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cellular stress
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ABSTRACT

Cellular stress triggers reprogramming of transcription, which is
required for the maintenance of homeostasis under adverse growth
conditions. Stress-induced changes in transcription include induction
of cyto-protective genes and repression of genes related to the
regulation of the cell cycle, transcription and metabolism. Induction of
transcription is mediated through the activation of stress-responsive
transcription factors that facilitate the release of stalled RNA
polymerase |l and so allow for transcriptional elongation.
Repression of transcription, in turn, involves components that retain
RNA polymerase Il in a paused state on gene promoters. Moreover,
transcription during stress is regulated by a massive activation of
enhancers and complex changes in chromatin organization. In this
Review, we highlight the latest research regarding the molecular
mechanisms of transcriptional reprogramming upon stress in the
context of specific proteotoxic stress responses, including the heat-
shock response, unfolded protein response, oxidative stress
response and hypoxia response.
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Introduction

Cells are constantly exposed to a multitude of stressors, including
elevated temperatures, reactive oxygen species (ROS) and toxins.
These adverse conditions disrupt cellular homeostasis by causing
the accumulation of damaged DNA, proteins and lipids, and if the
damaged macromolecules are not mitigated, cells will eventually
die. Therefore, a critical function in maintaining homeostasis under
stressful conditions is the reprogramming of transcription (Sies
et al., 2017; Almanza et al., 2019; Joutsen and Sistonen, 2019).
Depending on the type of stress, a distinct set of pro-survival genes
are activated, while thousands of genes undergo simultaneous
repression (Mahat et al., 2016; Dukler et al., 2017; Vihervaara et al.,
2017). To activate stress-specific transcriptional programmes, cells
utilize various stress-responsive transcription factors (TFs), such as
heat-shock factor 1 (HSF1) and nuclear factor erythroid 2-related
factor 2 (Nrf2; also known as NFE2L2), that regulate transcription
during thermal and oxidative stress, respectively (Sies et al., 2017,
Joutsen and Sistonen, 2019). Moreover, the transcriptional output is
regulated by dynamic changes in histone modifications and
chromatin organization, although these processes are still poorly
understood in the context of stress (Niskanen et al., 2015; Mueller
et al.,, 2017; Fujimoto et al., 2018; Lyu et al., 2018). Recent
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discoveries have also identified massive stress-induced transcription
of enhancers, in addition to genes, which adds another layer of
complexity to the regulation of transcription (Vihervaara et al.,
2017; Lyu et al., 2018).

In this Review, we summarize the involvement of specific TFs in
the regulation of four different stress responses: the heat-shock
response (HSR), unfolded protein response (UPR), oxidative stress
response and hypoxia response. We discuss the mechanisms of
transcriptional regulation at the molecular level, including how
transcription is initiated, repressed and terminated during stress. We
also highlight the roles of chromatin architecture and enhancers in
the stress-induced reprogramming of transcription.

Transcriptional programmes are specific to distinct types

of stress

Cells need to upregulate distinct sets of cyto-protective genes to survive
adverse conditions caused by, for example, protein aggregation,
oxidation of macromolecules and lack of oxygen. Although stress-
induced changes in transcription are regulated at multiple levels, a
critical step of gene upregulation is the binding of stress-responsive TFs
to the promoters of upregulated genes (Fig. 1). Here, we describe four
key transcriptional responses to different types of stresses and the
functional properties of TFs that mediate these responses.

Heat-shock response
The heat-shock response (HSR) is an evolutionarily well-conserved
protective process that is triggered by proteoxic stress, a condition
caused by increased protein misfolding and aggregation (Joutsen
and Sistonen, 2019). The HSR was first reported in 1962 by
Ferruccio Ritossa, who discovered specific chromosomal puffs in
the salivary glands of Drosophila busckii upon exposure to elevated
temperatures (Ritossa, 1962). These chromosomal puffs were later
identified as sites of active transcription of genes encoding heat-
shock proteins (HSPs). HSPs, in turn, function as molecular
chaperones, thereby assisting in protein folding and clearance of
protein aggregates that are formed upon proteotoxic stress, such as
heat shock (Joutsen and Sistonen, 2019). Besides HSPs, heat shock
induces transcription of several genes whose functions are not
related to protein folding. Through experiments in mouse
embryonic fibroblasts, many of these genes were shown to encode
cytoskeletal proteins, such as actin-binding proteins (Mahat et al.,
2016). The function of cytoskeleton during heat shock was
demonstrated in Caenorhabditis elegans, where the maintenance
of cytoskeletal integrity during heat shock is necessary for cellular
transport and thermotolerance in worms (Baird et al., 2014).
Importantly, heat shock causes downregulation of thousands of
genes, whose functions include regulation of the cell cycle,
transcription and metabolism (Mahat et al., 2016; Vihervaara
et al., 2017).

In vertebrates, the HSR is transcriptionally regulated by a family
of heat-shock factors (HSFs) comprising several members, namely,
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Fig. 1. Cells combat various types of proteotoxic stress by activating distinct stress-response pathways. (A) Heat shock causes the aggregation of
proteins in the cytoplasm, which triggers the trimerization of HSF1 and HSF2. Trimeric HSF1 and HSF2 bind to DNA and initiate the transcription of genes related
to the protein folding machinery. Heat shock also causes the binding of SRF to several heat-inducible cytoskeletal genes. (B) ER stress is caused by increased
overload of proteins in ER, which activates the unfolded protein response (UPR) that consists of three branches mediated by IRE1, PERK and ATF6. Activation of
these proteins leads to the accumulation of XBP1, ATF4 and proteolytically cleaved ATF6. Together, they initiate the transcription of ER chaperones and
components of the ERAD machinery. (C) Mitochrondrial stress triggers the relocalization of ATF5 from mitochrondria to the nucleus and accumulation of CHOP,
which together induce transcription of genes encoding mitochrondrial chaperones. (D) Oxidative stress dissociates Nrf2 from KEAP1 and Cul3. This prevents the
ubiquitylation and subsequent proteasomal degradation of Nrf2, allowing the accumulation of Nrf2 in the nucleus. Nuclear Nrf2 dimerizes with small Maf proteins
and activates transcription of genes required for increased cellular antioxidant capacity. Antioxidant capacity is enhanced also by oxidative stress-induced
activation of the FOXO family of transcription factors. (E) Under normoxia, HIFs, including HIF-1a, HIF-20. and HIF-30, are hydroxylated, which allows
ubiquitylation of HIFs by pVHL and their subsequent proteasomal degradation. Hypoxia prevents the hydroxylation of HIFs, allowing them to escape proteasome-
mediated degradation. This leads to the dimerization between one of the o subunits of HIF and HIF-1B, which together induce the transcription of genes that
increase oxygen supply in cells. OH, hydroxyl group; P, phosphate; Ub, ubiquitin.

HSF1, HSF2, HSF3, HSF4, HSF5, HSFXs and HSFYs, whereas
invertebrates express only a single HSF (Gomez-Pastor et al., 2018;
Joutsen and Sistonen, 2019) (Fig. 1A). Among the mammalian
HSFs, HSF1 is the master regulator of HSP expression, although
HSF2 forms heterotrimers with HSF1 and modulates the expression
of certain HSP genes, for example, HSPAIA (Ostling et al., 2007,
Jaeger et al., 2016). Upon stress, HSF1 trimerizes, undergoes
multiple post-translational modifications (PTMs) and binds to the
heat-shock elements (HSEs) on the promoters of its target genes,
leading to transcriptional activation of these genes (Rabindran et al.,
1993; Xu et al., 2012; Jaeger et al., 2014) (Fig. 1A). Nearly all heat-
inducible HSP genes require HSF1 for their upregulation, but
surprisingly, more than half of the all heat-inducible genes have
been shown to be HSF1 independent (Mahat et al., 2016). Serum
response factor (SRF) has been suggested to regulate some of these
genes, since it is recruited to the promoters of several heat-induced

genes whose upregulation is independent of HSF1 (Mahat et al.,
2016) (Fig. 1A). Recently, the pluripotency factors octamer-binding
transcription factor 4 (OCT4, also known as POU5SF1), NANOG,
and Kruppel-like factor 4 (KLF4) were reported to be involved in
the loop formation between heat-activated enhancers and genes in
human embryonic stem cells (hESCs) (Lyu et al., 2018). Binding of
these TFs in enhancers was shown to correlate positively with the
transcriptional level of the genes that are contacted by enhancers
during heat shock, suggesting that these TFs likely mediate some of
the heat-induced and HSF1-independent gene expression changes
in stem cells (Lyu et al., 2018).

Unfolded protein response

The unfolded protein response (UPR) is activated when misfolded
proteins accumulate inside the endoplasmic reticulum (ER) or
mitochondria (Wang et al., 2018; Almanza et al., 2019). Since all
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secreted and transmembrane proteins are folded within the ER, the
maintenance of protein homeostasis in the ER is essential for normal
physiology. Homeostasis within the ER is disturbed during cell
growth and certain stages of cell differentiation, when the folding
capacity of the ER is exceeded by high protein load, leading to ER
stress. Furthermore, sustained ER stress is observed in several
diseases, such as cystic fibrosis and neurogenerative diseases, due to
misregulation of the UPR (Lindholm et al., 2017). Importantly,
mitochondrial protein homeostasis is regulated by the mitochondrial
UPR (UPR™), which is different from the corresponding stress
response in the ER (UPRER) (Wang et al., 2018; Almanza et al.,
2019) (Fig. 1B,C). The activation of these responses leads to a
global inhibition of translation, which restricts protein influx into
both organelles. Moreover, the UPR initiates an extensive
reprogramming of transcription that increases the folding capacity
in the ER and mitochondria through the upregulation of molecular
chaperones and components involved in protein degradation (Wang
et al., 2018; Almanza et al., 2019).

UPRER is regulated by three pathways, defined by their specific
transmembrane proteins that monitor the folding status in the ER:
inositol-requiring protein-1 (IRE1, also known as ERN1), protein
kinase RNA-like ER kinase (PERK, also known as EIF2AK3) and
activating transcription factor-6 (ATF6) (Almanza et al., 2019)
(Fig. 1B). In response to ER stress, IRE1 forms active dimers and
cleaves the mRNA of X-box binding protein-1 (XBP1), which is
consequently translated to an active TF (Yoshida et al., 2001; Zhou
etal., 2006). PERK, in turn, phosphorylates a critical component of
the translation machinery, namely, eukaryotic translation initiation
factor-2 o (eIF2a), under ER stress (Harding et al., 1999). This
phosphorylation leads to a global inhibition of translation,
excluding the translation of ATF4, which is increased by
phosphorylation of elF2o (Harding et al., 1999, 2000). Activation
of the third sensor of the UPRER ATF6, is initiated by the
localization of ATF6 to the Golgi, where it is cleaved to produce a
cytoplasmic portion of the protein that becomes a TF and moves to
the nucleus (Ye et al., 2000; Shen et al., 2002). Together the three
ER stress-activated TFs, XBP1, ATF6 and ATF4, activate the
transcription of genes encoding ER chaperones, including binding
immunoglobulin protein (BiP, also known as HSPAS), components
of the ER-associated protein degradation (ERAD) pathway and
proteins involved in the induction of apoptosis (Dombroski et al.,
2010) (Fig. 1B). ERAD is a process during which misfolded
proteins within the ER are ubiquitylated, thereby initiating their
translocation to the cytoplasm, where they are recognized and
degraded by proteasomes (Needham et al., 2019). Although several
UPRFR.induced genes are regulated by all three branches of
the UPRER, certain genes are specifically activated by only one of
the branches. For example, the genes encoding components of the
SEC61 translocon complex of the ER membrane were shown to be
specific targets of the IRE1-XBP1 branch (Adamson et al., 2016).
Furthermore, some UPRFR-induced genes are regulated by an
additional group of ER stress-responsive TFs, such as JUN, TFEB,
TFE3, NFAT and TCF/LEF, whose contributions to the genome-
wide reprogramming of transcription during UPRER need further
investigation (Jiang et al., 2016; Martina et al., 2016; Zhou et al.,
2017).

Most of the research related to UPR has focused on the regulation
of UPRER, and the mechanisms of UPR™ have only recently been
characterized. In C. elegans, the main regulator of UPR™ is the
transcription factor ATFS-1, whose mammalian ortholog ATF5 was
found to play a similar role in the activation of UPR™ (Wang et al.,
2018). Under normal growth conditions, ATF5 localizes in

mitochondria, but when mitochondrial protein homeostasis is
disrupted, ATFS is transported into the nucleus where it activates
the transcription of mitochondrial chaperone genes (Fiorese et al.,
2016) (Fig. 1C). Other central TFs that regulate UPR™
synergistically include CCAAT/enhancer-binding protein § (C/EBPp)
and C/EBP homology protein (CHOP, also known as DDIT3) (Zhao
et al., 2002).

Oxidative stress response

Oxidative stress is caused by ROS that disturb cellular redox
homeostasis by oxidizing proteins, lipids and DNA. A majority of
ROS are generated as a side product of mitochondrial electron
transport, but ROS can be generated also by NADPH oxidases
(NOXs) and during protein folding in the ER (Sies et al., 2017).
Activation of the oxidative stress response is required to maintain
redox homeostasis and it is largely regulated by Nrf2 in mammalian
cells (Fig. 1D). Under normal growth conditions, Nrf2 is in a
complex with Kelch-like ECH-associated protein 1 (KEAP1) and
Cullin 3 (Cul3), an E3 ubiquitin ligase that ubiquitylates Nrf2,
targeting it to proteasomal degradation. In response to oxidative
stress, certain cysteine residues of KEAP1 become oxidized, which
disrupts the interaction between KEAP1 and Cul3, allowing Nrf2 to
escape proteasomal degradation and localize into the nucleus (Itoh
et al., 1999; Cullinan et al., 2004; Kobayashi et al., 2004; Zhang
et al., 2004; Suzuki and Yamamoto, 2017). Nuclear Nrf2, together
with small Maf proteins, binds to the antioxidant response elements
(ARESs) in the promoters of Nrf2 target genes, which induces the
upregulation of, for instance, antioxidant enzymes and enzymes
involved in glutathione biosynthesis (Itoh et al., 1997; Lee et al.,
2003; Malhotra et al., 2010) (Fig. 1D).

In addition to Nrf2, protection against oxidative stress requires
members of the forkhead box O (FOXO) family of transcription
factors, including FOXO1, FOXO3 and FOX04 (Tothova et al.,
2007). Activation of FOXOs is regulated by oxidative stress-
induced PTMs, such as phosphorylation by c-Jun N-terminal kinase
(JNK) and macrophage stimulating protein (MST1, also known as
STK4), which causes nuclear accumulation of FOXOs (Essers et al.,
2004; Jang et al., 2007). In the nucleus, activated FOXOs increase
the transcription of several key antioxidant genes, such as catalase
(CAT), glutathione peroxidase 1 (GPXI1) and peroxiredoxin 3
(PRDX3) (Chiribau et al., 2008; Akasaki et al., 2014) (Fig. 1D). An
additional complexity to the oxidative stress response is provided by
an involvement of nuclear factor kB (NF-kB) and JUN in the
regulation of certain oxidative stress-induced genes (Zhou et al.,
2001; Chiu et al., 2010). Furthermore, HSF1, the master regulator of
the HSR, is activated by oxidative stress, resulting in decreased ROS
levels and upregulation of HSPAIA and HSPBI gene transcription
(Ahn and Thiele, 2003; Choi et al., 2013). However, it is not yet
known whether HSF1 regulates separate transcriptional programmes
during oxidative stress and heat stress.

Hypoxia response

Hypoxia occurs when oxygen levels decrease in cells, leading to
diminished energy production. To survive hypoxia, cells activate
the transcription of genes that help to restore oxygen levels, while
simultaneously, several genes related to energy production are
downregulated. The hypoxia response is mainly controlled by
hypoxia-inducible factors (HIFs), including a stably expressed HIF-
1B subunit as well as HIF-1o, HIF-20. and HIF-30a subunits, whose
amounts are regulated by oxygen levels (Majmundar et al., 2010)
(Fig. 1E). HIF-1o is the most studied subunit, which is prolyl
hydroxylated during normoxia; this allows an E3 ubiquitin ligase,
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for instance, von Hippel-Lindau protein (pVHL), to bind to HIF-1a.
and mark it for proteasomal degradation (Huang et al., 2002,
Kageyama et al., 2004). Upon hypoxia, the hydroxylation of HIF-
la is prevented, leading to its accumulation, dimerization with HIF-
1B and binding to hypoxia response elements (HREs) in the HIF-1o
target genes, subsequently inducing their transcription (Huang
et al., 1996; Jiang et al., 1996, Mole et al., 2009) (Fig. 1E). Similar
to what is found with HIF-lo, both HIF-2o0 and HIF-30 are
regulated by pVHL-mediated degradation that is prevented during
hypoxia, and so activate HIF-20- and HIF-3a-dependent
transcriptional programmes (Maxwell et al., 1999; Maynard et al.,
2003; Mole et al., 2009; Zhang et al., 2014). Interestingly, a splice
variant of HIF-3a is able to suppress HIF-1a- and HIF-2o-driven
expression of a reporter gene during hypoxia, which is rescued by
overexpression of HIF-1B, suggesting that HIF-3 o represses HIF-1o
and HIF-2a by competing for the available HIF-1B (Yamashita
et al., 2008). However, the repression of HIF-1o and HIF-2a is not
the only function of HIF-3a, since it has been shown to upregulate
several hypoxia-inducible genes that partially overlap with those
that are upregulated by HIF-1o (Zhang et al., 2014).

Mechanisms of transcriptional regulation during stress

The binding of stress-responsive TFs is required for transcriptional
induction in response to stress, although several other mechanisms
play important roles in this process. Moreover, thousands of genes
are repressed by stress, which according to our current knowledge,
occurs independently of the TFs that are required for the induction
of transcription. In this section, we summarize the mechanisms of
transcriptional induction, repression and termination (Fig. 2). We
also discuss the roles of stress-activated enhancers and chromatin
organization in these processes. Research on the molecular details
of transcriptional regulation on a genome-wide scale has become
possible in recent years due to profound advances in the state-of-the-
art methods for nascent RNA analyses (Wissink et al., 2019).

Stress-induced changes in transcription

Activation of transcription

Stress-induced activation of transcription includes two key steps: the
recruitment of RNA polymerase II (RNAPII) to transcription start
sites (TSSs), prior to stress, and the release of paused RNAPII into
transcriptional elongation during stress (Vihervaara et al., 2018)
(Fig. 2A,B). Recruitment of RNAPII is preceded by opening of the
chromatin structure in gene promoters, which can be mediated by
several chromatin remodelers, as has been shown in different model
organisms. In Drosophila melanogaster, the open chromatin state of
heat-responsive promoters is largely regulated by GAGA-associated
factor (GAF), which interacts with nucleosome remodeling factor
(NUREF) to allow nucleosome sliding (Xiao et al., 2001; Fuda et al.,
2015; Duarte et al., 2016). In mammals, this process is regulated by
two complexes, such as SWItch/sucrose non-fermentable (SWI/
SNF) and facilitates chromatin transcription (FACT), both of which
can be recruited to promoters by HSF1 (Sullivan et al., 2001;
Fujimoto et al., 2012). After chromatin opening, the pre-initiation
complex (PIC), containing both RNAPII and general TFs, forms
upstream of the TSS. However, RNAPII transcribes only 20 to 50
nucleotides downsteam of the TSS, after which it is paused by
negative elongation factor (NELF) and DRB sensitivity-inducing
factor (DSIF) (Yamaguchi et al., 1999; Lee et al., 2008).

A critical part of transcriptional upregulation during stress is the
release of paused RNAPII into elongation mode, which is triggered
by the positive transcription elongation factor (P-TEFb) complex
(Lis et al., 2000). In response to heat shock, P-TEFb binds to the

promoters of heat-induced genes and phosphorylates NELF, DSIF
and the C-terminal domain (CTD) of RNAPII. These phosphorylation
events lead to the dissociation of NELF from the chromatin, while
DSIF becomes a positive elongation factor that promotes the
transcriptional elongation of RNAPII (Wada et al., 1997; Lis et al.,
2000; Kim and Sharp, 2001; Fujinaga et al., 2004) (Fig. 2B). P-TEFb
itself can be recruited to the promoters by HSF1 and RNA-binding
motif protein 7 (RBM?7) in response to heat shock and DNA damage,
respectively (Lis et al., 2000; Bugai et al., 2019).

Interestingly, oxidative stress has been found to trigger the
dissociation of NELF from the chromatin and movement of RNAPII
along gene bodies in the presence of a P-TEFb inhibitor, suggesting
that the mechanisms of the pause-release might vary depending on
the type of stress (Nilson et al., 2017). In addition, oxidative stress
causes oxidation of DNA, leading to the formation of 8-o0x0-7,8-
dihydroguanine (OG), which has been shown to increase
transcriptional activity of vascular endothelial growth factor
(VEGF) and endonuclease Ill-like protein 1 (NTHLI) by
recruiting components of the base exicision repair to their
promoters (Fleming et al., 2017). Another study has shown that
one of these components, 8-oxoguanine glycosylase 1 (OGG1), has
a capability to enhance the binding of TFs and RNAPII to
chromatin, explaining how OG stimulates transcription (Ba et al.,
2014). Taken together, these studies indicate that the initiation of
transcription by stress is a complex process; it is likely that
additional stress-specific mechanisms are involved that need to be
uncovered.

Repression of transcription

During stress, thousands of genes involved in the regulation of the
cell cycle, transcription, translation and metabolism undergo
repression. Repression caused by proteotoxic stress results from
the inhibition of RNAPII pause—release, which leads to an increased
accumulation of RNAPII in the TSS, while it is being cleared from
gene bodies (Mahat et al., 2016; Dukler et al., 2017; Vihervaara
et al.,, 2017) (Fig. 2C). Nonetheless, the detailed molecular
mechanisms of stress-induced repression are still poorly
understood and they appear to be largely independent of the TFs
that are required for stress-mediated gene activation. Surprisingly,
heat-induced repression has been shown to occur in the absence of
HSF1 (Mahat et al.,, 2016). Similarly, only a subset of genes
repressed by ER-stress-mediated PERK activation are dependent on
ATF4, the main regulator of transcription downstream of PERK
(Gonen et al., 2019). However, several genes have been shown to be
downregulated in a HIF-1o-dependent manner during hypoxia,
although these genes are not direct targets of HIF-10,, indicating an
involvement of still unidentified factors in the repression (Mole
et al., 2009).

A recent study has demonstrated that heat-induced repression is
caused by an enhanced binding of NELF to the promoters of
repressed genes, which leads to the clearance of RNAPII from their
gene bodies (Aprile-Garcia et al., 2019). NELF binding, in turn,
requires increased ubiquitylation of nascent proteins that are
translated during heat shock and a subsequent binding of the
stress-activated kinase p38c (also known as MAPKI14) to the
promoters of repressed genes (Fig. 2C). However, the mechanism
by which the ubiquitylation of translated proteins results in
increased binding of p38c. and NELF to chromatin remains to be
elucidated. Besides NELF, heat shock activates the transcription of
the non-coding human Alu RNA and mouse B2 RNA that prevent
the initiation of transcription on certain repressed genes by
interfering with the binding of RNAPII to DNA (Allen et al.,
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Fig. 2. Mechanisms of transcriptional activation and repression during stress. (A) Under normal growth conditions, promoters are occupied by general
transcription factors (GTFs) and RNAPII, which is kept in a paused state by NELF and DSIF. (B) During the activation of stress-induced genes, various TFs bind to
promoters and recruit the P-TEFb complex, which phosphorylates RNAPII, NELF and DSIF. This causes the dissociation of NELF and transcriptional elongation
mediated by RNAPII. In addition, several TFs localize to enhancers in response to stress, which increases transcription of genes through loop formation.

(C) During heat shock-induced repression, p38a binds to promoters and increases the recruitment of NELF, which reinforces RNAPII pausing. Furthermore, heat
shock induces transcription of non-coding human Alu RNA and mouse B2 RNA that prevent the elongation mediated by RNAPII. In response to hypoxia,
repressor element 1-silencing transcription factor (REST) becomes activated and causes the repression of several genes. P, phosphate.

2004; Mariner et al., 2008; Yakovchuk et al., 2009) (Fig. 2C). In
response to hypoxia, repressor element 1-silencing transcription
factor (REST) accumulates inside the nucleus and downregulates
20% of the genes that undergo repression (Cavadas et al., 2016)
(Fig. 2C). Importantly, stress-induced repression is also regulated
by complex changes in chromatin modifications and 3D structure of
the genome, which will be discussed in the section ‘Stress-induced
remodeling of chromatin architecture’ below.

Termination of transcription

Transcription is terminated when RNAPII encounters the
polyadenylation signal (PAS) in the 3’ end of a gene, which
causes the cleavage and release of the mRNA that is subsequently
polyadenylated. After passing through the PAS, RNAPII can be

either released from DNA or it can continue the synthesis of RNA,
which eventually undergoes exonuclease-mediated degradation
(Proudfoot, 2016). Interestingly, various types of stress, including
heat shock, osmotic stress, oxidative stress and infection by herpes
simplex virus 1 (HSV-1), disrupt the termination of transcription in
several genes, resulting in readthrough transcription (Vilborg et al.,
2015, 2017; Hennig et al., 2018). Readthrough transcription
produces downstream of gene-containing transcripts (DoGs) that
often span regions residing over 10 thousand base pairs (bp)
downstream from the 3’ ends of genes (Vilborg et al., 2015,
2017). However, the function of DoGs is still a mystery, although
it has been suggested that they are needed for the maintenance of
a nuclear scaffold under stress conditions (Vilborg et al., 2015).
DoGs remain associated with chromatin during osmotic stress
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and have been found to prevent the nuclear shrinkage, which is
caused by osmotic stress due to a loss of water from cells
(Vilborg et al., 2015).

Although it is unclear how readthrough transcription is induced,
genes that produce DoGs are in general devoid of canonical PASs
(Vilborg et al., 2015, 2017; Hennig et al., 2018). It has also been
suggested that Ca?" signaling is required for readthrough
transcription, since treatment of cells with the Ca®" chelator
BAPTA-AM prevents the induction of DoGs by osmotic stress
(Vilborg et al., 2015). However, another study reported an overall
decrease in gene transcription after BAPTA-AM treatment,
questioning whether Ca?" signaling specifically regulates
readthrough transcription (Hennig et al., 2018).

Stress-induced enhancer activation

Enhancers are distal regulatory sequences in DNA that promote the
transcription of nearby genes by contacting gene promoters through
the formation of a loop. Enhancers are also transcribed themselves
bi-directionally, producing enhancer RNAs (eRNAs), which have a
functional role in contributing positively to gene transcription
through a yet unknown mechanism (Chen et al., 2017). It has been
reported in human K562 cells that heat shock induces the
transcriptional upregulation of 5000 and downregulation of 1600
enhancers (Vihervaara et al., 2017). In contrast to genes,
upregulated enhancers are mostly devoid of RNAPII prior to
stress, but instead, they are bound by lineage-specific TFs, for
example, GATA-binding protein 2 (GATA2) and T-cell acute
lymphoid leukemia 1 (TAL1), which likely primes them for rapid
activation (Vihervaara et al., 2017). Interestingly, another study in
hESCs has shown that the pluripotency factors OCT4, NANOG and
KLF4 are recruited to several enhancers during heat shock, resulting
in a loop formation between the enhancers and promoters of
upregulated genes (Lyu et al., 2018). It has also been reported that,
in somatic cells, HSF1 increases the transcription of FOXO3 in
response to heat shock and oxidative stress through an intronic
enhancer in the FOXO3 gene body (Grossi et al., 2018). Similarly,
Nrf2 is required for enhancer-mediated upregulation of heme
oxygenase-1 (HO-1, also known as HMOXT) upon oxidative stress,
while XBP1 upregulates the /NFBI gene through an enhancer when
macrophages are exposed to ER stress and bacterial lipopolysaccharide
(Zeng et al., 2010; Maruyama et al., 2014). Taken together, there is
increasing evidence for enhancers contributing to stress-induced gene
transcription, and, importantly, the master regulators of different stress
responses can bind to either enhancers or promoters to upregulate their
target genes (Fig. 2B). However, several key questions remain
unanswered; for example, what is the role of enhancers in driving
unique transcriptional programmes in response to distinct types of

stress, and what are the main regulators activating these enhancer-
mediated changes in gene expression?

Stress-induced remodeling of chromatin architecture
Chromatin modifications

Different types of stress induce genome-wide changes in chromatin
accessibility, which is required for transcriptional reprogramming
(Shivaswamy and Iyer, 2008; Schick et al., 2015; Mueller et al.,
2017). Heat shock has been shown to trigger the loss of
nucleosomes from the promoters and gene bodies of activated
genes, whereas increased nucleosome occupancy has been found in
repressed genes (Shivaswamy and Iyer, 2008). Similarly, ER stress
was reported to enhance chromatin accessibility in activated genes,
although this occurred without changes in the nucleosome
occupancy (Mueller et al.,, 2017). Regulation of chromatin
accessibility involves extensive PTMs of histones, such as
acetylation, methylation and phosphorylation, which are required
to recruit chromatin remodelers to promoters (Swygert and
Peterson, 2014). Acetylated histones H3 and H4 are commonly
used as indicators for active transcription, and their levels increase in
the promoters of upregulated genes and activated enhancers in
response to various stress stimuli, whereas decreased acetylation of
histones H3 and H4 can be often observed in repressed genes
(Shivaswamy and Iyer, 2008; Schick et al., 2015; Mueller et al.,
2017; Vihervaara et al., 2017) (Table 1). The effect of acetylated
histones on transcription can be explained by their ability to recruit
the SWI/SNF complex to promoters, which is needed for the
removal of nucleosomes from gene bodies during the elongation of
RNAPII (Hassan et al., 2001; Schwabish and Struhl, 2007).

In addition to acetylation, poly(ADP-ribosyl)lation (PARylation)
of chromatin is also a stress-inducible PTM that has been shown to
promote the transcription of HSP genes in response to heat shock
(Table 1) (Murawska et al., 2011; Fujimoto et al., 2018).
PARylation is catalyzed by poly(ADP-ribose) polymerase 1
(PARP1), which localizes to the HSPAIA promoter during heat
shock and PARylates both the promoter and the gene body. This, in
turn, is required for chromatin opening, thereby allowing HSF1 to
bind to the promoter and to upregulate HSPAIA (Petesch and Lis,
2008; Fujimoto et al., 2018).

Another PTM that is strongly associated with chromatin is
SUMOylation, the conjugation of small ubiquitin-like modifier
proteins (SUMOs) to proteins (Table 1). SUMOylation of chromatin
plays an important role in the establishment of cell identity and it is
also massively increased in response to heat shock (Niskanen et al.,
2015; Seifert et al., 2015; Cossec et al., 2018). Heat-induced
SUMOylation is elevated extensively in the promoters of highly
transcribed genes and enhancers, restricting the upregulation of

Table 1. Examples of stress-induced changes in chromatin modifications that regulate transcription

Modification Change during stress

Effects on chromatin and transcription

References

Acetylation of histones  Increase in activated genes and enhancers;

decrease in repressed genes

Methylation of histones  Increased occupancy or decreased occupancy
of genes

PARylation Increase in activated HSP genes

SUMOylation Increase in highly transcribed genes and

enhancers; decrease in CTCF-binding sites

Increased chromatin accessibility; increased

Increased/decreased transcription; maintenance

Increased chromatin accessibility; increased

Restricted induction and enhanced repression of

Shivaswamy and lyer, 2008
Schick et al., 2015
Mueller et al., 2017
Vihervaara et al., 2017
Lamke et al., 2016
Fabrizio et al., 2019
Petesch and Lis, 2008
Murawska et al., 2011
Fujimoto et al., 2018
Niskanen et al., 2015
Seifert et al., 2015
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genes and promoting the repression of genes (Niskanen et al., 2015).
Although the exact mechanism of SUMOylation-mediated
regulation of transcription is not known, it is plausible that
SUMOylation affects RNAPII pause-release, since subunits of
two critical regulators of RNAPII pausing, P-TEFb and NELF,
undergo increased SUMOylation in response to heat shock and
proteasome inhibition (Hendriks et al., 2014). Interestingly, heat
shock causes decreased SUMOylation in regions that contain the
binding sites for CCCTC-binding factor (CTCF), an important
regulator of chromatin 3D structure, implying a possible role for
SUMOylation in this process (Niskanen et al., 2015). Nevertheless,
several questions remain to be answered, including how stress-
induced SUMOylation of chromatin is mechanistically regulated
and how SUMOylation of individual chromatin-associated proteins
affects transcription.

3D structure of chromatin

The 3D structure of chromosomes consists of several topologically
associating domains (TADs), which are large-scale loops where

A Formation of stress-induced TADs

+ Heat shock
_—

Gene 1 is upregulated
Gene 2 is downregulated

B Formation of inter-TAD connections

+ Heat shock
_

Weakening of TAD
boundaries

enhancers and gene promoters are able to contact each other (Bonev
and Cavalli, 2016). TADs are established by architectural proteins,
such as CTCF and cohesin, residing within the boundaries of TADs.
In human breast cancer cells, hyperosmotic stress was recently
found to displace CTCF from chromatin, causing a global decrease
in the number of TADs (Amat et al., 2019). Another study has
shown that CTCF relocalizes to new sites upon heat shock and leads
to formation of stress-induced TADs in hESCs (Lyu et al., 2018)
(Fig. 3A). Enhancers and genes residing within the same stress-
induced TAD are able to interact with each other, thereby activating
these genes. Repression of genes, in turn, occurs when heat-induced
reorganization of TADs disrupt the enhancer—promoter contacts that
are established under normal growth conditions (Lyu et al., 2018).
In contrast to these findings in hESCs, it has been shown in
D. melanoguaster cells that architectural proteins, such as CTCF and
cohesin, relocalize from the TAD boundaries to the enhancers and
promoters within TADs during heat shock (Li et al., 2015)
(Fig. 3B). This relocalization results in a weakening of the
TAD boundaries and an increased number of cohesin-mediated

Fig. 3. Stress-induced changes in
the 3D structrure of the genome
impact on transcription. (A) In
hESCs, CTCF relocalizes to new sites
in response to heat shock; this leads
to the formation of stress-induced
TADs. Genes and enhancers that
contact each other within the same
TAD during heat shock are
upregulated. In contrast, genes and
enhancers that are in contact within
the same TAD under normal growth
conditions, but not during heat shock,
become downregulated. (B) In

D. melanogaster, architectural
proteins relocate from TAD
boundaries to enhancers and genes
within TADs upon heat shock, which
results in the formation of inter-TAD
connections between enhancers and
genes. Many of these interactions

Q involve binding of the Pc complex to
both enhancers and genes. (C) In
Saccharomyces cerevisiae, certain
heat-activated genes located on
different chromosomes contact each
other during heat shock in an HSF1-
dependent manner, resulting in their
upregulation. Enh, enhancer.

C Formation of inter-chomosomal connections

Chromosome 1

( Chromosome 2

Chromosome 3

+ Heat shock

Key I
|:| CTCF-binding site .O. Architectural proteins

. HSF1
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inter-TAD interactions. Interestingly, many of these interactions
involve the Polycomb (Pc) complex, which forms Pc bodies in the
nucleolus and is required for the heat-induced repression of certain
genes (Li et al., 2015).

In addition to intra-chromosomal interactions, HSP genes located
on different chromosomes have been shown to be able to interact
with each other in yeast exposed to heat shock (Chowdhary et al.,
2017) (Fig. 3C). These inter-chromosomal interactions require
HSF1, revealing a new role for HSF1 in the regulation of the 3D
structure of the genome, which is independent of its functions as a
TF (Chowdhary et al., 2019) (Fig. 3C). Although the functional
impact of these inter-chromosomal contacts is unclear, they are
likely to be needed for coalescence of the heat-responsive genes into
transcriptionally active foci to drive their synchronous induction.
Whether similar interactions occur in response to other types of
stress and which proteins mediate those interactions, remain to be
investigated.

Concluding remarks and future perspectives
Transcriptional reprogramming upon stress involves both an
induction of pro-survival genes and a repression of several genes
related to transcription, translation and cell cycle. These changes are
mediated through RNAPII pause-release, which is increased in
upregulated genes and decreased in downregulated genes
(Vihervaara et al., 2018). Although the induction of transcription
requires binding of stress-responsive TFs to the promoters, recent
studies have uncovered entirely new mechanisms in the regulation
of transcription, including the role of enhancers and chromatin
organization. Several enhancers are transcriptionally upregulated
during stress, and importantly, TFs can bind to both promoters and
enhancers to regulate stress-induced gene transcription (Maruyama
et al., 2014; Vihervaara et al., 2017; Grossi et al., 2018; Lyu et al.,
2018). However, the impact of enhancers on genome-wide and
stress-specific transcriptional programmes remains unknown. It is
also evident that chromatin organization undergoes large-scale
changes in response to stress, including alterations in both intra- and
inter-chromosomal interactions (Li et al., 2015; Chowdhary et al.,
2017; Lyu et al., 2018; Amat et al., 2019). These processes are still
poorly understood, and future studies are needed to reveal how
chromosomal interactions are established and how they influence
transcription under stress. These questions are closely related to
ongoing research on phase separation, which is defined as a
coalescence of macromolecules into membraneless structures
(Alberti, 2017). Phase separation of chromatin-bound proteins
generates long-distance interactions between different regions of the
genome, which leads to the formation of chromatin
subcompartments (Hnisz et al., 2017; Strom et al., 2017; Erdel
and Rippe, 2018). Many of these subcompartments, such as
heterochromatin foci and enhancer clusters, are involved in
transcription and therefore, they likely contribute to stress-induced
changes in transcription (Hnisz et al., 2017; Strom et al., 2017).
Heat shock has been frequently used to study stress-induced
transcription and while these studies have been fundamental for
understanding transcription in a great detail, our knowledge of the
mechanisms of transcriptional regulation during other types of
stress is still scarce. More emphasis should be also placed on
determining whether individual cells respond differently to stress
than do cell populations, which is now possible due to recent
advances in single-cell techniques. Furthermore, transcriptional
regulation should be examined under acute and chronic stress
conditions, since cells are exposed to continuous stress in a number
of diseases. For example, hyperactivation of stress-responsive TFs is

commonly found in cancer (Ryan et al., 2000; Dai et al., 2007,
Shibata et al., 2008). In addition, the transcriptomes are regulated
differently between cancer and healthy cells, which can be observed
as an altered use of enhancers and changes in the chromatin
architecture (Bradner et al., 2017). Thus, it will be important to
investigate various aspects of the transcriptional regulation in
diseased and healthy cells to uncover how stress-induced
transcription is modified in human diseases.

Acknowledgements

We apologize to those authors whose work could not be cited in this article due to
space limitations. The members of the Sistonen laboratory are acknowledged for
helpful comments and discussions.

Competing interests
The authors declare no competing or financial interests.

Funding

Our work is supported by The Academy of Finland, Abo Akademi University
(Stiftelsen for Abo Akademi), Sigrid Juselius Foundation (Sigrid Juséliuksen Saatic),
Magnus Ehrnrooth Foundation (Magnus Ehrnroothin S&atio), Cancer Foundation
Finland (Syopasaétio), Liv och Hélsa Foundation (Medicinska
Understddsforeningen Liv och Hélsa) and the Alfred Kordelin Foundation

(Alfred Kordelinin S&atic).

References

Adamson, B., Norman, T. M., Jost, M., Cho, M. Y., Nuiiez, J. K., Chen, Y., Villata,
J. E., Gilbert, L. A., Horlbeck, M. A., Hein, M. Y. et al. (2016). A Multiplexed
single-cell CRISPR screening platform enables systematic dissection of the
unfolded protein response. Cell167, 1867-1882.e21. doi:10.1016/j.cell.2016.11.048

Ahn, S. and Thiele, D. (2003). Redox regulation of mammalian heat shock factor 1
is essential for Hsp gene activation and protection from stress. Genes Dev. 17,
516-528. doi:10.1101/gad.1044503

Akasaki, Y., Alvarez-Garcia, O., Saito, M., Caramés, B., lwamoto, Y. and Lotz,
M. K. (2014). FoxO transcription factors support oxidative stress resistance in
human chondrocytes. Arthritis Rheumatol. 66, 3349-3358. doi:10.1002/art.38868

Alberti, S. (2017). Phase separation in biology. Curr. Biol. 27, R1097-R1102. doi:10.
1016/j.cub.2017.08.069

Allen, T. A., Von Kaenel, S., Goodrich, J. A. and Kugel, J. F. (2004). The SINE-
encoded mouse B2 RNA represses mRNA transcription in response to heat
shock. Nat. Struct. Mol. Biol. 11, 816-821. doi:10.1038/nsmb813

Almanza, A., Carlesso, A., Chintha, C., Creedican, S., Doultsinos, D., Leuzzi,
B., Luis, A., McCarthy, N., Montibeller, L., More, S. et al. (2019). Endoplasmic
reticulum stress signalling — from basic mechanisms to clinical applications.
FASEB J. 286, 241-278. doi:10.1111/febs.14608

Amat, R., Béttcher, R., Le Dily, F., Vidal, E., Quilez, J., Cuartero, Y., Beato, M., De
Nadal, E. and Posas, F. (2019). Rapid reversible changes in compartments and
local chromatin organization revealed by hyperosmotic shock. Genome Res. 29,
18-28. doi:10.1101/gr.238527.118

Aprile-Garcia, F., Tomar, P., Hummel, B., Khavaran, A. and Sawarkar, R. (2019).
Nascent-protein ubiquitination is required for heat shock—induced gene
downregulation in human cells. Nat. Struct. Mol. Biol. 26, 137-146. doi:10.1038/
s$41594-018-0182-x

Ba, X., Bacsi, A., Luo, J., Aguilera-Aguirre, L., Zeng, X., Radak, Z., Brasier, A. R.
and Boldogh, I. (2014). 8-Oxoguanine DNA glycosylase-1 augments pro-
inflammatory gene expression by facilitating the recruitment of site-specific
transcription factors. J. Immunol. 192, 2384-2394. doi:10.4049/jimmunol.
1302472

Baird, N. A,, Douglas, P. M., Simic, M. S., Grant, A. R., Moresco, J. J., Wolff,
S. C,, Yates, J. R,, Manning, G. and Dillin, A. (2014). HSF-1-mediated
cytoskeletal integrity determines thermotolerance and life span. Science 346,
360-363. doi:10.1126/science.1253168

Bonev, B. and Cavalli, G. (2016). Organization and function of the 3D genome. Nat.
Rev. Genet. 17, 661-678. doi:10.1038/nrg.2016.112

Bradner, J. E., Hnisz, D. and Young, R. A. (2017). Transcriptional addiction in
cancer. Cell 168, 629-643. doi:10.1016/j.cell.2016.12.013

Bugai, A., Quaresma, A. J. C., Friedel, C. C., Lenasi, T., Diister, R., Sibley, C.R.,
Fujinaga, K., Kukanja, P., Hennig, T., Blasius, M. et al. (2019). P-TEFb
activation by RBM7 shapes a pro-survival transcriptional response to genotoxic
stress. Mol. Cell 74, 254-267.e10. doi:10.1016/j.molcel.2019.01.033

Cavadas, M. A. S., Mesnieres, M., Crifo, B., Manresa, M. C., Selfridge, A. C.,
Keogh, C. E., Fabian, Z., Scholz, C. C., Nolan, K. A. and Rocha, L. M. A. el al.
(2016). REST is a hypoxia-responsive transcriptional repressor. Sci. Rep. 6,
31355. doi:10.1038/srep31355

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-


https://doi.org/10.1016/j.cell.2016.11.048
https://doi.org/10.1016/j.cell.2016.11.048
https://doi.org/10.1016/j.cell.2016.11.048
https://doi.org/10.1016/j.cell.2016.11.048
https://doi.org/10.1101/gad.1044503
https://doi.org/10.1101/gad.1044503
https://doi.org/10.1101/gad.1044503
https://doi.org/10.1002/art.38868
https://doi.org/10.1002/art.38868
https://doi.org/10.1002/art.38868
https://doi.org/10.1016/j.cub.2017.08.069
https://doi.org/10.1016/j.cub.2017.08.069
https://doi.org/10.1038/nsmb813
https://doi.org/10.1038/nsmb813
https://doi.org/10.1038/nsmb813
https://doi.org/10.1111/febs.14608
https://doi.org/10.1111/febs.14608
https://doi.org/10.1111/febs.14608
https://doi.org/10.1111/febs.14608
https://doi.org/10.1101/gr.238527.118
https://doi.org/10.1101/gr.238527.118
https://doi.org/10.1101/gr.238527.118
https://doi.org/10.1101/gr.238527.118
https://doi.org/10.1038/s41594-018-0182-x
https://doi.org/10.1038/s41594-018-0182-x
https://doi.org/10.1038/s41594-018-0182-x
https://doi.org/10.1038/s41594-018-0182-x
https://doi.org/10.4049/jimmunol.1302472
https://doi.org/10.4049/jimmunol.1302472
https://doi.org/10.4049/jimmunol.1302472
https://doi.org/10.4049/jimmunol.1302472
https://doi.org/10.4049/jimmunol.1302472
https://doi.org/10.1126/science.1253168
https://doi.org/10.1126/science.1253168
https://doi.org/10.1126/science.1253168
https://doi.org/10.1126/science.1253168
https://doi.org/10.1038/nrg.2016.112
https://doi.org/10.1038/nrg.2016.112
https://doi.org/10.1016/j.cell.2016.12.013
https://doi.org/10.1016/j.cell.2016.12.013
https://doi.org/10.1016/j.molcel.2019.01.033
https://doi.org/10.1016/j.molcel.2019.01.033
https://doi.org/10.1016/j.molcel.2019.01.033
https://doi.org/10.1016/j.molcel.2019.01.033
https://doi.org/10.1038/srep31355
https://doi.org/10.1038/srep31355
https://doi.org/10.1038/srep31355
https://doi.org/10.1038/srep31355

REVIEW

Journal of Cell Science (2019) 132, jcs238402. doi:10.1242/jcs.238402

Chen, H., Du, G,, Song, X. and Li, L. (2017). Non-coding transcripts from enhancers:
New insights into enhancer activity and gene expression regulation. Genomics
Proteomics Bioinformatics 15, 201-207. doi:10.1016/j.gpb.2017.02.003

Chiribau, C. B., Cheng, L., Cucoranu, I. C., Yu, Y. S., Clempus, R. E. and
Sorescu, D. (2008). FOXO3A regulates peroxiredoxin Il expression in human
cardiac fibroblasts. J. Biol. Chem. 283, 8211-8217. doi:10.1074/jbc.M710610200

Chiu,W.C.,Chen,C.J.,Lee, T.S.,Chen, Z.J.,Ke, P. H. and Chiang, A. N. (2010).
Oxidative stress enhances AP-1 and NF-kB-mediated regulation of p2-
glycoprotein | gene expression in hepatoma cells. J. Cell. Biochem. 111,
988-998. doi:10.1002/jcb.22787

Choi, Y.-J., Om, J.-Y., Kim, N.-H., Chang, J.-E., Park, J. H., Kim, J.-Y., Lee, H. J.,
Kim, S.-S. and Chun, W. (2013). Heat shock transcription factor-1 suppresses
apoptotic cell death and ROS generation in 3-nitropropionic acid-stimulated
striatal cells. Mol. Cell. Biochem. 375, 59-67. doi:10.1007/s11010-012-1528-z

Chowdhary, S., Kainth, A. S. and Gross, D. S. (2017). Heat shock protein genes
undergo dynamic alteration in their three-dimensional structure and genome
organization in response to thermal stress. Mol. Cell. Biol. 37, €00292-17. doi:10.
1128/MCB.00292-17

Chowdhary, S., Kainth, A. S., Pincus, D. and Gross, D. S. (2019). Heat shock
factor 1 drives intergenic association of its target gene loci upon heat shock. Cell
Rep. 26, 18-28.e5. doi:10.1016/j.celrep.2018.12.034

Cossec, J.-C., Theurillat, 1., Chica, C., Aguin, S. B., Gaume, X., Andrieux, A.,
Iturbide, A., Jouvion, G., Li, H., Bossis, G. et al. (2018). SUMO safeguards
somatic and pluripotent cell identities by enforcing distinct chromatin states. Cell
Stem Cell. 23, 742-757.e8. doi:10.1016/j.stem.2018.10.001

Cullinan, S. B., Gordan, J. D., Jin, J., Harper, J. W. and Diehl, J. A. (2004). The
Keap1-BTB protein is an adaptor that bridges Nrf2 to a Cul3-based E3 ligase:
oxidative stress sensing by a Cul3-Keap1 ligase. Mol. Cell. Biol. 24, 8477-8486.
doi:10.1128/MCB.24.19.8477-8486.2004

Dai, C., Whitesell, L., Rogers, A. B. and Lindquist, S. (2007). Heat shock factor 1
is a powerful multifaceted modifier of carcinogenesis. Cell 130, 1005-1018. doi:10.
1016/j.cell.2007.07.020

Dombroski, B. A., Nayak, R. R., Ewens, K. G., Ankener, W., Cheung, V. G. and
Spielman, R. S. (2010). Gene expression and genetic variation in response to
endoplasmic reticulum stress in human cells. Am. J. Hum. Genet. 86, 719-729.
doi:10.1016/j.ajhg.2010.03.017

Duarte, F. M., Fuda, N. J., Mahat, D. B., Core, L. J., Guertin, M. J. and Lis, J. T.
(2016). Transcription factors GAF and HSF act at distinct regulatory steps to
modulate stress-induced gene activation. Genes Dev. 30, 1731-1746. doi:10.
1101/gad.284430.116

Dukler, N., Booth, G. T., Huang, Y.-F., Tippens, N., Waters, C. T., Danko, C. G.,
Lis, J. T. and Siepel, A. (2017). Nascent RNA sequencing reveals a dynamic
global transcriptional response at genes and enhancers to the natural medicinal
compound celastrol. Genome Res. 27, 1816-1829. doi:10.1101/gr.222935.117

Erdel, F. and Rippe, K. (2018). Formation of chromatin subcompartments by phase
separation. Biophys. J. 114, 2262-2270. doi:10.1016/j.bpj.2018.03.011

Essers, M. A. G., Weijzen, S., De Vries-Smits, A. M. M., Saarloos, I., De Ruiter,
N. D., Bos, J. L. and Burgering, B. M. T. (2004). FOXO transcription factor
activation by oxidative stress mediated by the small GTPase Ral and JNK. EMBO
J. 23, 4802-4812. doi:10.1038/sj.emboj.7600476

Fabrizio, P., Garvis, S. and Palladino, F. (2019). Histone methylation and memory
of environmental stress. Cells 8, 339. doi:10.3390/cells8040339

Fiorese, C. J., Schulz, A. M,, Lin, Y. F., Rosin, N., Pellegrino, M. W. and Haynes,
C. M. (2016). The transcription factor ATF5 mediates a mammalian mitochondrial
UPR. Curr. Biol. 26, 2037-2043. doi:10.1016/j.cub.2016.06.002

Fleming, A. M., Ding, Y. and Burrows, C. J. (2017). Oxidative DNA damage is
epigenetic by regulating gene transcription via base excision repair. Proc. Natl.
Acad. Sci. USA 114, 2604-2609. doi:10.1073/pnas.1619809114

Fuda, N. J., Guertin, M. J., Sharma, S., Danko, C. G., Martins, A. L., Siepel, A.
and Lis, J. T. (2015). GAGA factor maintains nucleosome-free regions and has a
role in RNA polymerase Il recruitment to promoters. PLoS Genet. 11, e1005108.
doi:10.1371/journal.pgen.1005108

Fujimoto, M., Takaki, E., Takii, R., Tan, K., Prakasam, R., Hayashida, N., lemura,
S., Natsume, T. and Nakai, A. (2012). RPA assists HSF1 access to nucleosomal
DNA by recruiting histone chaperone FACT. Mol. Cell 48, 182-194. doi:10.1016/.
molcel.2012.07.026

Fujimoto, M., Takii, R., Katiyar, A., Srivastava, P. and Nakai, A. (2018). PARP1
promotes the human heat shock response by facilitating HSF1 binding to DNA.
Mol. Cell. Biol. 38, e00051-18. doi: 10.1128/MCB.00051-18

Fujinaga, K., Irwin, D., Huang, Y., Taube, R., Kurosu, T. and Peterlin, B. M.
(2004). Dynamics of human immunodeficiency virus transcription: P-TEFb
phosphorylates RD and dissociates negative effectors from the transactivation
response element. Mol. Cell Biol. 24, 787-795. doi:10.1128/MCB.24.2.787-795.
2004

Gomez-Pastor, R., Burchfiel, E. T. and Thiele, D. J. (2018). Regulation of heat
shock transcription factors and their roles in physiology and disease. Nat. Rev.
Mol. Cell Biol. 19, 4-19. doi:10.1038/nrm.2017.73

Gonen, N., Sabath, N., Burge, C. B. and Shalgi, R. (2019). Widespread PERK-
dependent repression of ER targets in response to ER stress. Sci. Rep. 9, 4330.
doi:10.1038/s41598-019-38705-5

Grossi, V., Forte, G., Sanese, P., Peserico, A., Tezil, T., Signorile, M. L., Fasano,
C., Lovaglio, R., Bagnulo, R., Loconte, D. C. et al. (2018). The longevity SNP
rs2802292 uncovered: HSF1 activates stress-dependent expression of FOXO3
through an intronic enhancer. Nucleic Acids Res. 46, 5587-5600. doi:10.1093/nar/
gky331

Harding, H. P., Zhang, Y. and Ron, D. (1999). Protein translation and folding are
coupled by an endoplasmic-reticulum-resident kinase. Nature 397, 271-274.
doi:10.1038/16729

Harding, H. P., Novoa, I., Zhang, Y., Zeng, H., Wek, R., Matthieu, S. and Ron, D.
(2000). Regulated translation initiation controls stress-induced gene expression in
mammalian cells. Mol. Cell 6, 1099-1108. doi:10.1016/S1097-2765(00)00108-8

Hassan, A. H., Neely, K. E. and Workman, J. L. (2001). Histone acetyltransferase
complexes stabilize SWI/SNF binding to promoter nucleosomes. Cell 104,
817-827. doi:10.1016/S0092-8674(01)00279-3

Hendriks, I. A., D’Souza, R. C. J., Yang, B., Verlaan-de Vries, M., Mann, M. and
Vertegaal, A. C. O. (2014). Uncovering global SUMOylation signaling networks in
a site-specific manner. Nat. Struct. Mol. Biol. 21, 927-936. doi:10.1038/nsmb.
2890

Hennig, T., Michalski, M., Rutkowski, A. J., Djakovic, L., Whisnant, A. W., Friedl,
M.-S., Jha, B. A., Baptista, M. A. P., L’Hernault, A., Erhard, F. et al. (2018).
HSV-1-induced disruption of transcription termination resembles a cellular stress
response but selectively increases chromatin accessibility downstream of genes.
PLoS Pathog. 14, e1006954. doi:10.1371/journal.ppat.1006954

Hnisz, D., Shrinivas, K., Young, R. A., Chakraborty, A. K. and Sharp, P. A.
(2017). A phase separation model for transcriptional control. Cell 169, 13-23.
doi:10.1016/j.cell.2017.02.007

Huang, L. E., Arany, Z., Livingston, D. M. and Bunn, H. F. (1996). Activation of
hypoxia-inducible transcription factor depends primarily upon redox-sensitive
stabilization of its o subunit. J. Biol. Chem. 271, 32253-32259. doi:10.1074/jbc.
271.50.32253

Huang, L. E., Pete, E. A., Schau, M., Milligan, J. and Gu, J. (2002). Leu-574 of
HIF-1a. is essential for the von Hippel-Lindau (VHL)-mediated degradation
pathway. FASEB J. 277, 41750-41755. doi:10.1074/jbc.M207280200

Itoh, K., Chiba, T., Takahashi, S., Ishii, T., Igarashi, K., Katoh, Y., Oyake, T.,
Hayashi, N., Satoh, K., Hatayama, I. et al. (1997). An Nrf2/small Maf heterodimer
mediates the induction of phase Il detoxifying enzyme genes through antioxidant
response elements. Biochem. Biophys. Res. Commun. 236, 313-322. doi:10.
1006/bbrc.1997.6943

Itoh, K., Wakabayashi, N., Katoh, Y., Ishii, T., Igarashi, K., Engel, J. D. and
Yamamoto, M. (1999). Keap1 represses nuclear activation of antioxidant
responsive elements by Nrf2 through binding to the amino-terminal Neh2
domain. Genes Dev. 13, 76-86. doi:10.1101/gad.13.1.76

Jaeger, A. M., Makley, L. N., Gestwicki, J. E. and Thiele, D. J. (2014). Genomic
heat shock element sequences drive cooperative human heat shock factor 1 DNA
binding and selectivity. J. Biol. Chem. 289, 30459-30469. doi:10.1074/jbc.M114.
591578

Jaeger, A. M., Pemble IV, C. W,, Sistonen, L. and Thiele, D. J. (2016). Structures
of HSF2 reveal mechanisms for differential regulation of human heat-shock
factors. Nat. Struct. Mol. Biol. 23, 147-154. doi:10.1038/nsmb.3150

Jang, S.W,, Yang, S. J., Srinivasan, S. and Ye, K. (2007). Akt phosphorylates Mstl
and prevents its proteolytic activation, blocking FOXO3 phosphorylation and
nuclear translocation. J. Biol. Chem. 282, 30836-30844. doi:10.1074/jbc.
M704542200

Jiang, B. H., Rue, E., Wang, G. L., Roe, R. and Semenza, G. L. (1996).
Dimerization, DNA binding, and transactivation properties of hypoxia-inducible
factor 1. J. Biol. Chem. 271, 17771-17778. doi:10.1074/jbc.271.30.17771

Jiang, S., Zhang, E., Zhang, R. and Li, X. (2016). Altered activity patterns of
transcription factors induced by endoplasmic reticulum stress. BMC Biochem. 17,
8. doi:10.1186/s12858-016-0060-2

Joutsen, J. and Sistonen, L. (2019). Tailoring of proteostasis networks with heat
shock factors. Cold Spring Harb. Perspect. Biol. 11, a034066. doi:10.1101/
cshperspect.a034066

Kageyama, Y., Koshiji, M., To, K. K., Tian, Y. M., Ratcliffe, P. J. and Huang, L. E.
(2004). Leu-574 of human HIF-1a is a molecular determinant of prolyl
hydroxylation. J. Biol. Chem. 18, 1028-1030. doi:10.1096/fj.03-1233fje

Kim, J. B. and Sharp, P. A. (2001). Positive transcription elongation factor B
phosphorylates hSPT5 and RNA polymerase Il carboxyl-terminal domain
independently of cyclin-dependent kinase-activating kinase. J. Biol. Chem. 276,
12317-12323. doi:10.1074/jbc.M010908200

Kobayashi, A., Kang, M. |., Okawa, H., Ohtsuji, M., Zenke, Y., Chiba, T., Igarashi,
K. and Yamamoto, M. (2004). Oxidative stress sensor Keap1 functions as an
adaptor for Cul3-based E3 ligase to regulate proteasomal degradation of Nrf2.
Mol. Cell Biol. 24, 7130-7139. doi:10.1128/MCB.24.16.7130-7139.2004

Lamke, J., Brzezinka, K., Altmann, S. and Baurle, I. (2016). A hit-and-run heat
shock factor governs sustained histone methylation and transcriptional stress
memory. EMBO J. 35, 162-175. doi:10.15252/embj.201592593

Lee, J. M., Calkins, M. J., Chan, K., Kan, Y. W. and Johnson, J. A. (2003).
Identification of the NF-E2-related factor-2-dependent genes conferring protection
against oxidative stress in primary cortical astrocytes using oligonucleotide

9

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-


https://doi.org/10.1016/j.gpb.2017.02.003
https://doi.org/10.1016/j.gpb.2017.02.003
https://doi.org/10.1016/j.gpb.2017.02.003
https://doi.org/10.1074/jbc.M710610200
https://doi.org/10.1074/jbc.M710610200
https://doi.org/10.1074/jbc.M710610200
https://doi.org/10.1002/jcb.22787
https://doi.org/10.1002/jcb.22787
https://doi.org/10.1002/jcb.22787
https://doi.org/10.1002/jcb.22787
https://doi.org/10.1007/s11010-012-1528-z
https://doi.org/10.1007/s11010-012-1528-z
https://doi.org/10.1007/s11010-012-1528-z
https://doi.org/10.1007/s11010-012-1528-z
https://doi.org/10.1128/MCB.00292-17
https://doi.org/10.1128/MCB.00292-17
https://doi.org/10.1128/MCB.00292-17
https://doi.org/10.1128/MCB.00292-17
https://doi.org/10.1016/j.celrep.2018.12.034
https://doi.org/10.1016/j.celrep.2018.12.034
https://doi.org/10.1016/j.celrep.2018.12.034
https://doi.org/10.1016/j.stem.2018.10.001
https://doi.org/10.1016/j.stem.2018.10.001
https://doi.org/10.1016/j.stem.2018.10.001
https://doi.org/10.1016/j.stem.2018.10.001
https://doi.org/10.1128/MCB.24.19.8477-8486.2004
https://doi.org/10.1128/MCB.24.19.8477-8486.2004
https://doi.org/10.1128/MCB.24.19.8477-8486.2004
https://doi.org/10.1128/MCB.24.19.8477-8486.2004
https://doi.org/10.1016/j.cell.2007.07.020
https://doi.org/10.1016/j.cell.2007.07.020
https://doi.org/10.1016/j.cell.2007.07.020
https://doi.org/10.1016/j.ajhg.2010.03.017
https://doi.org/10.1016/j.ajhg.2010.03.017
https://doi.org/10.1016/j.ajhg.2010.03.017
https://doi.org/10.1016/j.ajhg.2010.03.017
https://doi.org/10.1101/gad.284430.116
https://doi.org/10.1101/gad.284430.116
https://doi.org/10.1101/gad.284430.116
https://doi.org/10.1101/gad.284430.116
https://doi.org/10.1101/gr.222935.117
https://doi.org/10.1101/gr.222935.117
https://doi.org/10.1101/gr.222935.117
https://doi.org/10.1101/gr.222935.117
https://doi.org/10.1016/j.bpj.2018.03.011
https://doi.org/10.1016/j.bpj.2018.03.011
https://doi.org/10.1038/sj.emboj.7600476
https://doi.org/10.1038/sj.emboj.7600476
https://doi.org/10.1038/sj.emboj.7600476
https://doi.org/10.1038/sj.emboj.7600476
https://doi.org/10.3390/cells8040339
https://doi.org/10.3390/cells8040339
https://doi.org/10.1016/j.cub.2016.06.002
https://doi.org/10.1016/j.cub.2016.06.002
https://doi.org/10.1016/j.cub.2016.06.002
https://doi.org/10.1073/pnas.1619809114
https://doi.org/10.1073/pnas.1619809114
https://doi.org/10.1073/pnas.1619809114
https://doi.org/10.1371/journal.pgen.1005108
https://doi.org/10.1371/journal.pgen.1005108
https://doi.org/10.1371/journal.pgen.1005108
https://doi.org/10.1371/journal.pgen.1005108
https://doi.org/10.1016/j.molcel.2012.07.026
https://doi.org/10.1016/j.molcel.2012.07.026
https://doi.org/10.1016/j.molcel.2012.07.026
https://doi.org/10.1016/j.molcel.2012.07.026
https://doi.org/ 10.1128/MCB.00051-18
https://doi.org/ 10.1128/MCB.00051-18
https://doi.org/ 10.1128/MCB.00051-18
https://doi.org/10.1128/MCB.24.2.787-795.2004
https://doi.org/10.1128/MCB.24.2.787-795.2004
https://doi.org/10.1128/MCB.24.2.787-795.2004
https://doi.org/10.1128/MCB.24.2.787-795.2004
https://doi.org/10.1128/MCB.24.2.787-795.2004
https://doi.org/10.1038/nrm.2017.73
https://doi.org/10.1038/nrm.2017.73
https://doi.org/10.1038/nrm.2017.73
https://doi.org/10.1038/s41598-019-38705-5
https://doi.org/10.1038/s41598-019-38705-5
https://doi.org/10.1038/s41598-019-38705-5
https://doi.org/10.1093/nar/gky331
https://doi.org/10.1093/nar/gky331
https://doi.org/10.1093/nar/gky331
https://doi.org/10.1093/nar/gky331
https://doi.org/10.1093/nar/gky331
https://doi.org/10.1038/16729
https://doi.org/10.1038/16729
https://doi.org/10.1038/16729
https://doi.org/10.1016/S1097-2765(00)00108-8
https://doi.org/10.1016/S1097-2765(00)00108-8
https://doi.org/10.1016/S1097-2765(00)00108-8
https://doi.org/10.1016/S0092-8674(01)00279-3
https://doi.org/10.1016/S0092-8674(01)00279-3
https://doi.org/10.1016/S0092-8674(01)00279-3
https://doi.org/10.1038/nsmb.2890
https://doi.org/10.1038/nsmb.2890
https://doi.org/10.1038/nsmb.2890
https://doi.org/10.1038/nsmb.2890
https://doi.org/10.1371/journal.ppat.1006954
https://doi.org/10.1371/journal.ppat.1006954
https://doi.org/10.1371/journal.ppat.1006954
https://doi.org/10.1371/journal.ppat.1006954
https://doi.org/10.1371/journal.ppat.1006954
https://doi.org/10.1016/j.cell.2017.02.007
https://doi.org/10.1016/j.cell.2017.02.007
https://doi.org/10.1016/j.cell.2017.02.007
https://doi.org/10.1074/jbc.271.50.32253
https://doi.org/10.1074/jbc.271.50.32253
https://doi.org/10.1074/jbc.271.50.32253
https://doi.org/10.1074/jbc.271.50.32253
https://doi.org/10.1074/jbc.M207280200
https://doi.org/10.1074/jbc.M207280200
https://doi.org/10.1074/jbc.M207280200
https://doi.org/10.1006/bbrc.1997.6943
https://doi.org/10.1006/bbrc.1997.6943
https://doi.org/10.1006/bbrc.1997.6943
https://doi.org/10.1006/bbrc.1997.6943
https://doi.org/10.1006/bbrc.1997.6943
https://doi.org/10.1101/gad.13.1.76
https://doi.org/10.1101/gad.13.1.76
https://doi.org/10.1101/gad.13.1.76
https://doi.org/10.1101/gad.13.1.76
https://doi.org/10.1074/jbc.M114.591578
https://doi.org/10.1074/jbc.M114.591578
https://doi.org/10.1074/jbc.M114.591578
https://doi.org/10.1074/jbc.M114.591578
https://doi.org/10.1038/nsmb.3150
https://doi.org/10.1038/nsmb.3150
https://doi.org/10.1038/nsmb.3150
https://doi.org/10.1074/jbc.M704542200
https://doi.org/10.1074/jbc.M704542200
https://doi.org/10.1074/jbc.M704542200
https://doi.org/10.1074/jbc.M704542200
https://doi.org/10.1074/jbc.271.30.17771
https://doi.org/10.1074/jbc.271.30.17771
https://doi.org/10.1074/jbc.271.30.17771
https://doi.org/10.1186/s12858-016-0060-2
https://doi.org/10.1186/s12858-016-0060-2
https://doi.org/10.1186/s12858-016-0060-2
https://doi.org/10.1101/cshperspect.a034066
https://doi.org/10.1101/cshperspect.a034066
https://doi.org/10.1101/cshperspect.a034066
https://doi.org/10.1096/fj.03-1233fje
https://doi.org/10.1096/fj.03-1233fje
https://doi.org/10.1096/fj.03-1233fje
https://doi.org/10.1074/jbc.M010908200
https://doi.org/10.1074/jbc.M010908200
https://doi.org/10.1074/jbc.M010908200
https://doi.org/10.1074/jbc.M010908200
https://doi.org/10.1128/MCB.24.16.7130-7139.2004
https://doi.org/10.1128/MCB.24.16.7130-7139.2004
https://doi.org/10.1128/MCB.24.16.7130-7139.2004
https://doi.org/10.1128/MCB.24.16.7130-7139.2004
https://doi.org/10.15252/embj.201592593
https://doi.org/10.15252/embj.201592593
https://doi.org/10.15252/embj.201592593
https://doi.org/10.1074/jbc.M211558200
https://doi.org/10.1074/jbc.M211558200
https://doi.org/10.1074/jbc.M211558200

REVIEW

Journal of Cell Science (2019) 132, jcs238402. doi:10.1242/jcs.238402

microarray analysis. J. Biol.
M211558200

Lee, C., Li, X., Hechmer, A., Eisen, M., Biggin, M. D., Venters, B. J., Jiang, C., Li,
J., Pugh, B. F. and Gilmour, D. S. (2008). NELF and GAGA factor are linked to
promoter-proximal pausing at many genes in Drosophila. Mol. Cell. Biol. 28,
3290-3300. doi:10.1128/MCB.02224-07

Li, L., Lyu, X., Hou, C., Takenaka, N., Nguyen, H. Q., Ong, C.-T., Cubeifas-Potts,
C., Hu, M., Lei, E. P., Bosco, G. et al. (2015). Widespread rearrangement of 3D
chromatin organization underlies polycomb-mediated stress-induced silencing.
Mol. Cell 58, 216-231. doi:10.1016/j.molcel.2015.02.023

Lindholm, D., Korhonen, L., Eriksson, O. and Koks, S. (2017). Recent insights
into the role of unfolded protein response in ER stress in health and disease. Front.
Cell Dev. Biol. 5, 48. doi:10.3389/fcell.2017.00048

Lis, J. T., Mason, P., Peng, J., Price, D. H. and Werner, J. (2000). P-TEFb kinase
recruitment and function at heat shock loci. Genes Dev. 14, 792-803.

Lyu, X., Rowley, M. J. and Corces, V. G. (2018). Architectural proteins and
pluripotency factors cooperate to orchestrate the transcriptional response of
hESCs to temperature stress. Mol. Cell 71, 940-955.e7. doi:10.1016/j.molcel.
2018.07.012

Mahat, D. B., Salamanca, H. H., Duarte, F. M., Danko, C. G. and Lis, J. T. (2016).
Mammalian heat shock response and mechanisms underlying its genome-wide
transcriptional regulation. Mol. Cell 62, 63-78. doi:10.1016/j.molcel.2016.02.025

Majmundar, A. J., Wong, W. J. and Simon, M. C. (2010). Hypoxia-inducible factors
and the response to hypoxic stress. Mol. Cell 40, 294-309. doi:10.1016/j.molcel.
2010.09.022

Malhotra, D., Portales-Casamar, E., Singh, A., Srivastava, S., Arenillas, D.,
Happel, C., Shyr, C., Wakabayashi, N., Kensler, T. W., Wasserman, W. W. et al.
(2010). Global mapping of binding sites for Nrf2 identifies novel targets in cell
survival response through chip-seq profiling and network analysis. Nucleic Acids
Res. 38, 5718-5734. doi:10.1093/nar/gkq212

Mariner, P. D., Walters, R. D., Espinoza, C. A., Drullinger, L. F., Wagner, S. D.,
Kugel, J. F. and Goodrich, J. A. (2008). Human Alu RNA is a modular transacting
repressor of MRNA transcription during heat shock. Mol. Cell 29, 499-509. doi:10.
1016/j.molcel.2007.12.013

Martina, J. A., Diab, H. I, Brady, O. A. and Puertollano, R. (2016). TFEB and
TFE3 are novel components of the integrated stress response. EMBO J. 35,
479-495. doi:10.15252/embj.201593428

Maruyama, A., Mimura, J. and Itoh, K. (2014). Non-coding RNA derived from the
region adjacent to the human HO-1 E2 enhancer selectively regulates HO-1 gene
induction by modulating Pol Il binding. Nucleic Acids Res. 42, 13599-13614.
doi:10.1093/nar/gku1169

Maxwell, P. H., Wiesener, M. S., Chang, G. W., Clifford, S. C., Vaux, E. C.,
Cockman, M. E., Wykoff, C. C., Pugh, C. W., Maher, E. R. and Ratcliffe, P. J.
(1999). The tumour suppressor protein VHL targets hypoxia-inducible factors for
oxygen-dependent proteolysis. Nature 399, 271-275. doi:10.1038/20459

Maynard, M. A., Qi, H., Chung, J., Lee, E. H., Kondo, Y., Hara, S., Conaway, R. C.,
Conaway, J. W. and Ohh, M. (2003). Multiple splice variants of the human HIF-3
alpha locus are targets of the von Hippel-Lindau E3 ubiquitin ligase complex.
J. Biol. Chem. 278, 11032-11040. doi:10.1074/jbc.M208681200

Mole, D. R., Blancher, C., Copley, R. R., Pollard, P. J., Gleadle, J. M., Ragoussis,
J. and Ratcliffe, P. J. (2009). Genome-wide association of hypoxia-inducible
factor (HIF)-1a. and HIF-2o. DNA binding with expression profiling of hypoxia-
inducible transcripts. J. Biol. Chem. 284, 16767-16775. doi:10.1074/jbc.
M901790200

Mueller, B., Mieczkowski, J., Kundu, S., Wang, P., Sadreyev, R., Tolstorukov,
M. Y. and Kingston, R. E. (2017). Widespread changes in nucleosome
accessibility without changes in nucleosome occupancy during a rapid
transcriptional induction. Genes Dev. 31, 451-462. doi:10.1101/gad.293118.116

Murawska, M., Hassler, M., Renkawitz-Pohl, R., Ladurner, A. and Brehm, A.
(2011). Stress-induced PARP activation mediates recruitment of Drosophila Mi-2
to promote heat shock gene expression. PLoS Genet. 7, €1002206. doi:10.1371/
journal.pgen.1002206

Needham, P. G., Guerriero, C. J. and Brodsky, J. L. (2019). Chaperoning
endoplasmic  reticulum—associated degradation (ERAD) and protein
conformational diseases. Cold Spring Harb. Perspect. Biol. 11, a033928.
doi:10.1101/cshperspect.a033928

Nilson, K. A., Lawson, C. K., Mullen, N. J., Ball, C. B., Spector, B. M., Meier, J. L.
and Price, D. H. (2017). Oxidative stress rapidly stabilizes promoter-proximal
paused Pol Il across the human genome. Nucleic Acids Res. 45, 11088-11105.
doi:10.1093/nar/gkx724

Niskanen, E. A., Malinen, M., Sutinen, P., Toropainen, S., Paakinaho, V.,
Vihervaara, A., Joutsen, J., Kaikkonen, M. U., Sistonen, L. and Palvimo, J. J.
(2015). Global SUMOylation on active chromatin is an acute heat stress response
restricting transcription. Genome Biol. 16, 153. doi:10.1186/s13059-015-0717-y

f)stling, P., Bjork, J. K., Roos-Mattjus, P., Mezger, V. and Sistonen, L. (2007).
Heat shock factor 2 (HSF2) contributes to inducible expression of hsp genes
through interplay with HSF1. J. Biol. Chem. 282, 7077-7086. doi:10.1074/jbc.
M607556200

Chem. 278, 12029-12038. doi:10.1074/jbc.

Petesch, S. J. and Lis, J. T. (2008). Rapid, transcription-independent loss of
nucleosomes over a large chromatin domain at Hsp70 loci. Cell 134, 74-84.
doi:10.1016/j.cell.2008.05.029

Proudfoot, N. J. (2016). Transcriptional termination in mammals: stopping the RNA
polymerase Il juggernaut. Science 352, aad9926. doi:10.1126/science.aad 9926

Rabindran, S. K., Haroun, R. I., Clos, J., Wisniewski, J. and Wu, C. (1993).
Regulation of heat shock factor trimer formation: role of a conserved leucine
zipper. Science 259, 230-234. doi:10.1126/science.8421783

Ritossa, F. (1962). A new puffing pattern induced by temperature shock and DNP in
Drosophila. Experientia 18, 571-573. doi:10.1007/BF02172188

Ryan, H. E., Poloni, M., McNulty, W., Elson, D., Gassmann, M., Arbeit, J. M. and
Johnson, R. S. (2000). Hypoxia-inducible factor-1a is a positive factor in solid
tumor growth. Cancer Res. 60, 4010-4015.

Schick, S., Fournier, D., Thakurela, S., Sahu, S. K., Garding, A. and Tiwari, V. K.
(2015). Dynamics of chromatin accessibility and epigenetic state in response to
UV damage. J. Cell Sci. 128, 4380-4394. doi:10.1242/jcs.173633

Schwabish, M. A. and Struhl, K. (2007). The Swi/Snf complex is important for
histone eviction during transcriptional activation and RNA polymerase |l
elongation in vivo. Mol. Cell. Biol. 27, 6987-6995. doi:10.1128/MCB.00717-07

Seifert, A., Schofield, P., Barton, G. J. and Hay, R. T. (2015). Proteotoxic stress
reprograms the chromatin landscape of SUMO modification. Sci. Signal. 8,
aaa2213. doi:10.1126/scisignal.aaa2213

Shen, J., Chen, X., Hendershot, L. and Prywes, R. (2002). ER stress regulation of
ATF6 localization by dissociation of BiP/GRP78 binding and unmasking of Golgi
localization signals. Dev. Cell 3, 99-111. doi:10.1016/S1534-5807(02)00203-4

Shibata, T., Ohta, T., Tong, K. |., Kokubu, A., Odogawa, R., Tsuta, K., Asamura,
H., Yamamoto, M. and Hirohashi, S. (2008). Cancer related mutations in NRF2
impair its recognition by Keap1-Cul3 E3 ligase and promote malignancy. Proc.
Natl. Acad. Sci. USA 105, 13568-13573. doi:10.1073/pnas.0806268105

Shivaswamy, S. and lyer, V. R. (2008). Stress-dependent dynamics of global
chromatin remodeling in yeast: dual role for SWI/SNF in the heat shock stress
response. Mol. Cell. Biol. 28, 2221-2234. doi:10.1128/MCB.01659-07

Sies, H., Berndt, C. and Jones, D. P. (2017). Oxidative stress. Annu. Rev.
Biochem. 86, 715-748. doi:10.1146/annurev-biochem-061516-045037

Strom, A. R., Emelyanov, A. V., Mir, M., Fyodorov, D. V., Darzacq, X. and
Karpen, G. H. (2017). Phase separation drives heterochromatin domain
formation. Nature 547, 241-245. doi:10.1038/nature22989

Sullivan, E. K., Weirich, C. S., Guyon, J. R,, Sif, S. and Kingston, R. E. (2001).
Transcriptional activation domains of human heat shock factor 1 recruit human
SWI/SNF. Mol. Cell. Biol. 21, 5826-5837. doi:10.1128/MCB.21.17.5826-5837.
2001

Suzuki, T. and Yamamoto, M. (2017). Stress-sensing mechanisms and the
physiological roles of the Keap1-Nrf2 system during cellular stress. J. Biol. Chem.
292, 16817-16824. doi:10.1074/jbc.R117.800169

Swygert, S. G. and Peterson, C. L. (2014). Chromatin dynamics: interplay between
remodeling enzymes and histone modifications. Biochim. Biophys. Acta. 1839,
728-736. doi:10.1016/j.bbagrm.2014.02.013

Tothova, Z., Kollipara, R., Huntly, B. J., Lee, B. H., Castrillon, D. H., Cullen, D. E.,
McDowell, E. P., Lazo-Kallanian, S., Williams, I. R., Sears, C. et al. (2007).
FoxOs are critical mediators of hematopoietic stem cell resistance to physiologic
oxidative stress. Cell 128, 325-339. doi:10.1016/j.cell.2007.01.003

Vihervaara, A., Mahat, D. B., Guertin, M. J., Chu, T., Danko, C. G,, Lis, J. T. and
Sistonen, L. (2017). Transcriptional response to stress is pre-wired by promoter
and enhancer architecture. Nat. Commun. 8, 255. doi:10.1038/s41467-017-
00151-0

Vihervaara, A., Duarte, F. M. and Lis, J. T. (2018). Molecular mechanisms driving
transcriptional stress responses. Nat. Rev. Genet. 19, 385-397. doi:10.1038/
s41576-018-0001-6

Vilborg, A., Passarelli, M. C., Yario, T. A., Tycowski, K. T. and Steitz, J. A. (2015).
Widespread inducible transcription downstream of human genes. Mol. Cell 59,
449-461. doi:10.1016/j.molcel.2015.06.016

Vilborg, A., Sabath, N., Wiesel, Y., Nathans, J., Levy-Adam, F., Yario, T. A,,
Steitz, J. A. and Shalgi, R. (2017). Comparative analysis reveals genomic
features of stress-induced transcriptional readthrough. Proc. Natl. Acad. Sci. USA
114, E8362-E8371. doi:10.1073/pnas.1711120114

Wada, T., Takagi, T., Yamaguchi, Y., Ferdous, A., Imai, T., Hirose, S., Sugimoto, S.,
Yano, K., Hartzog, G. A., Winston, F. et al. (1997). DSIF, a novel transcription
elongation factor that regulates RNA polymerase Il processivity, is composed of human
Spt4 and Spt5 homologs. Genes Dev. 12, 343-356. doi:10.1101/gad.12.3.343

Wang, S., Gao, K. and Liu, Y. (2018). UPR™ coordinates immunity to maintain
mitochondrial homeostasis and animal fithes. Mitochondrion 41, 9-13. doi:10.
1016/j.mito.2017.11.004

Wissink, E. M., Vihervaara, A., Tippens, N. D. and Lis, J. T. (2019). Nascent RNA
analyses: tracking transcription and its regulation. Nat. Rev. Genet. doi:10.1038/
s41576-019-0159-6

Xiao, H., Sandaltzopoulos, R., Wang, H. M., Hamiche, A., Ranallo, R., Lee, K. M.,
Fu, D. and Wu, C. (2001). Dual functions of largest NURF subunit NURF301 in
nucleosome sliding and transcription factor interactions. Mol. Cell 8, 531-543.
doi:10.1016/S1097-2765(01)00345-8

10

()
Y
C
ey
()
(V]
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-


https://doi.org/10.1074/jbc.M211558200
https://doi.org/10.1074/jbc.M211558200
https://doi.org/10.1128/MCB.02224-07
https://doi.org/10.1128/MCB.02224-07
https://doi.org/10.1128/MCB.02224-07
https://doi.org/10.1128/MCB.02224-07
https://doi.org/10.1016/j.molcel.2015.02.023
https://doi.org/10.1016/j.molcel.2015.02.023
https://doi.org/10.1016/j.molcel.2015.02.023
https://doi.org/10.1016/j.molcel.2015.02.023
https://doi.org/10.3389/fcell.2017.00048
https://doi.org/10.3389/fcell.2017.00048
https://doi.org/10.3389/fcell.2017.00048
https://doi.org/10.1016/j.molcel.2018.07.012
https://doi.org/10.1016/j.molcel.2018.07.012
https://doi.org/10.1016/j.molcel.2018.07.012
https://doi.org/10.1016/j.molcel.2018.07.012
https://doi.org/10.1016/j.molcel.2016.02.025
https://doi.org/10.1016/j.molcel.2016.02.025
https://doi.org/10.1016/j.molcel.2016.02.025
https://doi.org/10.1016/j.molcel.2010.09.022
https://doi.org/10.1016/j.molcel.2010.09.022
https://doi.org/10.1016/j.molcel.2010.09.022
https://doi.org/10.1093/nar/gkq212
https://doi.org/10.1093/nar/gkq212
https://doi.org/10.1093/nar/gkq212
https://doi.org/10.1093/nar/gkq212
https://doi.org/10.1093/nar/gkq212
https://doi.org/10.1016/j.molcel.2007.12.013
https://doi.org/10.1016/j.molcel.2007.12.013
https://doi.org/10.1016/j.molcel.2007.12.013
https://doi.org/10.1016/j.molcel.2007.12.013
https://doi.org/10.15252/embj.201593428
https://doi.org/10.15252/embj.201593428
https://doi.org/10.15252/embj.201593428
https://doi.org/10.1093/nar/gku1169
https://doi.org/10.1093/nar/gku1169
https://doi.org/10.1093/nar/gku1169
https://doi.org/10.1093/nar/gku1169
https://doi.org/10.1038/20459
https://doi.org/10.1038/20459
https://doi.org/10.1038/20459
https://doi.org/10.1038/20459
https://doi.org/10.1074/jbc.M208681200
https://doi.org/10.1074/jbc.M208681200
https://doi.org/10.1074/jbc.M208681200
https://doi.org/10.1074/jbc.M208681200
https://doi.org/10.1074/jbc.M901790200
https://doi.org/10.1074/jbc.M901790200
https://doi.org/10.1074/jbc.M901790200
https://doi.org/10.1074/jbc.M901790200
https://doi.org/10.1074/jbc.M901790200
https://doi.org/10.1101/gad.293118.116
https://doi.org/10.1101/gad.293118.116
https://doi.org/10.1101/gad.293118.116
https://doi.org/10.1101/gad.293118.116
https://doi.org/10.1371/journal.pgen.1002206
https://doi.org/10.1371/journal.pgen.1002206
https://doi.org/10.1371/journal.pgen.1002206
https://doi.org/10.1371/journal.pgen.1002206
https://doi.org/10.1101/cshperspect.a033928
https://doi.org/10.1101/cshperspect.a033928
https://doi.org/10.1101/cshperspect.a033928
https://doi.org/10.1101/cshperspect.a033928
https://doi.org/10.1093/nar/gkx724
https://doi.org/10.1093/nar/gkx724
https://doi.org/10.1093/nar/gkx724
https://doi.org/10.1093/nar/gkx724
https://doi.org/10.1186/s13059-015-0717-y
https://doi.org/10.1186/s13059-015-0717-y
https://doi.org/10.1186/s13059-015-0717-y
https://doi.org/10.1186/s13059-015-0717-y
https://doi.org/10.1074/jbc.M607556200
https://doi.org/10.1074/jbc.M607556200
https://doi.org/10.1074/jbc.M607556200
https://doi.org/10.1074/jbc.M607556200
https://doi.org/10.1016/j.cell.2008.05.029
https://doi.org/10.1016/j.cell.2008.05.029
https://doi.org/10.1016/j.cell.2008.05.029
https://doi.org/10.1126/science.aad9926
https://doi.org/10.1126/science.aad9926
https://doi.org/10.1126/science.8421783
https://doi.org/10.1126/science.8421783
https://doi.org/10.1126/science.8421783
https://doi.org/10.1007/BF02172188
https://doi.org/10.1007/BF02172188
https://doi.org/10.1242/jcs.173633
https://doi.org/10.1242/jcs.173633
https://doi.org/10.1242/jcs.173633
https://doi.org/10.1128/MCB.00717-07
https://doi.org/10.1128/MCB.00717-07
https://doi.org/10.1128/MCB.00717-07
https://doi.org/10.1126/scisignal.aaa2213
https://doi.org/10.1126/scisignal.aaa2213
https://doi.org/10.1126/scisignal.aaa2213
https://doi.org/10.1016/S1534-5807(02)00203-4
https://doi.org/10.1016/S1534-5807(02)00203-4
https://doi.org/10.1016/S1534-5807(02)00203-4
https://doi.org/10.1073/pnas.0806268105
https://doi.org/10.1073/pnas.0806268105
https://doi.org/10.1073/pnas.0806268105
https://doi.org/10.1073/pnas.0806268105
https://doi.org/10.1128/MCB.01659-07
https://doi.org/10.1128/MCB.01659-07
https://doi.org/10.1128/MCB.01659-07
https://doi.org/10.1146/annurev-biochem-061516-045037
https://doi.org/10.1146/annurev-biochem-061516-045037
https://doi.org/10.1038/nature22989
https://doi.org/10.1038/nature22989
https://doi.org/10.1038/nature22989
https://doi.org/10.1128/MCB.21.17.5826-5837.2001
https://doi.org/10.1128/MCB.21.17.5826-5837.2001
https://doi.org/10.1128/MCB.21.17.5826-5837.2001
https://doi.org/10.1128/MCB.21.17.5826-5837.2001
https://doi.org/10.1074/jbc.R117.800169
https://doi.org/10.1074/jbc.R117.800169
https://doi.org/10.1074/jbc.R117.800169
https://doi.org/10.1016/j.bbagrm.2014.02.013
https://doi.org/10.1016/j.bbagrm.2014.02.013
https://doi.org/10.1016/j.bbagrm.2014.02.013
https://doi.org/10.1016/j.cell.2007.01.003
https://doi.org/10.1016/j.cell.2007.01.003
https://doi.org/10.1016/j.cell.2007.01.003
https://doi.org/10.1016/j.cell.2007.01.003
https://doi.org/10.1038/s41467-017-00151-0
https://doi.org/10.1038/s41467-017-00151-0
https://doi.org/10.1038/s41467-017-00151-0
https://doi.org/10.1038/s41467-017-00151-0
https://doi.org/10.1038/s41576-018-0001-6
https://doi.org/10.1038/s41576-018-0001-6
https://doi.org/10.1038/s41576-018-0001-6
https://doi.org/10.1016/j.molcel.2015.06.016
https://doi.org/10.1016/j.molcel.2015.06.016
https://doi.org/10.1016/j.molcel.2015.06.016
https://doi.org/10.1073/pnas.1711120114
https://doi.org/10.1073/pnas.1711120114
https://doi.org/10.1073/pnas.1711120114
https://doi.org/10.1073/pnas.1711120114
https://doi.org/10.1101/gad.12.3.343
https://doi.org/10.1101/gad.12.3.343
https://doi.org/10.1101/gad.12.3.343
https://doi.org/10.1101/gad.12.3.343
https://doi.org/10.1016/j.mito.2017.11.004
https://doi.org/10.1016/j.mito.2017.11.004
https://doi.org/10.1016/j.mito.2017.11.004
https://doi.org/10.1016/j.mito.2017.11.004
https://doi.org/10.1038/s41576-019-0159-6
https://doi.org/10.1038/s41576-019-0159-6
https://doi.org/10.1038/s41576-019-0159-6
https://doi.org/10.1016/S1097-2765(01)00345-8
https://doi.org/10.1016/S1097-2765(01)00345-8
https://doi.org/10.1016/S1097-2765(01)00345-8
https://doi.org/10.1016/S1097-2765(01)00345-8

REVIEW

Journal of Cell Science (2019) 132, jcs238402. doi:10.1242/jcs.238402

Xu, Y. M., Huang, D. Y., Chiu, J. F. and Lau, A. T. (2012). Post-translational
modification of human heat shock factors and their functions: a recent update by
proteomic approach. J. Proteome Res. 11, 2625-2634. doi:10.1021/pr201151a

Yakovchuk, P., Goodrich, J. A. and Kugel, J. F. (2009). B2 RNA and Alu RNA
repress transcription by disrupting contacts between RNA polymerase Il and
promoter DNA within assembled complexes. Proc. Natl. Acad. Sci. USA 106,
5569-5574. doi:10.1073/pnas.0810738106

Yamaguchi, Y., Takagi, T., Wada, T., Yano, K., Furuya, A., Sugimoto, S.,
Hasegawa, J. and Handa, H. (1999). NELF, a multisubunit complex containing
RD, cooperates with DSIF to repress RNA polymerase Il elongation. Cell 97,
41-51. doi:10.1016/S0092-8674(00)80713-8

Yamashita, T., Ohneda, O., Nagano, M., lemitsu, M., Makino, Y., Tanaka, H.,
Miyauchi, T., Goto, K., Ohneda, K., Fuiji-Kuriyama, Y. et al. (2008). Abnormal
heart development and lung remodeling in mice lacking the hypoxia-inducible
factor-related basic helix-loop-helix PAS protein NEPAS. Mol. Cell. Biol. 28,
1285-1297. doi:10.1128/MCB.01332-07

Ye, J., Rawson, R. B., Komuro, R., Chen, X., Davé, R. P., Brown, M. S. and
Goldstein, J. L. (2000). ER stress induces cleavage of membrane-bound ATF6
by the same proteases that process SREBPs. Mol. Cell 6, 1355-1364. doi:10.
1016/S1097-2765(00)00133-7

Yoshida, H., Matsui, T., Yamamoto, A., Okada, T. and Mori, K. (2001). XBP1
mRNA is induced by ATF6 and spliced by IRE1 in response to ER stress to
produce a highly active transcription factor. Cell 107, 881-891. doi:10.1016/
S0092-8674(01)00611-0

Zeng, L., Liu, Y.-P., Sha, H., Chen, H., Qi, L. and Smith, J. A. (2010). XBP-1
couples endoplasmic reticulum stress to augmented IFN-induction via a cis-acting

enhancer in macrophages. J. Immunol. 185, 2324-2330. doi:10.4049/jimmunol.
0903052

Zhang, D. D., Lo, S. C., Cross, J. V., Templeton, D. J. and Hannink, M. (2004).
Keap1 is a redox-regulated substrate adaptor protein for a Cul3-dependent
ubiquitin ligase complex. Mol. Cell. Biol. 24, 10941-10953. doi:10.1128/MCB.24.
24.10941-10953.2004

Zhang, P., Yao, Q., Lu, L., Li, Y., Chen, P.-J. and Duan, C. (2014). Hypoxia-
inducible factor 3 is an oxygen-dependent transcription activator and regulates a
distinct transcriptional response to hypoxia. Cell Rep. 6, 1110-1121. doi:10.1016/j.
celrep.2014.02.011

Zhao, Q., Wang, J., Levichkin, I. V., Stasinopoulos, S., Ryan, M. T. and
Hoogenraad, N. J. (2002). A mitochondrial specific stress response in
mammalian cells. EMBO J. 21, 4411-4419. doi:10.1093/emboj/cdf445

Zhou, L. Z. H., Johnson, A. P. and Rando, T. A. (2001). NFxB and AP-1 mediate
transcriptional responses to oxidative stress in skeletal muscle cells. Free Radic.
Biol. Med. 31, 1405-1416. doi:10.1016/S0891-5849(01)00719-5

Zhou, J., Liu, C. Y., Back, S. H., Clark, R. L., Peisach, D., Xu, Z. and Kaufman,
R. J. (2006). The crystal structure of human IRE1 luminal domain reveals a
conserved dimerization interface required for activation of the unfolded protein
response. Proc. Natl. Acad. Sci. USA 103, 14343-14348. doi:10.1073/pnas.
0606480103

Zhou, C., Martinez, E., Marcantonio, D. D., Solanki-Patel, N., Aghayev, T., Peri,
S., Ferraro, T., Skorski, T., Scholl, C., Fréhling, S. et al. (2017). JUN is a key
transcriptional regulator of the unfolded protein response in acute myeloid
leukemia. Leukemia 31, 1196-1205. doi:10.1038/leu.2016.329

11

()
Y
C
ey
()
w
ko]
Y
Y=
(®)
‘©
c
—
>
(®)
-



https://doi.org/10.1021/pr201151a
https://doi.org/10.1021/pr201151a
https://doi.org/10.1021/pr201151a
https://doi.org/10.1073/pnas.0810738106
https://doi.org/10.1073/pnas.0810738106
https://doi.org/10.1073/pnas.0810738106
https://doi.org/10.1073/pnas.0810738106
https://doi.org/10.1016/S0092-8674(00)80713-8
https://doi.org/10.1016/S0092-8674(00)80713-8
https://doi.org/10.1016/S0092-8674(00)80713-8
https://doi.org/10.1016/S0092-8674(00)80713-8
https://doi.org/10.1128/MCB.01332-07
https://doi.org/10.1128/MCB.01332-07
https://doi.org/10.1128/MCB.01332-07
https://doi.org/10.1128/MCB.01332-07
https://doi.org/10.1128/MCB.01332-07
https://doi.org/10.1016/S1097-2765(00)00133-7
https://doi.org/10.1016/S1097-2765(00)00133-7
https://doi.org/10.1016/S1097-2765(00)00133-7
https://doi.org/10.1016/S1097-2765(00)00133-7
https://doi.org/10.1016/S0092-8674(01)00611-0
https://doi.org/10.1016/S0092-8674(01)00611-0
https://doi.org/10.1016/S0092-8674(01)00611-0
https://doi.org/10.1016/S0092-8674(01)00611-0
https://doi.org/10.4049/jimmunol.0903052
https://doi.org/10.4049/jimmunol.0903052
https://doi.org/10.4049/jimmunol.0903052
https://doi.org/10.4049/jimmunol.0903052
https://doi.org/10.1128/MCB.24.24.10941-10953.2004
https://doi.org/10.1128/MCB.24.24.10941-10953.2004
https://doi.org/10.1128/MCB.24.24.10941-10953.2004
https://doi.org/10.1128/MCB.24.24.10941-10953.2004
https://doi.org/10.1016/j.celrep.2014.02.011
https://doi.org/10.1016/j.celrep.2014.02.011
https://doi.org/10.1016/j.celrep.2014.02.011
https://doi.org/10.1016/j.celrep.2014.02.011
https://doi.org/10.1093/emboj/cdf445
https://doi.org/10.1093/emboj/cdf445
https://doi.org/10.1093/emboj/cdf445
https://doi.org/10.1016/S0891-5849(01)00719-5
https://doi.org/10.1016/S0891-5849(01)00719-5
https://doi.org/10.1016/S0891-5849(01)00719-5
https://doi.org/10.1073/pnas.0606480103
https://doi.org/10.1073/pnas.0606480103
https://doi.org/10.1073/pnas.0606480103
https://doi.org/10.1073/pnas.0606480103
https://doi.org/10.1073/pnas.0606480103
https://doi.org/10.1038/leu.2016.329
https://doi.org/10.1038/leu.2016.329
https://doi.org/10.1038/leu.2016.329
https://doi.org/10.1038/leu.2016.329

