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Abstract

Specialized mechanisms ensure proper expression of critically important genes such as those 

specifying cell identity or conferring protection from environmental stress. Investigations of 

the heat shock response have been critical in elucidating basic concepts of transcriptional 

control. Recent studies demonstrate that in response to thermal stress, heat shock-responsive 

genes associate with high levels of transcriptional activators and co-activators and those in yeast 

intensely interact across and between chromosomes, coalescing into condensates. In mammalian 

cells, cell identity genes that are regulated by super-enhancers (SEs) are also densely occupied 

by transcriptional machinery that form phase-separated condensates. We suggest that the stress

remodeled yeast nucleome bears functional and structural resemblance to mammalian SEs, and 

will reveal fundamental mechanisms of gene control by transcriptional condensates.
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3D genome structure and transcriptional condensates

The eukaryotic genome is hierarchically organized into discrete structural loops and higher 

order domains. Regulatory signals are typically relayed via chromatin loops that facilitate 
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the process of transcription by reducing the effective distance between enhancers and 

their cognate promoters [1, 2]. Additional loops also form, including those between gene 

promoters and terminators [3–6], gene regulatory and coding regions [7–10] and loci bound 

by architectural proteins [11, 12]. These units afford remarkable spatial contraction without 

which physical distances between genomic regulatory elements would be very large.

Regulatory loops assemble within higher-order structural units termed topologically 

associating domains (TADs). Such domains are delimited by strong boundaries occupied 

by insulator proteins that suppress contacts between neighboring TADs [1, 2]. Loops permit 

chromatin interactions, while TADs increase the frequency and specificity of such contacts. 

Together, loops and domains modulate gene activity by either facilitating or restricting 

regulatory element interactions. In principle, these multi-layered genomic topologies reduce 

search time and space, and thereby coordinate a transcriptional response that is both 

more rapid and more robust. At the molecular level, this is achieved when multiple DNA 

elements, including enhancers and promoters, and their regulatory factors engage in a 

network of interactions within common sites of transcription. While enhancer-promoter 

(E-P) loops are thought to be a general feature of eukaryotic transcription, large clusters 

of regulatory elements, termed “super-enhancers” (SEs), have been observed at key genes 

involved in development and disease [13]. To cooperate, two regulatory elements must be 

located within a distance of 100 to 300 nm, but need not physically interact [14]. Multiple 

factors occupying these sites bridge the interactions, and liquid-liquid phase transitions 

have been suggested to underpin the process, at least at SEs [15–17]. Many transcriptional 

regulators, including gene-specific and general transcription factors (TFs), the Mediator 

complex and RNA Pol II itself, are multivalent and/or contain intrinsically disordered 

regions (IDRs) [15, 18, 19]. The residues within the IDRs are further subject to reversible 

chemical modifications that can potentially modulate their interaction with histones, nucleic 

acids and other transcriptional and post-transcriptional regulators and contribute to the 

formation of large multi-molecular assemblies [20]. These assemblies, or “condensates”, 

can spontaneously separate from the surrounding solution phase and thereby function as 

membraneless compartments [21, 22].

Condensates are likely to contribute to coordinated transcriptional control. Cell type-specific 

genes – including immunoglobulin, erythroid-specific and cytokine-responsive genes – have 

been observed to associate within “transcription factories” [23–25]. In addition, the multi

enhancer olfactory receptor (OR) hub that drives OR gene expression in mice serves as 

an extreme example of coordinate regulation [26]. These examples suggest that intergenic 

clustering enables coordinate regulation of transcriptional programs during growth and 

differentiation.

Three-dimensional genome topology is likely to play an important role in other 

physiological processes, such as cellular stress responses. Following temperature upshift, 

oxidant injury, nutrient deprivation or exposure to heavy metals, cells in all kingdoms of 

life activate a common transcriptional program known as the heat shock response (HSR), 

characterized by the induction of molecular chaperones [27]. In eukaryotes, the HSR is 

under the control of the master transcription factor, Heat Shock Factor 1 (HSF1), and 

this transcriptional response has proven to be a powerful model system for understanding 
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mechanisms of gene regulation. In this perspective, we consider regulation of the HSR 

and discuss global changes in 3D genome organization that occur in response to stress. 

We contend that the dynamic chromatin restructuring that occurs during the HSR in the 

budding yeast S. cerevisiae is structurally, functionally and mechanistically related to super

enhancers and multi-chromosomal enhancer hubs that control cell identity in mammals.

Deep conservation of the function and regulation of the heat shock 

response

The HSR is among the most ancient and conserved gene expression programs. The 

interaction between the transcription factor HSF1 and its cognate DNA binding site, the 

heat shock element (HSE), has remained intact since the last eukaryotic common ancestor 

more than a billion years ago. While it has taken on species-specific roles and elaborations, 

the core function of the HSR – to regulate the expression level of molecular chaperones 

according to the fluctuating demands of the cell – has proven to be indispensable. It is 

therefore unsurprising that HSR has been linked to numerous human diseases such as cancer 

and neurodegeneration [28, 29]. HSF1 responds to a variety of environmental and genetic 

stressors through the formation of a DNA-binding homotrimer that specifically recognizes 

the HSE [30]. A large subset of HSF1 target genes across organisms encode chaperones 

and other heat shock proteins (HSPs) (Figure 1A) that function in a myriad of cellular 

processes (Figure 1B). Thus, maintaining protein homeostasis (“proteostasis”) appears to be 

the responsibility of HSF1 across eukaryotes.

A key feature of HSF1-driven transcriptional activation is that it’s remarkably rapid and 

robust, yet evanescent. In budding yeast, local chromatin changes at HSP gene promoters 

and coding regions are detected within 60 seconds of temperature upshift (30° to 39°C). 

Accompanying the rapid, and nearly quantitative, displacement of nucleosomes at yeast 

HSP genes are large increases in the occupancy of Hsf1, RNA Pol II, and transcriptional 

coactivators along with >100-fold increase in the transcription of several HSP genes [9, 

31–37] (Figure 1A, left; Figure 2A, red bar). These phenomena are transient, as both factor 

occupancy and mRNA levels typically return to pre-heat shock levels within 30 – 60 minutes 

even while the temperature remains elevated.

Transcriptional activation of Drosophila and mammalian HSP genes is likewise associated 

with substantial coactivator recruitment [38, 39] and rapid, robust and transient induction. 

In Drosophila, elongating RNA Pol II has been detected within 75 seconds of temperature 

upshift (22° to 37°C) [40, 41], and ~400-fold induction has been reported for several HSP 
genes (Figure 1A, center) [42]. Studies in mammalian cells have demonstrated similar levels 

of HSP gene induction (≥300-fold) in response to thermal upshift (37° to 42°C) (Figure 1A, 

right) where changes in Pol II density are evident within 2.5 minutes of heat shock [43]. 

Together, these studies illustrate that near-instantaneous induction is a conserved feature of 

the HSR.

While activation of HSF1 gene targets leads to prolific levels of transcription, the number 

of genes actually dependent on HSF1 is comparatively small. In yeast, Hsf1 binds to 74 

loci and induces the expression of 52 genes [37] (Figure 1A, left, NAC-seq). In Drosophila, 
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HSF binds to 400 loci [44], yet regulates only 44 genes [42] (Figure 1A, center, Pro-seq). In 

mouse cells, HSF1 binds to 602 loci yet only 102 genes are induced in an HSF1-dependent 

fashion [43] (Figure 1A, right, Pro-seq). The discord between HSF1 binding and activation 

is also mirrored in non-canonical HSF1 targets in human cancer cells, where only a fraction 

of bound genes requires HSF1 for activation [45]. Thus, rather than controlling a broad 

transcriptional program, HSF1 regulates a highly conserved and focused set of targets 

comprising <1% of the genes in diverse organisms.

Notably, HSF1 targets include only a small fraction of the genes that change expression 

upon heat shock. In yeast, other stress-activated TFs such as Msn2, Msn4, Yap1 and 

Skn7 induce more genes during heat shock than Hsf1[46–49]. In mammalian cells, serum 

response factor (SRF) appears to be involved in heat shock-dependent induction of the large 

set of HSF1-independent genes [43]. Moreover, several hundred genes in yeast [37, 46], 

more than a thousand in Drosophila [42, 50] and up to 4000 in mammals [43] are repressed 

in response to heat shock. This repression is HSF1-independent and has been termed 

“stress-induced transcriptional attenuation” (SITA) [51]. Among these heat shock-regulated 

transcriptional processes, the HSR is unique in its functional and regulatory conservation. 

The rapid dynamics, robust induction and conserved components of the HSR make it an 

ideal system to study transcription-associated changes in genome architecture.

3D genome remodeling in response to heat shock

Recent studies in budding yeast using TaqI-3C, a highly sensitive chromosome conformation 

capture (3C) assay [52], have revealed that changes in 3D genome topology accompany the 

HSR. Heat shock induces both intragenic rearrangements within HSP genes and intergenic 

interactions among them. These alterations include intragenic chromatin contacts between 

[i] the upstream activation sequences (UASs) and promoters of Hsf1-dependent HSP genes; 

[ii] their 5’ and 3’ ends; and [iii] their regulatory and coding regions (Figure 2B). Such 

intragenic interactions are remarkably dynamic and strongly correlate with transcriptional 

activity [7].

In addition, chromosomally linked as well as unlinked HSP genes coalesce upon heat shock 

and physically interact (Figure 2C). These intergenic interactions – undetectable under 

control (non-heat shock [NHS]) conditions – are Hsf1-dependent and display an intensity 

and specificity comparable to intragenic interactions. Moreover, interactions between HSP 
genes extend beyond their regulatory regions, as all combinations of UAS, promoter, coding 

region and terminator contacts are found [7, 9]. Similar intra- and inter-chromosomal 

interactions have been observed in cells exposed to chemical stress (8.5% ethanol) (personal 

communication, L.S. Rubio), demonstrating that Hsf1 activation, and not thermal stress per 

se, underlies HSP gene coalescence.

Importantly, other transcriptionally active genes, while adopting similar looped and folded 

states as stress-induced HSP genes, show little or no evidence of intergenic interaction. In 

fact, genes interposed between HSP genes, despite their proximity to one member of the 

interacting pair, fail to physically contact the HSP loci (e.g., FRA1, interposed between 

UBI4 and HSP104 [see Figure 2C, right and Figure 3A]) [9]. Genes transcriptionally 
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activated in response to heat stress by Msn2/Msn4 also fail to form detectable intergenic 

interactions among themselves or with HSP genes [9] (Figure 2C, white lines). Intergenic 

interactions among yeast HSP genes are therefore unprecedented in their specificity and 

dynamics. Why genes under exclusive Msn2/4 regulation fail to detectably coalesce in heat 

shock-induced cells is unknown, although it is notable that Msn2 has been shown to activate 

its targets in a linear, non-cooperative manner [53] while Hsf1 acts cooperatively [54].

Heat shock-dependent 3D genome restructuring has also been observed in Drosophila 
Kc167 cells, in which global alterations in transcriptional patterns were accompanied by 

restructuring of TADs [55]. Under control conditions, chromatin contacts were confined 

within a TAD; following exposure to temperature stress, architectural proteins from TAD 

borders were redistributed to the interior. This caused a decline in TAD border strength and 

a consequential increase in heat shock-specific inter-TAD interactions involving genomic 

loci associated with Polycomb complex [55] (Figure 3B). In contrast, a more recent study 

observed no significant changes in TAD structure upon HS of Drosophila S2 cells [56]. This 

latter study reported that HSF1 target genes adopt a pre-set chromatin architecture, including 

enhancer-promoter looping, and these contacts do not measurably change upon heat shock.

In human embryonic stem cells (hESCs), heat shock-induced de novo enhancer-promoter 

(E-P) contacts correlate with enhancer activation, and a corresponding loss of E-P contacts 

correlates with enhancer deactivation [57]. Activation involved increased binding of HSF1 

and other transcription factors, as well as the architectural proteins CTCF and cohesin 

and the chromatin remodeler BRG1. Inhibition of HSF1 led to a decrease in HS-induced 

cohesin loops (E-P contacts), suggesting fewer changes in 3D genome architecture in 

the absence of functional HSF1 [57] (Figure 3C). However, in erythroleukemia cells, 

chromatin interactions between HSF1-occupied enhancers and their cognate promoters were 

mostly pre-established, and large changes in transcription and local chromatin structure 

occurring upon heat shock were not accompanied by changes in TADs, TAD boundaries or 

compartments [56]. Nonetheless, the latter study observed that a subset of E-P interactions 

showed small changes in contact frequency upon heat shock irrespective of HSF1 binding.

Metazoan studies therefore argue that changes in the 3D architecture of heat shock

responsive genes are subtler than in yeast. It is probable that the substantial increase in DNA 

polymer length in metazoans provides constraints in diffusion and/or mobility not present in 

the compact chromosomes of S. cerevisiae. In addition, the absence of long-range chromatin 

interactions in metazoans may reflect a practical constraint of CTCF-mediated insulation 

of TADs. It is notable, however, that in both the Drosophila and mouse genomes, HSF1 

target genes are distributed in the genome in a non-uniform manner and cluster together in 

groups of 2–4 genes within small chromosomal segments with few other genes interspersed. 

By contrast, in yeast, Hsf1-target genes are not significantly more clustered than a random 

set of genes (Figures 3D, 3E). While it is tempting to speculate that these clustered HSF1 

target genes in metazoan genomes – particularly those that fall within a single TAD – 

engage in intergenic interactions upon heat shock, testing this will require the application of 

higher-resolution 3C approaches than have been used to date.
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In addition to being linked to 3D genome remodeling, HSF1 coalesces into prominent 

intranuclear foci in human cells in response to heat shock as well as during oncogenesis [58, 

59]. Such foci arise from HSF1 binding to non-coding satellite III repetitive DNA sequences 

and pericentromeric regions [60] and may reflect formation of phase-separated condensates 

[59]. These foci likely represent inactive HSF1, as they are most prominent in cells with 

low levels of chaperone expression. Thus, such HSF1-mediated structures are unlikely to 

be either functionally or structurally related to the heat-shock-induced changes in chromatin 

organization associated with transcriptional activation. However, the presence of these large 

and stable HSF1 foci at satellite III repeats does not preclude the existence of smaller and 

more transient HSF1-containing condensates at actively transcribed target genes.

HSP gene clusters in yeast: primordial super-enhancers?

The structures formed by heat shock-triggered coalescence of HSP genes share three key 

attributes with mammalian super-enhancers (SEs) (schematically summarized in Figure 4A). 

First, there are relatively few SEs in any given cell type, yet this small number of genomic 

loci concentrates a large fraction of the total cellular transcriptional machinery. Similarly, 

Hsf1-dependent genes are relatively few in number yet concentrate a disproportionate 

amount of the transcriptional machinery during heat shock: we estimate that 13% of all 

Pol II transcription in acutely stressed cells is Hsf1-dependent, while <1% of all protein

encoding genes are Hsf1 targets [37]. Rank-order analyses of Mediator occupancy at mouse 

ESC enhancers [13] and of Pol II occupancy at heat shock-induced yeast promoters [61] 

underscore the similarity of SEs and Hsf1 target genes in yeast (Figure 4B). As is evident, 

both SEs and Hsf1 targets lie above the inflection point of their respective curves, readily 

distinguishable from typical enhancers and housekeeping gene promoters.

Second, formation of SEs involves the 3D clustering of multiple enhancer modules and 

their associated gene promoters [62, 63]. This can result in the simultaneous activation 

of multiple promoters [64] as well as in multi-way contacts between SEs [10]. Likewise, 

HSP genes engage in a network of chromatin contacts; as described above, coalescence 

involves intergenic contacts between UASs and promoters of Hsf1-regulated genes as well 

as between their coding regions [7, 9]. While the inter-chromosomal interactions observed 

upon HSP activation may not be a typical characteristic of mammalian SEs, the high local 

concentration (multivalency) of transcription factor binding sites – provided in cis in SEs 

and in trans in the case of HSP gene coalescence – is a core feature of both SEs and HSP 
gene clusters.

Finally, SE-associated TFs such as OCT4 form cooperative assemblies with Mediator 

that underpin “demixing” of super-enhancers into phase-separated condensates [15, 16] 

(Figure 4A, left). Similarly, Hsf1 forms discrete intra-nuclear puncta in yeast in response 

to heat shock [9]; strikingly, such puncta overlap those formed by Mediator and Pol II 

and exhibit properties suggestive of phase-separated condensates (unpublished) (Figure 4A, 

center). Together, these characteristics of heat shock-induced HSP gene clusters in yeast 

– their disproportionate concentration of the transcriptional machinery, their complex 3D 

interaction landscape and their organization in phase-separated condensates – suggest that 

these yeast structures capture the salient features of mammalian SEs.
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HSP gene clusters recapitulate features of multi-enhancer OR hubs

As alluded above, a regulatory system with a strong parallel to stress-activated yeast HSP 
genes is the multi-chromosomal, multi-enhancer olfactory receptor (OR) hub that drives OR 

gene expression in mice. Within each murine olfactory sensory neuron (OSN), only one of 

~1400 OR genes is activated during OSN differentiation, determining the type of odor that 

the mature neuronal cell will perceive [65]. Monogenic OR expression is achieved within 

a multi-enhancer hub, where multiple enhancers cooperatively bound by the TFs Ebf and 

Lhx2 converge with the selected OR allele and engage in extensive interactions with each 

other as well as with the selected locus, thereby activating it (Figure 4A, right) [26].

HSP gene coalescence shares key attributes with multi-enhancer OR hubs. First, both 

systems involve inter-chromosomal interactions between participating DNA sequences that 

occur under specific contexts. In OSN cells, OR enhancers engage in physical and/or 

functional interactions with the promoter of the OR allele selected for expression [66, 67]. 

Similarly, in yeast, inter-chromosomal contacts occur only within heat shock-activated cells. 

An important difference between the two is the timeframe within which the reconfiguration 

of chromatin topology takes place. In differentiating mouse olfactory sensory neurons, 

global remodeling takes place over a period of days to weeks, whereas comparable changes 

in the nuclear architecture of yeast takes place over a period of seconds to minutes. As 

discussed above, the small size of S. cerevisiae chromosomes and the relatively uniform 

distribution of HSP genes might facilitate their rapid restructuring; a limiting attribute of the 

metazoan genome in this regard is the diffusion constant of its large chromosomes.

Second, inter-chromosomal contacts in the OR hubs are highly specific, as unrelated 

neighboring genes are excluded from such interactions [26]. Likewise, HSP gene 

coalescence appears specific to genes under the control of Hsf1. Third, OR enhancers, 

like SEs, are occupied by high levels of transcriptional activators and coactivators that 

drive OR gene activation [67]. Similarly, HSP genes are associated with prolific quantities 

of Hsf1, Mediator and other components of the transcriptional machinery. And fourth, 

deletion of an OR enhancer results in loss of interaction of its locus with the rest of the 

multi-enhancer hub, whereas interactions between remaining enhancers are unaffected [67]. 

Likewise, locus-specific deletion of the Hsf1 enhancer upstream of HSP12, while having 

only a minimal effect on HSP12 transcription, obviates the interaction of HSP12 with other 

HSP genes while sparing all other intergenic interactions tested [9]. Thus, as in the case of 

SEs, HSP gene clusters recapitulate key features of multi-enhancer OR hubs.

Concluding Remarks

We have argued that the yeast heat shock response shares specialized mechanisms with 

mammalian cell identity programs that enforce robust expression of critically important 

genes. In budding yeast, whose compact genome is parceled into 16 chromosomes, 

transcriptional induction that occurs in response to heat shock is accompanied by 

3D reorganization of HSP genes that culminates in their physical coalescence. Such 

organization, which includes novel cis- and trans-chromatin contacts, bears similarity to 

mammalian super-enhancers and multi-enhancer olfactory receptor hubs. The observation 
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that homologous 3D structures in the nucleus – with similar organization, components and 

biophysical properties – underlie these diverse processes in evolutionarily distant organisms 

suggests that transcriptional condensates are ancient and flexible structures that predated 

the divergence of yeast and metazoans. Practically speaking, this means that fundamental 

principles of organization and regulation of transcriptional condensates are now subject to 

mechanistic dissection in yeast.

There are several avenues of future exploration. First, it will be important to understand 

what contributes to the specificity of transcriptional condensate formation. Hsf1-target genes 

form detectable condensates commensurate with their transcriptional activation, whereas 

Msn2-target genes do not. The availability of powerful genetic tools in yeast may help shed 

light on this. Second, what is the role of nascent RNA production in regulating the intra- and 

inter-chromosomal clustering seen in SEs, OR hubs and HSP gene clusters? This question 

is of particular interest in light of recent evidence implicating nascent RNAs in stimulating 

condensate formation and shaping local nuclear space [68, 69]. Third, might yeast HSP gene 
and mammalian SE condensates contribute to their subnuclear localization – in particular, to 

their physical association with nuclear pore complexes [70, 71]?

Although it remains to be fully explored, we speculate that intergenic coalescence of 

co-regulated genes may prove to be the rule rather than the exception for inducible 

transcriptional programs in yeast. Evidence that this may be the case comes from molecular 

and imaging studies suggestive of intergenic coalescence for genes under the regulation of 

the Met4 and Ino2/Ino4 TFs [70, 72]. Beyond fungi, it may be that intergenic transcriptional 

condensates commonly form in lineages with relatively compact genomes. Moreover, as we 

have described, inter-chromosomal interactions can occur in metazoan cells under specific 

circumstances that have likely yet to be fully enumerated. The common features yet distinct 

functions of HSP gene clusters, SEs and OR hubs underscore the conservation and plasticity 

of transcriptional condensates.
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Glossary

Chromatin
Complex of DNA, proteins and RNA that constitutes the physiological state of the genome

Nucleosome
A bead-like structure consisting of nearly two superhelical turns of DNA wrapped around 

an octamer of histones — two H2A–H2B dimers and an H3–H4 tetramer. Fundamental 

repeating subunit of chromatin

Enhancer / Upstream Activating Sequence (UAS)
Regulatory DNA sequence that serves as a binding site for transcriptional activators, with a 

mean size (in mammalian cells) of 0.5 – 1 kb
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Promoter
Regulatory DNA sequence that serves as a binding site for RNA polymerase and associated 

general transcription factors (GTFs). Comprised of the transcription start site (TSS) and 

typically other motifs, including a TATA box, to which GTFs bind

Transcriptional activators (gene-specific transcription factors, GSTFs)
Sequence-specific DNA-binding proteins that bind to enhancer elements and coordinate 

promoter opening and transcriptional activation of associated genes

Transcriptional coactivator
A protein that transiently interacts with a DNA-bound gene-specific transcription factor to 

facilitate transcriptional activation of a gene or set of genes

Mediator
Conserved multisubunit transcriptional coactivator of RNA Pol II (Pol II) transcribed genes. 

Serves as a physical and functional bridge between GSTFs and Pol II

Super-enhancers (SEs)
Clusters of enhancers that control transcription of cell-identity and tissue-specific genes in 

mammalian cells; can span >10 kb. SEs exhibit an unusually strong enrichment of GSTFs, 

RNA Pol II and transcriptional coactivators

Transcription factories
Discrete subnuclear sites of nascent RNA production. Typically contain clusters of genes 

whose expression is coordinated by locally enriched RNA polymerases, gene-specific and 

general transcription factors, coactivators and other components of transcriptional and post

transcriptional machinery

Biomolecular condensates
Subcellular compartments that form through liquid-liquid phase separation, driven by 

interactions of multivalent molecules. Exhibit a higher concentration of certain biological 

molecules than the surrounding milieu while continuously exchanging with it. Typically lack 

a surrounding membrane

Liquid-liquid demixing (phase separation)
A physical process that involves spontaneous separation of a super-saturated solution of 

components into two co-existing liquid-like phases, a dense phase and a dilute phase

Multivalent interactions
Nexus of interactions where a molecule engages with other molecules via multiple binding 

sites

IDR (Intrinsically Disordered Regions)
Regions of proteins that do not have a defined three-dimensional structure and exist as 

ensemble of dynamic conformations

Nucleome
Molecular, genetic and physical state of nuclear components of the cell
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Chromosome Conformation Capture (3C)
A molecular technique that allows for the determination of DNA contact frequencies in 

chromatin and insight into chromosome topology
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Outstanding Questions

• What contributes to the specificity of transcriptional condensate formation? 

Does the Hsf1 transcription factor use a distinctive activation mechanism to 

drive the cis- and trans-intergenic interactions of its target genes in yeast?

• How does 3D chromatin organization of HSF1-target genes influence target 

gene selection and regulation under distinct conditions, such as during 

oncogenesis?

• Does HSP gene coalescence impact the transcriptional output of individual 

genes or their kinetics of activation in response to a stimulus?

• What is the mechanistic contribution of individual factors found within Hsf1 

transcriptional condensates?

• Do high local concentrations of nascent RNA contribute to the formation of 

SEs, OR hubs and HSP gene clusters?

• Do other eukaryotes with compact genomes exhibit inter-chromosomal 

clustering or condensate formation of select gene regulons?

• Are there other examples of multi-chromosomal enhancer control in 

mammals?

• How do transcriptional condensates promote survival and developmental 

fitness?
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Highlights

• The rapid dynamics, robust induction and conserved components of the 

HSF1-driven heat shock response make it an ideal system to study eukaryotic 

gene regulation.

• Heat shock (acute thermal stress) induces both short- and long-range changes 

in the chromosomal topology of budding yeast Heat Shock Protein (HSP) 

genes, culminating in their physical coalescence.

• HSP gene coalescence shares several key attributes with mammalian super

enhancers and multi-enhancer olfactory receptor hubs, including exceptional 

concentration of transcription factors and coactivators, extensive DNA 

looping and clustering, and cooperative assembly into phase-separated 

condensates.

• Elucidating the molecular basis for HSP gene coalescence could reveal 

fundamental mechanisms of gene control during critical cellular processes 

such as differentiation and development.
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Figure 1. Conservation of the Heat Shock Response in Eukaryotes
A) Heat Shock Factor 1 (HSF1) binding as determined by ChIP-seq (left, gray to teal) and 

fold-change in nascent RNA levels as determined by NAC-seq or Pro-seq (right, blue to 

red) at genes bound and induced by HSF1 in S. cerevisiae (n=42), D. melanogaster S2 cells 

(n=44) and mouse embryonic fibroblasts (MEFs; n=102). HSF1 occupancy was determined 

under both non-heat shock (NHS) and heat shock (HS) conditions. Fold-change in NAC-seq 

or Pro-seq reads (HS / NHS) was determined for WT and HSF1-depleted cells. Genes 

are sorted in descending order of HSF1 ChIP-seq counts (HS condition). Genes encoding 

molecular chaperones are color coded as indicated by the key. Data were obtained from 
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YeastMine [73], FlyMine [74], Mouse Genome Informatics (http://www.informatics.jax.org) 

and UniProt [75]. Yeast NAC-seq and Hsf1 ChIP-seq data were obtained from a previous 

study [37]; Drosophila HSF ChIP-seq and Pro-seq data were provided by F.M. Duarte and 

M.J. Guertin [42, 44] and MEF HSF1 ChIP-seq and Pro-seq data were provided by D.B. 

Mahat [43].

B) Gene Ontology (GO) comparison of HSF1-dependent genes in yeast, fly and mouse, 

respectively, using the Protein Analysis Through Evolutionary Relationships (PANTHER) 

classification system [76, 77]. Heatmap indicates the number of genes in each GO category. 

The length of each bar corresponds to the P-value corrected for multiple comparison testing 

using the Bonferroni method. Test was for enrichment of genes from panel A mapping to the 

given GO category in comparison to expected distribution of genes in the same category in 

the reference genome.
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Figure 2. Hsf1-regulated Genes in S. cerevisiae Loop, Crumple and Coalesce upon 
Transcriptional Activation
A) Fold-change nascent RNA, Pol II and Hsf1 densities at representative genes (heat shock

inducible: Hsf1- and Msn2/4-regulated (red and green); heat shock-repressed: ribosomal 

protein coding (RPL; blue); and constitutively expressed (brown) in budding yeast. Log2 

fold-change levels are calculated at 5 min HS relative to NHS. NAC-seq and Hsf1 ChIP-seq 

data were derived from [37] and Rpb1 ChIP-seq data from [61].

B) Circos plot depicting intragenic interactions within indicated Hsf1-target genes as 

determined by Taq I-3C. Data were obtained from NHS and 10 min HS-induced cells [7, 
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9]. Arcs depict chromatin interactions between indicated gene regions. Color of each arc 

reflects the interaction frequency detected under 10 min HS conditions; thickness represents 

fold-change of HS relative to NHS.

C)(Left) Circos plot depicting intergenic interactions detected between the indicated genes 

in acutely heat-shocked cells by Taq I-3C [7, 9]. Arcs depict chromatin interactions 

between indicated genic regions; shade is proportional to the frequency of interaction. 

For each gene pair, top two interaction frequencies are shown. U, UAS; P, promoter; 

M, mid-ORF region; T, terminator. (Right) Schematic model of Chromosome XII (green 
ribbon-like structure), depicting heat shock-driven interactions between Hsf1-target genes. 

UBI4, HSP104 and SSA2 on the left arm physically interact with TMA10 located on the 

right arm, circumventing the physical barrier imposed by the nucleolus (green crescent 
shaped structure). In contrast, FRA1, a constitutively active gene interposed between UBI4 
and HSP104, is excluded from coalescence. L, left telomere; R, right telomere. Physical map 

is shown above.
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Figure 3. HSF1-target Gene Topology and Chromosomal Distribution in Yeast, Fly and 
Mammals
A) In S. cerevisiae under NHS conditions (blue matrix), Hsf1-target genes UBI4, HSP104 
and SSA2, located on the left arm of Chr. XII, exhibit minimal transcriptional activity and 

remain unstructured, while the constitutively transcribed FRA1 gene undergoes intragenic 

looping (dotted arcs). Acute thermal stress results in dramatic increase in HSP gene 

transcription and intra- and intergenic interactions (red matrix and solid arcs) that are 

dependent on Hsf1 (navy blue) and RNA Pol II (green). The non-Hsf1-regulated FRA1 gene 
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does not participate in intergenic interactions despite its proximity to the other three [9]. 

Genes are depicted as light grey block arrows.

B) In Drosophila Kc167 cells, heat shock-dependent inter-TAD interactions involving 

genomic loci associated with Polycomb complex, along with redistribution of architectural 

proteins, was reported [55]. Under NHS conditions, intra-TAD interactions (blue matrices 
and dotted arcs) are more frequent. TAD borders are enriched in architectural proteins 

(multicolored hexagons) that enforce insulation between neighboring TADs. Upon heat 

shock, architectural proteins are relocated from TAD borders to their interior, and result in 

weakened borders and higher inter-TAD interactions (solid red arcs).

C) In hESCs, heat shock-induced increase in HSF1 binding, as well as that of pluipotency 

factors and chromatin remodeling complexes, takes place; this is accompanied by de novo 
formation of E-P contacts (solid red arc) [57]. Decommissioning is marked by gain in 

CTCF (orange) loops. Genes are depicted as light grey block arrows; enhancers, dark grey 

rectangles.

D) Illustrated is the location of Hsf1-target genes on the chromosomes of yeast, Drosophila 
and mouse, depicted as the distance from the respective telomere divided by the length of 

each chromosomal arm.

E) A two-sided Kolmogorov–Smirnov test, using Cluster Locater [78], was done to compare 

the distribution of Hsf1 target genes along each chromosome to 1000 randomly generated 

gene lists. While such an analysis revealed that Hsf1 target genes are not significantly 

clustered in S. cerevisiae (P=0.08), a significant fraction is clustered in groups of 2–4 genes 

in both Drosophila (P=8.3 × 10−8) and mouse (P=1.2 × 10−8).
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Figure 4. HSP Gene Coalescence Shares Key Attributes with Super-Enhancers and Olfactory 
Receptor Multi-Enhancer Hubs
A) (Key Figure)(Left) Super-enhancers (SEs) comprise clusters of enhancers (red spheres) 

that engage in physical interactions with promoters of associated genes (genes 1–3). SEs 

are densely occupied by transcriptional activators (red spheres) and other transcriptional 

and post-transcriptional apparatus (orange ovals), and a network of multivalent cooperative 

interactions exist between them. The increase in density and affinity of interactions 

between these components contribute towards SE assembly within a phase-separated 

condensate (light blue bubble). (Center) Yeast HSP genes (orange) are occupied by 

unusually high densities of activator (Hsf1, red rectangles), RNA Pol II (purple ovals) 

and other transcriptional and post-transcriptional factors (orange ovals), and exhibit strong 

inter-chromosomal interactions upon their induction. (Right) Inter-chromosomal clustering 

of multiple olfactory receptor (OR) enhancers lead to the formation of an OR enhancer 
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hub in mouse olfactory sensory neurons. The OR enhancers, co-bound by transcription 

factors (Ebf and Lhx2) and coactivators (Ldb1), stochastically converge on a single olfactory 

receptor gene to activate its transcription.

B)(Left) Mediator (MED1) occupancy across 8794 enhancers in mouse ESC cells arranged 

according to their rank order [13]. (Right) Pol II occupancy across 5047 genes in S. 
cerevisiae in the 5 min heat shock condition, arranged according to their rank order 

(data from [61]). Both SEs and Hsf1-regulated genes fall above inflection points of 

their respective curves, suggesting exceptionally high occupancy levels of transcriptional 

machinery at these genes.
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