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Highlights
Acute proteotoxic stress such as heat
shock causes significant transcriptional
downregulation of about 50–80% of
active genes along with upregulation
of 2–4% genes in fly, mouse, and
human genomes.

The large-scale transcriptional downreg-
ulation or stress-induced transcriptional
attenuation (SITA) is not dependent on
heat-shock factor (HSF), the transcrip-
tion factor that is critical for upregulation
of stress-response genes.
Cells experiencing proteotoxic stress downregulate the expression of thousands
of active genes and upregulate a few stress-response genes. The strategy of
downregulating gene expression has conceptual parallels with general lock-
down in the global response to the coronavirus disease 2019 (COVID-19)
pandemic. The mechanistic details of global transcriptional downregulation
of genes, termed stress-induced transcriptional attenuation (SITA), are only
beginning to emerge. The reduction in RNA and protein production during
stress may spare proteostasis capacity, allowing cells to divert resources to
control stress-induced damage. Given the relevance of translational down-
regulation in a broad variety of diseases, the role of SITA in diseases caused
by proteotoxicity should be investigated in future, paving the way for potential
novel therapeutics.
SITA is regulated at the level of RNA
polymerase II elongation in mammalian
cells, likely, but not exclusively during
transition of promoter-proximal Pol II
into elongation phase controlled by
negative elongation factor (NELF).

NELF forms stress-inducible biomolec-
ular condensates that may facilitate
rapid transcriptional downregulation
upon stress; the NELF condensates
are similar to cytosolic stress granules
in terms of stress inducibility and role in
downregulation of gene expression.
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Lockdown: a conserved strategy during stress
When the COVID-19 pandemicmounted an unprecedented stress on the human population, one
unifying theme emerged in the response of almost all governments across the world. The strategy
of minimizing prepandemic human activities in some form of 'lockdown', combined with an
emphasis on essential medical services, was implemented across the globe. The gene expression
response of eukaryotic cells to acute proteotoxic stress has uncanny parallels to the strategy used
by governments: cells downregulate thousands of genes that were active before the stress and
upregulate a few hundred genes that help cells fight the damage caused by the stress.

The underlying logic of pandemic-related government response and stress-induced cellular
response is likely similar. Limited resources need to be appropriately reallocated to survive the
extreme conditions, diverting energy from general activities to stress-related damage control.
Additionally, the continuation of general activities under stressful conditions may increase the
burden on the system by contributing to the spread of the virus during the pandemic or by
increasing the cellular damage during stress. The global downregulation or 'lockdown' strategy
is seen at every step of gene expression: transcription, splicing, nuclear export of RNA, and trans-
lation. Global transcriptional downregulation takes place during stress alongside induction of a
few stress-activated chaperone genes [1]. There is a widespread repression of splicing under
stressful conditions, but stress-responsive genes continue to be spliced [2]. Nuclear transport
is reduced with specialized import/export machinery in place during stress [3]. Global translation
is reduced when cells experience proteotoxicity in the endoplasmic reticulum, but transcripts
encoding stress-response proteins have evolvedmechanisms to escape the general translational
shutdown [4,5]. Reduced protein synthesis, which also occurs during other proteotoxic stress
conditions, presumably spares the proteostasis machinery (e.g., chaperones and proteasomes)
to focus on cellular damage caused by stress [6]. Thus, each step of gene expression applies the
same general principle of activation of a few genes and downregulation of a large number of
genes under conditions of proteotoxic stress.
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Glossary
Heat-shock factors (HSFs):
transcription factors that are activated by
various cellular stresses; they bind
heat-shock elements near stress
response genes, such as heat-shock
proteins (e.g., Hsp70).
Intrinsically disordered regions
(IDRs): polypeptide stretches within
proteins that have low sequence
complexity and do not form known
structures under experimental
conditions tested.
Liquid–liquid phase separation: the
process by which a protein solution
de-mixes into protein-dense and
protein-light phases. This process is
likely critical for the formation of
membraneless organelles within cells.
Stress-induced transcriptional
attenuation (SITA): the process by
which stressed cells downregulate a
large proportion of active genes.
The molecular mechanism underlying this strategic shift requires stress sensors to be linked with
the gene regulatory circuit. The pathways uncovered so far have not only contributed to our
understanding of fundamental cell biology but have also led to therapeutics [7]. This review will
focus on the 'lockdown' strategy applied by stressed cells at the first step of gene expression,
namely transcription.

SITA
The transcriptional response to proteotoxic stress was uncovered in a serendipitous observation
by Ritossa in the 1960s [8]. Heat-shock puffs observed on drosophila (Drosophila melanogaster)
salivary gland polytene chromosomes represented the induction of chaperones such as HSP70
and HSP90 [9,10]. The rapid upregulation of chaperone genes has been extensively studied in
the past two decades, providing insightful mechanisms of stress sensing and transcriptional
response [11]. Chaperone induction upon stress is coordinated by a family of heat-shock
factors (HSFs) (see Glossary) [12].

Early studies of radioactive labeling of nascent transcripts on drosophila polytene chromosomes
had also suggested that chaperone upregulation is accompanied by general transcriptional
downregulation of nonchaperone genes (Figure 1A,B) [13,14]. Recent work using state-of-
the-art genome-wide technologies to quantify nascent transcription confirmed the global
transcriptional downregulation during stress (Figure 1C) [1,15–18]. We termed the cellular
response leading to the global transcriptional downregulation as stress-induced transcriptional
attenuation (SITA) [16]. In independent studies using different techniques and distinct cell
types of fly, mouse, and human origin, a consistent picture has emerged: heat shock causes
significant transcriptional downregulation of about 50–80% of active genes, along with upreg-
ulation of 2–4% of genes in the genome [1,15–17]. The large majority of downregulated genes,
or SITA target genes, are highly active in cells before stress exposure, and typically encode
proteins responsible for metabolism, the cell cycle, and protein biosynthesis [1]. A kinetic anal-
ysis of gene expression changes has shown that 20–25% of active genes are downregulated
within 12 min of exposure to heat shock, with the proportion of downregulated genes reaching
50–80% within an hour [1]. Importantly, SITA is independent of HSF as shown by studies on
cells deficient in HSF1 and HSF2 [1,16,17], suggesting that SITA represents a novel branch
of transcriptional response to stress. Thus, an acute proteotoxic stress such as heat shock
causes a rapid and global transcriptional downregulation. Conceptually, the process of global
downregulation is similar to the repressive environmental stress response in yeast, although
the mechanism may be different in yeast and mammalian cells [19]. Remarkably, cells show
a similar global downregulation of transcription under conditions of oxidative stress and DNA
damage [20,21]. The overlap between genes downregulated by different stresses has not
been studied, but it is likely that SITA under various stress conditions shares common principles
and mechanisms.

While numerous studies have identified intricate molecular details of chaperone induction, we
know very little about the mechanistic basis of SITA. Due to steady-state levels of pre-existing
RNA during stress, SITA is seen only in assays quantifying nascent transcription [22]. Stress-
mediated induction of chaperone genes is easily studied by simple qPCR assays, facilitating
mechanistic studies of HSF-mediated upregulation, unlike SITA. Several basic questions need
to be answered. What is the molecular mechanism underlying SITA?What is the functional signif-
icance of SITA, if any? What is the relationship between SITA and HSF-mediated chaperone
induction, given that both processes take place simultaneously in the same nucleus? This review
critically summarizes the current state of our understanding of these questions and charts future
avenues of investigation.
Trends in Biochemical Sciences, August 2022, Vol. 47, No. 8 661
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Figure 1. Global transcriptional changes caused by heat shock in metazoan. (A,B) Autoradiographs of drosophila
salivary polytene chromosomes after exposure to normal (A) or heat-shock (B) temperatures. The chromosomes were
treated to perform in situ hybridization with H3-labeled mRNA. The red box indicates the position of the 'heat-shock puff'
representing chaperone HSP70 induction. The blue boxes indicate arms of chromosomes with transcription under normal
conditions that is downregulated during heat shock. Panels (A) and (B) reproduced, with permission, from Spradling et al.
[14]. (C) A summary histogram showing the number of upregulated and downregulated genes in heat-shocked cells in four
independent studies. Cell type used in the study, stress regimes, and techniques used to assay nascent transcription in each
study are indicated in the table below the histogram. Abbreviations: PRO-seq, precision run-on sequencing. See also [1,15–17].
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Stress sensors for SITA
How do cells sense stress and communicate the information to transcriptional effectors in order
to cause SITA? An approach of small-throughput chemical screening identified three cellular
processes which, when inhibited, block SITA: nascent translation, protein ubiquitination, and
662 Trends in Biochemical Sciences, August 2022, Vol. 47, No. 8
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p38 kinase [16]. Follow-up studies based on chemical screening led to a working model that the
protein ubiquitination during heat shock activates p38 kinase, which then translocates into the
nucleus to drive SITA by directly binding to target promoters [16]. One of the first events leading
to SITA is the ubiquitination of nascent polypeptides when cells are exposed to stress. p38 kinase
activation and nuclear translocation during stress requires protein synthesis and ubiquitination.
ChIP-seq of the kinase showed that p38 binds to promoters of SITA target genes, and its kinase
activity is required for SITA [16].

It is thought that polypeptides emerging out of the ribosome may be exquisitely sensitive to
proteotoxic stress, and likely misfold as the chaperone capacity of the cell is compromised in
the first few minutes of acute proteotoxic stress [23]. The link between nascent translation and
SITA likely may reflect a strategy of cells to quantitatively calibrate their transcriptional response
to the translational flux of that cell normalized to their chaperoning capacity. Cells with a higher
translation rate or lower chaperone capacity may show higher nascent protein ubiquitination,
likely providing stronger signal to drive SITA. A quantitative comparison between translation
flux, stress-induced ubiquitination on nascent polypeptides, and extent of transcriptional down-
regulation may provide direct evidence for a quantitative relationship between stress sensor
and SITA. The link between cytosolic translation and nuclear transcription in a stressed cell
may simply be mediated by a short-lived transcriptional regulatory protein such as Myc
[24,25]. Blocking translation with cycloheximide in the absence of stress does not lead to
global downregulation of transcription [16], ruling out the involvement of a short-lived mediator
of transcription–translation communication.

While circumstantial evidence available thus far does not negate the ubiquitination–p38–SITA
pathway, several questions remain to be answered. Which ubiquitin ligase(s) is/are involved in
nascent polypeptide ubiquitination upon stress? How does p38 kinase get activated specifically
upon ubiquitination of nascent polypeptides? How does p38 kinase translocate to the nucleus,
bind SITA-target promoters, and drive SITA? Are lipid-membrane- or RNA-based stress sensors
involved in SITA?Could there be a reallocation of ubiquitin diverted from histones to nascent poly-
peptides during stress, leading to direct physical changes in chromatin accessibility? Answers to
these questions will not be straightforward owing to the pleiotropic nature of the involved proteins
and pathways. Careful dissection of the cause–consequence relationship between different
pathways will be an area for future investigation. Furthermore, it would be interesting to see
whether and how stresses beyond acute proteotoxic heat shock implement a similar stress
sensory circuit in order to drive SITA. Oxidative stress, nutrient deprivation, and mTOR signaling
will be exciting avenues to study SITA in a physiological context.

The transcriptional effectors of SITA
How is transcriptional downregulation of SITA-target genes achieved at a molecular level?
RNA polymerase II (Pol II) activity is regulated at several steps during transcription (Figure 2A)
[26–30]. Genome-wide assessment of transcription is done using various techniques such as
precision run-on sequencing (PRO-seq) and Pol II ChIP-seq [22]. Recent studies using these
techniques have shown that the levels of promoter-proximal Pol II at downregulated genes do
not decrease upon heat-shock stress, but transcription through the body of the target genes
decreases [1,15,16]. These data suggest that heat shock affects Pol II during the transition to
the transcriptional elongation phase. Specifically, stress likely leads to an increase in the stability
or duration of promoter-proximally paused Pol II; in other words, Pol II pauses downstream of
promoters for a much longer time during stress. However, the current genome-wide data do
not rule out other molecular models explaining the effect of stress on Pol II dynamics [30,31]. In
the absence of stress, promoter-proximal Pol II often undergoes premature termination instead
Trends in Biochemical Sciences, August 2022, Vol. 47, No. 8 663
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Figure 2. Molecular mechanisms underlying stress-induced transcriptional attenuation. (A) A schematic
illustration showing various steps during mRNA transcription by Pol II that are subject to potential regulation by stress
The steps are numbered in the schematic as follows: initiation and RNA Pol II complex assembly (1), promoter-
proximal Pol II subject to transition to elongation (2) or release from chromatin (3), elongating Pol II subject to
regulation of speed (4) and premature termination (5), and termination of Pol II after full mRNA transcription (6). (B) The
current understanding of the likely regulation of Pol II at stress-induced transcriptional attenuation (SITA) target genes
under unstressed and stressed conditions. The black stars denote phosphorylation mediated by positive transcription
elongator factor b (P-TEFb). Stress leads to a decrease in the active P-TEFb pool. (C) Additional regulatory layers o
transcription in the context of chromatin that may be affected by stress. Abbreviations: NELF, negative elongation factor
DSIF, DRB-sensitivity-inducing factor.
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of escaping into productive elongation. Stressmight block premature termination to stabilize Pol II
near promoters. Another possibility is that stress affects the speed of Pol II elongation, or causes
premature termination at various points along the length of the gene [32]. A recent study lends
support to this possibility of termination along the gene body [33]. Experiments that quantify
the Pol II dynamics, elongation speeds, and termination frequency [34,35] are required to identify
how different steps in the transcription cycle could be affected during stress.

How might stress affect promoter-associated Pol II? The transition of promoter-proximal Pol II
into elongating Pol II is regulated by several factors in a metazoan cell, highlighting the importance
of this transition in gene expression (Figure 2B) [27]. An interplay between positive and negative
regulators of transcriptional elongation decides the fate of promoter-proximal Pol II. Complexes
such as the negative elongation factor (NELF) and 5,6-dichloro-1-β-D-ribofuranosyl-benzimidazole
(DRB) sensitivity-inducing factor (DSIF) oppose the transition of Pol II in the elongating form [26].
Recent structural studies have revealed that NELF restrains Pol II mobility by contacting the trigger
loop [36]. In addition, NELF prevents binding of the transcription elongation factor IIS (TFIIS) to
Pol II. NELF is also required by Pol II to effectively overcome the nucleosomal barrier and to enter
productive elongation [37,38]. Positive transcription elongator factor b (P-TEFb), consisting of
CDK9 and cyclin T, phosphorylates NELF, DSIF, and Pol II to release NELF from chromatin, facil-
itating the transition of promoter-proximal Pol II in the gene body [39]. Heat-shock stress likely acts
on multiple players in this circuit to affect the release of promoter-proximal Pol II in gene bodies.

Chromatin proteomics and ChIP-seq data have shown that the amount of NELF and DSIF
associated with chromatin and SITA target promoters dramatically increases upon heat shock,
providing a stronger negative force to stop transition to elongation (Figure 2B) [16]. Simultaneously,
stress causes an increase in interaction between P-TEFb and its negative regulator the HEXIM
complex, likely leading to a depletion in the levels of active P-TEFb (Figure 2B) [40]. The end result
of increased chromatin-associated NELF and reduced active P-TEFb is a substantial decrease in
the levels of elongating Pol II leading to rapid transcriptional downregulation of SITA target
genes. It is not known whether there is a coordination between increased NELF at chromatin
and depletion of active P-TEFb; it is likely that both these events are independently regulated
by stress. It is also not clear whether and how RNA pol II activity is regulated at stages other
than transition of Pol II to elongation stage.

Target specificity of SITA in the context of chaperone induction
The simple model involving inactivation of P-TEFb and increased chromatin recruitment of NELF
poses several contradictions. P-TEFb activity is essential for HSF-mediated induction of chaper-
one genes [41]. Even if stress leads to binding of P-TEFb to inactivating the HEXIM complex, there
may be a pool of active P-TEFb accessible to HSF to induce chaperone genes. It is not clear why
such a pool specifically works with HSF but not with other transcription factors that regulate SITA
target genes. Detailed biochemical experiments will be required to resolve this contradiction
which is at the heart of the target specificity of SITA.

The second contradiction posed by the model described earlier is the observation that NELF
is also required for HSF-mediated induction of chaperone genes [42]. NELF abundance
increases at promoters of downregulated genes, but its levels at promoters of upregulated
chaperone genes are also increased upon stress [16]. A likely explanation for this contradiction
is that there is an increased recruitment of Pol II at chaperone promoters, effectively keeping
the ratio of NELF to Pol II constant at these genes. However, at SITA target genes there is no
increase in Pol II, effectively increasing NELF concentration with respect to Pol II, leading to
downregulation [40].
Trends in Biochemical Sciences, August 2022, Vol. 47, No. 8 665
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A third contradiction is the observation that even some positive elongation factors (e.g., PAF1) are
shown to increase at SITA target promoters [16]. Classically shown to be a positively acting factor,
PAF1 has recently been shown to oppose Pol II elongation, thus effectively acting alongside NELF
[43]. Recent structural evidence, however, shows that NELF and PAF cannot simultaneously bind
to Pol II [36,44]. This contradiction needs to be resolved by combining in vitro transcription assays
using heat-shocked nuclear extracts and structure–function experiments.

Finally, the model does not show how a subset of genes, such as chaperone genes, escape
global downregulation. Two experiments might provide a partial explanation of this conundrum.
First, in HSF knockout cells, chaperone genes are not induced as expected, but in fact they are
transcriptionally downregulated upon stress [45]. Second, by comparing the heat-shock
response in the presence and absence of fresh serum, it is clear that stress downregulates
serum-response factor (SRF)-driven genes in the absence of serum, but these genes escape
downregulation in the presence of serum [1,45]. Both of these observations suggest that
transcriptional downregulation is a global event that does not show any specificity. A small subset
of activated transcription factors such as HSF and SRF may locally oppose the transcriptional
downregulation, allowing their target genes to be upregulated during stress. Which biochemical
properties of these transcription factors are responsible for their ability to oppose global down-
regulation will be an important question for future research.

NELFcondensation and potential nuclear counterparts of cytosolic stress granules
How does stress lead to enhanced NELF recruitment at chromatin? A recent study reported
an interesting observation that NELF rapidly reorganizes into biomolecular condensates in the
nucleus upon exposure to stress, likely by phase separation (Figure 3) [40]. The process of
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Figure 3. Stress-induced signaling and dynamic compartmentalization in the nucleus and the cytosol. (A) A
schematic illustration showing our current understanding of stress signaling leading to stress-induced transcriptiona
attenuation (SITA). Nascent polypeptides on the ribosome are subject to polyubiquitination, activating p38 kinase and its
translocation to the promoters of downregulated genes. Polyubiquitin denotes a chain of ubiquitin proteins added to the
nascent polypeptide. (B,C) Confocal images showing nuclear negative elongation factor (NELF) condensates (B) and
cytosolic stress granules (C) formed as a result of heat shock in HeLa cells. Markers of the nuclear and cytosolic granules
are indicated. Abbreviation: DAPI, 4′,6-diamidino-2-phenylindole. (B) Reproduced, with permission, from Rawat et al. [40
and (C) reproduced, with permission, from Cirillo et al. [53].
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condensation and liquid–liquid phase separation has recently emerged as a nonclassical
way of organization of cellular processes, including transcription [28,46]. NELF condensates
represent one of the few stress-inducible condensates, such as nuclear stress bodies occupied
by HSF [47] and others formed by noncoding RNA [48].

While it is not clear whether NELF condensates form at or near SITA target promoters, in vitro
studies show that NELF condensates enrich synthetic peptides with the Pol II C-terminal domain
sequence phosphorylated at serine-5 [40]. The serine-5-phosphorylated form of Pol II is present
mostly at promoter-proximal regions [26] where stress causes an increased NELF recruitment,
suggesting that NELF condensates may form at SITA target promoters in stressed cells. NELF
harbors two intrinsically disordered regions (IDRs), one in each of its constituent proteins
(NELFA and NELFE). A deletion of NELFA IDR blocked NELF condensation upon stress, provid-
ing a genetic handle to address the role of NELF condensation to SITA [40]. Unexpectedly,
NELFA IDR mutant bound normally to target promoters but did not increase at promoters
upon stress. Importantly, cells expressing NELFA IDR deletion mutant did not downregulate
SITA target genes, although chaperone induction was near normal. These observations suggest
that NELF condensation is required for stress-enhanced retention of NELF at SITA target pro-
moters. Cells expressing NELFA-IDR deletion mutants with defective SITA were found to be
stress-sensitive [40], providing important evidence that SITA is critical for cellular survival upon
stress. Thus, rapid and dynamic compartmentalization of nuclear processes may present a mo-
lecular model of how stress induces global transcriptional changes.

Microscopically visible condensates of NELF formed upon stress may suggest that SITA target
genes cluster together by changes in chromatin conformation during stress. Assays to measure
changes in 3D conformation of chromosomes have been used to study whether global transcrip-
tional reprogramming upon stress is accompanied by local or global conformation changes.
However, the results from different studies do not agree with each other. Chromatin conformation
was found to remain stable during heat shock in human K562 cells and drosophila S2 cells [49]. In
independent studies, widespread rearrangement of 3D chromatin reorganization was seen in
heat-shocked drosophila Kc167 cells and human H9 embryonic stem cells [50,51]. It remains
to be seen whether the contrasting results are due to different cell types or to distinct technical
methods employed.

Given their stress inducibility and their important role in transcriptional downregulation, NELF con-
densates could represent potential nuclear counterparts of well-known cytosolic stress granules
(Figure 3C). Research over the past few years has shown that stress granules play an important
role in downregulating translation in stressed cells [52]. Moreover, NELF condensates are formed
during the same stressful conditions as the cytosolic stress granules, and with similar kinetics. It is
noteworthy that the primary initiating stimulus for SITA is nascent protein ubiquitination and trans-
lation [16]. Protein ubiquitination and ribosomes are associated with cytosolic stress granules
which are marked by proteins such as ubiquitin-associated protein 2 like (UBAP2L) and GAP
SH3 domain-binding protein 1 (G3BP1) (Figure 3C) [53]. It will be exciting to see whether there
is a direct communication between cytosolic stress granules and nuclear NELF condensates.
While NELF is not conserved in all metazoa, SPT5 – a member of the DSIF complex – may per-
form the function of NELF in organisms such as Caenorhabditis elegans that lack NELF. Indeed,
human SPT5 protein is a part of the NELF condensates formed upon stress [40].

How does stress lead to NELF condensation? Stress such as heat shock activates a specific
SUMO (small ubiquitin-like modifier) E3 ligase called ZNF451 that modifies the NELF complex
with poly-SUMOylation on several sites [40]. Interestingly, the NELF complex harbors at least
Trends in Biochemical Sciences, August 2022, Vol. 47, No. 8 667
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one strong SUMO interaction motif (SIM). It is likely that poly-SUMOylation on the NELF complex
providesmultivalency for interaction between NELF SIM, thus causing an increased local concen-
tration of NELF which seeds condensation driven by its IDRs. P-TEFb-mediated phosphorylation
of NELF is shown to antagonize NELF condensation. Thus two independent events – namely
P-TEFb inactivation and ZNF451 activation – have to occur simultaneously to cause NELF
condensation. The necessity for two independent changes in post-translational modifications
leading to NELF condensation may reflect a cellular strategy of committing to SITA only when
there is a high level of stress.

The broader transcriptional context of SITA target genes
In addition to the promoter-centric control, the process of transcriptional downregulation may
also be influenced by enhancer–promoter interactions which may be sensitive to stress
(Figure 2C) [54]. Enhancers, among several distal regulatory elements, have been shown to be
transcriptionally upregulated by heat shock, when their cognate promoters presumably show de-
creased expression [15]. Binding of a number of transcription factors and chromatin remodelers
to SITA targets is shown to change during heat shock (Figure 2C) [51]. Consequently, there may
be critical changes in chromatin accessibility at SITA targets upon stress. Studies in drosophila
have shown that there is a significant reduction in nucleosome turnover or mobility in gene bodies
of SITA target genes [18]. Whether these changes are a cause or a consequence of transcrip-
tional downregulation will be an important question to be addressed in the near future. There is
also an increased SUMOylation of chromatin proteins upon acute proteotoxic stress such as
heat shock, mainly by conjugation of SUMO-2 to a number of Pol II regulatory proteins [55–57].
SUMOylation may be critical to stabilize the chromatin-regulatory complexes during stress, and
may indirectly regulate transcription, chromatin conformation, promoter–enhancer interaction,
etc. 'Group SUMOylation' of a number of residues on protein complexes, rather than specific res-
idues on a few proteins, is thought to occur on chromatin upon stress [56]. The comprehensive
identification of enzymes responsible for chromatin SUMOylation and how these SUMO ligases
are activated by stress are not fully known.

Whilemammalian cells retain promoter-proximal binding of Pol II upon heat-shock stress, drosophila
cells significantly lose Pol II from promoters of SITA target genes during heat shock [17,18]. These
results suggest an additional regulatory layer at transcription initiation in flies subjected to higher
temperatures (Figure 2A). The divergent mechanisms in flies versus mammalian cells may be due
to the fact that flies do not regulate their body temperature and are more often subject to tempera-
ture changes unlinked to proteotoxic stress. Nonetheless, careful studies have shown that the
subnucleosomal pattern at drosophila promoters is retained during stress [18,58]. An interpretation
of these findings is that transcription factors and associated chromatin regulators may be retained at
SITA target genes during stress, even if Pol II is lost from promoter-proximal sites (Figure 2C).

Remarkably, RNA interference (RNAi) machinery has been shown to play a role in loss of Pol II
from SITA target promoters in drosophila, likely by interacting with the NELF complex [59]. A
subunit of the NELF complex, NELFE, has a putative RNA-recognition motif [60] which may
bind to small noncoding RNA produced by RNAi machinery. Whether RNAi plays a role in
mammalian SITA or not has not been investigated. Other noncoding RNAs – such as SINE and
Alu elements – are shown to disrupt the interaction between Pol II and DNA (Figure 2C), specifi-
cally by preventing Pol II from forming the closed complex, the first step in transcription [61,62].
Thus, SINE/Alu–Pol II complex may remain at promoters bound to TATA-box-binding protein
(TBP), but is unable to enter into a productive transcription cycle, leading to transcriptional
repression. Both SINE and Alu RNAs are induced during recovery after cells are withdrawn
from heat shock [63]. It is not clear whether SINE/Alu elements play any role in SITA which is
668 Trends in Biochemical Sciences, August 2022, Vol. 47, No. 8
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Outstanding questions
Stress causes transcriptional
downregulation of a large number of
active genes, termed SITA. How are
the stress sensors connected at
a molecular level to transcriptional
effectors of SITA?

What are the mechanisms by which
RNA pol II activity is reduced on active
genes while induction of chaperone
genes is still allowed? What are the
roles of chromatin, noncoding RNA,
and chromosome conformation in the
stress response?

Is there coordination between
translational and transcriptional
downregulation that occurs in the
same cell at the same time under
conditions of stress?

Does physiological and pathological
proteotoxic stress also lead to SITA
in vivo? If so, would alterations of
SITA help in disease therapeutics?
initiated within minutes of heat shock, when the levels of SINE/Alu are similar to those in
unstressed cells. However, SINE/Alu may play a role in maintaining transcriptional downregulation
once established in the early phase of stress response. The role of noncoding RNAs in SITA and
the divergence between flies and mammalian cells will be insightful areas for future research.

SITA and global translational repression
Stressed cells downregulate gene expression at all levels, including mRNA translation on the
ribosome, as well as global transcriptional downregulation in the form of SITA. A number of
environment-responsive protein kinases phosphorylate eIF2α, leading to a block in translation ini-
tiation [64]. Such a response of global translational downregulation nonetheless allows a subset
of mRNA to be translated by making use of an upstream open reading frame (ORF) within the
mRNA [5]. Thus, global downregulation and specific upregulation take place both at translational
and transcriptional levels at the same time in the same cell. An exciting avenue to investigate is a
potential mechanistic link or feedback between SITA and translational downregulation. There
may be a common upstream regulator that initiates downregulation at both transcriptional and
translational levels. Another possibility is that stress directly causes downregulation at the trans-
lational level, and SITA is an indirect consequence of translational downregulation. The latter
model may also work in the opposite way, in that stress directly causes SITA, and translational
downregulation is a consequence of the decrease in mRNA synthesis. Whether and how trans-
lational and transcriptional downregulation are coordinated with a block in splicing and nuclear/
cytoplasmic transport during stress needs to be further investigated.

Both SITA and translational downregulation likely provide a survival benefit to stressed cells, pos-
sibly by sparing proteostasis capacity due to downregulated transcription and translation,
respectively [7,16,40]. Neurodegeneration, cancer, and aging represent human conditions in
which cells show signs of proteotoxic damage [65–67]. Whereas translational downregulation
has been shown to occur in many human pathologies [68], it remains unknown whether SITA is
also seen in these cases and whether it plays any role in pathogenesis. Nonetheless, therapeutic
targeting of translational downregulation by activating or inhibiting the pathway has been shown
to provide benefit in different circumstances [68–70]. In particular, small-molecule regulators of
eIF2α phosphorylation have proved to beneficially alter translation downregulation in animalmodels
of proteotoxic diseases. Continued downregulation of translation may sometimes favor cellular
survival, depending on the phase of the disease. It will be interesting to see whether manipulation
of transcriptional downregulation may provide a new opportunity for disease treatment, especially
in those cases where targeting translational downregulation has already proved beneficial [68].
Genetic models that disrupt SITA may provide the proof-of-concept that targeting SITA is of
therapeutic importance. A simultaneous targeting of transcriptional and translational downregula-
tion may prove to be synergistic as effective repression of gene expression may be achieved.
Independently of the likely contribution of SITA to restoring proteostasis capacity, reduced
transcription may also safeguard the genome against potential DNA damage during stress.
Thus, a comprehensive understanding of the molecular basis of SITA may suggest novel avenues
for therapeutic intervention. Small molecules targeting the p38–CDK9–NELF axis may prove useful;
however, the broad physiological roles played by these proteins may necessitate more specific
methods of therapeutic intervention.

Concluding remarks
Acute proteotoxic stress such as heat shock induces rapid transcriptional changes in the form of
global downregulation (SITA) and upregulation of a few chaperone genes. Both of these events
have to occur in the same nucleus at the same time. It is not clear whether SITA and chaperone
upregulation are coordinated with each other in space and time, even though SITA occurs in the
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absence of chaperone induction in HSF-deficient cells [1,16]. Single-cell-based assays such as
simultaneous visualization of loci with upregulated and downregulated genes in living cells will
be required to study coordination between SITA and chaperone upregulation. It is interesting to
note that nuclear stress bodies observed as HSF puncta in stressed nuclei [12,71,72] do not
overlap with NELF condensates [40], suggesting spatial segregation of chaperone upregulation
and SITA. Whether or not heat shock causes global changes in chromosome conformation
remains controversial, and high-resolution conformation dynamics need to be studied to under-
stand the spatial coordination between chaperone upregulation and SITA. An investigation into
temporal coordination between transcriptional upregulation and downregulation also requires
single-cell nascent transcriptomics. Does SITA occur gradually with downregulation of some
genes on high priority? Are chaperone genes sequentially activated along with downregulation
of specific sets of genes? Single-cell resolution of nascent transcriptome using recently devel-
oped techniques [73] will provide answers to these questions. It will be important to identify the
mechanisms underlying spatial and temporal coordination between transcriptional upregulation
and downregulation, if any (see Outstanding questions).

How do cells reset their transcriptional program during recovery from stress? Is there a sequence
of events that recapitulates the onset of the response in a reverse order? Does chaperone
expression persist for a longer time compared with SITA during recovery? It is noteworthy that
NELF condensates take about an hour of recovery from heat shock to completely disappear
[40], in line with the observed recovery of SITA [74]. Not all nuclear compartments recover after
stress [75], suggesting distinct mechanisms operating on different nuclear compartments.
Chaperones may play a role in the process of dissolving NELF condensates during recovery as
a negative feedback mechanism [76], likely linking the chaperone capacity to the decision of
resetting the transcriptional landscape to normality. Protein levels of many chaperones continue
to be elevated after stress, allowing chaperone-mediated dissolution of NELF condensates.
Chromatin modifications and remodeling accompany transcriptional changes during acute heat
shock, but how are they reset during recovery? Recent work suggests that cells which were
repeatedly stressed continued downregulating SITA targets long after recovery from stress [74].
This memory of SITA after repeated exposure to stress persists through several mitotic events.
How is this memory of stress encoded in the cell? Stress may alter chromatin modifications that
may persist through mitoses, or specific RNAs/proteins made during stress may persist for a
long time, providing memory in trans. In this regard, it is noteworthy that SINE/Alu elements are
induced during recovery from heat shock [61]. These Pol III-transcribed short noncoding RNAs
have been shown to repress Pol II activity [62], and may themselves represent agents for memory.

Global translational downregulation that accompanies SITA in stressed cells has turned out to be
an attractive therapeutic target, especially in protein misfolding diseases [68]. A careful dissection
of mechanisms underlying SITA will allow us to test whether targeting SITA in misfolding diseases
could also be beneficial in treatment. The prevalence of SITA in pathologies beyond protein
misfolding will be an exciting avenue for future investigations likely leading to novel therapeutics.
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