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"Science is a way of life. Science is a perspective. Science 

is the process that takes us from confusion to 

understanding in a manner that’s precise, predictive and 

reliable – a transformation, for those lucky enough to 

experience it, that is empowering and emotional.” 

- Brian Greene 
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ABSTRACT 

Cells are constantly exposed to various types of stress, such as proteotoxic stress, 

oxidative stress, and hypoxia. Survival under these circumstances requires genome-wide 

reprogramming of transcription involving both induction and repression of genes. 

Induction of transcription under adverse conditions requires stress-responsive 

transcription factors, such as heat shock factors (HSFs) that drive gene activation in 

response to proteotoxic stress. Although cellular stress responses have been extensively 

studied, several key questions remain unanswered, including how transcriptional 

memory of previously experienced stress is encoded over mitotic divisions? Moreover, 

previous studies have focused on understanding the mechanisms of nascent transcription 

in heat-shocked cells, but studies utilizing other types of stress are lacking.  

The results of this thesis show that exposure to an acute heat stress encodes a memory, 

which allows accelerated release of paused RNA polymerase II (Pol II) into 

transcriptional elongation during recurring stress. Chronic heat stress, in turn, reduces 

initiation of transcription at heat-inducible genes over mitotic divisions by increasing 

retention of Pol II within termination regions of genes.  Furthermore, this thesis uncovers 

new roles for HSF1 and HSF2 as multi-stress-responsive transcription factors that drive 

distinct transcription programs upon oxidative stress and heat shock. The results 

demonstrate that besides binding to gene promoters, HSF1 and HSF2 orchestrate 

transcription through stress-specific enhancers, adding a new layer of complexity to 

HSF-mediated gene regulation. Lastly, this thesis investigates the mechanism of action 

for chaperone co-inducer BGP-15, which has provided beneficial effects for the 

treatment of proteinopathic diseases where HSF1-driven transcription is disrupted. BGP-

15 is found to act as an HDAC inhibitor, promoting open chromatin structure and 

enhanced induction of target genes of HSF1. In conclusion, this thesis expands the 

knowledge of molecular mechanisms related to transcriptional memory of stress and the 

role of HSFs in the regulation of gene-enhancer networks.
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SAMMANFATTNING (Swedish abstract) 

Celler utsätts ständigt för olika typer av stress, såsom proteotoxisk stress, oxidativ stress 

och hypoxi. Överlevnad under dessa omständigheter kräver genomomfattande 

omprogrammering av transkription som involverar både induktion och repression av 

gener. Induktion av transkription under ogynnsamma förhållanden kräver stresskänsliga 

transkriptionsfaktorer, såsom värmechockfaktorer (HSF) som driver genaktivering som 

svar på proteotoxisk stress. Även om cellulära stressreaktioner har studerats omfattande, 

förblir flera nyckelfrågor obesvarade, inklusive hur transkriptionsminne av tidigare 

upplevd stress kodas över mitotiska divisioner? Dessutom har tidigare studier fokuserat 

på att förstå mekanismerna för begynnande transkription i värmechockade celler, men 

studier som använder andra typer av stress saknas.  

Resultaten av denna avhandling visar att exponering för en akut värmestress kodar för 

ett minne som möjliggör accelererad frisättning av pausat RNA-polymeras II (Pol II) till 

transkriptionell förlängning under återkommande stress. Kronisk värmestress minskar i 

sin tur initiering av transkription vid värmeinducerbara gener över mitotiska divisioner 

genom att öka retentionen av Pol II inom termineringsregioner av gener. Dessutom 

avslöjar denna avhandling nya roller för HSF1 och HSF2 som multi-stress-responsiva 

transkriptionsfaktorer som driver distinkta transkriptionsprogram vid oxidativ stress och 

värmechock. Resultaten visar att förutom att binda till genpromotorer, orkestrerar HSF1 

och HSF2 transkription genom stressspecifika förstärkare, vilket lägger till ett nytt lager 

av komplexitet till HSF-medierad genreglering. Slutligen undersöker denna avhandling 

verkningsmekanismen för chaperon-koinduceraren BGP-15 som har gett gynnsamma 

effekter för behandling av proteinopatiska sjukdomar där HSF1-driven transkription 

störs. BGP-15 har visat sig fungera som en HDAC-hämmare, främja öppen 

kromatinstruktur och förbättrad induktion av målgener av HSF1. Sammanfattningsvis 

utökar denna avhandling kunskapen om mekanismer relaterade till transkriptionsminne 

av stress och HSFs roll i regleringen av genförstärkarnätverk.



List of Original Publications 

5 
 

LIST OF ORIGINAL PUBLICATIONS 

This thesis is based on the following original publications and a manuscript, which are 

referred to in the text by Roman numerals (I–III). In addition, unpublished results are 

included. The original publications have been reproduced with permission of the 

copyright holders. 

I Vihervaara A., Mahat D. B.*, Himanen S. V.*, Blom M. A. H., Lis J. T. and 

Sistonen L. (2021) Stress-induced transcriptional memory accelerates promoter-

proximal pause release and decelerates termination over mitotic divisions. 

Molecular Cell, 81, 1715–1731.e6. doi: 10.1016/j.molcel.2021.03.007 

II Himanen S. V., Puustinen M. C., Da Silva A. J., Vihervaara A. and Sistonen L. 

HSFs drive stress type-specific transcription of genes and enhancers. 

Manuscript under revision. bioRxiv doi: 

https://doi.org/10.1101/2021.11.23.469701 

III Budzyński M. A.*, Crul T.*, Himanen S. V., Toth N., Otvos F., Sistonen L. and 

Vigh L. (2017) Chaperone co-inducer BGP-15 inhibits histone deacetylases and 

enhances the heat shock response through increased chromatin accessibility. 

Cell Stress and Chaperones, 22, 717–728. doi: 10.1007/s12192-017-0798-5 

*Equal contribution 

 

 

  



List of Original Publications 

6 
 

PUBLICATIONS NOT INCLUDED IN THESIS 

Baker-Williams A. J., Hashmi F., Budzyński M. A., Woodford M. R., Gleicher S., 

Himanen S. V., Makedon A. M., Friedman D., Cortes S., Namek S., Stetler-Steveson 

W., Bratslavsky G., Bah A., Mollapour M., Sistonen L. and Bourboulia D. (2019) Co-

chaperones TIMP2 and AHA1 competitively regulate extracellular HSP90:client MMP2 

activity and matrix proteolysis. Cell Reports, 28, 1894–1906.e6. doi: 

10.1016/j.celrep.2019.07.045 

Himanen S. V. and Sistonen L. (2019) New insights into transcriptional reprogramming 

during cellular stress. Journal of Cell Science, 132, doi:10.1242/jcs.238402. 

Elsing A. N., Aspelin C., Björk J. K., Bergman H. A., Himanen S. V., Kallio M. J., 

Roos-Mattjus P. and Sistonen L. (2014) Expression of HSF2 decreases in mitosis to 

enable stress-inducible transcription and cell survival. The Journal of Cell Biology, 206, 

735–749. doi: 10.1083/jcb.201402002 

 



Author Contribution 

7 
 

AUTHOR CONTRIBUTION 

I. Author contributed to performing research, analyzing results, and assisted in 

writing the manuscript. Author performed the following experimental procedures: 

experimental part of PRO-seq in K562 cells together with A.V and M.A.H.B., 

analysis of Pol II levels using WB, FACS analysis of the cell cycle and apoptosis, 

quantification of histone occupancies in the chromatin using MNase-ChIP. A.V. 

designed the experiments, performed PRO-seq and ATAC-seq in K562 cells, and 

analyzed the sequencing data. M.D.B. performed PRO-seq in MEFs. A.V. and L.S. 

wrote the first draft and the revised version of manuscript with comments from 

author, M.D.B., and L.J.T. 

II. Author contributed to designing research, performing research, analyzing results, 

and writing the manuscript. In addition to designing the experiments, author 

performed the following experimental procedures: PRO-seq, analysis of the 

sequencing data from PRO-seq and ChIP-seq, GSH/GSSG assay. M.C.P. 

performed the experimental part of ChIP-seq, and A.J.D. performed 

immunofluorescence. A.V. assisted in the analysis of the PRO-seq data. Author 

and L.S. wrote the manuscript with comments from M.C.P., A.J.D., and A.V. 

III. Author contributed to performing research, analyzing results, and assisted in 

writing the manuscript. Author performed the following experimental procedures: 

cell viability assay using calcein. M.A.B. and T.C. designed and performed most 

of the experiments. M.A.B., T.C. and L.S. wrote the first draft and the revised 

version of manuscript with comments from author, N.T., F.O., and L.V.



Abbreviations 

8 
 

ABBREVIATIONS 

ATAC-seq Transposase-accessible chromatin using sequencing 

bp Base pair 

BRG1 Brahma-related gene-1 

BRD4 Bromodomain-containing protein 4 

CDK Cyclin-dependent kinase 

ChIP-seq Chromatin immunoprecipitation sequencing 

CPS Cleavage and polyadenylation site 

CTD C-terminal domain 

DBD DNA-binding domain 

DoG Downstream of gene containing transcript 

DPE Downstream promoter element 

DSIF DRB sensitivity-inducing factor 

eRNA Enhancer RNA 

GTF General transcription factor 

HAT Histone acetyltransferase 

HDAC Histone deacetylase 

HIF Hypoxia-inducible factor 

HSE Heat shock element 

HSF Heat shock factor 

HSP Heat shock protein 

HSR Heat shock response 

kb Kilobase pair 

KO Knockout 

MEF Mouse embryonic fibroblast 

MNase Micrococcal nuclease 

mRNA Messenger RNA 

ncRNA Non-coding RNA 

NDR Nucleosome-depleted region 

NELF Negative elongation factor 

Nrf2 Nuclear factor erythroid 2-related factor 2 



Abbreviations 

9 
 

NuRD Nucleosome remodeling deacetylase  

PIC Pre-initiation complex 

Pol I–III RNA polymerase I–III 

PRO-seq Precision run-on sequencing 

P-TEFb Positive transcription elongation factor b 

PTM Post-translational modification 

ROS Reactive oxygen species 

SUMO Small ubiquitin-like modifier protein 

SWI/SNF Switch/sucrose-non-fermentable 

TAF TBP-associated factor 

TBP TATA-box-binding protein 

TF Transcription factor 

TSS Transcription start site 

UPR Unfolded protein response 

WT Wildtype 

Xrn2 5’-3’ exoribonuclease 2 

 



Introduction 

10 
 

INTRODUCTION 

Cellular macromolecules are damaged by different types of stress, such as elevated 

temperatures, oxidative stress, and presence of toxins. Combating these stresses requires 

a fundamental process of life called transcription. Transcription copies genetic 

information into RNA molecules that serve as templates for the synthesis of proteins. 

Depending on the type of stress, distinct sets of genes are transcribed resulting in the 

production of proteins that allow survival under specific stress conditions. Mechanistic 

regulation of transcription is a highly complex process involving numerous proteins and 

protein complexes. Synthesis of RNA molecules is carried out by RNA polymerase II 

(Pol II) complex, while the activity of Pol II is regulated by transcription factors (TFs) 

and various other proteins. Among the most important stress-responsive TFs are heat 

shock factors (HSFs), such as HSF1 and HSF2, which are activated when misfolded 

proteins accumulate inside cells. Activated HSFs bind to their target genes where they 

release Pol II into transcriptional elongation. Ultimately, this leads to the production of 

heat shock proteins (HSPs) that help other proteins to fold correctly. 

This thesis is composed of three studies that aim to expand the understanding of 

mechanisms that orchestrate genome-wide transcription under different types of stress. 

The first study investigates the memory of stress by determining how acute and chronic 

heat stress influence the regulation of transcriptionally engaged Pol II over mitotic 

divisions. In the second study, a comparative analysis is performed between oxidative 

stress and heat shock to study how gene-enhancer networks are controlled by HSF1 and 

HSF2 during these two highly different stresses. The third study aims to uncover the 

mechanism by which a pharmaceutical compound, BGP-15, enhances the expression of 

HSP genes. 
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REVIEW OF THE LITERATURE 

1 Principles of transcription 

Transcription is a process which copies genetic code of the DNA to RNA molecules. 

The information of RNA molecules is, in turn, decoded in the process called translation, 

which produces amino acid chains. These chains will eventually fold into proteins that 

are responsible for nearly all the cellular functions. RNA molecules transcribed from 

protein coding genes are termed messenger RNAs (mRNAs), but interestingly, these 

represent only a minor fraction of the total RNA pool within cells. Majority of cellular 

RNAs consist of various types of non-coding RNAs (ncRNAs) that are not translated to 

proteins (Palazzo and Lee, 2015; Zhang et al., 2019). The most well-known examples of 

ncRNAs are transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs) that play important 

roles in the translation of mRNAs to proteins. Other ncRNAs include microRNAs 

(miRNAs), long non-coding RNAs (lncRNAs), enhancer RNAs (eRNAs), and several 

others that function both in transcriptional and post-transcriptional regulation of gene 

expression (Palazzo and Lee, 2015; Zhang et al., 2019). Hereby, transcription determines 

the combination of RNAs and proteins that are synthetized by a cell, which gives rise to 

different cell types, organs, and ultimately entire organisms.  

1.1 Organization of the genome into chromatin 

Eukaryotic genomes contain often several thousand mega base pairs (Mbp) of DNA that 

is organized into varying number of chromosomes depending on the organism. Within 

chromosomes, DNA interacts with proteins to form a highly compact structure called 

chromatin, which allows the packaging of large DNA molecules inside the nucleus. 

Chromatin can be divided into basic units, nucleosomes, that form arrays along the length 

of chromosomes (Swygert and Peterson, 2014). Each nucleosome consists of 146 bp of 

DNA wrapped around a histone octamer containing two copies of core histones H2A, 

H2B, H3 and H4 (Luger et al., 1997). Moreover, histone octamers are bound by a linker 

histone H1, which also binds the DNA at the sites where it enters and exits nucleosomes 

(Thoma et al., 1979). Nucleosomes are further wrapped around each other to form the 

ultimate chromatin fiber and depending on how compact this fiber is, chromatin can be 
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divided into euchromatin and heterochromatin. Euchromatin is a loosely packed form of 

chromatin that allows various proteins to access DNA and initiate transcription. 

Heterochromatin, in turn, is a more compact form of chromatin, which is generally 

inaccessible to proteins and does not allow transcription to occur (Bannister and 

Kouzarides, 2011). 

1.2 Initiation of transcription 

Transcription in eukaryotic cells is performed by three multi-subunit enzymes: RNA 

polymerase I (Pol I), Pol II and Pol III. Pol I transcribes specifically rRNAs, while Pol 

III transcribes several other ncRNAs including tRNAs. Pol II is the most studied complex 

of these three and it transcribes all the protein coding genes and several genes that 

produce ncRNAs (Sainsbury et al., 2015). The initiation of transcription is highly similar 

between each of the RNA polymerases, but for simplicity, the mechanism of Pol II 

initiation is described here. 

The first step in the initiation of transcription is the formation of pre-initiation complex 

(PIC), which is a complex between Pol II and general transcription factors (GTFs). PIC 

formation occurs in a promoter, which is located upstream of a gene body, also known 

as the coding part of a gene (Fig. 1A). Promoters are further divided into core promoters 

and proximal promoters. Core promoters are essential for PIC formation and they contain 

a transcription start site (TSS) in the middle of a promoter and several DNA motifs that 

are required for the binding of Pol II and GTFs to the DNA. Proximal promoters, in turn, 

are located upstream of core promoters and contain binding sites for additional sequence-

specific transcription factors (TFs) that play important roles in the regulation of 

transcriptional activity (Sainsbury et al., 2015; Haberle and Stark, 2018). 

PIC formation is orchestrated by GTFs that include TFIIA, TFIIB, TFIID, TFIIE, TFIIF, 

TFIIH (He et al., 2013) (Fig. 1A). Recognition of core promoter motifs is carried out by 

TFIID, which consists of the TATA-box-binding protein (TBP) and several TBP-

associated factors (TAFs) (Sainsbury et al., 2015). In the classical model, TBP binds to 

TATA-box motif located ~30 bp upstream of the TSS, but interestingly, TATA-box is 

found only in a minority of core promoters (Yang et al., 2007). TAFs are required for 

the recognition of other core promoter motifs including initiator motif (Inr) located in 
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the TSS and downstream promoter element (DPE) and motif ten element (MTE), both 

of which are positioned downstream of the TSS (Burke and Kadonaga, 1996; Lim et al., 

2004; Yang et al., 2007; Sainsbury et al., 2015). After the core promoter recognition by 

TFIID, PIC formation is finalized by the recruitment of Pol II and rest of the GTFs 

including TFIIA, TFIIB, TFIIE, TFIIF, TFIIH (Sainsbury et al., 2015). In the last step, 

TFIIH causes the opening of the DNA in the core promoter and phosphorylates serine 5 

(Ser5) residue in the C-terminal domain (CTD) of Pol II (Tirode et al., 1999; Helenius 

et al., 2011). This phosphorylation event leads to the escape of Pol II from core promoter-

bound GTFs and the initiation of transcription (Helenius et al., 2011). 

1.3 Release of paused Pol II into elongation 

After the initiation of transcription, Pol II transcribes 20-50 bp until it undergoes 

promoter-proximal pausing (Vihervaara et al., 2018). A critical step in the activation of 

transcription is the release of paused Pol II into transcriptional elongation, which serves 

as a rapid mechanism to produce large quantities of RNA in comparison to time-

consuming recruitment of Pol II to promoters (Haberle and Stark, 2018; Vihervaara et 

al., 2018). Pause release was observed first in the heat shock genes of Drosophila 

melanogaster during elevated temperatures (Lis et al., 2000). Later it has been found that 

pause release occurs in several other genes in response to various types of stimuli 

including growth factors, proinflammatory signals and cell differentiation signals 

(Adelman et al., 2009; Zippo et al., 2009; Sanders et al., 2013). 

Promoter-proximal pausing of Pol II is regulated by DRB sensitivity-inducing factor 

(DSIF) and negative elongation factor (NELF) that together hold Pol II in promoters 

(Yamaguchi et al., 1999; Lee et al., 2008) (Fig. 1B). The pause release occurs when cell 

receives a signal that recruits positive transcription elongation factor b (P-TEFb) to 

promoters (Lis et al., 2000; Zippo et al., 2009; Bugai et al., 2019). P-TEFb consists of 

cyclin T and cyclin-dependent kinase 9 (CDK9), which phosphorylates DSIF, NELF and 

Ser2 of Pol II CTD. These phosphorylation events lead to the dissociation of NELF from 

the promoter and the conversion of DSIF into a positive elongation factor that promotes 

the transcriptional elongation of Pol II (Wada et al., 1997; Cho et al., 2001; Fujinaga et 

al., 2004; Kim and Sharp, 2009) (Fig. 1C).  
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Figure 1. The mechanism of Pol II-mediated gene transcription. (A) Transcription is 
initiated by the formation of PIC in the promoters of genes. PIC is composed of Pol II and 
GTFs including TFIIA, TFIIB, TFIID, TFIIE, TFIIF, TFIIH. (B) Initiated Pol II transcribes 
20–50 bp after which it becomes bound by NELF and DSIF and undergoes promoter-
proximal pausing. (C) Paused Pol II is released into transcriptional elongation by P-TEFb, 
which phosphorylates NEFL, DSIF and Ser2 residue of Pol II CTD. This causes the 
dissociation of NELF from chromatin, while DSIF becomes a positive elongation factor that 
promotes the elongation of Pol II.

P-TEFb itself can be recruited to chromatin by several proteins, such as bromodomain-

containing protein 4 (BRD4), which belongs to bromodomain and extraterminal (BET) 

protein family and binds to acetylated histones (Zippo et al., 2009). In addition, heat 

shock factor 1 (HSF1), which is the master regulator of transcription during proteotoxic 

stress, recruits P-TEFb to promoters of heat-inducible genes in response to elevated 

temperatures (Lis et al., 2000). Another mechanism that regulates P-TEFb is its release 

from the inhibitory 7SK small nuclear ribonucleoprotein (7SK snRNP) complex, which 

is composed of non-coding 7SK RNA and RNA-binding protein subunits (Yik et al., 

2003; Bugai et al., 2019). This type of regulation occurs for example when DNA damage 

activates RNA-binding motif protein 7 (RBM7), which, in turn, releases P-TEFb from 

the inhibition of 7SK snRNP, therefore, allowing the localization of P-TEFb to 

promoters of DNA damage-responsive genes (Bugai et al., 2019). Taken together, P-
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TEFb can be recruited to promoters through various mechanisms, and functions as a key 

step in the activation of transcription.  

1.4 Termination of transcription 

After Pol II has been released into elongation, transcription needs to eventually be 

terminated. Termination occurs when Pol II encounters a polyadenylation signal (PAS) 

in the 3’ end of a gene, which causes the cleavage and polyadenylation of the mRNA 

(Proudfoot, 2016). Different models have been described for the release of Pol II itself 

from the DNA. One of the models suggests that Pol II undergoes a conformational 

change after passing through PAS, which leads to the dissociation of Pol II from the 

DNA independently of RNA cleavage (Zhang et al., 2015) (Fig. 2). According to the 

torpedo model, RNA is first cleaved, after which 5’-3’ exoribonuclease 2 (Xrn2) binds 

to the 5’ end of the cleaved transcript that is being still synthetized by Pol II. Next, Xrn2 

starts degrading the transcript and eventually collides with Pol II resulting in the 

dissociation of Pol II from the DNA (West et al., 2004; Eaton et al., 2018) (Fig. 2). 

Another mechanism, which contributes to the termination of transcription is 

hybridization of nascent transcripts with the DNA in the termination regions. These 

DNA:RNA hybrids are termed R loops and they facilitate the pausing of Pol II prior to 

termination (Skourti-Stathaki et al., 2011, 2014). Despite their termination-promoting 

role, R loops must be resolved by senataxin (Sen1) to allow Xnr2-mediated release of 

Pol II from the DNA (Skourti-Stathaki et al., 2011). 

Interestingly, termination of transcription can be sometimes disrupted, as has been 

shown to occur during cellular stress. This leads to readthrough transcription, which 

produces downstream of gene containing transcripts (DoGs) that often cover regions 

residing several kb downstream of PAS (Vilborg et al., 2015, 2017; Hennig et al., 2018). 

Even though it is unknown how readthrough transcription is induced, calcium signaling 

is required for the induction of DoGs by stress, and the genes that produce DoGs are in 

general devoid of canonical PASs (Vilborg et al., 2015, 2017; Hennig et al., 2018). The 

function of DoGs has remained elusive, although it has been suggested that they are 

required for the maintenance of nuclear scaffold during osmotic stress (Vilborg et al., 

2015). 
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Figure 2. Mechanisms associated with termination of transcription. Transcription is 
terminated when Pol II encounters PAS in the 3’ end of a gene. This triggers a conformational 
change in Pol II, which leads to a release of Pol II from the chromatin and polyadenylation 
of the mRNA. Nascent RNA can also be cleaved before Pol II dissociates from the chromatin. 
This cleavage releases mRNA, which undergoes polyadenylation, and it also allows binding 
of Xrn2 to the 5’ end of the cleaved nascent transcript. Next, Xrn2 begins degrading the 
nascent transcript and eventually reaches Pol II, causing Pol II to dissociate from the 
chromatin. 

1.5 Regulation of transcription by chromatin remodeling

Chromatin remodeling is a process, which modifies the accessibility of chromatin to 

transcription machinery. Opening of chromatin structure in promoters allows the 

formation of PIC and the subsequent initiation of transcription, whereas closure of 

chromatin structure has an opposite effect. Moreover, the elongation phase of 

transcription requires constant chromatin remodeling to remove nucleosomes from the 

path of Pol II and the reassembly of nucleosomes behind the Pol II. All these processes 

are performed by ATP-dependent chromatin remodelers that are divided into four 

families: switch/sucrose-non-fermentable (SWI/SNF), imitation switch (ISWI), 
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chromodomain-helicase-DNA binding (CHD), and inositol requiring 80 (INO80). 

Recruitment of chromatin remodelers to chromatin in turn, is regulated by post-

translational modifications (PTMs) of histones, including acetylation, methylation, 

SUMOylation, and ubiquitination (Swygert and Peterson, 2014; Ricketts et al., 2019). 

Acetylation of histones is controlled by histone acetyltransferases (HATs) and histone 

delyacetylases (HDACs) that add and remove acetyl groups, respectively (Marmorstein 

and Zhou, 2014).  Acetylation of lysines in histones H3 and H4 is commonly used as a 

marker for open and transcriptionally active chromatin (Durrin et al., 1991; Schübeler et 

al., 2004; Görisch et al., 2005). Since acetylation neutralizes the positive charge of 

lysines, it has been suggested that histone acetylation disrupts the interactions between 

nucleosomes and negatively charged DNA, thereby loosening the chromatin structure 

(Bannister and Kouzarides, 2011). However, acetylated histones function also as 

tethering points for various chromatin remodelers, such as SWI/SNF, and remodels the 

structure of chromatin (RSC) complexes (Fig. 3). Both of these complexes are required 

for the eviction of nucleosomes from the promoters of actively transcribed genes and 

from gene bodies during the elongation of Pol II (Hassan et al., 2001; Carey et al., 2007; 

Margaret et al., 2004; Schwabish and Struhl, 2007).   

Besides acetylation, other PTMs that play important roles in the regulation of chromatin 

accessibility include mono-, di- and trimethylation of histones that can either activate or 

repress transcription (Swygert and Peterson, 2014). Trimethylation of lysine 4 of histone 

H3 (H3K4me3) is an example of activating PTM, which recruits nucleosome remodeling 

factor (NURF), a member of the ISWI family of chromatin remodelers, to promoters 

where it opens chromatin structure and allows the activation of transcription (Badenhorst 

et al., 2002; Wysocka et al., 2006) (Fig. 3). On contrary to this PTM, H3K9me3 is a 

repressive PTM and functions as a binding site for heterochromatin protein 1 (HP1), 

which mediates transcriptional silencing by causing the compaction of chromatin 

structure (Bannister et al., 2001; Machida et al., 2018) (Fig. 3).  

Another PTM of chromatin, which strongly influences transcription, is SUMOylation, a 

conjugation of small ubiquitin-like modifier proteins (SUMOs) to other proteins 

(Bannister and Kouzarides, 2011). Even though the role of SUMOylation in the 

regulation of transcription has remained enigmatic, several studies have linked 
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SUMOylation to transcriptional repression and the maintenance of heterochromatin 

(Shiio and Eisenman, 2003; Shin et al., 2005; Niskanen et al., 2015). These findings 

could be partially explained by the SUMOylation of histone H4, which creates binding 

sites for HP1 and HDAC1, both of which promote the compaction of chromatin structure 

(Shiio and Eisenman, 2003) (Fig. 3). However, in addition to histones, several other 

chromatin-associated proteins, such as heterochromatin proteins themselves, various 

Figure 3. Examples of histone PTMs that regulate chromatin accessibility. Acetylated 
histones H3 and H4 function as binding sites for chromatin remodelers, such as SWI/SNF 
and RSC that promote the activation of transcription by opening chromatin structure. 
Trimethylation of lysine 4 of histone H3 (H3K4me3) leads to the opening of chromatin 
through the recruitment of NURF. In contrast to this PTM, trimethylation of lysine 9 of 
histone H3 (H3K9me3) recruits HP1, which induces heterochromatin formation and silences 
transcription. SUMOylated histone H4 is recognized by HP1 and HDAC1 that together 
promote the formation of heterochromatin.
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TFs and components of P-TEFb and NELF are targets for SUMOylation (Shin et al., 

2005; Hendriks et al., 2014). This suggests that SUMOylation-induced repression of 

transcription occurs likely at multiple levels including heterochromatin formation and 

pause release of Pol II.   
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2 Enhancers 

Enhancers are distal regulatory elements in the genome that are essential for the 

activation of tissue-specific transcription (Rickels and Shilatifard, 2018). In 1981, the 

first enhancer discovered from simian virus 40 (SV40) was reported to cause a 

remarkable increase in the expression of a cloned rabbit β-globin gene (Banerji et al., 

1981). Two years later, the first eukaryotic enhancer was found within an intron of the 

mouse immunoglobulin heavy chain gene (Banerji et al., 1983). Subsequent studies have 

uncovered that enhancers form physical contacts between gene promoters, which is 

accomplished by looping of the DNA that resides between enhancer and promoter. This 

allows enhancer-bound activators of transcription to be brought into the vicinity of a 

promoter, where they can either promote the formation of PIC or the pause release of 

Pol II (Rickels and Shilatifard, 2018). Apart from the well-known role of enhancers in 

development, they regulate transcription under various circumstances including 

inflammation and cellular stress responses, exemplifying the role of enhancers as critical 

regulators of overall physiology (Hah et al., 2015; Grossi et al., 2018; Lyu et al., 2018). 

2.1 Formation of enhancer-promoter contacts 

Distances between enhancers and their target genes vary from a couple of kb to over 100 

kb (Furlong and Levine, 2018). Formation of enhancer-promoter contacts over these 

distances requires the mediator complex, which is composed of 25 subunits in yeast and 

30 subunits in human (Tsai et al., 2014). Mediator interacts both with enhancer-bound 

TFs and components of the PIC in promoters, which allows bridging of enhancers and 

their target genes through chromatin looping (Kagey et al., 2010; Phillips-Cremins et al., 

2013; Petrenko et al., 2016) (Fig. 4). In addition to mediator, formation of enhancer-

promoter contacts involves cohesin and nipped-B-like protein (Nipbl) that together 

interact with mediator. Nipbl loads cohesin to chromatin and cohesin forms a ring 

structure, which surrounds the DNA in the enhancer and promoter regions, and therefore, 

allows chromatin looping to occur (Kagey et al., 2010) (Fig. 4). Besides mediator, 

enhancer-promoter interactions can be formed by CCCTC-binding factor (CTCF), which 

is better known as an architectural protein that plays an important role in creating large-

scale chromatin 3D organization (Rao et al., 2014). However, it was shown that CTCF 
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also localizes in the vicinity of enhancers in mouse T cells and connects enhancers to 

gene promoters by interacting with cohesin (Ren et al., 2017).

Figure 4. Loop formation between enhancer and promoter. Enhancers contact target 
promoters through chromatin looping, which is carried out by mediator complex. Mediator 
binds both to components of PIC in promoters and TFs in enhancer. Chromatin looping 
involves also cohesin and Nipbl. Nipbl loads cohesin to chromatin and cohesin forms a ring 
structure, which helps to bring enhancers to the vicinity of promoters.

Although the formation of enhancer-promoter contacts is mechanistically well 

understood, it remains largely unknown how enhancers select their target genes. 

Typically, enhancers interact with neighboring genes, but sometimes they skip over the 

closest genes to interact with more distal genes, implying that the distance between 

enhancer and gene is not the only determinant of target gene specificity (Kvon et al., 

2014). Part of the specificity can be explained by core promoter sequence, since it was 

shown that reporter genes driven by either TATA-box or DPE-containing promoter were

activated by different enhancers in Drosophila melanogaster genome (Butler and 

Kadonaga, 2001). Moreover, another study showed that reporter gene transcription in a 

plasmid is activated by distinct set of enhancers depending on whether the promoter is

derived from a house-keeping or developmental gene (Zabidi et al., 2015). Hereby, it is 

likely that different promoter sequences orchestrate the assembly of proteins that are 

recognized only by certain enhancer-bound activators. However, the protein-protein
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interactions that would connect only specific enhancers and promoters to each other 

remain to be discovered. 

2.2 Mechanisms of enhancer-mediated transcription 

Enhancers can stimulate transcription either by promoting the PIC formation or pause 

release of Pol II (Rickels and Shilatifard, 2018). Mediator can for example interact with 

various components of PIC, such as TFIID, and increase their recruitment to promoters 

(Johnson et al., 2002; Takahashi et al., 2011; Eyboulet et al., 2015) (Fig. 5A). Similarly, 

mediator interacts with TFIIH, and it was shown that a mutation in the mediator subunit 

MED11 leads to reduced TFIIH recruitment to promoters and consequently, to decreased 

phosphorylation of Ser5 residue in the Pol II CTD (Esnault et al., 2008) (Fig. 5A). 

However, as mentioned above, most of the genes contain high levels of paused Pol II in 

their promoters prior to induction and, therefore, several enhancers increase transcription 

of genes by promoting the release of paused Pol II into elongation (Zippo et al., 2009; 

Donner et al., 2010; Wang et al., 2013; Rickels and Shilatifard, 2018). 

BRD4 is a bromodomain protein that binds to enhancers and recruits P-TEFb to the 

chromatin (Jang et al., 2005; Zippo et al., 2009). Enhancer-bound P-TEFb, in turn, is 

brought to the vicinity of a promoter through chromatin looping, which allows P-TEFb 

to phosphorylate Ser2 residue of Pol II CTD, thus, releasing Pol II into elongation (Zippo 

et al., 2009) (Fig. 5B). Besides BRD4, mediator and a mediator-associated kinase called 

cyclin-dependent kinase 8 (CDK8) can promote transcriptional elongation through the 

recruitment of P-TEFb to the chromatin (Donner et al., 2010; Wang et al., 2013). Pol II-

associated factor 1 (PAF1) is another protein, which binds to enhancers and regulates 

pause release at gene promoters. It was shown that downregulation of PAF1 leads to 

increased histone acetylation in enhancers and elevated Pol II occupancy in gene bodies, 

implying a repressive role for PAF1 in the regulation of enhancer-mediated pause release 

(Chen et al., 2015, 2017). In contrast to the repressive effect of enhancer-bound PAF1, 

another study showed that PAF1 can also stimulate pause release through direct binding 

to promoters, demonstrating that the function of PAF1 in the regulation of transcription 

is multifaceted (Yu et al., 2015). 
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2.3 Enhancer RNAs (eRNAs) 

Genome-wide analyses have revealed that several enhancers are transcribed into non-

coding enhancer RNAs (eRNAs), whose functions remain still enigmatic (De Santa et 

al., 2010; Kim et al., 2010). eRNA transcription is similar to gene transcription, involving 

the binding of GTFs and Pol II to enhancers and the release of paused Pol II into 

elongation by P-TEFb (Vieira et al., 2004; Henriques et al., 2018). However, unlike 

mRNAs, eRNAs are unstable, non-polyadenylated and below 2 kb in length (Kim et al., 

2010; Henriques et al., 2018). Furthermore, transcription of eRNAs has been described 

as bidirectional occurring from both strands of the DNA (Andersson et al., 2014). This 

view is, however, challenged by a study, which utilized single-cell analysis of eRNA 

levels (Kouno et al., 2019). This study revealed that even though enhancers can be 

transcribed from both strands, eRNAs are synthesized usually from only one of the 

strands in the same cell, indicating that transcription of eRNAs appears bidirectional only 

when whole cell populations are analyzed (Kouno et al., 2019).  

It has been shown that depletion of eRNAs prevents the induction of nearby genes, 

demonstrating a positive role for eRNAs in gene regulation (Li et al., 2013; Melo et al., 

2013). This can be partially explained by the ability of eRNAs to interact with 

transcriptional activators, such as CREB-binding proteins (CBP), which acetylates 

histones and other proteins. Binding of eRNAs to CBP in the Yin Yang 1 (YY1) enhancer 

was shown to stimulate enzymatic activity of CBP. This resulted in increased acetylation 

of histones both in the YY1 enhancer and YY1 promoter with simultaneous increase in 

the transcriptional activity of YY1 gene (Bose et al., 2017) (Fig. 5C). Furthermore, 

eRNAs can promote pause release of Pol II by interacting with P-TEFb, as was shown 

in a study reporting that eRNA produced by prostate-specific antigen (PSA) enhancer 

facilitated the activity of P-TEFb in the PSA promoter and the subsequent transcription 

of the PSA gene (Zhao et al., 2016) (Fig. 5C). Besides binding to P-TEFb, eRNAs can 

promote pause release through interaction with NELF, which draws NELF from the 

promoters and releases Pol II into elongation (Schaukowitch et al., 2014) (Fig. 5D). 

Other studies have shown that eRNAs are required for the looping of enhancers to 

promoters, which occurs partially through eRNA-mediated recruitment of cohesin to 

enhancers (Li et al., 2013; Hsieh et al., 2014). Together, these studies reveal that eRNAs 
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are not mere by-products of activated enhancers, but instead, they play important roles 

in the establishment of enhancer-promoter contacts and the regulation of pause-release 

at gene promoters.                                                                                                                   

Figure 5. Mechanisms of enhancer-mediated transcription. (A) Enhancer-bound 
mediator can promote the assembly of PIC in promoters by recruiting GTFs, such as TFIID 
and TFIIH. (B) Enhancer-bound proteins including BRD4 and mediator-CDK8 complex 
recruit P-TEFb, which allows the pause release of Pol II in promoters through 
phosphorylation of Ser2 in Pol II CTD. (C) eRNAs that are produced by enhancers, activate 
various transcriptional regulators, such as P-TEFb and CBP. CBP acetylates histones and 
other proteins in promoters, which increases transcription. (D) eRNAs can function as decoys 
for NELF, drawing it from gene promoters and allowing the pause release of Pol II to occur. 
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2.4 Enhancer-associated chromatin marks 

Enhancers are associated with various histone modifications including H3K27ac, which 

is deposited by histone acetyl transferases CBP and p300 (Feng et al., 2009; Creyghton 

et al., 2010). Levels of H3K27ac correlate with the intensity of transcription at nearby 

genes, and, therefore, genomic distribution of H3K27ac is commonly used to identify 

active enhancers (Creyghton et al., 2010). As mentioned earlier, acetylated histones 

including H3K27ac serve as recognition sites for several proteins that promote 

transcription, such as the chromatin remodeler BRG1 and BRD4, which facilitates the 

pause release of Pol II (Jang et al., 2005; Zhang et al., 2012; Alexander et al., 2015). 

Besides H3K27ac, enhancers typically display H3K4me1 deposited by mixed-lineage 

leukemia 4 and 5 (MLL4 and MLL5) methyltransferases (Heintzman et al., 2007; Hu et 

al., 2013). The levels of H3K4me1 do not correlate with transcriptional activity of nearby 

genes, and, hereby, the function of H3K4me1 has remained enigmatic (Creyghton et al., 

2010). It has been suggested that H3K4me1 could be utilized to prime enhancers for 

future activation, since enhancers marked by H3K4me1 can become acetylated and 

consequently activated in response to distinct stimuli (Bonn et al., 2012). Although the 

mechanisms activating primed enhancers are not entirely understood, it was found that 

TIP60 acetyltransferase specifically binds to H3K4me1 and deposits active chromatin 

mark H2AK5ac to enhancers (Jeong et al., 2011).  

On the contrary to enhancers marked by H3K4me1, a group of latent enhancers lacking 

typical enhancer-associated histone marks was identified in macrophages (Ostuni et al., 

2013). These enhancers acquired H3K4me1 mark only upon stimulation of macrophages 

with lipopolysaccharide (Ostuni et al., 2013). Similar results were reported by another 

study, which found that TF binding and eRNA transcription precede deposition of 

H3K4me1 and H3K4me2 marks at enhancers during their activation (Kaikkonen et al., 

2013). Moreover, it was found that blocking transcription leads to a removal of 

H3K4me1/2/3 and H3K27ac marks from the chromatin, suggesting that histone PTMs 

are not required for the activation of all enhancers, but likely serve a modulatory role in 

the regulation of transcription (Kaikkonen et al., 2013; Wang et al., 2022). While future 

studies are required to properly determine the function of different enhancer-associated 
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chromatin marks, location of H3K27ac and H3K4me1 can be used to effectively identify 

putative enhancers. 
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3 Reprogramming of transcription during cellular stress 

Cellular stress disrupts the homeostasis of macromolecules within cells. Several types of 

cellular stresses exist including proteotoxic stress resulting from increased amount of 

misfolded proteins that form toxic protein aggregates. Hypoxia is another type of stress, 

which is caused by decreased oxygen levels within cells leading to diminished energy 

production in mitochrondria. In contrast to hypoxia, oxidative stress occurs when oxygen 

consumption is increased, which, in turn, produces reactive oxygen species (ROS) that 

oxidize proteins, lipids, and nucleic acids. To survive these and other stresses, cells 

activate various stress response pathways that result in the reprogramming of 

transcription. Stress-induced changes in transcription involve upregulation of cyto-

protective genes and downregulation of genes involved in the regulation of transcription, 

translation, cell cycle, and metabolism. Together these changes allow cells to inactivate 

most of the cellular processes and spend energy for production of proteins that help to 

combat the stress (Himanen and Sistonen, 2019). 

3.1 Activation of transcription by cellular stress responses 

3.1.1 Heat shock response 

The heat shock response (HSR) is an evolutionarily conserved mechanism, which 

protects cells against proteotoxic stress, a condition caused by misfolding and 

aggregation of proteins (Himanen and Sistonen, 2019). The HSR was discovered first in 

the salivary glands of Drosophila busckii upon elevated temperatures but later, it was 

found that the HSR is activated by several other stressors, such as heavy metals, 

oxidative stress, and pathogens (Ritossa, 1962; Morimoto, 2011). Activation of the HSR 

leads to increased transcription of genes that encode heat shock proteins (HSPs). HSPs, 

function as molecular chaperones that help proteins to fold correctly, thereby preventing 

the formation of harmful protein aggregates (Mogk et al., 2018).  

The HSR in vertebrates is regulated by a family of heat shock factors (HSFs) consisting 

of HSF1, HSF2, HSF3, HSF4, HSF5, HSFXs, and HSFYs (Himanen and Sistonen, 

2019). Of these, HSF1 is the master regulator of the HSR and it is required for the 

induction of nearly all HSPs (Mahat et al., 2016). Under normal growth conditions, HSF1 
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is sequestered in a monomeric and inactive state by HSP70, HSP90 and TCP1 ring 

complex (TRiC) chaperonin. Misfolded proteins compete with HSF1 for binding to 

HSP70, HSP90 and TRiC, and therefore, HSF1 monomers are released from the 

chaperone-mediated repression when the amount of misfolded proteins increases in cells

(Shi et al., 1998; Guo et al., 2001; Neef et al., 2014; Zheng et al., 2016) (Fig. 6). Released 

HSF1 monomers form active HSF1 trimers, which are subjected to various PTMs 

including phosphorylation and SUMOylation, and which bind to heat shock elements 

(HSEs) in the promoters of HSF1 target genes (Rabindran et al., 1993; Jaeger et al., 2014; 

Joutsen and Sistonen., 2019) (Fig. 6). Besides forming homotrimers, HSF1 can also form 

heterotrimers with HSF2 (Sandqvist et al., 2009; Jaeger et al., 2016) (Fig. 6). However, 

HSF2 is not required for the induction of HSPs by stress but instead, it modulates the 

expression level of certain HSP genes, such as HSPA1A, which codes for HSP70 (Östling 

et al., 2007). Following activation of HSP genes, the HSR is eventually attenuated, which 

involves both the release of HSF1 from the chromatin and its proteasomal degradation 

(Westerheide et al., 2009; Raychaudhuri et al., 2014; Kourtis et al., 2015).

Figure 6. Regulation of the heat shock response (HSR). Under normal growth conditions, 
HSF1 is repressed by HSP70, HSP90 and TRiC. Proteotoxic stress, such as heat shock, 
increases the amount of misfolded proteins that become bound by HSP70, HSP90 and TRiC. 
This releases HSF1 from the chaperone-mediated repression, which allows HSF1 monomers 
to form either homotrimers with each other or heterotrimers with HSF2. These trimers bind 
to the promoters of HSP genes and induce their transcription. Adapted from Himanen and 
Sistonen, 2019.

Promoter-bound HSF1 can activate the transcription of HSP genes by three different 

mechanisms. Firstly, HSF1 promotes the release of paused Pol II into elongation through 
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recruitment of P-TEFb to promoters of heat-inducible genes (Lis et al., 2000). Secondly, 

HSF1 was shown to bring SWI/SNF to the HSPA1A promoter, which is required for the 

remodeling of chromatin during the elongation of Pol II (Sullivan et al., 2001; Corey et 

al., 2003). Thirdly, interaction of HSF1 with shugoshin 2 (SGO2) promotes the 

recruitment of Pol II to the HSPA1A promoter in heat-shocked cells (Takii et al., 2019). 

As mentioned above, the induction of nearly all HSP genes is dependent on HSF1, but 

surprisingly, a majority of the heat-inducible genes are HSF1 independent (Mahat et al., 

2016). Several of these HSF1-independent genes include cytoskeletal genes, whose 

promoters are bound by the serum response factor (SRF) during heat shock, implicating 

a role for SRF in the regulation of heat-inducible transcription (Mahat et al., 2016). 

Interestingly, many of the genes belonging to the cadherin superfamily are induced by 

proteotoxic stress and their expression is dependent on HSF2. It was found that HSF2 

knockout (KO) cells display decreased expression of these genes, which leads to cell 

death during proteotoxicity due to a loss of cell-cell adhesion (Joutsen et al., 2020). 

However, it remains unknown whether HSF2 regulates the transcription of cadherin 

superfamily genes through a direct binding to their promoters or through an indirect 

mechanism. 

3.1.2 Unfolded protein response 

Endoplasmic reticulum (ER) is a cellular organelle, which carries out the synthesis and 

folding of transmembrane and extracellular proteins. Protein load is often increased in 

the ER during cell growth and differentiation, which leads to ER stress, a condition 

caused by increased misfolding of proteins within ER (Lindholm et al., 2017). To combat 

ER stress, cells trigger ER-specific unfolded proteins response (UPRER), which is 

different from the corresponding stress response in mitochondria (UPRmt). Activation of 

UPRER results in the upregulation of genes coding for ER chaperones and components 

of ER-associated protein degradation (ERAD) that together increase the folding capacity 

of the ER (Wang et al., 2018; Almanza et al., 2019).  

The activation of UPRER is regulated by three transmembrane proteins in the ER: 

inositol-requiring protein-1 (IRE1), activating transcription factor-6 (ATF6), and protein 

kinase RNA-like ER kinase (PERK) (Almanza et al., 2019) (Fig. 7A). Upon ER stress, 

IRE1 monomers form dimers that cleave the mRNA of X-box binding protein-1 (XBP1), 
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which is followed by translation of this cleavage product to a TF (Yoshida et al., 2001; 

Zhou et al., 2006). Activation of ATF6, in turn, involves the localization of ATF6 to the

Golgi apparatus, where it is cleaved to release a cytoplasmic part of ATF6, which 

functions as a TF (Ye et al., 2000; Shen et al., 2002). The third sensor of UPRER, PERK, 

phosphorylates eukaryotic translation initiation factor-2 α (eIF2α) in response to ER 

stress (Harding et al., 1999). This phosphorylation blocks translation to decrease protein 

load in the ER, and thus, helps to re-establish homeostasis within ER. Although 

phosphorylated eIF2α inhibits most of the translation, it increases the translation of 

ATF4, which mediates transcriptional changes downstream of PERK activation

(Harding et al., 1999, 2000). Together XBP1, ATF6 and ATF4 increase the folding 

capacity of ER by activating genes that code for ER chaperones, components of ERAD 

and pro-apoptotic proteins (Dombroski et al., 2010) (Fig. 7A).

Figure 7. Regulation of the unfolded protein response (UPR). (A) UPRER is regulated by 
IRE1, PERK and ATF6 that are activated in response to ER stress. IRE1 cleaves XBP1
mRNA, which is translated to XBP1 protein. PERK phosphorylates eIF2α, which leads to 
the increased translation of ATF4. ATF6 in turn, locates into the Golgi apparatus where it is 
cleaved to produce a transcriptionally active ATF6. Together XBP1, ATF4 and ATF6 induce 
the transcription of genes coding for ER chaperones and components of ERAD. (B) UPRmt

is regulated by CHOP and ATF5 that activate the transcription of genes coding for 
mitochondrial chaperones in response to mitochondrial stress. Adapted from Himanen and 
Sistonen, 2019.
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Mitochondria are organelles where the energy production of cells takes place and 

therefore, maintaining mitochondrial protein homeostasis is critical for the cellular 

viability. When misfolded proteins accumulate inside mitochondria, UPRmt is activated 

(Wand et al., 2018). One of the key regulators of UPRmt is ATF5, which resides inside 

mitochondria under normal growth conditions, but in response to mitochondrial stress, 

it relocates into the nucleus and activates the transcription of genes coding for 

mitochondrial chaperones (Fiorese et al., 2016) (Fig. 7B). In addition to ATF5, 

transcription of mitochondrial chaperone genes is induced by CCAAT/enhancer-binding 

protein β (C/EBPβ) and C/EBP homology protein (CHOP) (Zhao et al., 2002) (Fig. 7B). 

Interestingly, CHOP is upregulated by UPRER, but regardless of this common 

transcriptional regulator between UPRER and UPRmt, a different set of genes are induced 

by ER stress and mitochondrial stress (Zhao et al., 2002). 

3.1.3 Oxidative stress response 

Oxidative stress occurs when production of ROS is increased leading to oxidation of 

proteins, nucleic acids, and lipids. A major source of ROS is the electron transport chain 

of mitochondria, which releases superoxide that is converted to other ROS, such as 

hydrogen peroxide and highly damaging hydroxyl radicals. In addition to mitochondria, 

ROS is produced by NADPH oxidases (NOXs) and as a side product of oxidative protein 

folding in the ER. To combat oxidation of macromolecules by ROS, cells activate the 

oxidative stress response, which results in the upregulation of genes that increase cellular 

antioxidant capacity (Sies et al., 2017; Himanen and Sistonen, 2019).  

The master regulator of the oxidative stress response in mammalian cells is nuclear factor 

erythroid 2-related factor 2 (Nrf2) (Sies et al., 2017) (Fig. 8A). In unstressed cells, Nrf2 

is bound by kelch-like ECH-associated protein 1 (KEAP1), which functions as an 

adapter protein for cullin 3 (Cul3), a member of Cullin-RING E3 ubiquitin ligases. Cul3, 

in turn, ubiquitinates Nrf2, which marks it for proteasomal degradation. Oxidative stress 

leads to the oxidation of several cysteine residues in KEAP1, which causes a 

conformational change in KEAP1 disrupting the Nrf2-KEAP1-Cul3 complex. 

Subsequently, the proteasomal degradation of Nrf2 is prevented allowing the nuclear 

localization of Nrf2 (Itoh et al., 1999; Cullinan et al., 2004; Kobayashi et al., 2004; Zhang 

et al., 2004; Suzuki and Yamamoto, 2017). Nuclear Nrf2 interacts with small Maf 
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proteins to form heterodimers that bind to antioxidant response elements (AREs) in the 

promoters of Nrf2 target genes (Fig. 8A). This leads to the upregulation of several phase 

II antioxidant enzymes, such as the enzymes involved in biosynthesis of glutathione, 

which is an important ROS scavenger (Itoh et al., 1997; Lee et al., 2003; Malhotra et al., 

2010). Even though the mechanisms of Nrf2-mediated transcription are not fully 

understood, it was shown that Nrf2 recruits brahma-related gene-1 (BRG1), a subunit of 

SWI/SNF chromatin remodeling complex, to the heme oxygenase 1 promoter, which 

promotes the induction of transcription through the opening of chromatin structure 

(Zhang et al., 2006).    

3.1.4 Hypoxia response 

Oxygen is critical for the energy production of aerobic organisms. Hereby, energy 

production is hampered when oxygen levels decrease in cells, a condition called hypoxia. 

Survival under hypoxic growth conditions requires reprogramming of transcription to 

restore oxygen supply through the upregulation of genes involved, for example, in 

erythropoiesis and angiogenesis. Simultaneously, several genes related to metabolism 

undergo changes in transcription that direct energy production from aerobic respiration 

to anaerobic glycolysis (Majmundar et al., 2010).  

Transcription under hypoxic conditions is controlled by hypoxia-inducible factors 

(HIFs) including HIF-1α, HIF-2α and HIF-3α subunits that form heterodimers with HIF-

1β subunit. HIF-1α is ubiquitously expressed in all cell types, while HIF-2α and HIF-3α 

are expressed only in certain tissues, such as vascular endothelium, type II pneumocytes, 

and liver parenchyma (Majmundar et al., 2010). Under normal growth conditions, HIF-

1α undergoes prolyl hydroxylation by an E3 ubiquitin ligase, von Hippel–Lindau protein 

(pVHL), that ubiquitinates HIF-1α and, therefore, marks it for proteasomal degradation 

(Huang et al., 2002; Kageyama et al., 2004) (Fig. 8B). Hypoxia prevents the 

hydroxylation of HIF-1α, which allows HIF-1α to escape its proteasomal degradation 

and form heterodimers with HIF-1β. Subsequently, these heterodimers bind to hypoxia 

response elements (HREs) in the promoters of HIF-1α target genes, which activates their 

transcription (Huang et al., 1996; Jiang et al., 1996; Mole et al., 2009) (Fig. 8B). 

Promoter-bound HIF-1α has been shown to promote transcription through recruitment 

of the mediator complex that contains CDK8. The CDK8-mediator complex, in turn, 



Review of the Literature

33

helps to recruit P-TEFb to promoters, which allows the release of paused Pol II into 

elongation (Galbraith et al., 2013).

Figure 8. Regulation of the oxidative stress response and hypoxia response. (A) Under 
basal growth conditions, Nrf2 forms a complex between KEAP1 and Cul3. This complex 
allows Cul3 to ubiquitinate Nrf2, which marks it for proteasomal degradation. Oxidative 
stress causes dissociation of the Nrf2-KEAP1-Cul3 complex, which leads to the formation 
of heterodimers between Nrf2 and small Maf proteins. These heterodimers bind to the 
chromatin and activate the transcription of genes that increase cellular antioxidant capacity. 
(B) In normoxia, HIF-1α is hydroxylated, followed by the ubiquitination of HIF-1α by pVHL
and proteasomal degradation of HIF-1α. Hypoxia prevents the hydroxylation of HIF-1α, 
allowing it to form dimers with HIF-1β. These dimers induce the transcription of hypoxia-
responsive genes that increase oxygen supply in cells. Adapted from Himanen and Sistonen, 
2019.

3.2 Heat shock factors (HSFs)

The first HSF was discovered in Drosophila melanogaster in 1984 (Parker and Topol, 

1984; Wu 1984), followed by the discovery of yeast HSF in 1987 (Sorger and Pelham, 

1987). While these invertebrates express only a single HSF, multiple HSFs have been 

found in mammals (Joutsen and Sistonen, 2019). The first mammalian heat shock factors

(HSFs), HSF1 and HSF2, were identified by three studies independently in 1991

(Rabindran et al., 1991; Sarge et al., 1991; Schuetz et al., 1991). After this initial 

discovery, several other HSF family members have been found including HSF3, HSF4, 

HSF5, HSFXs, and HSFYs. In contrast to other organisms, plants express typically over 
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20 HSFs, which is likely a result of duplications of genes and entire genomes during the 

evolution of plants (Scharf et al., 2012). Besides functioning as regulators of proteotoxic 

stress response, HSFs play important roles in development, aging, and various diseases, 

such as cancer and neurodegeneration (Gomerz-Pastor et al., 2018; Joutsen and Sistonen, 

2019). 

3.2.1 Structure of HSFs

HSFs are characterized by the N-terminal winged helix-turn-helix DNA-binding domain 

(DBD), which allows binding of HSFs to HSEs in the DNA (Vuister et al., 1994) (Fig. 

9). Although DBD is highly conserved between HSF family members, the DBD wing-

domains of HSF1 and HSF2 are structurally distinct, resulting in locus-specific 

differences in their DNA-binding activities (Jaeger et al., 2016). Another conserved 

domain among HSFs is the oligomerization domain, which contains hydrophobic 

leucine-zipper-like heptad repeats (HR-A/B) and allows the trimerization of HSFs during 

their activation (Sorger and Nelson, 1989) (Fig. 9). Some of the HSFs also contain C-

terminal heptad repeats (HR-C) that prevent spontaneous trimerization through 

interaction with the HR-A/B (Hentze et al., 2016) (Fig. 9). Both mammalian HSF4 and 

yeast HSF lack HR-C, and, therefore, these factors are constitutively in a trimeric form 

displaying ability to bind DNA (Jakobsen and Pelham, 1991; Nakai et al., 1997). 

Transactivation capacity of HSFs is mediated by the C-terminal transactivation domain 

(TAD) and the regulatory domain (RD), which represses TAD under normal conditions

(Shi et al., 1995; Sullivan et al., 2001) (Fig. 9).

Figure 9. Schematic presentation of functional domains of human HSFs. The family of 
human HSFs consists of HSF1, HSF2, HSF4, HSF5, HSFXs, and HSFYs. Of these, 
functional domains of HSF1, HSF2, and HSF4 are depicted above. Numbers on the right side 
indicate lengths of each HSF in amino acids. DBD: DNA-binding domains, HR-A/B/C: 
heptad repeats, RD: regulatory domain, TAD: transactivation domain.
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3.2.2 Post-translational modifications (PTMs) associated with HSFs 

Various PTMs, including phosphorylation, acetylation, sumoylation, and ubiquitination, 

play critical roles in regulating activity of HSFs (Joutsen and Sistonen, 2019). HSF1 

undergoes phosphorylation events at 23 sites, a majority of which repress transactivation 

capacity of HSF1, suggesting that phosphorylation functions as a fine-tuning mechanism 

of HSF1 activity in stressed cells (Guettouche et al., 2005; Budzyński et al., 2015; Zheng 

et al., 2016). Acetylation has been reported to impact HSF1 in multiple ways 

(Raychaudhuri et al., 2014). For example, acetylation at lysine residues 80 and 118 (K80, 

K118) releases HSF1 from the chromatin during the attenuation phase of the HSR 

(Westerheide et al., 2009; Raychaudhuri et al., 2014). Another PTM, which negatively 

regulates HSF1 activity, is sumoylation of K298 within the phosphorylation-dependent 

sumoylation motif (PDSM) (Hietakangas et al., 2003, 2006). This sumoylation event can 

only occur after the phosphorylation at the nearby S303, indicating a crosstalk between 

distinct PTMs of HSF1 (Hietakangas et al., 2003). In addition to HSF1, HSF2 is 

subjected to sumoylation at K82 within its DBD, which been shown to inhibit the DNA-

binding activity of HSF2 (Anckar et al., 2006; Tateishi et al., 2009). Besides regulation 

of transactivation capacity and DNA occupancy, levels of HSFs are controlled by 

ubiquitin-proteasome system (Ahlskog et al., 2010; Kourtis et al., 2015). HSF1 is marked 

for degradation by a ubiquitin ligase F-box and WD repeat domain containing 7 

(FBXW7) during the attenuation of the HSR (Kourtis et al., 2015). HSF2, in turn, is 

ubiquitinated by the anaphase promoting complex/ cyclosome (APC/C) upon heat shock, 

which subsequently, leads to the degradation of HSF2 (Ahlskog et al., 2010). Moreover, 

upon oxidative stress and heat shock, HSF1 undergoes oxidation at two cysteine residues 

(C35 and C105) in the DBD, which is required for trimerization of HSF1 and its binding 

to the DNA (Ahn and Thiele, 2003). 

3.2.3 HSFs in development and disease 

Apart from being a master regulator of the HSR, HSF1 is crucial for development as 

HSF1 KO mice display defects in the placenta, spermatogenesis, and brain development, 

as well as prenatal lethality and infertility (Xiao et al., 1999; Santos and Saraiva, 2004; 

Åkerfelt et al., 2010). Similarly to HSF1, HSF2 plays important roles in brain 

development and gametogenesis, particularly in spermatogenesis (Kallio et al., 2002; 



Review of the Literature 

36 
 

Wang et al., 2003). In mouse testis, HSF2 regulates multicopy genes of the Y-

chromosome, which is essential for the chromatin packaging in sperm and for the proper 

development of the sperm head (Åkerfelt et al., 2008). 

In addition to their developmental roles, HSFs are often misregulated in aging-related 

diseases including neurodegenerative diseases and cancer (Gomez-Pastor et al., 2018). 

For example, degradation of HSF1 has been observed in mouse models of 

neurodegenerative diseases, including Huntington’s disease and α-synucleinopathy 

(Kim et al., 2016; Gomez-Pastor et al., 2017). Other studies have reported that HSF1 KO 

mice display increased ubiquitination and aggregation of proteins, both of which are 

hallmarks of neurodegeneration (Kondo et al., 2013; Homma et al., 2007). Thus, it is 

evident that decline of HSF1 levels is one of the root causes for the disruption of healthy 

protein homeostasis in aging neurons. 

In many cancers, HSF1 levels are elevated, which correlates with increased mortality of 

patients (Santagata et al., 2011; Björk et al., 2018). Moreover, HSF1 KO mice develop 

less tumors than their wildtype (WT) counterpart, indicating a critical role for HSF1 in 

promoting cancer progression (Dai et al., 2007; Min et al., 2007). Besides maintaining 

high levels of HSPs in cancer cells, HSF1 drives cancer-specific transcription program, 

which involves changes in the expression of genes related to cell-cycle, adhesion, 

metabolism, and other oncogenic processes (Mendillo et al., 2012). Unlike HSF1, HSF2 

displays different functions depending on the type of cancer. HSF2 has been reported to 

act as a tumor suppressor in prostate cancer, while another study found that increased 

levels of HSF2 enhance cell proliferation in lung cancer (Björk et al., 2016; Zhong et al., 

2016). Based on these studies, modulation of HSF levels provides promising strategies 

for the treatment of both neurogenerative diseases and cancer. Increasing the levels of 

HSF1 will help to improve protein homeostasis in neurodegeneration, whereas 

decreasing the levels of HSF1 is a desired strategy for preventing growth of cancer. 

3.3 Repression of transcription during stress 

Stress-inducible transcription is accompanied by repression of thousands of genes, such 

as genes that regulate transcription, translation, cell cycle, and metabolism (Mole et al., 

2009; Mahat et al., 2016; Dukler et al., 2017; Vihervaara et al., 2017). These changes in 
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transcription prevent damaged cells from dividing and allow cells to conserve energy for 

processes that are required to re-establish cellular homeostasis. It has been shown that 

repression of transcription by proteotoxic stress occurs due to reinforced Pol II pausing 

(Mahat et al., 2016; Dukler et al., 2017; Vihervaara et al., 2017). Although the 

mechanisms that cause the increased pausing of Pol II remain largely unknown, they 

seem to be independent of the master regulators of stress-inducible transcription. For 

example, repression of genes during heat shock occurs both in WT and HSF1 KO cells 

(Mahat et al., 2016). Another study reported that even though HIF-1α was required for 

the repression of some genes under hypoxia, nearly all of the repressed genes lacked 

promoter-bound HIF1-α, indicating that the repression due to hypoxia involves yet 

unidentified factors (Mole et al., 2009). 

Repression during heat shock is caused by increased binding of NELF to the promoters 

of repressed genes, which prevents the elongation of Pol II (Aprile-Garcia et al., 2019; 

Rawat et al., 2021) (Fig. 10A). The same study showed that recruitment of NELF 

requires ubiquitination of nascent proteins that are translated under heat shock. This 

causes, through an undiscovered mechanism, binding of mitogen-activated protein 

kinase 14 (p38α, also called MAPK14) to promoters of repressed genes, which mediates 

increased recruitment of NELF (Aprile-Garcia et al., 2019) (Fig. 10A). In addition to 

NELF, repression by heat shock in human cells is regulated by non-coding Alu RNA, 

transcribed from Alu retrotransposons that belong to short interspersed nuclear elements 

(SINEs). Heat shock induces transcription of Alu RNA, which subsequently hinders the 

binding of Pol II to promoters, resulting in the repression of transcription (Mariner et al., 

2008; Yakovchuk et al., 2009) (Fig. 10A). A similar mechanism was demonstrated in 

mouse cells where Pol II binding to promoters is prevented by B2 RNA, which is also a 

member of SINE retrotransposons and induced by heat shock (Allen et al., 2004; 

Yakovchuk et al., 2009). 

Besides the mechanisms presented above, heat-inducible SUMOylation of chromatin 

promotes the repression of transcription (Niskanen et al., 2015). However, several 

chromatin-associated proteins undergo SUMOylation and, therefore, the exact molecular 

details of SUMOylation-mediated repression remain still unknown (Hendriks et al., 

2014). Another mechanism that contributes to the repression of transcription is the 
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reorganization of chromatin 3D structure in response to heat shock (Lyu et al., 2018). 

3D structure of chromatin can be divided into topologically associating domains (TADs) 

that are large-scale loops, often containing smaller intra-TAD loops between enhancers 

and promoters (Dixon et al., 2012; Shen et al., 2012). It was shown that repressed genes 

and their enhancers are located within same TADs under normal growth conditions, 

which allows the formation of enhancer-promoter contacts. However, heat-induced 

reorganization of TADs disrupted these contacts, hereby leading to repression of gene 

transcription (Lyu et al., 2018) (Fig. 10B). In conclusion, repression during stress is 

regulated by a combination of various mechanisms and further studies are required to 

understand the details of these mechanisms and how the repression is regulated by 

different stresses.

Figure 10. Mechanisms of transcriptional repression during stress. (A) Nascent proteins 
that are translated under heat shock undergo ubiquitination. This induces the binding of p38α 
to promoter of repressed genes, which reinforces Pol II pausing through the recruitment of 
NELF. Heat shock also causes transcription of Alu RNA, which hinders the binding of Pol II 
to promoters. (B) Heat shock induces reorganization of TADs, which disrupts enhancer-
promoter contacts that are established under normal growth conditions, leading to repression 
of transcription.
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3.4 Epigenetic memory of stress 

Several studies have observed that exposure of cells to a mild heat shock enhances 

survival under subsequent exposure to a severe heat shock, a phenomenon called induced 

thermotolerance (Sanchez and Lindquist, 1990; Sanchez et al., 1993). This is one of the 

first findings indicating that cells encode a memory to previously experienced stress. 

Later studies have reported that exposure to various types of stress leads often to a faster 

and stronger activation of transcription during recurring stress. Memory of recently 

experienced stress can last several cell divisions and it allows cells to survive extended 

periods of challenging growth conditions that would be otherwise lethal (Berry and 

Gasch, 2008; Guan et al., 2012; Lämke et al., 2016; Vinoth et al., 2018). Transcriptional 

memory of stress and other previously experienced conditions is transmitted to daughter 

cells through modifications in the chromatin. This type of inheritance is called epigenetic 

inheritance, since it is independent of alterations in DNA sequence and involves long-

lasting changes in the PTMs of histones and DNA methylation (Cavalli and Heard, 2019) 

(Fig. 11). 

3.4.1 Histone modifications 

One of the commonly occurring histone PTMs that is associated with epigenetic memory 

of stress is dimethylation of histone H3 on lysine 4 (H3K4me2) (Light et al., 2013; 

D’Urso et al., 2016; Lämke et al., 2016) (Fig. 11). In yeast, H3K4me2 levels are 

increased in the promoters of stress-inducible genes after salt stress and inositol 

starvation, which mediates faster induction of transcription during recurring stress 

(D’Urso et al., 2016). Similarly, H3K4me2 and H3K4me3 levels of heat-responsive 

genes remain elevated in Arabidopsis thaliana 2–3 days after heat shock, which 

correlates with stronger activation of these genes in response to second heat shock 

(Lämke et al., 2016; Liu et al., 2018). Moreover, human cells that have been treated with 

interferon gamma (INF-γ), display increased H3K4me2 levels in the promoters of INF-

γ-responsive genes, which is necessary for the establishment of memory to INF-γ 

treatment (Light et al., 2013). Although the detailed mechanism of H3K4me2-mediated 

memory remains to be discovered, it was shown in yeast that the SET3C histone 

deacetylase complex plays an important role in the faster reactivation of genes marked 

by H3K4me2. SET3C binds to H3K4me2 and is necessary both for the maintenance of 
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H3K4me2 levels and for the recruitment of poised Pol II, which is a form of Pol II that 

lacks Ser5 phosphorylation and, therefore, has not initiated transcription (D’Urso et al., 

2016) (Fig. 11).  

In addition to methylation, acetylation of histones has been shown to function as an 

epigenetic marker in Caenorhabditis elegans (Fig. 11). Worms that have experienced 

heat shock during early life, display increased acetylation of histone H4 in the promoters 

of innate immune and detoxification genes even in aged worms. The effects of sustained 

histone H4 acetylation are mediated through recruitment of the SWI/SNF complex to 

acetylated promoters, which allows increased and persistent transcription of acetylated 

genes throughout the life of worms (Zhou et al., 2019) (Fig. 11). 

Besides modification of histones, entire histones can be replaced by histone variants to 

mark recently activated genes. For example, exposure of yeast to inositol starvation 

induces exchange of histone H2A for H2A.Z in the promoter of INO1 gene (Fig. 11). 

This leads to the interaction of INO1 gene with the nuclear pore complex (NPC) in the 

nuclear periphery, which is required for rapid reactivation of INO1 during recurring 

inositol starvation (Brickner et al., 2007; Light et al., 2010) (Fig. 11). Furthermore, NPC 

allows faster reactivation of several genes during oxidative stress in yeast that have been 

treated previously with high salt (Guan et al., 2012). The exact role of NPC in these 

processes remains unclear, although it was found that NPC maintains elevated levels of 

H3K4me2 in the promoters of genes that show transcriptional memory both in yeast and 

human cells (Light et al., 2013). In addition to deposition of H2A.Z, promoters of INO1 

gene and several INF-γ-responsive genes in human cells are bound by the CDK8-

mediator complex during memory, which stimulates the recruitment of poised Pol II to 

these promoters (D’Urso et al., 2016) (Fig. 11). However, it remains unknown whether 

CDK8-mediator recruitment involves histone PTMs, such as H3K4me2. 

3.4.2 DNA methylation 

In addition to histone modifications, DNA methylation of CpG sites is associated 

strongly with epigenetic inheritance (Dor and Cedar, 2018). For a long time, DNA 

methylation was thought to function in the repression of transcription, but several studies 

indicate that this may not be the case. Even though methylated CpG sites are often 
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present in silenced genes, it was found that DNA methylation in the promoter of octamer-

binding transcription factor 3/4 (OCT3/4) occurs only after the gene has been repressed

(Feldman et al., 2006). This suggests a role for DNA methylation in the maintenance of 

silenced state rather than establishment of it. To further support these findings, another 

study showed that silencing of early-embryonic genes during differentiation can be 

prevented through disruption of heterochromatin formation without affecting DNA 

methylation in these genes (Epsztejn-Litman et al., 2008).

Figure 11. Examples of epigenetic marks during memory of stress. Exposure of cells to 
stress creates memory that allows stronger and more rapid activation of transcription during 
recurring stress. H3K4me2 occurs upon memory, and it is recognized by SET3C, which 
recruits poised Pol II to promoters. CDK8-mediator complex works in a similar fashion by 
recruiting poised Pol II. Incorporation of H2A.Z into nucleosomes leads to the interaction of 
the promoter with NPC and consequently, to faster reactivation of transcription during second 
stress. H4 acetylation in turn, mediates recruitment of SWI/SNF, which opens chromatin 
structure to allow stronger transcription. Changes in DNA methylation occur after stress but 
the role of it in the memory of stress remains still poorly understood.
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Both hyper- and hypomethylation of DNA has been observed after stress treatments 

(Bilichak et al., 2012; Watson et al., 2014; Li et al., 2016; Kisliouk et al., 2017) (Fig. 

11). In contrast to the well-known role of DNA methylation in repression, it was 

demonstrated that in chicken hypothalamus, increased DNA methylation in the distal 

part of the HSPA2 promoter after heat shock promoted faster reactivation of HSPA2 in 

response to a second heat shock. Methylated part of the HSPA2 promoter blocked 

binding of OCT1 and subsequent recruitment of nucleosome remodeling deacetylase 

(NuRD), which led to elevated acetylation and transcription of HSPA2 (Kisliouk et al., 

2017). In Arabidopsis thaliana, hypermethylation after salt stress correlates with 

decreased gene expression, while in rapeseed, no clear correlation was found between 

methylation status and gene expression following heat shock (Bilichak et al., 2012; Li et 

al., 2016a). In conclusion, the effect of DNA methylation on transcription can vary in 

different circumstances and further studies are needed to better understand its role in the 

context of stress. 
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AIMS OF THE STUDY 

Cellular stress is known to encode a memory, which allows faster and stronger activation 

of pro-survival genes during recurring stress. However, mechanistic regulation of 

transcription in the daughters of stressed cells has remained unknown. The first aim of 

this thesis was to uncover how exposure to acute and chronic heat stress reprograms 

genome-wide nascent transcription at promoters, gene bodies, termination sites, and 

enhancers over mitotic divisions. Since previous studies have used mostly heat shock to 

investigate distinct steps of transcription, the aim in the second study of the thesis was 

to perform a comparative analysis of nascent transcription between cells exposed to 

oxidative stress and heat shock. The focus in this project was to understand how 

oxidative stress-inducible transcription at genes and enhancers is coordinated by two 

important regulators of proteotoxic stress response, HSF1 and HSF2. HSF1-driven 

production of HSPs is often misregulated in proteinopathic diseases, which leads to a 

collapse of protein homeostasis. To restore protein homeostasis in these diseases, several 

activators of HSP expression, such as chaperone co-inducer BGP-15, have been 

developed. The third aim of this thesis was to determine the molecular mechanism of 

BGP-15-mediated enhancement of HSP expression.  

Specific aims of this thesis were to determine: 

 How transcriptional memory of acute and chronic cell stress is transmitted over 

mitotic divisions? 

 The roles of HSF1 and HSF2 in driving transcription of genes and enhancers during 

oxidative stress and heat shock. 

 The molecular mechanism of BGP-15-mediated enhancement of the HSR. 
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EXPERIMENTAL PROCEDURES 

Methods, cell lines, and antibodies used in this thesis are listed below. Detailed 

explanations of the methods and data analyses can be found in the original publications 

(I–III). 

Table 1. Methods used in this thesis. 

Method Study 

Cell culture I, II, III 

Cell viability assay using calcein III 

Chromatin immunoprecipitation (ChIP) I, III 

Chromatin immunoprecipitation sequencing (ChIP-seq) II 

Downregulation of HSF1 with short hairpin RNA (shRNA) I 

Fluorescence-activated cell sorting (FACS) I 

GSH/GSSG assay II 

Immunofluorescence II 

In vitro HDAC activity assay III 

Micrococcal nuclease (MNase) assay III, Results and 
Discussion 

Micrococcal nuclease-coupled chromatin immunoprecipitation 
(MNase-ChIP) I 

Nuclear fractionation and HDAC activity assay III 

Precision run-on sequencing (PRO-seq) I, II 

Precision run-on quantitative PCR (PRO-qPCR) I 

Quantitative reverse transcription PCR (qRT-PCR) I, III 

Transposase-accessible chromatin using sequencing  
(ATAC-seq) 

I 

Western Blotting I, II 
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Table 2. Cell lines used in this thesis. WT: wildtype, HSF1 KO: HSF1 knockout, HSF2 
KO: HSF2 knockout. 

Cell line Type Study 

K562 Human erythroleukemia I 

MEF WT Mouse embryonic fibroblast I, II, III 

MEF HSF1 KO Mouse embryonic fibroblast II 

MEF HSF2 KO Mouse embryonic fibroblast II 

 
 

 

Table 3. Antibodies used in this thesis. H4 Ac: acetylated H4, MNase-ChIP: Micrococcal 
nuclease-coupled chromatin immunoprecipitation, ChIP: chromatin immunoprecipitation, 
ChIP-seq: chromatin immunoprecipitation sequencing, WB: Western blotting. 

Antigen Antibody 
Company/ 
Manufacturer 

Application Study 

H2A.Z ab4174 Abcam MNase-ChIP I 

H3 06-755 Merck Millipore MNase-ChIP I 

H4 05-858 Merck Millipore MNase-ChIP I 

H4 Ac 06-866 Merck Millipore MNase-ChIP I 

HSF1 SPA-901 Enzo Life Sciences ChIP, ChIP-seq, 
WB I, II, III 

HSF2 Östling et al., 
2008; 3E2 

Sistonen’s laboratory,  
EMD Millipore 

ChIP-seq, WB II 

IgG Normal rabbit 
IgG EMD Millipore ChIP-seq II 

Pol II CTD 8WG16 Abcam WB I 

β-tubulin T8328, ab6046 Merck, Abcam WB I, II 
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Table 4. Primers used for MNase assay in Results and Discussion (section 1.1). 
Sequences for other primers used in the thesis can be found in the original publications. Vcl:  
vinculin, Ubc: ubiquitin C, NDR: nucleosome-depleted region, F: forward primer, R: reverse 
primer.  

Promoter region Primer sequences 

Vcl NDR 
F: 5’-GAATCCGGTCGCAATCCCT-3’ 
R: 5’-TACTTCGATAAGCTCCGCCC-3’ 

Vcl -1 nucleosome 
F: 5’-TGACGGTAAAGGGGAGCA-3’ 
R: 5’-GCAGGATCACCTCAGTAGGG-3’ 

Vcl +1 nucleosome 
F: 5’-ACACGCGTACGATCGAGAG-3’ 
R: 5’-CATAATCACCAGGTGCGAGA-3’ 

Ubc NDR 
F: 5’-CCTCACACAGCAGACGGAAC-3’ 
R: 5’-GGTGACTATATAAAGAGACGCCG-3’ 

Ubc -1 nucleosome 
F: 5’-AGTCTCGGCAGCGAAAGC-3’ 
R: 5’-CCGTGAAACAACTCCGTGAGA-3’ 

Ubc +1 nucleosome 
F: 5’-CCCTCAGGCTTCCATCTG-3’ 
R: 5’-GGCCCAGACGTTTGGTTT-3’ 
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RESULTS AND DISCUSSION 

1 Transcriptional memory of cell stress (I) 

Reprogramming of transcription plays an essential role in protecting cells against 

stressful conditions, such as oxidative stress, hypoxia, and elevated temperatures 

(Himanen and Sistonen, 2019). Although transcription in general is repressed by stress 

through the inhibition of Pol II pause release, stress-responsive TFs can activate 

cytoprotective genes by releasing paused Pol II into elongation (Duarte et al., 2016; 

Mahat et al., 2016; Dukler et al., 2017; Vihervaara et al., 2017). Besides genes, enhancers 

are prominently upregulated during stress, which occurs at the level of Pol II recruitment 

(Vihervaara et al., 2017).  

Interestingly, several studies have found that stressed cells display epigenetic chromatin 

modifications, which can be transmitted either transgenerationally or mitotically from 

cell to cell (Seong et al., 2011; Light et al., 2013; D’Urso et al., 2016). These chromatin 

modifications, in turn, mark cytoprotective genes for rapid reactivation, which allows 

cells to adjust their transcriptional programs depending on the duration and severity of 

the stress (Light et al., 2010; D’Urso et al., 2016). However, the mechanistic regulation 

of Pol II during stress-induced memory has remained unknown. The aim of this study 

was to investigate how preconditioning of cells with either single or multiple heat shocks 

impacts distinct steps of transcription in the daughters of stressed cells. To answer this 

question, we performed genome-wide profiling of nascent transcription, which allowed 

us to detect changes in recruitment, pause release, elongation, and termination of Pol II.  

1.1 Memory of a single heat shock is mediated through accelerated 

release of paused Pol II 

We investigated the mechanism of heat-induced memory using precision run-on 

sequencing (PRO-seq), which allows genome-wide quantification of actively 

transcribing Pol II. Unlike RNA-seq and other typically used methods, which detect 

steady-state mRNA levels, PRO-seq measures nascent transcription at promoter-

proximal regions, gene bodies, termination sites, and intergenic regions including 
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enhancers (Kwak et al., 2013; Core et al., 2014). PRO-seq was performed using mouse 

embryonic fibroblasts (MEFs) that were preconditioned with a heat shock at 42°C for 1 

h. Cells were let to recover at 37°C for 48 h, and subjected to another heat shock at 42°C 

for varying times: 0, 12.5, 25 or 40 min (I, Fig. 2A). To analyze the impact of stress-

induced memory on transcription, we compared transcriptional programs between 

preconditioned and unconditioned cells, which received only one heat shock.  

The results of PRO-seq showed that heat shock causes induction of hundreds and 

repression of thousands of genes, while enhancers displayed a prominent gain of Pol II 

(I, Fig. 1A), as has been observed in previous studies (Mahat et al., 2016; Vihervaara et 

al., 2017). Our results also showed that the transcription of both genes and enhancers 

was restored back to the basal level after preconditioning (I, Fig, 1A–B). Next, we 

analyzed whether preconditioning changes responsiveness to the second heat shock. No 

differences in transcription were observed between preconditioned and unconditioned 

cells during 25- and 40-min heat shocks, but, interestingly, we found over 400 genes that 

were induced upon 12.5-min heat shock exclusively in preconditioned cells (I, Fig. 2B–

C, S5A–B). These results indicate that preconditioning accelerates the onset of 

transcription during subsequent heat exposures. To gain mechanistic understanding of 

the faster induction, we analyzed distribution of Pol II within promoter-proximal regions 

and gene bodies. Preconditioning had no impact on the average levels of paused Pol II 

but instead, promoted faster release of Pol II into elongation upon 12.5-min heat shock 

(I, Fig. 2C, S5A). Furthermore, we found some genes, such as vinculin (Vcl), which 

displayed faster elongation rate of Pol II after preconditioning, as measured by the 

distance travelled by Pol II during heat shock (I, Fig. 2D). Taken together, these results 

show for the first time that exposure to heat shock encodes memory, which allows 

accelerated pause release and elongation rate of Pol II in response to recurring stress.   

Although we did not delineate the mechanism which causes accelerated release of paused 

Pol II in preconditioned cells, it is possible that faster recruitment of P-TEFb plays a role 

in this process, since phosphorylation of Pol II CTD by P-TEFb is the key step regulating 

pause release (Wada et al., 1997; Cho et al., 2001; Fujinaga et al., 2004; Kim and Sharp, 

2009). Another possibility is that preconditioning leads to alterations in chromatin 

organization including enhancer-promoter contacts. This theory is both supported and 
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opposed by previous findings. Some studies have reported heat-induced rewiring of

chromatin looping (Li et al., 2015; Lyu et al., 2018), while another study found that 

chromatin conformation remains stable in heat-treated cells (Ray et al., 2019). 

A third explanation for the faster release of paused Pol II could be that preconditioning 

facilitates heat-induced chromatin remodeling, which is required for the movement of 

Pol II along gene bodies (Petesch and Lis, 2008; Swygert and Peterson, 2014). To 

investigate this possibility, we utilized micrococcal nuclease (MNase) assay to measure 

chromatin accessibility of Vcl and ubiquitin C (Ubc) genes, both of which displayed 

accelerated induction (Fig. 12). MNase cuts the DNA between nucleosomes, and hereby, 

Figure 12. The effect of preconditioning on chromatin accessibility of Vcl and Ubc genes. 
MEFs were preconditioned with a heat shock at 42°C for 1 h, allowed to recover at 37°C for 
48 h, and subjected to second heat shock at 42°C for 12.5 or 30 min. Unconditioned cells were 
exposed only to a single heat shock at 42°C for 12.5 or 30 min. Next, MNase assay coupled 
with qRT-PCR was used to measure chromatin openness in the promoter-proximal regions of 
Vcl and Ubc genes. Chromatin openness was measured separately in the nucleosome-depleted 
region (NDR), and the surrounding regions (-1 nucleosome and +1 nucleosome). Decrease in 
MNase resistance indicates more open chromatin structure.  Releative MNase resistance was 
calculated by setting the value of Uncond 0’ sample at NDR to 1. Error bars indicate standard 
error of the mean between three biological replicates. Statistical significance was measured 
with one-way ANOVA. However, no statistical significance was found between samples. Vcl: 
vinculin, Ubc: ubiquitin C.



Results and Discussion 

50 
 

regions occupied by nucleosomes display higher MNase resistance than open chromatin 

regions (Cuatrecasas et al., 1967). Chromatin accessibility was measured separately in 

the nucleosome-depleted region (NDR) located in the TSS and two nucleosome-

occupied regions that flank the NDR (-1 nucleosome and +1 nucleosome) (Jiang and 

Pugh, 2009). In accordance with previous studies (Petesch and Lis, 2008), more 

accessible chromatin was detected in all regions upon heat shock, as measured by 

decreased MNase resistance in heat-shocked cells (Fig. 12). Although preconditioning 

displayed no effect on heat-inducible chromatin opening, it promoted open chromatin 

structure already prior to stress (Fig. 12). It is important to note though that the changes 

observed after preconditioning were not statistically significant. Based on these results, 

it is still tempting to speculate that exposure to stress could prime genes for accelerated 

induction through changes that maintain chromatin in an open state. However, factors 

that prime accelerated induction during subsequent stress, remain yet to be discovered in 

future studies.  

1.2 Multiple heat shocks reprogram basal and inducible transcription in 

the daughters of stressed cells 

Cancer cells are constantly exposed to various types of stress, which requires extensive 

reprogramming of transcription to support malignant growth (Bradner et al., 2017; Chen 

and Xie, 2018). To study whether cancer cells encode a similar memory of stress as 

healthy cells, we performed PRO-seq in human K562 erythroleukemia cells that were 

preconditioned with a single heat shock and exposed to a second heat shock as described 

above. Interestingly, we observed no differences in stress-inducible transcription 

between preconditioned and unconditioned cells (I, Fig. S6C, S7A–C), which could be 

explained by adaptation of cancer cells to chronic stress conditions (Chen and Xie, 2018). 

Hereby, we decided to precondition K562 cells with repeatedly occurring stress by 

exposing them to a total of nine 1-h heat shocks at 42°C for three days. After this, cells 

were let to recover at 37°C for 48 h and exposed to a final heat shock at 42°C for 1 h (I, 

Fig. 3A). Before performing PRO-seq, we verified that the cells proliferated throughout 

the time course of the experiment and showed no signs of apoptosis, as measured by 

propidium iodide staining (I, Fig. S8A–B). 
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PRO-seq results from repeatedly heat-shocked cells revealed that, although majority of 

transcription returned to basal level after preconditioning, seven genes were upregulated 

and over 500 genes were downregulated in the daughters of stressed cells (I, Fig. 3B–C, 

S9A). One of the upregulated genes was HSPA8, which codes for the constitutively 

expressed HSC70 chaperone (Fig. 3C). Downregulated genes, in turn, comprised mostly 

of genes coding for ER-resident proteins and other proteins involved in protein 

production and biosynthetic pathways (I, Fig. S9B–C). Together, these results suggest 

that multiple heat shocks reprogram basal transcription over mitotic divisions to abate 

biosynthesis of new molecules, allowing survival under constant stress conditions. 

Next, we analyzed the impact of repeated stress on heat-responsiveness of the daughters 

of stressed K562 cells. We found several genes that displayed either lost, gained, or 

accelerated heat-induction after preconditioning (I, Fig. 3D). However, the most striking 

effect of preconditioning was reduced initiation of transcription at heat-inducible genes, 

which co-occurred with accumulation of Pol II within the cleavage and polyadenylation 

site (CPS) in the termination window (I, Fig. 3E, 4A–D). Apart from genes, transcribed 

enhancers displayed decreased levels of Pol II in preconditioned cells, demonstrating 

that exposure to repeated heat shocks leads to a global reduction in the initiation of 

transcription (I, Fig. S15B). This could function either as a mechanism to prevent 

overproduction of gene products or to restrict transcription when energy reserves of the 

cell are depleted due to extended stress conditions. 

1.3 Chromatin accessibility and HSF1 binding are unchanged in 

repeatedly stressed cells 

Reduced initiation of transcription after preconditioning with multiple heat shocks could 

occur due to changes in chromatin accessibility. To investigate this possibility, we 

utilized transposase-accessible chromatin using sequencing (ATAC-seq), which allows 

genome-wide mapping of open chromatin regions (Buenrostro et al., 2013). Although 

we found a global increase in accessibility of chromatin upon heat shock, virtually no 

differences were observed between preconditioned and unconditioned cells (I, Fig. 4E, 

S11B–C). Furthermore, we performed micrococcal nuclease-coupled chromatin 

immunoprecipitation (MNase-ChIP) to measure the levels of histones H2A.Z, H3, H4, 
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and the acetylated form of histone H4 in the promoters and +1 nucleosomes of HSPA1A 

and HSPH1. In accordance with the results of ATAC-seq, we observed eviction of +1 

nucleosomes during heat shock, which was unaffected by preconditioning (I, Fig. S12E–

F). Thus, we conclude that reduced initiation of transcription after repeated heat shocks 

occurs largely independently of changes in the chromatin accessibility.  

In this study, we did not quantify the levels of distinct histone marks besides acetylated 

histone H4. Therefore, we cannot exclude the possibility that decreased initiation in 

preconditioned cells could be partially explained by deposition of histone PTMs, such as 

methylation, which is strongly associated with gene repression. However, this hypothesis 

is contradicted by earlier findings showing that many of the repressive histone PTMs, 

such as H3K9me3 or H3K27me3, serve as marks for heterochromatin formation (Boros 

et al., 2014; Machida et al., 2018; Ramazi et al., 2020). Based on this knowledge, 

methylation of histones due to preconditioning would be expected to cause changes in 

chromatin accessibility that would be detectable with ATAC-seq or MNase-ChIP. 

Because chromatin accessibility was mostly unchanged in preconditioned cells, we 

studied whether reduced initiation of transcription is caused by decreased HSF1 binding. 

This seems likely since HSF1 is the master regulator of heat-inducible chaperone genes 

(Himanen and Sistonen, 2019), many of which displayed reduced initiation after 

preconditioning (I, Fig. 4A–C). To test this hypothesis, we measured binding of HSF1 

to the promoters of HSPH1 and HSPA1A, and quantified mRNA and nascent transcript 

levels of HSPH1 and HSPA1A. In accordance with the PRO-seq data, we observed 

abated heat-inducibility of HSPH1 and HSPA1A after preconditioning (I, Fig. 5A, 

S13D). Interestingly, HSF1 binding to the promoters of these genes was uncompromised 

in preconditioned cells (I, Fig. 5A, S13D). Therefore, we conclude that reduced initiation 

of transcription in repeatedly stressed cells is regulated independently of HSF1 and 

changes in chromatin accessibility.  

1.4 Repeated stress reduces termination of transcription   

Decreased recruitment of Pol II to gene promoters and enhancers in repeatedly stressed 

cells co-occurred with increased residency of Pol II downstream of the CPS within 

termination windows (I, Fig. 4A–C, 6B–C). Thus, we hypothesized that multiple heat 
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shocks might reduce termination of transcription, which would cause decreased 

recycling of Pol II from termination windows to promoters and enhancers. Termination 

of transcription involves cleavage of the nascent transcript at CPS before Pol II can be 

released from the DNA (Proudfoot, 2016). RNA cleavage within termination windows 

can be analyzed from PRO-seq data by determining length of the CPS-spanning 

sequencing reads (I, Fig. 6D). We used 75 bp as a sequencing read length and, therefore, 

any reads that are below 75 bp in length have been cleaved. Our analysis revealed that 

preconditioning with multiple heat shocks resulted in increased read length downstream 

of CPS, indicating that preconditioning, indeed, reduces RNA cleavage and termination 

of transcription (I, Fig. 6D). Taken together, our results show that repeated exposure to 

stress encodes a transcriptional memory, which leads to reduced termination and, 

consequently, reduced recycling of Pol II to promoters and enhancers in the daughters 

of stressed cells. This could function as a mechanism to restrict production of new 

proteins when energy reserves of the cell are depleted due to constantly occurring stress. 

In addition, retention of Pol II within termination windows could allow quick release of 

fully transcribed RNAs when they are needed. 

Although the mechanism behind reduced termination of transcription in repeatedly 

stressed cells remains unknown, it seems likely that multiple stress exposures would 

decrease the recruitment of termination machinery to the chromatin. One of the most 

critical components of the termination machinery is cleavage and polyadenylation 

specificity factor 73 (CPSF-73), which catalyzes the cleavage of nascent RNAs at 3’ end 

of genes (Mandel et al., 2006). Since we observed decreased RNA cleavage within 

termination windows due to preconditioning, it would be intriguing to investigate if this 

co-occurs with decreased occupancy of CPSF-73 at the termination sites. Another 

possibility is that preconditioning abates the recruitment of Xrn2 exonuclease, which is 

responsible for releasing Pol II from the chromatin after the initial RNA cleavage (West 

et al., 2004; Eaton et al., 2018).  In future studies, it would be important to address 

whether the recruitment of Xrn2 and CPSF-73 to chromatin is altered in the daughters 

of repeatedly stressed cells. 

Another limitation of this study is that we have not demonstrated the movement of Pol 

II from termination windows to the transcription initiation sites including promoters and 
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enhancers. Movements of Pol II in the chromatin could be investigated with recently 

developed single-molecule and super-resolution imaging techniques, which have 

allowed tracking individual Pol II complexes at single transcription sites (Li et al., 2017; 

Li et al., 2019). Application of these methods could help to confirm that the reduced 

initiation in preconditioned cells is, indeed, caused by reduced recycling of Pol II from 

termination sites to promoters. Furthermore, exposure to repeated heat shocks can be 

considered as a non-physiological form of stress, which does not occur in living 

organisms. Therefore, it will be important to address in future studies whether the 

mechanisms uncovered in this study are used by cells also during other types of stress, 

such as oxidative stress, hypoxia, or ER stress.  

Regardless of the limitations of this study, we show for the first time that the memory of 

previously experienced cell stress is mediated through changes in the Pol II pause release 

and termination of transcription. We demonstrate that in MEFs, exposure to a single heat 

shock allows faster induction during recurring stress through accelerated release of 

paused Pol II. Unlike normal cells, highly malignant K562 cells showed no change in 

heat-inducibility after single heat exposure, which is likely explained by adaptation of 

cancer cells to constant stress conditions. Multiple heat shocks, in turn, reduced stress-

inducible initiation of transcription in K562 cells by restricting the recycling of Pol II 

from transcription termination sites. Together, these results reveal that healthy MEFs and 

malignant K562 cells utilize distinct mechanisms for reprogramming transcription over 

mitotic divisions to promote survival in response to rapidly changing challenges in the 

environment. 
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2 HSFs as multi-stress-responsive drivers of gene and 

enhancer transcription (II) 

Cells are constantly exposed to various types of harmful conditions, such as oxidative 

stress and proteotoxic stress. Protection against these conditions requires activation of 

distinct transcriptional programs. While Nrf2 and FOXOs have been identified as key 

regulators of oxidative stress-inducible transcription, HSFs function as master activators 

of transcription under proteotoxic stress, such as heat shock (Himanen and Sistonen, 

2019). HSF1 is the most studied member of the HSF family and required for the stress-

inducible transcription of chaperone genes. HSF2, in turn, is indispensable for chaperone 

expression, but plays an important role in development, particularly during 

gametogenesis and neurogenesis (Joutsen and Sistonen, 2019). Interestingly, it has been 

shown that besides driving transcription upon proteotoxic stress, HSF1 is also activated 

in response to elevated levels of ROS (Anh and Thiele, 2003). Another study showed 

that in the absence of HSF1, cardiac production of ROS is increased, indicating a role 

for HSF1 in the regulation of oxidative stress response (Yan, et al., 2002). Nevertheless, 

the transcriptional programs driven by HSF1 or other HSF family members upon 

oxidative stress have not been studied previously.  

Apart from binding directly to gene promoters, we found in the first study of this thesis 

that HSF1 regulates heat-inducible activation of tax1-binding protein 1 (Tax1bp1) 

through a nearby enhancer (I, Fig. 5C–E). It was also demonstrated that HSF1 is recruited 

to an intronic enhancer of FOXO3 gene during both oxidative stress and heat shock, 

which leads to the induction of FOXO3 (Grossi et al., 2018). Together, these findings 

suggest that HSFs can potentially regulate unique transcriptional programs in response 

to distinct stresses through enhancers in addition to directly binding to gene promoters. 

Since previous studies have used mainly heat shock as a model to study distinct steps of 

transcription (Mahat et al., 2016; Vihervaara et al., 2018), we performed genome-wide 

profiling of nascent transcription in cells exposed to either oxidative stress or heat shock. 

Moreover, we analyzed the roles of HSF1 and HSF2 in the reprogramming of gene and 

enhancer networks during these two different stress conditions. Our goal was to 

determine whether HSFs can trigger distinct transcriptional programs depending on the 
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type of stress experienced by cells. We also aimed to uncover if these transcriptional 

programs can be driven by HSF-activated enhancers in addition to genes.   

2.1 Oxidative stress and heat shock orchestrate distinct transcriptional 

programs involving genes and enhancers 

This study was initiated by profiling changes in genome-wide transcription during 

oxidative stress and heat shock using PRO-seq. Oxidative stress can be induced with 

various compounds, including a commonly used ROS generator, menadione (2-methyl-

1,4-naphthoquinone), which we used in this study (Klotz et al., 2014). Menadione is 

reduced by several cellular enzymes in a reaction where it receives an electron from 

NADH or NADPH. Reduced form of menadione is subsequently oxidized by molecular 

oxygen resulting in the formation of superoxide (O2•-). After this, superoxide is processed 

to other types of ROS, such as hydrogen peroxide and hydroxyl radical, that oxidize 

cellular macromolecules (Klotz et al., 2014). As the cell model, we utilized MEFs that 

were treated with either 30 μM menadione for 2 h or exposed to a heat shock at 42°C for 

1 h.  

Results from PRO-seq revealed extensive and largely stress type-specific rewiring of 

gene and enhancer transcription (II, Fig. A–B). In accordance with previous studies 

(Mahat et al., 2016; Dukler et al., 2017; Vihervaara et al., 2017), repression of genes was 

more prominent than induction, which has been suggested to release a pool of Pol II that 

can be recruited to transcription initiation sites including enhancers (II, Fig. 1A). This 

theory is supported by our results, which show a remarkable gain of Pol II at enhancers 

in response to both menadione treatment and heat shock (II, Fig. 1A). Next, we 

investigated the mechanisms of induction and repression at genes and enhancers by 

analyzing Pol II densities in these regions. It is known that during heat shock, induction 

of genes is driven by the release of paused Pol II into elongation, while repression occurs 

due to inhibition of pause release (Vihervaara et al., 2017; Gressel et al., 2019). Enhancer 

transcription, in turn, is regulated at the level of Pol II recruitment (Vihervaara et al., 

2017; Gressel et al., 2019).  We found that these same mechanisms are used by cells 

upon oxidative stress to drive reprogramming of gene and enhancer transcription (II, Fig. 

1C, S2B).  
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Interestingly, a comparison of average Pol II profiles between oxidative stress and heat 

shock revealed differences in the distribution of Pol II along stress-inducible genes (II, 

Fig. 1D). While menadione treatment displayed higher Pol II density in the promoter-

proximal regions and early gene bodies (0.5–2.5 kb relative to the TSS), heat shock 

showed a more prominent accumulation of Pol II in the late gene bodies (II, Fig. 1D). 

Furthermore, analysis of gene ends (–2–0 kb relative to the CPS) revealed increased 

levels of Pol II only at heat-inducible genes (II, Fig. 1E–F). Together, these results 

suggest that transcription at several menadione-inducible genes fails to proceed to the 

end. However, this does not occur due to a general transcriptional blockage, since 37% 

of the menadione-inducible genes showed elevated levels of Pol II both in the start and 

end of the gene (II, Fig. S2C–D). 

Failure to fully transcribe many of the menadione-inducible genes could result from 

oxidative DNA damage, which is known to cause stalling of actively transcribing Pol II 

(Oh et al., 2019). To investigate this possibility, we used immunofluorescence to detect 

changes in the levels of phosphorylated histone H2AX, which is commonly used as a 

marker of DNA damage (Mah et al., 2010). Levels of phosphorylated histone H2AX 

were elevated only during menadione treatment, suggesting that oxidative stress-induced 

accumulation of DNA damage likely explains the impaired elongation of Pol II at several 

menadione-inducible genes (II, Fig. S3). Nonetheless, this observation is based on 

correlation, and more thorough studies would be needed to address whether the stalling 

of Pol II is indeed caused by DNA oxidation. In future studies, various techniques could 

be used to detect genome-wide distribution of oxidized guanine (8-oxo-7,8-

dihydroguanine) (Poetsch, 2020). Other methods have been developed to map apurinic 

sites, which are intermediates that are formed as a result of repairing oxidized nucleotides 

(Poetsch, 2020).  Both of these approaches would allow us to determine whether DNA 

damage occurs at the same regions where menadione-induced stalling of Pol II is 

observed. Another reason why Pol II travelled a shorter distance in menadione-treated 

cells could be slower elongation rate of Pol II in comparison to heat-shocked cells. To 

address this possibility, a new PRO-seq experiment would have to be performed utilizing 

a series of different time points for menadione treatment and heat shock. 
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2.2 HSF1 and HSF2 reprogram transcription during oxidative stress 

To study the roles of HSF1 and HSF2 in transcriptional regulation during oxidative stress 

and heat shock, we utilized wildtype (WT), HSF1 knockout (HSF1 KO), and HSF2 

knockout (HSF2 KO) MEFs that were treated with 30 M menadione for 2 h or exposed 

to a heat shock at 42 C for 1 h. Next, PRO-seq was performed to measure the effects of 

HSF1 and HSF2 on the transcription of both genes and enhancers. Since enhancers can 

be identified with various methods, we selected for the analysis transcriptionally active 

enhancers that contained at least one of the two enhancer-associated enhancer marks, 

H3K27ac and H3K4me1 (Heintzman et al., 2007; Creyghton et al., 2010) (II, Fig. S1). 

Results from PRO-seq revealed hundreds of genes and enhancers that were induced in 

an HSF1- or HSF2-dependent manner in response to menadione and heat shock (II, Fig. 

2A–B). To determine how many of these genes and enhancers are regulated through 

direct binding of HSFs, we performed chromatin immunoprecipitation sequencing 

(ChIP-seq) to analyze genome-wide occupancy of HSF1 and HSF2. We found increased 

binding of HSF1 to genes and enhancers during both stresses, and strikingly, the binding 

was even stronger in response menadione than heat shock (II, Fig. 2D). In contrast to 

HSF1, HSF2 was bound to several targets already in control conditions and displayed 

elevated number of binding sites only in response to menadione treatment (II, Fig. 2D). 

The lack of heat-inducible HSF2 binding is likely explained by previous findings, which 

have demonstrated that in heat-shocked cells, HSF2 undergoes degradation shortly after 

being recruited to the chromatin (Ahlskog et al., 2010). Decreased HSF2 levels can be 

observed already after 30 minutes from the start of heat shock (Ahlskog et al., 2010), 

and, therefore, different results could have been obtained if an earlier time point had been 

used for the PRO-seq analysis in this study. 

Comparison of PRO-seq and ChIP-seq data revealed that direct binding of HSF1 was 

required for the induction of several genes and enhancers in response to both menadione 

and heat shock (II, Fig. 2E). In accordance with earlier studies (Östling et al., 2007; 

Joutsen et al., 2020), only a few targets were regulated through HSF2 binding upon heat 

shock, suggesting that HSF2 functions as a modulator rather than a driver of heat-

inducible transcription (II, Fig. 2E). Surprisingly, we found that during oxidative stress, 

induction of several genes and enhancers was dependent on direct binding of HSF2 (II, 
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Fig. 2E). HSF2-dependent targets included genes that regulate various stress-related 

processes, such as DNA repair, apoptosis, and protein folding (II, Table S1). Taken 

together, these results demonstrate that HSF1 and HSF2 play important roles as drivers 

of oxidative stress-responsive transcription. Moreover, we show for the first time that 

apart from being a transcriptional modulator, HSF2 functions as a prominent 

transcription factor. 

Interestingly, a majority of the HSF1- and HSF2-dependent targets were devoid of 

promoter-bound HSFs (II, Fig. 2E). This suggests that HSFs can regulate transcription 

through indirect mechanisms, either by increasing expression of other transcription 

factors or by functioning independently of their transcription factor capacity. The latter 

possibility is supported by an earlier study, which found that HSF1 can repress metabolic 

stress response independently of binding to chromatin by directly antagonizing AMP-

activated protein kinase (AMPK) (Su et al., 2019). Alternatively, HSFs could regulate 

some of the indirect target genes through their numerous enhancer targets (II, Fig. 2E). 

Another explanation could be that WT and KO MEFs originate from different mice, 

which could give rise to partially distinct stress responses between these cell lines due to 

genotypic variation. Thus, it would be interesting to investigate whether identical results 

can be obtained through transiently downregulating HSF1 or HSF2 in WT MEFs.  

2.3 HSF2 drives transcription independently of HSF1 during oxidative 

stress 

HSF2 has been described as a modulator of HSF1 upon heat shock (Östling et al., 2007; 

Joutsen et al., 2020), and, therefore, we investigated whether HSF2 can induce genes and 

enhancers independently of HSF1. In line with earlier studies, HSF2 was recruited to 

nearly all heat-inducible HSF1 target genes and enhancers, but it was required for the 

upregulation of only five genes and eight enhancers (II, Fig. 3B). These HSF2 targets 

were regulated also by HSF1, confirming that in heat-shocked cells, HSF2 lacks unique 

targets and functions mainly as a modulator of HSF1 activity. Surprisingly, we found 

that in menadione-treated cells, HSF2 displays different targets than HSF1, including 

nine genes and 16 enhancers (II, Fig. 3A). One of the HSF2-driven target genes is solute 

carrier family 35 member A5 (Slc35a5), which is induced by recruitment of only HSF2 
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to its promoter in response to menadione (II, Fig. 3C). Hereby, our results reveal for the 

first time that HSF2 can function as a potent transcription factor independently of HSF1 

under oxidative stress.   

The mechanism, which targets HSF1 and HSF2 to distinct sites under oxidative stress, 

remains still to be discovered in future studies. It is possible that HSF1 and HSF2 could 

use the wing domains of their DBDs to recognize unique target genes and enhancers, 

since the wing domains are structurally different between the HSF family members 

(Jaeger et al., 2016). The wing domains are also critical for determining the DNA-

binding activities of these factors, since it was found that swapping the wing domains 

between HSF1 and HSF2 decreased the occupancy of HSF1 and HSF2 in their target 

promoters (Jaeger et al., 2016). The same study reported that the wing domains of HSF1 

and HSF2 are differentially sumoylated, which could play a role in target site specificity 

(Jaeger et al., 2016).  In the light of this knowledge, it would be intriguing to investigate 

if the wing domains are responsible for directing HSF1 and HSF2 to their unique target 

promoters and enhancers during oxidative stress. 

2.4 HSFs drive distinct transcription programs depending on the type of 

stress 

Since HSF1 and HSF2 displayed distinct targets from each other, we investigated 

whether they also regulate different genes and enhancers in menadione-treated and heat-

shocked cells. We found a group of genes that were induced through direct binding of 

HSF1 and/or HSF2 only during menadione treatment (II, Fig. 3C–D, S5). Although heat-

inducible HSF target genes were occupied by HSF1 and/or HSF2 also in menadione-

treated cells, most of these genes were activated by HSFs only in heat-shocked cells (II, 

Fig. 3C, 3E, S5). Many of these heat shock-specific targets include chaperone genes, 

such as DNAJB1, HSPB1, and BAG3 (Fig. 13). Upon heat shock, induction of chaperone 

genes is fully dependent on HSF1, whereas in menadione-treated cells, their induction 

in only decreased but not abolished in the absence of HSF1 (Fig. 13). Based on these 

results, we conclude that exposure to menadione causes HSFs to bind to unique 

promoters, which consequently leads to activation of menadione-specific transcription. 

While HSF1 and HSF2 bind to their heat shock-specific targets also in response to 
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menadione, full transactivation capacity of HSFs is lacking at these genes in menadione-

treated cells. This could occur, for example, due to repression of HSFs or due to absence 

of transcriptional co-activators during oxidative stress. 

Figure 13. PRO-seq and ChIP-seq profiles of heat shock-specific target genes of HSF1. 
PRO-seq data shows expression levels of the genes DNAJB11, HSPB1, and BAG3, while 
ChIP-seq data shows binding of HSF1 and HSF2 to the promoters of these genes. Red signal 
of PRO-seq profiles represents transcripts originating from the plus strand. Blue signal of 
PRO-seq profiles represents transcripts originating from the minus strand. Arrows at the 
bottom indicate the direction of transcription. WT: wildtype, HSF1 KO: HSF1 knockout, 
HSF2 KO: HSF2 knockout, C: control, HS: heat shock (42°C, 1 h), MD: menadione (30 μM, 
2 h).

One mechanism that could target HSFs to their oxidative stress-specific sites in the 

chromatin, is a preference of HSFs for distinct DNA motifs under different types of 

stress. HSFs are known to bind to HSEs, which can be divided into canonical and non-

canonical sequences. Canonical HSEs consist of three inverted nGAAn repeats, whereas 

non-canonical HSEs contain greatly variable sequences (Jaeger et al., 2014; Li et al., 

2016b). We analyzed the content of canonical HSEs in the target sites of HSFs, since 

only these sequences are detected by motif finding algorithms. Our results showed that 

smaller percentage of menadione specific-target genes of HSF1 and HSF2 contained 

canonical HSEs than their heat shock-specific targets genes (II, Fig. 3F). This finding 

indicates that oxidative stress causes HSFs to bind to non-canonical HSEs or other 

unknown motifs. However, we were not able to identify any enriched motifs in the target 
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sites that lacked canonical HSEs. In addition, most of the menadione-specific HSF 

targets contained canonical HSEs (II, Fig. 3F), implying that DNA motifs are not the 

only determinants of target site selectivity under different stress conditions. 

HSFs are likely recruited to unique sites in the chromatin upon oxidative stress through 

interactions with specific cofactors. These interactions could involve stress type-specific 

modifications, since HSFs are subjected to several PTMs regulating their DNA-binding 

activity, transactivation capacity, and levels (Joutsen and Sistonen, 2019). Furthermore, 

oxidative stress leads to oxidation of two cysteines in the DBD of HSF1, which, in turn, 

is required for the DNA-binding capacity of HSF1 (Ahn and Thiele, 2003). In the light 

of this knowledge, future studies should address PTM signatures and protein 

interactomes of HSF1 and HSF2 under oxidative stress and heat shock. Proteins that 

interact with HSFs could be identified using proximity-dependent biotin identification 

(BioID), which has become a widely used method due to its ability to detect weak and 

transient interactions that would be difficult to capture with other methods (Roux et al., 

2012; Sears et al., 2019). After identifying interacting proteins of HSFs, knock-down 

experiments could be used to assess which of the candidate proteins are responsible for 

recruiting HSFs to their unique targets. Although it remains unknown, how HSFs select 

their oxidative stress-specific sites, we show for the first time that HSFs function as 

multi-stress-responsive TFs that drive distinct transcription programs depending on the 

type of stress. 

2.5 HSF1 and HSF2 orchestrate transcription through enhancers  

Since HSF1 and HSF2 were required for stress-inducibility of many enhancers (II, Fig. 

2A–B, 2E), we asked whether recruitment of HSFs to enhancers drives transcription at 

nearby genes. Interestingly, in heat-shocked cells, we observed an enrichment of HSF1-

dependent gene promoters within 100 kb from the enhancers directly regulated by HSF1 

(II, Fig. 4A). A majority of these genes lacked promoter-bound HSF1, suggesting that 

their induction is driven by HSF1-activated enhancers (II, Fig. 4A). Due to the low 

number of HSF2 targets upon heat shock, no enrichment of HSF2-dependent genes was 

observed in the proximity of HSF2-dependent enhancers (II, Fig. 4A). Even though the 

locations of menadione-inducible HSF target genes and enhancers were not correlated in 
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general, we found several HSF-dependent genes and enhancers that resided near to each 

other (II, Fig. 4A). The impact of enhancer-bound HSFs on menadione-inducible 

transcription can be seen, for example, in the beta-1,4-galactosyltransferase 1 (B4galt1) 

gene and its intragenic enhancer. Binding of HSF2 to B4galt1 enhancer was required for 

both the activation of the enhancer and the B4galt1 gene (II, Fig. 4B). 

We used heat-inducible target genes and enhancers of HSF1 for further analyses, because 

a large fraction of them resided in the vicinity of each other. Binding of HSF1 to 

promoters is known to promote recruitment and pause release of Pol II under heat shock 

(Lis et al., 2000; Takii et al., 2019). To investigate how enhancer-bound HSF1 impacts 

transcription at promoters, we determined the distribution of Pol II in the heat-inducible 

genes that were indirectly regulated by HSF1 and resided within 100 kb from the direct 

enhancer targets of HSF1. A lack of recruitment and pause release of Pol II was observed 

in heat-exposed HSF1 KO MEFs (II, Fig. 4C). Thus, we conclude that similarly to 

promoter-bound HSF1, enhancer-bound HSF1 activates transcription at nearby genes 

through recruitment and pause release of Pol II. 

Next, we assessed whether the enhancer-bound HSF1 orchestrates distinct cellular 

processes than the promoter-bound HSF1 in heat-shocked cells. A gene ontology (GO) 

term analysis revealed that genes induced by direct binding of HSF1 to their promoters 

were related to protein folding, cellular response to stress, and other processes known to 

be regulated by HSF1 (II, Fig. 4D). In contrast, the indirect HSF1 target genes residing 

within 100 kb from the direct HSF1 target enhancers were associated with GO terms 

including cell periphery, plasma membrane, and cell junction (II, Fig. 4D). Two 

examples of these genes include membrane-resident proteins are filamin b (Flnb) and 

membrane-associated guanylate kinase, WW and PDZ domain containing 1 (Magi1) (II, 

Fig. 4E, S6). The importance of HSFs for the regulation of cell adhesion-related genes 

has been observed in earlier studies, for example in cancer (Mendillo et al., 2012; Joutsen 

et al., 2020). Intriguingly, our results advance these studies by showing that unlike 

promoter-bound HSF1, which functions as a master regulator of chaperone genes, 

enhancer-bound HSF1 plays an important role in driving transcription of genes that code 

for proteins residing in the plasma membrane and cell junctions.  
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One of the limitations of this study is that we were not able to confirm which genes are 

regulated by individual HSF-driven enhancers based on PRO-seq and ChIP-seq data 

alone. Although distances between genes and enhancers can be used to predict enhancer-

promoter pairs, sometimes enhancers skip over the closest promoter to interact with a 

more distal promoter (Kvon et al., 2014). Enhancer-promoter contacts could be detected 

with various chromosome conformation capture methods, such as Hi-C or chromatin 

interaction analysis by paired-end tag sequencing (ChIA-PET), both of which are used 

to analyze looping structure of chromosomes in a genome-wide scale (Fullwood et al., 

2009; McCord et al., 2020). Another approach to identify target genes of individual 

enhancers would be to use CRISPR interference (CRISPRi) to silence selected enhancers 

(Li et al., 2020). After this, the effect of silencing the enhancer could be studied by 

measuring mRNA or nascent transcript levels of the predicted target gene. 

Regardless of the limitations of this study, our results markedly expand the knowledge 

of HSF-mediated regulation of transcription in several ways. Firstly, we identify HSF1 

and HSF2 as multi-stress-responsive TFs driving distinct transcriptional programs in 

response to oxidative stress and heat shock (II, Fig. 5). Secondly, we show for the first 

time that HSF2 acts as a potent transcription factor independently of HSF1 in cells 

exposed to oxidative stress (II, Fig. 5). Thirdly, apart from functioning as promoter-

binding TFs, HSF1 and HSF2 regulate stress-inducible transcription through enhancers 

(II, Fig. 5). Results of this study also lay the ground for future projects examining how 

HSFs are mechanistically recruited to their stress type-specific targets and what is the 

role of HSF-activated enhancers in normal physiology and development. Considering 

that cancer cells often display misregulation of HSF1 and altered use of enhancers to 

promote malignancy (Santagata et al., 2011; Mendillo et al., 2012; Ko et al., 2017; Björk 

et al., 2018), it will be fundamental to address the function of HSF-activated enhancers 

in both healthy and diseased cells in future studies.   
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3 Molecular function of chaperone co-inducer BGP-15 (III) 

Inability to properly activate the HSR leads to protein aggregation, which is 

characteristic to many proteinopathic diseases, such as neurogenerative diseases, muscle 

dystrophies, and diabetes mellitus (Hay et al., 2004; Gehrig et al., 2012; Su and Dai, 

2016). To restore protein homeostasis in these diseases, various pharmacological 

compounds that increase the levels HSPs or HSF1 are actively being developed (Gomez-

Pastor et al., 2018). One of the compounds that has provided promising results is 

hydroximic acid derivative BGP-15 (Crul et al., 2013). BGP-15 has been reported to 

interact with lipid membranes to increase their fluidity, promote insulin sensitivity 

through inhibition of c-Jun N-terminal kinase (JNK), abate production of ROS, and 

impact several other cellular processes (Crul et al., 2013). Importantly, the capability of 

BGP-15 to co-induce HSPs improves protein homeostasis and alleviates symptoms in 

animal models of proteinopathic diseases, including muscle dystrophy, insulin 

resistance, and atrial fibrillation (Zhang et al., 2011; Gehrig et al., 2012; Henstridge et 

al., 2014). The aim of this study was to uncover the mechanism by which BGP-15 

enhances the expression of HSPs.  

3.1 BGP-15 accelerates the HSR 

Previous studies have observed that a hydroxylamine derivative bimoclomol, which is 

structurally highly similar to BGP-15, enhances the HSR by prolonging the binding of 

HSF1 to the DNA (Vígh et al., 1997; Hargitai et al., 2003). To investigate whether BGP-

15 functions through the same mechanisms, we treated MEFs with 10 μM BGP-15 for 1 

h and exposed them to a heat shock at 42°C for varying times: 15, 30, 60, 90, 120, and 

180 min. After this, we quantified mRNA levels of two stress-inducible chaperone genes, 

HSPA1A/B and DNAJB1. Our results revealed that pretreatment with BGP-15 increased 

the expression of HSPA1A/B at 30–90 min time points, while the expression of DNAJB1 

was increased at 15–90 min time points (III, Fig. 1A, 1C). Interestingly, both genes 

displayed decreased mRNA levels at 120-min heat shock (III, Fig. 1A, 1C). Together 

these findings indicate that, in contrast to bimoclomol, BGP-15 accelerates both the 

activation and attenuation of the HSR. Next, we investigated the effect of BGP-15 on the 

binding of HSF1 to the promoters of HSPA1A/B and DNAJB1. To study the kinetics of 
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HSF1 binding, we exposed BGP-15- and non-treated MEFs to a heat shock at 42°C for 

60, 90, 120, and 180 min. BGP-15 treatment increased occupancy of HSF1 in the 

promoters of HSPA1A/B and DNAJB1 at 60 min, whereas decreased occupancy was 

observed at 90 min (III, Fig. 1B), further supporting that BGP-15 functions by 

accelerating both the activation and attenuation of the HSR.  

Considering that BGP-15 treatment led to a faster activation of HSP genes during heat 

shock, we investigated whether BGP-15 also facilitates induction of HSPs upon mild 

heat shock, which normally would not activate the HSR. Thus, we exposed BGP-15-

treated MEFs to a heat shock at 40°C for 15, 30, and 60 min, after which we measured 

mRNA levels of HSPA1A/B and binding of HSF1 to the promoter of HSPA1A/B. Cells 

pretreated with BGP-15 displayed HSF1 binding to the HSPA1A/B promoter with 

simultaneous increase of HSPA1A/B mRNA levels already at 15-min heat shock, 

whereas non-treated cells showed no induction (III, Fig. 1D–E). During a 30-min heat 

shock, activation of HSPA1A/B was observed also in non-treated cells although 

magnitude of the induction was lower in comparison to a 30-min heat shock at 42°C (III, 

Fig. 1D–E). Hereby, we conclude that in addition to accelerating the HSR, BGP-15 

lowers the threshold for the activation of HSF1. 

3.2 BGP-15 inhibits HDACs to promote open chromatin structure 

Acetylation and DNA-binding of HSF1 is controlled both positively and negatively by a 

family of HDACs, which comprise 18 members belonging to classes I–IV (Westerheide 

et al. 2009; Zelin and Freeman 2015; Roche and Bertrand, 2016). Thus, it seems 

plausible that BGP-15 would accelerate the HSR by modulating HDAC activities. 

Indeed, our results showed that treatment of both MEFs and their isolated nuclei with 

BGP-15 resulted in decreased activity of the class I and II HDACs (III, Fig. 2A–B). To 

examine if BGP-15 acts as a direct HDAC inhibitor, we performed in vitro HDAC 

activity assay using purified HDACs, including HDAC1, HDAC4, HDAC6, HDAC8, 

and SIRT1. However, BGP-15 displayed no effect on the activity of the tested HDACs 

in vitro, indicating that it inhibits HDACs through indirect and yet unknown mechanisms 

(III, Fig. 2C–D). Since HDACs function as catalytic subunits in multi-subunit 

complexes, such as NuRD and co-repressor of REST (CoREST) (Millard et al., 2017), 
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BGP-15 might inhibit other proteins that interact with HDACs. Considering that we have 

not quantified protein levels of HDACs, it is also possible that BGP-15 either represses 

transcription of HDCAs or increases their degradation. This is not likely though, since 

the duration of BGP-15 treatment was short lasting only 1 h.  

Inhibition of HDACs causes elevated acetylation of histones and other proteins (Delcuve 

et al., 2012).  Because acetylation of histones promotes transcription by increasing 

chromatin accessibility (Durrin et al., 1991; Schübeler et al., 2004; Görisch et al., 2005), 

we expected BGP-15-mediated HDAC inhibition to facilitate open chromatin structure. 

To test this hypothesis, we utilized MNase assay to assess the impact of BGP-15 

treatment on the chromatin accessibility of the HSPA1A promoter and gene body. 

Decreased MNase resistance throughout the HSPA1A gene was detected due to BGP-15 

treatment, demonstrating that BGP-15, indeed, promotes open chromatin structure (III, 

Fig. 3A). Furthermore, we observed that BGP-15 increased chromatin accessibility of 

two genes that are not involved in the HSR: neurogenic locus notch homologue protein 

4 (Notch4) and death domain-associated protein (Daxx) (III, Fig. 3B–C). This result 

suggests that the effect of BGP-15 on the chromatin structure is a general phenomenon, 

although confirming this would require analysis of genome-wide chromatin accessibility 

using, for example, MNase-seq or ATAC-seq. Taken together, we show that BGP-15 

inhibits HDACs, which results in increased chromatin accessibility allowing accelerated 

HSR.   

One of the limitations of this study is that we cannot deduce whether BGP-15-mediated 

acceleration of the HSR is caused solely by changes in the chromatin. HDACs are known 

to regulate HSF1 both positively and negatively (Zelin and Freeman 2015), and, 

therefore, it is possible that inhibition of HDACs by BGP-15 changes the DNA-binding 

activity of HSF1. To investigate this possibility, electrophoretic mobility shift assay 

(EMSA) could be used to analyze impact of BGP-15 on the intrinsic DNA-binding 

activity of HSF1, excluding an effect of the chromatin structure. 

3.3 Inhibition of HDACs elevates induction of chaperones 

Since BGP-15 enhanced the HSR through HDAC inhibition, we hypothesized that other 

HDAC inhibitors would function similarly to BGP-15. Hereby, we treated MEFs with 
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BGP-15 (10 μM) and two well-known HDAC inhibitors, trichostatin A (TSA, 10 μM) 

and valproic acid (VPA, 500 μM) (Yoshida et al., 1990; Göttlicher et al., 2001), at 37°C 

for 1 h. Next, the cells were exposed to a heat shock at 42°C for 30 or 60 min, after which 

the mRNA levels of HSPA1A/B and DNAJB1 were quantified. Like BGP-15, both TSA 

and VPA increased heat-inducibility of HSPA1A/B and DNAJB1 (III, Fig. 4A). 

Moreover, we found that pretreatment with all these HDAC inhibitors improved cell 

viability when the cells were exposed to a heat shock at 42°C or 45°C followed by a 

recovery at 37°C for 16 h (III, Fig. 3B–C). Based on these results, increased chromatin 

accessibility resulting from HDAC inhibition can be used to enhance the HSR and to 

promote cell survival under proteotoxic stress. In line with our data, other studies have 

observed increased production of HSPs after treatment with HDAC inhibitors in 

different model organisms (Ovakim and Heikkila, 2003; Zhao et al., 2006). Furthermore, 

HDAC inhibition was shown to provide protection against neuronal death through 

elevated expression of HSPs (Marinova et al., 2009). Together with these findings, our 

study suggests that chaperone co-induction by HDAC inhibitors could be potentially 

used to improve protein homeostasis in various proteinopathic diseases. 
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CONCLUDING REMARKS 

Reprogramming of transcription in response to cellular stress is a fundamental survival 

process. Various types of stress trigger a memory, which allows faster and stronger 

activation of pro-survival genes upon recurring stress. However, mechanistic regulation 

of stress-induced memory at the level of Pol II recruitment, pause release, elongation, 

and termination was unknown before the work presented in this thesis. In the first study 

of this thesis, we uncover that single and repeated heat shocks reprogram transcription 

over mitotic divisions in distinct ways. A single heat shock in healthy MEFs accelerated 

the pause release of Pol II during recurring stress. Repeated heat shock in malignant 

K562 cells, in turn, prolonged residency of Pol II within termination regions, which led 

to reduced initiation of transcription at promoters and enhancers. Several questions 

remain still unanswered including which cellular factors are responsible for the observed 

changes in the regulation of Pol II, and how transcriptional memory of stress is 

coordinated in response to different types of stress, such oxidative stress, hypoxia, and 

ER stress? 

Transcription during proteotoxic stress, such as heat shock, is driven by HSFs, including 

HSF1 and HSF2. Although elevated levels of ROS are known to activate HSF1-mediated 

induction of HSPs, contribution of HSFs to genome-wide reprogramming of 

transcription upon oxidative stress was previously unknown. In the second study of this 

thesis, we show that HSF1 and HSF2 function as multi-stress-responsive TFs that 

orchestrate distinct transcriptional programs during oxidative stress and heat shock. 

HSF2 has been considered to act only as a modulator of HSF1 activity, but our results 

revealed for the first time that HSF2 functions as a potent TF independently of HSF1 

under oxidative stress. Furthermore, we uncovered a new layer of stress-inducible gene 

regulation, which is mediated through HSF1- and HSF2-driven enhancers. Considering 

that both HSFs and enhancers play critical roles in development and disease, such as 

cancer, addressing the function of HSF-activated enhancers beyond cell stress will be an 

important subject for future studies. In addition, the mechanisms that targets HSFs to 

their stress type-specific target sites remain yet to be determined.  
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Inability to properly activate the HSR is the leading cause for aggregation of proteins in 

several proteinopathic diseases. BGP-15 is a small molecule, which has provided 

beneficial effects for the treatment of these diseases through its ability to co-induce 

HSPs. In the third study of this thesis, we show that BGP-15 functions as an HDAC 

inhibitor, which increases chromatin accessibility of the HSP genes allowing accelerated 

activation of the HSR. Our results also demonstrate that HDAC inhibition in general 

enhances the HSR and can be potentially used as a therapeutic strategy to treat 

proteinopathic diseases. 

Taken together, this thesis expands our knowledge of transcriptional regulation of 

cellular stress responses, particularly the mechanisms associated with stress-induced 

memory of transcription, and the role of HSFs in orchestrating gene-enhancer networks. 

Moreover, the presented results show how stress-activated transcription can be 

modulated to improve protein homeostasis in diseased cells. 
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