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Abstract

Temperature changes is one of the most common environmental stress that
consequences with massive phenotypic responses for almost all the life forms. The
dysregulation of heat shock (HS) response genes had been found associated with
various severe diseases, including cancer. Although the HS response has been well
studied in animal cells, it remains elusive whether or not the cells response to cold
shock (CS) similarly. Here, we comprehensively compared the changes of gene
expression, epigenetic marks (H3K4me3 and H3K27ac), binding of genome
architecture proteins (CTCF, SMC3 and Pol II) and chromatin conformation after HS
and CS in human cells. Widespread expression change was observed after both HS
and CS. Remarkably, we identified distinguished characters in those thermal stress
responded genes at nearly all levels of chromatin architecture, i.e, the compartment,
topological associated domain, chromatin loops and transcription elongation
regulators, in the normal condition. However, the global chromatin architecture
remains largely stable after both CS and HS. Interestingly, the thermal stresses
responded genes are prone to spatial clustering even before the temperature changes.
Our data suggested that the transcriptional response to the thermal stresses maybe
independent to the changes of the high-level chromatin architecture, e.g.,
compartments and TAD, while it may be more dependent on the precondition of the

chromatin and epigenetic settings at the normal condition.
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Introduction

Life always suffers various stresses from environment fluctuation, and how life
responses to those fluctuation is critical to survival. Temperature change is one of the
most common environmental stresses, it can be either higher (heat) or lower (cold)
than one’s comfort temperature. The thermal stress can have broad effect to a range of
important phenotypes, such as gestation and sex determination. There are tremendous
diverse mechanisms to deal with the temperature changes in nature, from the
macroscopic behavers, e.g. hibernation, to the molecular level reactions, e.g., gene
express change (Carey et al., 2003; Sonna et al., 2002). There is a whole category of
stress response genes which have been evolved to deal with various endogenous and
exogenous stress (Fujimoto and Nakai, 2010; Kregel, 2002). For thermal stress,
however, much attention has been paid to the study of the heat shock (HS) response in
animals (Velichko et al., 2013). For example, whole genome transcriptional re-
modulation has been observed in yeast (Chen et al., 2003), worm (Ni et al., 2016), fly
(Duarte et al., 2016) and human cells (Lyu et al., 2018; Mahat et al., 2016b;
Vihervaara et al., 2017) in response to HS. There are small group of genes which have
been up-regulated in HS, and most of them were found associated with the heat shock
protein (HSP) family, which probably is one of the most well studied protein family
(Fujimoto and Nakai, 2010; Kregel, 2002), and it has been found play important roles
in carcinogenesis (Wu et al., 2017). Cold shock (CS) response is also important to
animals, e.g., hypothermia can be lethal (Sonna et al., 2002). And it has become
growing important to understand the CS response of human cells as more organ
transplants take place in modern medicine practice, while proper preserve organs in
cold condition is an essential step to successful transplant (Al-Fageeh and Smales,
2006). However, the molecular mechanisms of CS response have been much
understudied. Microarray data had been shown that there may also genome wide
transcriptional alteration in response to CS in mammals (Beer et al., 2003), and a few
cold shock proteins, such as CIRP and Rbm3, and HSP family may be involved in
regulation of CS response (Carey et al., 2003; Fujita, 1999).
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Gene transcription regulation has been associated with the chromatin spatial structures
(Hubner et al., 2013). The alteration of chromatin spatial structure, e.g, the genome
compartments (Lieberman-Aiden et al., 2009b), the topological associated domains
(TAD) (Dixon et al., 2012), and chromatin loops (Rao et al., 2014), has been
suggested underling the transcriptional responses to HS in multiple species. In yeast,
up-regulated HSP genes undergo dynamic alteration in their 3D genome structure
(Chowdhary et al., 2017; Chowdhary et al., 2019). In Drosophila, HS induces
relocalization of architectural proteins from TAD borders to inside TADs, and causes
a dramatic rearrangement in the 3D organization of chromatin (Li et al., 2015). In
mammalians, the picture is much less clear. It has been shown that chromatin loops
experience dramatic changes in human ES cells in response to HS, and the frequency
of loop interactions is correlated with the level of nascent transcription (Lyu et al.,
2018), while a recent preprint manuscript claimed largely stable chromosome
architecture after short term HS in human myelogenous leukemia cell line (K562)
(Ray et al., 2019). Alternatively, the regulation on the pausing Pol II has also been
proposed (Vihervaara et al., 2018). However, the discussion on chromatin changes in
CS is almost completely lack, which pose the comparison between CS and HS an

open question.

Using ChIP-seq and in situ Hi-C technologies, we profiled multiple epigenetic marks
(H3K4me3, H3K27ac and Pol II), binding of genome architecture proteins (CTCF
and SMC3) and chromatin conformation in human K562 cells under normal (NM,
37°C), HS (42°C) and CS (4°C) conditions for 30 minutes. In addition to the genome-
wide repression in gene transcription, there are remarkable number of genes be up-
regulated in response to the thermal stresses, and many of them are not necessarily
associate with HSP family. Surprisingly, comparing to NM, the chromatin architecture
of human cells remains largely stable after both CS and HS, and even topical dynamic
of chromatin has little association with this tremendous changes of transcriptome.
Considering human being belongs homothermal animal, we reasoned that there

should be more plans encoded in the genome for the thermal stress. Indeed, at NM
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condition, comparing to the down-regulated genes in response to thermal stress, the
up-regulated genes have more binding of chromatin architecture proteins and
transcription elongation regulators, the genome is more accessible and involves more
chromatin loops to distal regulatory elements. Moreover, the thermal stress responded
genes were found prone to spatial clustering in NM. Based on these data, we proposed
that the genome response to the thermal stress is prewired in the architecture of
chromatin as well as the landscape of epigenetic marks. The results provide a
comprehensive comparison of how HS and CS will affect the genome, its architecture

and its activity, and offered a reference resource for the study of environmental stress.
Results
Genome-wide transcriptional response to the thermal stresses are similar.

To capture the live transcriptional response to the thermal stresses, we performed
ChIP-Seq of Pol II in K562 cells under the normal (NM, 37°C), heat shock (HS, 42°C
30min) and cold shock (CS, 4°C 30min) conditions. The transcription level were
quantified by the ChIP-seq reads per million of Pol IT (CPM) (Amat et al.). The
accuracy of CPM in quantifying live transcription were first assessed by super long
genes analysis (i.e., > 150kb, (Mahat et al., 2016b)). If CPM is a fine index
representing live transcription, we shall expect it remains intact after thermal stress in
the region between 100kb to the transcription termination site (TTS) of the super long
genes. This is because the transcript speed is about 3.1 Kb/minute in human (Wada et
al., 2009), the transcript waves travels about 90Kb in 30 minutes, the Pol II signal
after 100kb in the super long genes should be irrelevant to any interruptions by the
thermal stresses. Indeed, using CPM we identified more (p=1.23e-40 and 2.42¢-32 in
CS and HS, respectively, x? test) differentially expressed normal genes (35.16% and
25.88% in CS and HS, respectively) than differentially expressed 50kb 3’end regions
of super long genes (21.73% and 11.83% in CS and HS, respectively). This pattern
can also be seen with in the super long genes. For example the CPM are dramatically
altered in the 5’ end while remains largely intact in the 3’ends in response to the

thermal stresses (Figure 1A, Figure S1A). Second, CPM is highly correlated with the
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precision nuclear Run-on Sequencing (PRO-seq) data in K562 cells. PRO-seq (Mahat
et al., 2016a)is a technology that directly measures nascent transcription level (Mahat
et al., 2016a). Comparing with the published PRO-seq data (Mahat et al., 2016c¢), the
Spearman's rank correlation coefficients (SpCC) between CPM and PRO-seq are,
SpCC =0.86, p <2.26e-11 and SpCC= 0.84, p <2.26e-11 in NM and HS,
respectively. Moreover, the direction of gene expression changes determined by CPM
and PRO-Seq (the sign of log2 fold changes) are well consistent with each other in
HS (x* = 2153.04,p < 2.2e — 26, Figure S1B). Last, by applying the library size
control scheme described in (Mahat et al., 2016b; Vihervaara et al., 2017), we
identified 2492 and 3884 genes were up and down regulated in HS, respectively (fold
change > 1.25 and p<0.001, Figure 1B). Among them, 537 out of 2492 (21.54%) and
2240 out of 3884 (57.67%) were also reported up and down regulated genes in PRO-
seq data (Mahat et al., 2016c¢), respectively. Although, because the limited sensitivity
and power of the CPM with Pol II ChIP-seq data, only 69.02% (537/778) and 36.60%
(2240/6121) PRO-seq identified up and down genes were reported by the CPM
analysis, the regulatory direction for the genes are consistent between two methods
(Figure S1C). Moreover, the PRO-seq and ChIP-seq identified regulated genes are
significantly overlapped between each other (p < 1e-4 for both up and down regulated
genes, permutation test, Figure S1D). These results suggest that the CPM of Pol 11

ChIP-Seq can be a fine agent for gene transcript analysis in thermal stress.

Genome wide transcriptional response was observed in both CS and HS conditions, and
the up and down regulated gene set is similar between the two stresses. First, genome
wide transcriptional response was observed in both CS and HS conditions. There were
15.94% (3761 out 0£23594) and 16.46% (3884) of RefSeq genes be identified as down-
regulated, in CS and HS, respectively. There were 4279 and 2492 genes were found up-
regulated in CS and HS, respectively (Figure 1B). Strikingly, a large portion of thermal
responded genes are identical between HS and CS, i.e., 1340 and 1144 common down
and up regulated genes, respectively (enrichment p-values < le-4, permutation tests for

both condition, Figure 1C). For example, there are 29.41% and 47.05% genes in the
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heat shock protein (HSP) gene family been up regulated after CS and HS, respectively,
and 18.42% of all HSP genes are shared up regulated between HS and CS (p=0.0001,

permutation test). However, many of up-regulated genes are not associated with HSP

family. In addition, Gene ontology (GO) analysis showed that the thermal stress
induced genes, i.e. up regulated genes, enriched significantly similar GO terms between
HS and CS (Figure S2A, Benjamini-Hochberg adjusted p <0.05). There are 9 categories
shared between HS and CS in their top 36 enriched categories (Figure S2). These two
observations imply the cells may response to thermal stresses with similar transcription

alteration.

It has been suggested that the mechanism of widespread transcription repression in
HS is the blocked pause-release (Mahat et al., 2016c¢), as evidenced by the observation
that, in the NM condition, the ChIP-seq peaks of Negative Elongation Factor (NELF)
is enriched in the promoter region of HS up-regulated genes (Vihervaara et al., 2017;
Yamaguchi et al., 1999). NELF is the factor that co-localizes with the paused Pol II to
inhibit its release into productive elongation. Presumably, the enriched NELF blocked
Pol II release from pausing, and the unbinding of NELF releases Pol II after HS. We
wonder whether this is also the case in CS. To examine this speculation, we quantify
the strength of Pol II releasing as the following (Vihervaara et al., 2017). The
concentration of pausing and productive elongating Pol II were roughly inferred as the
maximal ChIP-seq signal of Pol II in the region of [-100bp, 400bp], and [500bp,
1000bp], as oriented at TSS, respectively. This pause to elongation ratio (P2ER) is

therefore represents the rate of pause releasing (Vihervaara et al., 2017).

Surprisingly, the P2ER were genome wide increases in response to the thermal
stresses, and there were even 65.94% and 80.32% genes that being identified as
down-regulated were also found has increased P2ER, in CS and HS, respectively
(Figure 1D). This remains true even if we took a stricter definition of P2ER (Figure
S1E). A plausible explanation to the observation of a large portion of down-regulated
genes also have increase P2ER is that the increasement of P2ER in down-regulated

genes may be smaller than that in the up-regulated genes (Figure S1E, p=1.26e-5 and
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1.84e-279 in HS and CS, respectively, t test). Moreover, using the same ENCODE
ChIP-seq data set as a previous study did (Consortium, 2012; Vihervaara et al., 2017),
we also observed the enrichment of NELF-E at the promoters of the CS upregulated
genes (Figure 1E). In fact, for the significantly regulated genes, the binding affinity of
NELF-E in NM (TSS+100 to TSS+400) is positively correlated with the strength of
gene regulation, i.e., log2 fold changes of CPM, in thermal stress conditions, i.e.,
SpCC =0.11 and 0.20, p =2.01e-18 and 4.92e-76 for HS and CS, respectively (Figure
1E). Taken together, the alteration of pause-release may also connect to the
transcriptional response to cold shock. However, more investigation- is needed to

further confirm this speculation.

Global chromatin 3D architecture remains largely stable in response to the

thermal stresses

We asked if there are global chromatin 3D architecture changes in response to the
thermal stresses in K562 cells. First, we examined the nucleus volumes of K562 cells
in the thermal stressed conditions by confocal imaging, and found little significant
changes of nuclear radius in response to the stress (p=0.2264 and 0.2628, for CS and
HS, respectively, Mann Whitney U test, Figure 2A and B). Then, we performed in-situ
Hi-C in K562 cells under the three conditions with 4, 2 and 3 replicates in CS, NM and
HS, respectively. About 400 to 500 million valid contact read pairs are obtained in each
conditions (Table S1), with high stratum adjusted correlation coefficient (SCC) between
biological replicates (Yang et al., 2017), i.e. average SCC = 0.9874, 0.9984 and 0.9840
in NM, HS and CS, respectively. To further assess our Hi-C data quality, we calculated
the Pearson’s correlation coefficient (PCC) in every SMb sliding windows comparing
our in-situ Hi-C data in NM with the public data in Rao et al (Rao et al., 2014). The
reason why we did comparison in the sliding windows was the K562 cells in different
labs may carrying lab specific genome structure variations (Figure S3), since K562 has
independently evolved about 44 years in the labs (Lozzio and Lozzio, 1975). We found
the median PCC is 0.967 and more than 84% of the windows have PCCs higher than

average 0.95 (Figure S4A). Indicating that the Hi-C data we generated is high quality.
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The Hi-C profiles are almost identical between the three conditions. At 50kb resolution,
the Hi-C contact matrices of CS and HS are both highly correlated with NM (SCCs
between NM and CS, and NM and HS are 0.95 and 0.98, respectively. Figure 2C and
Figure S4B). Further, the contact frequency decay curves (P(s)) in the two thermal
stress conditions are also identical to NM, i.e., the Jensen—Shannon divergences (JSD)
between NM and thermal stress conditions are 9.27E—5 and 1.5E—4 for CS and HS,
respectively (Figure 2D). These JSD is comparable to the JSD between biological
replicates (mean JSD = 1.48E—4) in NM. Furthermore, little alterations of relative
positions of chromosomes could be detected in response to the thermal stress. The
relative positions of chromosomes were assessed by inter-chromosomal Hi-C contact
reads frequency at 1Mb resolution. The inter-chromosomal contact frequencies were
almost linearly correlated between NM and thermal stress conditions, i.e., mean PCC
are 0.64 (from 0.46 to 0.87) and 0.66 (from 0.45 to 0.87) in HS and CS, respectively.
The PCC level is comparable to the values between two biological replicates (mean
0.63, varying between 0.33 to 0.93, Figure 2E). Together, the global chromatin 3D
organization, including the nuclear size, p(s) and relative positions of chromosomes,

remains intact in response to thermal stress.

Chromosomal Compartment changes are independent to transcriptional response

to the thermal stresses.

We next asked if the observed transcriptional response to the thermal stresses is
reflecting the dynamic changes in chromosomal compartments, as the compartments
have been associated with gene expression in many cell types (Lieberman-Aiden et al.,
2009a). Surprisingly, the transcriptional changes were found to be independent from
compartment changes in our data. First, the overall pattern of compartments is almost
identical among the NM, HS and CS at 100Kb resolution (Figure 3A), although the
scale of auto correlation coefficients shrunk after temperature stress. The first
eigenvectors are almost linearly correlated between the three conditions (Supplemental
Figure S5B). For example, in chromosome 8, the correlation coefficients are 0.97 and

0.98 between NM and CS and HS, respectively. 95.09% and 96.40% of the genome
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regions did not change compartment after CS and HS, respectively (Figure S5A). As a
well-accepted mark for transcriptional actively that enriched in compartment A
(Creyghton et al., 2010; Lieberman-Aiden et al., 2009a), H3K27ac were found largely
unchanged in response to the thermal stress (The SpCC between NM and CS and HS
are 0.88 and 0.89, respectively), which further evidenced stable compartments (Figure
3A). Second, a large portion of the genome regions that indeed switched their
compartments are common between CS and HS (Figure S5A). At 100Kb resolution,
there are 174 bins (18%=174/980 and 57%=174/303) experienced A to B compartment
switch in both CS and HS, respectively, and 159 bins (38% = 159/422 and 22% =
159/724) experienced B to A compartment switch in both CS and HS, respectively.
Second, the transcriptional responses to the thermal stresses is not directly associated
with compartment switches, as the compartment switched region were not enriched for
either up- or down-regulated genes, i.e., only 26 out of 2492 (p > 0.5, permutation test)
and 43 out of 4279 (permutation test p > 0.5) up-regulated genes were overlap with
those compartment B to A switched regions in HS and CS, respectively. For the down-
regulated genes, only 1.62% and 2.55% experienced A to B compartment switch, in HS
and CS, respectively. Together, the compartment switching and transcriptional response

to the thermal stresses may be independent.

To further investigate the association between chromosome compartments and
transcription responses to the thermal stresses, we examined the landscapes of
chromatin accessibility and epigenetic marks (Fortin and Hansen, 2015). Strikingly, we
found that the landscape of chromatin accessibility in NM can largely define how the
loci response to the thermal stresses in transcription. The accessibility were inferred by
the distal local ratio (DLR) of Hi-C data (Method, and (Heinz et al., 2018)). DLR is a
fine index for accessibility, as it successfully distinguished the compartments at
all three conditions, i.e. lower DLR values indicating compartment A (Figure
S5C). In NM condition, the DLR of the 1115 top up regulated TSS are significantly
smaller than that of 1115 most down-regulated TSS (p =2.17e-18 and 6.83e-30, for CS

and HS, respectively, Mann Whitney U test, Figure 3B). This is also true when the
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accessibility was inferred by ATAC-seq data, i.e., using only fragments shorter than
101bp (Figure 3C). The enrichment of ATAC-seq peaks in the promoter region of the
top up regulated genes are significantly higher than those of the top down regulated
genes after both CS and HS (P = 8.23e-165 and 1.30e-37 in CS and HS, respectively,
Figure 3D and S5E). Meanwhile, the DLR of up and down regulated genes are
indistinguishable between NM and HS (after removal of 11 outliers those who have
DLR values close to zero at NM. p= 0.038, Mann Whitney U test), and only a slightly
observable difference between NM and CS (after removal of 11 outliers, p=0.0042,
Mann Whitney U test). The similar patterns were also found in H3K27ac ChIP-Seq data
at NM (Figure 3D). The strength of H3K27ac in the promoter regions (defined as TSS-
2Kb to TSS+2Kb) of the top up regulated genes are significantly higher than those of
the top down regulated genes in NM condition, for both CS and HS (Mann Whitney U
test, p = 1.09e-278 and 2.40e-77, respectively, Figure 3D). After thermal stresses, the
strength of H3K27ac tends to increase to a significantly larger extent at top up regulated
genes than that in top down regulated genes (p=9.08e-64 and 5.90e-27 at CS and HS,
respectively, Figure S5D). Together, the chromosome compartment, accessibility, and
epigenetic landscape are largely stable in the response to thermal stress, thus, the
transcriptional changes do not directly link to the changes of the three. However, the
strength of three in NM condition are clearly distinguished between the
transcriptionally up and down regulated gene, suggesting that the epigenetic

preconditions may critical to how cell deal with the thermal stresses.
TAD structure are stable after the thermal stresses

We next asked if there is also genome widely changes of the TADs in response to the
thermal stresses, as observed in Drosophila (Djekidel et al., 2015). By applying a
recently developed algorithm deDoc to our Hi-C data (Li et al., 2018), we identified
2107, 2207 and 1967 TADs in NM, HS and CS, at 10Kb resolution respectively. The
accuracy of TADs boundaries was evidenced by the enrichment of CTCF, and SMC3
ChIP-seq peaks. There are 47.84%, 48.59% and 43.11% TAD boundary regions, i.e.,

the 20kb flanking region of the boundaries, having at least one CTCF ChIP-seq peaks
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in CS, NM and HS, respectively. Similarly, there are 40.29%, 28.05% and 44.65% TAD

boundary regions having at least one SMC3 peaks, respectively. Moreover, most of,
e.g., about 98.17%, 99.49% and 92.33%, TAD boundaries with at least one SMC3 also
has at least one CTCF binding peak in CS, NM and HS, respectively (Figure 4A and B)
and SMC3 (Supplemental Figure S7).

We found that the TAD structure are largely stable upon the thermal stresses. First, the
alterations of TAD arrangement are minor after the thermal stress. Although the TAD
lengths (median 1.06Mb in NM) are slightly changed after CS (median = 1.15Mb) or
HS (median = 1.03Mb, Mann Whitney U test p=2.19e-5 and 0.0040, respectively,
Figure S8), the TAD can be aligned to each other, i.e. about 84.85% and 86.41% TADs
detected at CS and HS can be aligned to at least one TAD in NM with more than 50%
overlapping in length (Figure 4C). This alignment rate is comparable to 87%, the
alignment rate between two Hi-C replicates in NM. Second, the insulation score (IS)
profiles around the TAD boundaries in NM are indistinguishable from the profiles of
other two conditions (Figure 4D). Third, the internal structure of TADs does not change
after thermal stress. The regressed p(s) curves using intra-TAD Hi-C read only are
almost identical between the three conditions (JSDs < 10-4 for both CS and HS, Figure
4E). Correspondingly, the intra-TAD Hi-C contact maps are almost identical between
conditions, i.e., comparing with NM, the mean and confidential interval of PCCs of
intra-TAD Hi-C contact matrices are 0.9791 (0.9714 to 0.9886 for two sided 95%
confidence interval) and 0.9893 (0.9825 to 0.9969) in CS and HS, respectively (Figure
S8B). Furthermore, the insulation score (IS) profile within the TAD regions are highly
correlated between NM and both CS and HS, i.e, the PCC are 0.9693 (0.8763 to 0.9992
for two sided 95% confidence interval), and 0.9704 (0.8839 to 0.9997), for CS and HS,
respectively, Figure 4F). Together, the 3D genome architecture of human cells is largely

stable at TAD level under the thermal stress conditions.

The transcription regulation and alteration of TADs are uncoupled in response to

the thermal stresses
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Although, the TAD structure were almost stable under thermal stress conditions, there
are a small fraction of altered TAD, e.g. fused, split or resized. We wonder whether
those altered TADs were associated with the transcriptional response, particularly for
those up- regulated genes, as enhancer hijack is recognized as a mechanism to gene
regulation in mammals (Symmons et al., 2016). Because the genes in a same TAD prone
to be regulated in same direction, i.e., being up- or down-regulated simultaneously
(Supplemental Text), we define and identified TADs’ reorganization and direction of
transcriptional response in both CS and HS (See Methods for the definition, Table S2).
There is little correlations can be seen between TAD’s alteration and its transcript
regulation changes in either CS or HS (p=0.1486 and 0.8198 in CS and HS, respectively,
x? test, Table S2).

We further asked if gene expression changes were associated with the alteration of
TADs in response to the thermal stresses. First there are minor enrichment for
expression changed genes in those altered TADs, i.e., p=0.0640 and 0.0094, x? test, in
CS and HS, respectively (Table S3). By assuming the intra-TAD enhancers are the
dominative regulators of gene expression, we assessed the influence of TAD alteration
to gene expression changes. Alteration of a TAD boundary may let some external
enhancers being included into this TAD (i.e., enhancer gain), or some internal enhancers
being excluded out this TAD (i.e., enhancer loss). We found that gain or loss enhancers
dose not significantly affect the chance of being differentially expressed for the genes

in response to both CS and HS, unless gain or loss more than 90% of its intra-TAD

enhancers (Figure 5A). There are 283 (13.43%) and 259 (12.29%) out of 2107 TADs

in NM have 90% enhancers changed in CS and HS, respectively. This results suggested
that the enrichments for expression changed genes in the TADs that experienced
dramatic alterations. Second, we further considered the activity of cis-regulatory
elements (CRE), i.e., promoters and enhancers, to assess the influence of TAD
alternation to gene expression changes. We reason that, if the alteration of TAD
structure substantially affects gene expression, one would expect that the activity of

intra-TAD CREs in one condition should be a better predictor to the gene expression
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level in the same condition than the intra-TAD CREs does in other conditions. To test
this prediction, we developed a simple linear regression model using activity of
promoters and enhancers as predictors. In both CS and HS, the model well catches the
gene expressions with the TADs annotated in the corresponding conditions (R?>=0.413,
0.670 and 0.618 in NM, CS and HS, respectively, Figure 5B), and both promoter and
enhancer contributes significantly to the prediction, i.e., having nonzero coefficients
(Table S4). However, when we applied the model scheme to predict gene expression
level at the thermal stressed conditions using the TAD annotation at NM, we could not
reject the hypothesis that the predictions are equal (p=0.2918 and 0.0842 in CS and HS,
respectively, two sided binomial test, Figure 5B, Table S4). Last, we checked if the
model works more condition specific for those dramatically altered TADs. Indeed, if
the similarity of TADs becomes too low, the native TADs annotation is essential to have
accurate predication (Figure 5C). Together, our result suggested that the minor and
moderate alterations TADs have little influence to gene expression changes, dramatic

TAD reformation may affect gene regulation in response to the thermal stresses.
Transcription regulation in response to the thermal stresses are beyond TAD level.

TADs were thought be the functional units in hormone treatment (Le Dily et al., 2014)
and hyperosmotic shock (Amat et al.). We examined if genes in a same TAD tend to
have coordinated response to thermal stress. Indeed, there are more TADs that can be
assigned a uniformed transcription regulatory direction than random expectation (see
Method and Table S2, p<e-4 for all conditions, permutation test). This results verified
the transcriptional unities of TADs in response to the thermal stresses, which, however,
raises an immediate question, why alteration of TAD structure has little effect to gene
expression changes? We speculated that there may exists transcriptional regulatory
domains, i.e., the genome regions consist of multiple TADs that have uniformed
regulatory directions. If this speculation were correct, we would expect correlated
regulation direction of neighboring TADs. Indeed, there are observable significant
positive correlated regulation direction of neighboring TADs (p = 0.0143 and 0.0295 in

CS and HS, respectively, x? test, Figure 5D). We further examined if the regulated
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genes are non-randomly distributed in the whole genome. The mean genome distance
of up regulated genes to its nearest up regulated neighbor is significantly smaller than
randomly expected (p<le-4 in both CS and HS, permutation test), it is also true in HS
(p<le-4, Figure 5D and E). Together, our results suggested that the TADs and genes

with similar transcription response to thermal stress prone to cluster in the genome.
The thermal stresses responded TADs are spatially clustered

It is an immediate question to ask if the regulated gene and TADs were spatially
clustered, since they were already clustered in genome (Figure 5D and E). To show this
clustering in physical space, we modeled the chromosomes structure using TADs as
monomers (Lesne et al., 2014). The contact matrices of modeled chromosomes and Hi-
C are highly correlated, i.e., the mean PCC are 0.69, 0.72, and 0.67 for NM, CS and
HS, respectively (Figure S9). As expected, the modeled chromosomes structure in NM
are rather similar to the model in thermal stress conditions (Figure 6A and Figure S9B
and C), i.e., the mean SpCC of TAD-TAD distances are 0.96 and 0.97 between NM and
CS and NM (Figure S9B and C), respectively. All those similarity implies that the
models have captured major characters of chromosomes physical structures. Then, we
compared the average distances of nearest neighboring up regulated TADs, and found
they are significantly smaller than randomly expected (p = 0.0207 and 0.0924, as the
regulation after CS and HS, respectively, permutation test). The same pattern also been
observed for down regulated TADs (p = 0.0351 and 0.0875, as the regulation after CS
and HS, respectively, permutation test). Further, the regulation directions of spatially
nearest neighboring TADs are also significantly positively correlated (Figure 6B, p =
0.0170 and 6.74e-5 as the regulation after HS and CS, respectively, x? test). Together,
the physical model showed a clear spatial clustering of the TADs with the same
regulation direction in NM, further suggested the prewired plan for the thermal stress

response in the genome 3D architecture.

The thermal stresses responded genes are associated with high binding affinity of

CTCF/cohesin at NM while the chromatin loops are largely stable
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Because the distal cis-elements (DCE), e.g., enhancers, regulates gene expression via
DCE-promoter interactions (Palstra et al., 2003), we asked whether the transcription
changes in response to the thermal stresses is regulated by those chromatin loops. If this
is true, we would expect the changes of binding affinities of CTCF or cohesin at the
regulated promoters or DCEs, as the two are believed key proteins in loop formation
(Merkenschlager and Nora, 2016). To test this prediction, we performed ChIP-seq on
CTCF, SMC3 and H3K27ac in 3 conditions. Indeed, the binding affinity of the two
architectural proteins are significantly changed at the promoters or their DCE after
thermal stress (Figure 7A). For promoters, there are 1094 out of 18480 and 1251
promoters (TSS-2Kb to TSS+2Kb) were found have CTCF binding affinity changed
(FDR<0.05 (Stark and Brown, 2011)) in CS and HS, respectively, and 1863 and 3159
promoters were found have SMC3 binding affinity changed in CS and HS, respectively.
For DCEs, we defined the DCE loci as merged distal ChIP-seq peaks of H3K27ac in
the three conditions, i.e., the peaks do not overlap with any promoter region (TSS-2Kb
to TSS+2Kb), and the peak height as the activity of the DCE. Similarly, there are a large
number of DCEs responded to thermal stress with changed activity, and CTCF and
SMCs binding affinity were also found changed in response to thermal stress (Table
S6). We further examined whether the changes of CTCF/cohesin is coincident with the
changed activity of the promoters or DCEs. The changes of gene expression and the
changes of CTCF binding affinity were found significantly correlated, i.e, 40.56% (428
out of 1055) and 32.12% (388 out of 1208) of genes with changed CTCF binding at
promoters are also differentially expressed in CS and HS, respectively (p = 5.09e-5 and
3.37e-4, in CS and HS, respectively, x? test). In addition, for those regulated genes
with changed CTCF binding affinity, the CTCF binding affinity change is positively
correlated with gene regulation changes (Figure 7B, p = 7.37e-25 and 7.64e-3 in CS
and HS, respectively, x? test). This correlation was also found with SMC3, i.e., there
are 37.47% (670 in 1788, p =0.012) and 31.63% (966 in 3054, p = 5.80e-8) promoters
with changed SMC3 binding affinity also experienced gene expression changes in CS
and HS, respectively, and the SMC3 binding affinity change directions are also

positively correlated with the gene regulation directions (p = 1.53e-41 and 1.02e-12 in
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CS and HS, respectively, Figure 7B). For DCEs, there are 1846 out of 25563 and 9258
DCEs changed activity in HS and CS, respectively. In those DCEs with changed activity,
the correlation was also found between the CTCF/cohesin binding and the activity of
DCEs in HS, i.e., CTCF (p = 1.45e-14 and 0.0115, x? test, Figure 7C) and SMC3
(p=1.13e-13 and 3.04e-5, Figure 7C), in CS and HS, respectively. This correlation
encouraged us to further test if the changes of gene express may associate with the
alternation of chromatin loops, particularly in the loops related to the promoters or

DCEs.

If the changes of gene express were regulated by the alternation of chromatin loops,
one shall expect the correlated changes between gene expression and loop strength. To
test this speculation, we generated CTCF HiChIP data in NM, and called chromatin
loop with hichipper package (Lareau and Aryee, 2017). In total, there are 21884 CTCF
related loops were identified, in which 13457 having at least one anchor within the
20Kb region (TSS-10Kb, TSS+10Kb) of any TSS, we term them as promoter related
loops, and 12570 having at least one anchor within the 20Kb region (middle of DCE-
10Kb, middle of DCE+10Kb) of any DCE, we term them as DCE related loops.
However, we failed to find significant changes of, either in promoter or DCEs related,
chromatin loops using aggregated peak analysis (APA) on Hi-C data. For all the
chromatin loops identified in NM, the accumulative strength is almost identical
between NM, HS and CS, as, the APA scores are 25.49, 22.78, and 26.70, respectively
(Figure 7D). Further, it is also true for the loops related to promoters or DCEs (Figure
7D). Last, even for loops related to up- and down-regulated promoters (Figure S10A)
or loops related to the activity changed DCEs (Figure S10B), do not substantially
change the strength in CS or HS. These observations imply that the chromatin loops are
not only overall largely stable, but also remains stable in regulated promoters and DCEs,

in response to thermal stresses.

Given the observed correlations between binding affinity of CTCF/SMC3 and regulated
promoters/DCEs, while the chromatin loops remain largely stable, we speculated that

the chromatin loop in NM may prewired the plan for thermal stress._To test this
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speculation, we compare the chromatin looping strength and the regulation direction of
the genes in response to thermal stress. Indeed, we found that the strength of promoter
related looping in NM condition is strongly associated with how those genes response
to thermal stress. For any given set of loops, the accumulative strength of looping was
assessed by the aggregated peak analysis (APA) with the Hi-C data in the condition
studied. We compared the looping strengths of up- and down-regulated genes in NM.
The accumulative strength of loops related to up-regulated genes are always stronger
than that of down regulated genes, i.e, the APA scores are 15.35 and 10.56 for 4176 and
3298 up and down-regulated gene related loops, respectively, in response to CS (Fig.
S10A). It is also true for the regulated genes in response to HS (Fig. S10A). For DCEs,
the enhancement of stronger chromatin loops flanking the activity increased DCE were
also been observed in compare with the activity decreased DCEs, by the APA analysis,
i.e., the APA enrichment score of CS up and down of DCE(+/-10k) related loops are
17.67 and 9.41, respectively, in NM (Fig. S10B). Similar results are also observed in
HS regulated DCEs (Fig. S10B). Last, this enrichment can also be seen when the
activity changes defined by the ChIP-seq data of Pol I1, i.e., 7490 and 9564 out of 25563
DCEs with significant activity changes are observed after CS and HS, respectively. The
Pol 1I determined regulation direction of DCEs also significantly positively correlated
with both direction of changes of CTCF (p=1.82e-6 and 6.40e-6 in CS and HS, x? test,
Figure S11A) and SMC3 (p = 3.09¢-10 and 1.86e-16, Figure S11A). The APA
enrichment score of up regulated DCEs related loops (14.88 and 18.31 in CS and HS)
is also much larger than that of down regulated DCEs related loops (10.54 and 10.05,
Figure S11B).

Activated super enhancers (SEs) after thermal stresses also show stronger spatial
contiguity in NM compared as repressed ones. Among the 742 annotated SEs in
dbSUPER database (Khan and Zhang, 2016), 99 and 90 in CS and 162 and 152 in HS
are defined as down and up regulated at FDR = 0.05, respectively, using the H3K27ac
data. The proximity of SEs in each category was measured by APA score of random

paired SEs in NM. For both CS and HS, the APA enrichment score between up regulated


https://doi.org/10.1101/728220
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/728220; this version posted August 7, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

SEs (2.06 and 2.10 in CS and HS, respectively) are significantly larger than those
between down regulated SEs (0.41 and 1.76 in CS and HS, respectively, Figure 7E).
Taken together, the strong correlated between the transcription response to the thermal
stresses and the strength of chromatin loops in NM condition suggested prewired
chromatin loops pattern may largely determine how cells response to the thermal stress,

while the chromatin loops may remain stable per se after the stress.
Discussion

In this study, we explore how cells responses to thermal stresses with the changes of
transcription activity, epigenetic marks and chromatin organization. Thousands of
genes were found changed the expression level, and surprisingly, conventional
chromatin organization characteristics of nuclei — compartments, TADs and interactive
loops — are largely stable in response to the thermal stresses, even in the loci containing
the most regulated genes. However, in Drosophila, short term HS can substantially
remodel chromatin structure (Li et al., 2015). These results suggest that warm-blooded
animals may have specific mechanisms to allow them respond rapidly to environmental
temperature changes without dramatic changes in chromatin structure to survive
thermal stress. During the preparation of our manuscript, Judhajeet et al. released an
article in the bioRxiv with an observation of stable chromatin 3D organization during
HS also (Ray et al., 2019), but how cell response to CS remains unreported. Last, we
showed evidences that the plans for the stressful conditions may already encoded in the

spatial architecture of genome in normal condition.

Although chromatin 3D architecture is robust, it also needs to be flexible enough to
allow dynamics. The hierarchical 3D chromatin structure undergoes remodeling during
several processes, such as cell cycle, differentiation, and early embryonic development
(Hu et al., 2018; Hug and Vaquerizas, 2018; Nagano et al., 2017). In response to
stimulus, it has been shown that after hormone treatment the borders of the ~2000 TADs
in T47D breast cancer cells are largely maintained. Intra-TAD interactions exhibited
gene activity-related changes with repressed TADs more likely to lose intra-TAD

interactions and become more compacted (Le Dily et al., 2014). The discrepancy of cell
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response towards hormone treatment and thermal stresses is therefore poses an
interesting question on possible alternative mechanisms to chemical and physical

stimulus(Chen et al., 2017; Kim et al., 2018), and need to be further investigated.

The stability of the chromatin 3D structure and the similarity of cellular response to CS
and HS suggest that there are some pre-existing adaptive mechanisms for cells. This
remind us the pre-existing chromatin looping (Jin et al., 2013) A previous study showed
that TNF-a responsive enhancers are unexpectedly found already in contact with their
target promoters prior to stimulation and such pre-existing chromatin looping also
exists in other cell types with different extra-cellular signaling (Jin et al., 2013). No
changes are detected in chromatin loops upon HS or CS in our study even in the most
regulated genes and this is in agreement with the conclusion of this article. This imply
that the pre-existing looping may be a widely used mechanism for cells in respond to
environmental stimulus. Identifying and understanding the code of the prewired design
of chromatin structure for thermal stress, and possibly for other environmental stresses,

is critical in synthesis of environmental tolerant systems in the future.

Previous studies showed that the release of promoter-proximal paused RNA polymerase
IT into elongation is a critical step determining gene’s response to HS stress (Vihervaara
et al., 2018). We showed evidences to support that the same inhibition of pause-release
of pol II from down-regulated gene’s promoters exists upon CS, implying this may be
a common mechanism for cells to rapidly respond to thermal stimulus. In addition, our
results demonstrated that the transcriptional reprogramming does not associate with the
global chromatin conformation changes in the responses to thermal stress. This is in
line with previous studies demonstrated that transcriptional profile was only modestly
affected during marked reorganization of chromosomal folding in conditional depletion
of cohesin or CTCF (Nora et al., 2017; Rao et al., 2017; Schwarzer et al., 2017). Thus,
at least in the condition of the thermal stresses, and maybe in more stress response

conditions, changes in chromatin 3D structure and in transcription can be less coupled.
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Method
Cell Culture and heat shock treatment

K562 erythroleukemia cells were maintained at 37 <C in a humidified 5% CO>
atmosphere and cultured in RPMI medium (Sigma) containing 10% (vol/vol) FCS,
2mM L-glutamate, and streptomycin/penicillin. The K562 cells were obtained from
ATCC and were tested to be mycoplasma free. To avoid influence of freshly added
media, the cells were expanded 24h prior to thermal treatment. For heat shock or cold

shock, the growing cells were placed in water bath at 42 <C or 4<C for 30 min.
In situ Hi-C

In situ Hi-C was conducted according to (Ke et al., 2017). Briefly, samples were fixed
with a final concentration of 1% formaldehyde and quenched with 0.125M glycine.
Cells were lysed in ice-cold Hi-C lysis buffer (10 mM Tris-HCI pH 8.0, 10 mM NacCl,
0.2% lgepal CA630, 1x protease inhibitor cocktail) for 15 min. Pelleted nuclei were
washed once with 1x NEBuffer 2 and incubated in 0.5% sodium dodecyl sulfate
(SDS) at 62<C for 5 min. After incubating, water and Triton X-100 were added to
quench the SDS. Mbol restriction enzyme (NEB, R0147) were added and chromatin
was digested. Biotin-14-dATP was used to mark the DNA ends followed by
proximity ligation in intact nuclei. After crosslink reversal, samples were sheared to a
length of ~300 bp, then treated with the End Repair/dA-Tailing Module (NEB,
E7442L) and Ligation Module (NEB, E7445L) following the operation manual.
Biotin-labeled fragments were pulled down using Dynabeads MyOne Streptavidin T1
beads (Life technologies, 65602). The Hi-C library was amplified for about 10 cycles
of PCR with Q5 master mix (NEB, M0492L) following the operation manual. DNA
was then purified with size selection, quantified and sequenced using an Illumina

sequencing platform.
ChlIP-seq library preparation

ChlP-seq was conducted according to (Zhu et al., 2019) with few modifications. The

cells were cross-linked with a final concentration of 1% formaldehyde followed by
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quenching with glycine. Cells were lysed with lysis buffer (0.2% SDS;10 mM Tris -
HCI, pH 8.0; 10 mM EDTA, pH 8.0; proteinase inhibitor cocktail) and sonicated to
fragments about 300 - 500 bp (Bioruptor, Diagenode). Dynabeads Protein A was
washed twice with ChIP Buffer (L0mM Tris-HCI pH7.5, 140mM NaCl, 1ImM EDTA,
0.5mM EGTA, 1% Triton X-100, 0.1% SDS, 0.1% Na-deoxycholate, Cocktail
proteinase inhibitor) and was incubated with antibody at 4°C for 2-3hours. The
fragmented chromatin was transferred to the bead-antibody complex tubes and rotated
at 4 <C overnight. The beads were washed once with low salt buffer (L0mM Tris-HCI
pH7.5, 250mM NaCl, 1ImM EDTA, 0.5mM EGTA, 1% Triton X-100, 0.1% SDS,
0.1% Na-deoxycholate, Cocktail proteinase inhibitor) and twice with high salt buffer
(10mM Tris-HCI pH7.5, 500mM NaCl, 1mM EDTA, 0.5mM EGTA, 1% Triton X-
100, 0.1% SDS, 0.1% Na-deoxycholate, Cocktail proteinase inhibitor). After crosslink

reversal, library was constructed following Illumina ’s instructions.
HiChIP

HiChIP was modified from (Mumbach et al., 2016). 15 million crosslinked cells were
lysed using Hi-C lysis buffer. Nuclei pellet was incubated in 0.5% SDS at 62C for
10 minutes. Triton X-100 was added to quench the SDS. Mbol (NEB, R0147) was
used to digest chromatin overnight. Biotin-labelled DNA ends were proximity ligated
in intact nuclei. The nuclei were then divided into 10 parts with 1.5 million nuclei
each. The nuclear pellet was sonicated in 220 pL Nuclear Lysis Buffer (50 mM Tris-
HCIl pH 7.5, 10 mM EDTA, 1% SDS, 1X Roche protease inhibitors) using Bioruptor
in the following parameters: ON = 30s, OFF = 30s, Duty Cycle = 1 and then clarified
by centrifugation for 10 minutes at 12000g at 4 °C. Immunoprecipitation and washing
were performed identical to ChlP-seq. Cross-links were reversed and DNA was
purified with the Agencourt AMPure XP beads (Beckman Coulter, A63881). Ten
tubes of DNA were then combined. After end repair and adaptor ligation, biotin-
labeled fragments were pulled down and sequencing library was constructed

consistent with In situ Hi-C.

ATAC-seq
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ATAC-seq was prepared as previously described with few modifications (Corces et
al., 2017). Briefly, 50000 fresh cells were resuspended in 50 ul of ATAC-seq
resuspension buffer (RSB; 10 mM Tris-HCI pH 7.4, 10 mM NacCl, and 3 mM MgCl2)
containing 0.1% NP40, 0.1% Tween-20, and 0.01% digitonin and incubated on ice for
3 min. After lysis, 1 ml of ATAC-seq RSB containing 0.1% Tween-20 (without NP40
or digitonin) was used to wash nuclei. Nuclei were resuspended in 50ul of
transposition mix (10ul SXTTBL (Vazyme TD501), S5ul TTE Mix V50, and 35ul
water) and pipetted up and down 20 times to mix. Transposition reactions were
incubated at 37 <C for 30 min in a thermomixer. After the tagmentation, purify
sample using the Ampure XP beads. The ATAC-seq library was amplified for 11
cycles of PCR with TAE mix (Vazyme TD501) following the manual. DNA was then
purified with size selection, quantified and sequenced using an Illumina sequencing

platform.
Immunofluorescence analysis

About 50,000 cells were dropped on a glass slide and fixed with 3%
paraformaldehyde for 20 min. Cells were then permeabilized by 0.5% Triton X-100
for 5 min. After washing with PBS for three times, cells were blocked with 3% BSA
in PBS for 1 h. Nuclear counterstaining was performed with DAPI for 5 min at RT.
Then mount the coverslip onto glass slides and seal the coverslip with nail polish.
Images were acquired at an RPI Spinning Disk confocal microscope with a 100x
objective using MetaMorph acquisition software and a Hammamatsu ORCA-ER CCD

camera.
Sequencing reads pre-processing and quality control

The quality of all libraries are assessed using FasqQC. Reads with mean quality score
less than or equal to 30 are removed. For ChIP-Seq and Hi-C libraries, the 5* most
15bp of both read 1 and 2 are clipped out for the low complexity. Adapters are
removed by cutadapt and extremely short fragment with length less than or equal to

30bp (for ChIP-Seq and Hi-C library) are then removed.
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ChIP-Seq data analysis

All ChlP-Seq reads are mapped using bowtie2 with very-sensitive configuration.
Fragments with both ends uniquely mapped with MAPQ larger than 5 are then
extracted using samtools. Duplicates are removed by picard tools MarkDuplicates.
Peaks are called using MACS2 callpeak command using g value 0.01(Zhang et al.,
2008). Narrow peaks are called for all libraries. Fold enrichment over control signal
tracks were built using the command bdgcmp inMACS2. Peaks called from all
replicates of each condition are merged according to an irreproducible discovery rate
(IDR) threshold of 0.01. Reads are then merged and a final fold enrichment over

control track are made for each condition.
Differential gene expression analysis using Polll ChlP-Seq

The RefSeq gene annotation was taken from UCSC genome browser. Genes in ChrY
and ChrM together with those length less than 2000bp were removed. Read coverage
of regions between TTS-50Kb and TTS-500bp of each extremely long genes (longer
than 150Kb) were calculated in treated conditions and regressed against the same values
in normal condition to get the size factor. Differential analysis was then conducted
using DESeq?2 and the determined size factor. The CPM value of each gene is calculated

by analog to the transcription per million (TPM) value in RNA-Seq data.
Hi-C and HiChIP data processing

Hi-C reads were processed using Juicer pipeline (Durand et al., 2016). Contact reads
related with ChrY and ChrM or with MAPQ = 0 were filtered out. The calculation of
contact frequency decay curve is conducted using 501 edge points flanking 20Kb to
50Mb exponentially. A/B compartment profile is called by analyzing the first
eigevector of KR normalized contact maps at 100Kb resolution (Lieberman-Aiden et
al., 2009b). The compartment with higher H3K27ac ChlIP-Seq signals were determined
as compartment A. TADs were called using deDoc at 10Kb resolutions (Li et al., 2018).
For HiChlIP data, peaks of CTCF were directly taken from the CTCF ChIP-Seq dataset
and loops were called using HiChlPper (Lareau and Aryee, 2017). Aggregated peak
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analysis is conducted with respect to loops with anchors located farther than 30 bins in

10Kb contact maps.

Distal local ratio (DLR) was calculated using Hi-C data for each loci following the
method of (Heinz et al., 2018). DLR is the log2 fold change of number of Hi-C contact
reads linking form the loci to more than 3Mb apart, against the number of contacts

linking from the loci to between 20Kb and 3Mb apart.
Definition of TAD remodeling and direction of TAD regulation

We classified TAD remodeling into five types according to (Ke et al., 2017). ‘Merge’
was defined as multiple TADs in NM fused into one TAD in thermal stress. ‘Split” was
one TAD in NM divided into multiple TADs in thermal stress. ‘Vanish’ was one TAD
in NM does not overlap any TADs in thermal stress. ‘Stable’ was one TAD in NM
overlapped more than 75% with a TAD in thermal stress. TADs not belong to any of

the above groups was classified as ‘other’.

The TAD was defined as upregulated if it contains four or more genes and had
significantly higher proportion of genes were upregulated compared to the whole
genome, while if a TAD contains four or more genes and had significantly higher
proportion of genes downregulated compared to the whole genome, it was defined as
downregulated. The direction of gene regulation was determined using the fold change

of CPM.

The similarity of two TADs was defined as

[Ty NTy|
[Ty | X |Ty|

where |Tj|denotes length of TAD i, and |T; N T,| denotes the length of overlapping
part of 77 and 7>.

Prediction of gene expression according to CRE

The level of gain or loss of CRE was defined as
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lec: N e

Y, Iecll X IeCZI

where e. represents the CREs within the TAD at condition ¢. A smaller number of

indicating larger gain or loss CRE between two conditions.

Gene expression level was linearly modeled by the activity of promoter and all the CRE
in the TADs. The nascent gene expression level was determined by the CPM described
above. The promoter’s activity was quantified by the fold enrichment over control of
Pol II ChIP-Seq signal. The activity of CRE was quantified by averaging the fold
enrichment of H3K27ac in all CRE located in the same TAD of the query gene. Histone
modifications were determined as differential with FDR < 0.01 after the thermal
stresses and the direction of the changes were determined by the sign of log2 fold

changes.
Calculation of spatial distance between TADs

In any given condition, for any TAD pair i and j in the same chromosome, define the
contact frequency between i and ; as,

Cij
A / Ci X Cj’

where ¢;; denotes the number of reads pairs linking between TAD i and j, and ¢; is

fij=

the number of intra-chromosome contact read pairs that have and only have one end in

TAD i.

The contact frequencies were then transformed into topological distances using the

power transformation,
—_ %4
dij = fij ")

Where a denotes power parameter. The adjacent matrix {d;;} defined an undirected
graph, and the spatial distances D;; are calculated as the summation of topological

distances in the shortest path between TAD i and j (Warshall, 1962).
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The distance matrix {D;;} are then transformed into the Gram matrix as,

_ Df + Dg; — D,
ij — 2

where 0 is an arbitrarily chosen TAD. The three dimensional coordinates for each
TAD is calculated by taking the eigenvectors of the largest three eigenvalues of the

Gram matrix.

The modeled distances are transformed back into modeled contact frequencies by
inversion of the power transform. Power parameter a is estimated by maximize the
Pearson correlation coefficient between observed and modeled contract frequencies

using Nelder-Mead simplex method initiated at points 1 and 2.
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Figure 1. Genome-wide transcriptional response to the thermal stresses are similar.
(A) After thermal stress, the Pol II are dramatically altered in the 5’end while remains
largely intact in the 3’ends of super long genes. The example showed the distribution
of Pol II ChIP-seq data in a downregulated gene NOTCH2. (B) MA plots of CPMs in
CS and HS. Each dot represents a gene, and the light, grey and dark color represent up,
null and down regulation, respectively. (C) The venn diagram shows the overlapping of
up and down regulated gene in HS and CS. (D) The comparison of pause to elongation
ratio (P2ER) between NM and the thermal stresses conditions. (E) The comparison of
average NELF binding affinity in NM condition between the top up and down regulated
genes (1115 ones (about 5% of all genes) with largest log2 fold changes), in response

to the thermal stresses. 0 represents the TSSs.

Figure 2. Global nucleus 3D organization remains stable in responses to the
thermal stresses. The image example in (A) shows that the nucleus size remains
stable after the thermal stresses in K562 cells, the distribution of 921 nucleus radius,
339, 299, 283 in CS, HS and NM, respectively, are showed in (B). The Hi-C contact
matrices are highly correlated between the conditions. A representative example on
chr8 at 100Kb resolution are showed in (C). (D) The contact frequency decay curves
of Hi-C data at the thermal conditions. (E) The inter chromosome interaction are
remains stable after the thermal stresses. The scatter plot represents an example of
correlation of inter-chromosome contact between NM and the thermal stressed
conditions. Each dot represents the Hi-C reads frequency between chr6 and chr§ in a
IMbp length bin. The embedded boxplot shows the distribution of PCC between all

chromosomes.

Figure 3. The responses of chromosomal compartment and gene expression to the
thermal stresses are independent. (A) The auto-correlation matrix of Hi-C data at the
three thermal conditions of chr8 at 100Kb resolution. The compartments are showed in
the plaid patterns as well as the profile of the eigenvector 1. The comparison of DLR,
ATAC-seq and H3K27ac ChIP-seq data between up and down regulated promoters, are
showed in panel (B), (C) and (D). *** represents P < 0.001, Mann Whitney U test.
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Figure 4. The TAD structures are stable in response to the thermal stresses. (A)
The venn diagram shows the overlapping of the TAD boundaries and ChIP-seq peaks
of CTCF and SMC3 in the three thermal conditions. (B) Heatmap of CTCF binding
affinity at the TAD boundaries in each conditions. The peaks were aligned by their
summits, and the cumulative distribution curve were shown on top of each heatmap.
(C) The venn diagram shows the overlapping of the TADs between NM and the thermal
conditions. (D) Heatmap of insulation score at the TAD boundaries in each conditions
with binsize = 10kb around the TAD boundaries at NM. Tracks are centered at the
boundary loci and the cumulative distribution curve were shown on top of each heatmap.
(E) Contact frequency decay curves drawn with intra-TAD reads only. (F) The
cumulative frequencies of the PCC of insulation score profiles in the NM TADs regions

between the conditions of NM and the thermal stresses.

Figure 5. The transcriptional change and alteration of TADs are uncoupled in
response to the thermal stresses. (A) Gain or loss CRE is largely uncoupled to gene
transcriptional changes. The solid curves represent the cumulative average proportion
of regulated genes over the level of gain or loss of CRE, in response to thermal
stresses. The shadow represents 0.95 confidence interval of binomial test, with the
total regulated genes as control. (B) Left panel: the cumulative distribution of
prediction errors of the linear models of gene expressions; Right panels: comparisons
of prediction errors of the models with TAD annotations in NM and thermal
conditions. (C) The solid curves represent the cumulative distribution of proportion of
the genes that being better predicted in the TADs of thermal stressed conditions than
in NM, over the similarity of TADs between the conditions. The shadow represents
0.95 confidence interval of binomial test, controlled with the proportion 0.5. (D) The
genome distances of the neighboring regulated genes with the same regulation
direction. The stars represent the observation in our data, and the violin plots
represents the distribution of control with randomly shuffled regulation direction
labels. (E) The distribution of the regulated genes and TADs throughout the whole

chromosome 8. The vertical bars represent the log2 fold changes of gene expression,
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the horizontal bars represent the regulated TADs. All the intergenic regions were

excluded from this plot.

Figure 6. Regulated TADs are spatially clustered. (A) An example of simulated
physical structure of chromosome 6 in the thermal stressed conditions. Each monomer
represents a TAD, and color of red and blue represent the regulation direction of up and
down as defined by log2 fold change of Pol II ChIP-seq signal, respectively. The
brightness of colors quantifies the fold changes. (B) The regulation directions of
spatially nearest neighboring TADs are positively correlated. The stacking bars
represent the percentage of regulation directions of the nearest neighbor TADs for each

TAD groups. *: P< 0.1, *** P <0.001, x? test.

Figure 7. The changes of transcription and binding affinity of CTCF/SMC3 are
associated in response to the thermal stresses with stable chromatin loops. (A)
The binding affinities of CTCF and SMC3 are prone to changes in the activity
changed regulatory elements. The bars above and below the x-axis represent activity
changed and unchanged regulatory elements, respectively. The bar heights represent
the ratio number of binding affinity changed to unchanged TFs in each group. The
change of TF binding affinity are correlated with the change of activities of promoter
(B) and DCEs (C). Each bar represents the Observed / expect number of regulated
elements grouped by the changes of element activity. The change of binding affinity
was color coded. The expect values are calculated using a two-way contingency table.
The heatmaps show the APA analysis in (D) and (E), the APA scores were marked
above each heatmap. (D) APA results of the HiChIP identified loops that the loop
anchors overlapping to CTCF peaks, promoters and DCEs at the three conditions are
showed in upper, middle and bottom rows, respectively. (E) The APA analysis at NM
of hypothetic randomly paring loops within activity increased and decreased super

enhancers are showed in upper and bottom rows, respectively.
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