nitrocellulose membrane, which was blocked in 5% milk-PBS with 0.3% Tween 20 for 1 h at 

room temperature. The primary antibodies were diluted in 0.5% BSA-PBS-0.02% NaN3. The 

following primary antibodies were used: anti-α tubulin (AB 1157911, Developmental Studies 

Hybridoma Bank), anti-β1 integrin (610468, BD Biosciences), anti-histone H4 (05-858, 

Millipore), anti-HSC70 (ADI-SPA-815, Enzo Life Sciences), anti-lamin A/C (ab26300, Abcam), 

anti-TLN1 205 (ab78291, Abcam), and anti-TLN1 8D4 (T3287, Sigma Aldrich). The 

nitrocellulose membranes were incubated with the primary antibodies overnight at 4°C.

Secondary HRP-conjugated antibodies were purchased from Promega or GE Healthcare

(anti-mouse Cat. No. W4021, Promega; anti-rabbit Cat. No. W4011, Promega; anti-rat Cat. 

No. NA935V, GE Healthcare). All secondary antibodies were diluted in 5% milk-PBS with 0.3% 

Tween 20. The nitrocellulose membranes were incubated with the secondary antibodies at 

least 1 h at room temperature, and then incubated with enhanced chemiluminescence reagent 

(28980926, GE Healthcare; 34579, Thermo Fisher; 34094; Thermo Fisher). Images were 

acquired with an iBright imaging system (Thermo Fisher). Unless indicated, all immunoblotting 

experiments were performed three times.

Confocal microscopy 

For confocal microscopy analyses, 8×104 HS578T or MDA-MB-231 cells were plated on 

MatTek plates (P35GC-1.5-14-C MatTek corporation) 48 h before imagining. Cells were fixed 

with 4% paraformaldehyde for 10 min, permeabilized with 0.5% Triton X-100 and 3 mM EDTA

in 1x PBS and washed three times with PBS. The cells were blocked with 10% FBS-PBS for 

at least 1 h at room temperature, and then incubated with the corresponding primary antibody 

dilution overnight at 4oC. The following primary antibodies were diluted in 10% FBS-PBS: 

1:220 anti-lamin A/C (ab26300, Abcam), 1:100 anti-nucleolin ZN004 (39-6400, Thermo 

Fischer Scientific), 1:100 anti-TLN1 205 (ab78291, Abcam), 1:100 anti-TLN1 8D4 (T3287, 
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Sigma Aldrich), and 1:100 anti-TLN1 (HPA004748, Sigma Aldrich). After primary antibody 

incubation the samples were washed three times in PBS and incubated with the corresponding 

secondary antibody at room temperature for 1 h. The following secondary antibodies were 

diluted 1:500 in 10% FBS-PBS and used: goat anti-rabbit Alexa Fluor 488 (A11008, Life 

Technologies), donkey anti-mouse Alexa Fluor 555 (A31570, Life Technologies), goat anti-

rabbit Alexa Fluor 546 (A11010, Life Technologies), and goat anti-mouse Alexa Fluor 488 

(A11001, Life Technologies). After secondary antibody incubation, the cells were washed in 

PBS, incubated with 300 nM DAPI diluted in PBS for 5 min, washed again with PBS, and 

covered with VECTASHIELD (H-1000, Vector Laboratories) mounting medium. Images were

captured with a 3i CSU-W1 spinning disc confocal microscope (Intelligent Imaging 

Innovations).

Subcellular fractionations

Cells (MCF10A, MDA-MB-231, HS578T, and PC3) were treated with trypsin, collected in 

culture media, washed with PBS and counted. The 13% of the cell suspension was set apart 

for preparation of the whole cell lysate using lysis buffer (10% glycerol, 1 mM EDTA, pH 7.4, 

150 mM NaCl, 2 mM MgCl2, 1% Triton X-100, 50 mM HEPES pH 7.4, 1 × Protease Inhibitor

Cocktail [04693159001, Roche Diagnostics], 50 mM NaF, 0.2 mM Na3VO4). The remaining 

(87%) cell suspension was used for subcellular fractionation. Cytoplasmic, nuclear, and 

chromatin fractions were prepared using NE-PER Nuclear and Cytoplasmic Extraction 

Reagents (78833, Thermo Fisher Scientific) according to manufacturer’s instructions. Briefly, 

the wet volume of the cell pellet was estimated by considering that 2×106 is equal to 20 μl of 

wet volume. The cell pellet was suspended in cytoplasmic extraction reagent I, vortexed 15 s, 

and incubated on ice (see Table 4 for incubation and vortex times per cell line). After 

incubation, the cytoplasmic extraction reagent II was added. The suspension was incubated 

on ice and centrifuged (20,000×g, 5 min). The supernatant was collected (cytoplasmic 

fraction), and the pellet was washed three times with cold PBS. After the washes, the pellet 

was resuspended in 100 μl of nuclear extraction reagent, incubated on ice and centrifuged 

(20,000×g, 10 min). The supernatant (nuclear fraction) was collected, and the pellet was 

washed three times with cold PBS. Following the washes with PBS, the pellet was 

resuspended in nuclear extraction reagent, supplemented with 1×103 micrococcal nucleases 

(M02475, New England Biolabs), 5 mM CaCl, and 1 × Protease Inhibitor Cocktail

(04693159001, Roche Diagnostics), and incubated at 37°C for 5 min. After incubation the 

suspension was centrifuged (20,000×g, 10 min) and the supernatant was stored as the 

chromatin fraction. The protein concentrations of the fractions were determined by BCA assay 

(23225, Thermo Fischer Scientific).
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Differential salt fractionation

Once the nuclear fraction was collected, the pellet was incubated for 30 min at room 

temperature with the corresponding dilution of NaCl. NaCl was diluted in water and the 

following concentrations were used: 0.3, 0.45, 0.6, 0.8, and 1.2 M. After incubation in the first 

fraction of the NaCl gradient, the suspension was centrifuged (20,000×g, 10 min), the 

supernatant was collected, and the pellet was incubated in the second fraction. This procedure 

was repeated consecutively until the pellet was exposed to all the concentrations of NaCl.

RNA-sequencing

HS578T cells were transfected with either Scr or a combination of two siRNAs specific for 

TLN1 (Cat. No. J-012949-06-0010 and Cat. No. J-012949-07-0010, Dharmacon). After 48 h

the cells were collected, and total RNA was purified with AllPrep DNA/RNA/miRNA Universal 

Kit (80224, QIAGEN) according to manufacturer’s instructions. The RNA library was prepared 

according to Illumina stranded RNA preparation guide (1000000124518). Briefly, poly-A

containing RNA molecules were purified with poly-T oligo magnetic beads and fragmented 

with divalent cations under elevated temperatures. For first-strand cDNA synthesis, RNA 

fragments were copied using reverse transcriptase and random primers. In a second-strand 

cDNA synthesis, dUTP replaces dTTP to achieve strand specificity. Unique dual indexing 

adapters were ligated to each sample. The quality and concentration of cDNA samples were 

analyzed with Advanced Analytical Fragment Analyzer and Bioanalyzer 2100 (Agilent, Santa 

Clara, CA, USA) and Qubit Fluorometric Quantitation (Life Technologies). Samples were 

sequenced with NovaSeq 6000 S1 v1.5. All the experimental steps after the RNA extraction 

were conducted in the Finnish Microarray and Sequencing Center, Turku, Finland. RNA-

sequencing was performed from two independent sample series.

FastQC v0.11.9 was used to confirm the quality of the raw reads. The paired-end reads were 

aligned to the human genome (primary assembly GRCh38, GENCODE) with STAR version 

2.7.9a (Dobin et al, 2013), using the default settings. The number of read pairs mapped to 

each genomic feature in release 33 of the GENCODE annotation was determined by 

featureCounts from subread v2.0.1 (Liao et al, 2014). Only read pairs where both ends aligned 

were counted. Differential gene expression analysis was performed using the Bioconductor R 

package edgeR v3.34.1. Weakly expressed genes were filtered using filterByExpr defaults, 

and samples were normalized using the trimmed mean of M-values (TMM) method. The 

threshold for differentially expressed genes was set to log2 fold change of at least ± 0.5 and a 

false discovery rate (FDR) < 0.05 from two biological replicates. The gene expression data 

was visualized as an MA-plot, produced by the Bioconductor R package Glimma v2.2.0 (Su 

et al, 2017). Z score transformed log2CPM values were used by the CRAN R package 
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pheatmap v1.0.12 to perform K-Means clustering of the differentially expressed genes and to 

produce the heat map.

Quantitative RT-PCR (qRT-PCR)

RNA was isolated using a RNeasy mini kit (74106, QIAGEN) according to the manufacturer’s 

instructions. For each sample, 1 μg of RNA was reverse transcribed with an iScript cDNA 

Synthesis Kit (#1708891, Bio-Rad). The SensiFAST SYBR® Hi-ROX kit (Bioline) was used 

for qRT-PCR that was performed with the QuantStudio 3 Real-Time PCR system (Applied 

Biosystems, Thermo Fisher Scientific). The mRNA expression levels were normalized against 

the respective GAPDH expression in each sample. All reactions were run in triplicates from 

samples derived from three biological replicates. Statistical analyses were performed with 

GraphPad Prism 7 Software (GraphPad Prism Software, La Jolla California USA,

https://www.graphpad.com). The statistical significance was analyzed with paired two-tailed 

student’s t-test. See Table 5 for primers used in the amplification step.

Data availability

The original data are available at Gene Expression Omnibus (GEO) database under accession 

number GSE198191.
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Table Legends 

Table 1: GO term analyses of TLN1 interacting partners with a SAINT score ≥70 performed 

with ShinyGO

Table 2: Differentially expressed genes between Scr and siTLN1 transfected HS578T cells

Table 3: Primers and custom DNA strands used to construct the TLN1-NLS vector

Table 4: Duration of incubation (4oC) and vortex steps during subcellular fractionations 

performed with NE-PER kit (78833, Thermo Fisher Scientific)

Table 5: Primers used in qRT-PCR
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Figure 1. TLN1 is localized in the nucleus where it strongly interacts with the chromatin. 
A) A schematic overview of the subcellular localization of Talin 1 (TLN1) according to the 

current literature. TLN1 is localized in the focal adhesions and the cytoplasm (left panel). 

Analysis of TLN1 interacting partners previously identified by Gough and collaborators (right 

panel) (Gough et al, 2021). Made in BioRender.com   B) Gene ontology (GO) terms associated 

with TLN1 interacting partners were analyzed with the online application ShinyGO (Ge et al, 

2020). The GO terms within the “cellular component” and “molecular function” ontologies were 

ranked according to their p-values and the redundant terms were withdrawn. The number of 

proteins associated with each term is indicated, and terms composed of less than four proteins 

are not shown. GO terms related to the nucleus are highlighted in black. C) Immunoblot 

analysis of TLN1 in subcellular fractionations of HS578T, MDA-MB-231, MCF10A, and PC3 

cells. WL: whole cell lysate, C: cytoplasmic fraction, N: nuclear fraction, Chr: chromatin 

fraction. To monitor the purity of the fractionation protocol the following controls were used: 

β1 Integrin (plasma membrane), Lamin A/C (nucleus), α Tubulin (cytoplasm), Histone H4 

(chromatin). D) Immunoblot analysis of TLN1 in differential salt fractionation of HS578T, MDA-

MB-231, and MCF10A cells. F1: 0.3, F2: 0.45, F3: 0.6, F4: 0.8, and F5: 1.2 M of NaCl. The 

fractionation controls were the same as in panel C and remanent signal from a previous LAM 

A/C immunoblot is indicated with an asterisk (*). 
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Figure 2. TLN1 concentrates in specific areas within the nucleus. A) A schematic 

overview of the TLN1 epitopes that are recognized by the antibodies used for 

immunofluorescent stainings. B) A schematic overview of single focal planes shown in C-E. 

Lamin A/C and DAPI were used as nuclear markers, and nucleolin (NCL) as a nucleolar 

marker. Scale bar 10 μm. Each figure panel shows a different TLN1 immunofluorescent 

staining performed with the following antibodies C) anti-TLN1 TA205 D) anti-TLN1 8D4 E) 
anti-TLN1 HPA004748. All images are representative of three biological replicates.   
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Figure 3. Depletion of TLN1 triggers extensive changes in gene expression. A) A 
schematic overview of the experimental setup for RNA-seq. HS578T cells were transfected 

with either Scr or siTLN1, and the total RNA from each cell population was extracted and 

analyzed by RNA-seq. The arrows depict the comparation made for the RNA-seq analysis. B) 
Immunoblot analysis of TLN1 expression in HS578T cells transfected with either Scr or 

siTLN1. HSP70 was used as a loading control. C) Differentially expressed (DE) genes in the 

Scr vs siTLN1 comparison were determined by Bioconductor R package edgeR (Robinson et 

al, 2009)(Log2 FC  at least ± 0.5; FDR < 0.05). The number of upregulated and downregulated 

genes are indicated with red and blue bars, respectively (left panel). Individual DE genes 

between the Scr and siTLN1 samples were visualized in an MA plot. TLN1 is highlighted (right 

panel). D) The top 50 DE genes were used to generate heatmaps with the CRAN R package 

pheatmap. The top 25 upregulated and downregulated genes are shown in the left and right 

panels, respectively.  E-F) Relative expression levels of five DE genes related to cell adhesion 

(E) and nuclear functions (F). Error bars +SD. Note that these genes were chosen from the 

list of total DE genes (Table 2). 
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Figure 4. Nuclear TLN1 regulates gene expression. A) A schematic overview of the 

experimental setup to test the role of nuclear TLN1 for gene expression in HS578T cells (left 

panels). Confocal microscopy images corresponding to maximum intensity projections of the 

fluorescent signal emitted by GFP or the TLN1-NLS construct (right panels). B) mRNA 

expression of semaphoring 7A (SEMA7A), nuclear factor of activated T cell 2 (NFATC2), actin 

gamma 1 (ACTG1), BAF chromatin remodeling complex subunit BCL7B (BCL7B), and SEC23 

Homolog A (SEC23A) in HS578T cells. The mRNA levels were quantified with qRT-PCR, and 

GAPDH was used as housekeeping gene. The data is presented as mean values of three 

biological replicates +SEM, ns: not significant, *p < 0.05, **p < 0.01. C) A schematic model of 

the subcellular localization of TLN1. Apart from being present in the periphery of the plasma 

membrane and cytoplasm, TLN1 is also present in the nucleus (where it interacts with the 

chromatin) and nucleolus of the cell. Nuclear TLN1 is represented in close conformation, but 

this does not exclude the possibility of nuclear TLN1 adopting other conformations. Made with 

BioRender.com. 
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