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2 

ABSTRACT: 20 

SARS-CoV-2 has made >190-million infections worldwide, thus it is pivotal to understand the viral 21 

impacts on host cells. Many viruses can significantly alter host chromatin1, but such roles of SARS-CoV-22 

2 are largely unknown. Here, we characterized the three-dimensional (3D) genome architecture and 23 

epigenome landscapes in human cells after SARS-CoV-2 infection, revealing remarkable restructuring of 24 

host chromatin architecture. High-resolution Hi-C 3.0 uncovered widespread A compartmental weakening 25 

and A-B mixing, together with a global reduction of intra-TAD chromatin contacts. The cohesin complex, 26 

a central organizer of the 3D genome, was significantly depleted from intra-TAD regions, supporting that 27 

SARS-CoV-2 disrupts cohesin loop extrusion. Calibrated ChIP-Seq verified chromatin restructuring by 28 

SARS-CoV-2 that is particularly manifested by a pervasive reduction of euchromatin modifications. Built 29 

on the rewired 3D genome/epigenome maps, a modified activity-by-contact model2 highlights the 30 

transcriptional weakening of antiviral interferon response genes or virus sensors (e.g., DDX58) incurred 31 

by SARS-CoV-2. In contrast, pro-inflammatory genes (e.g. IL-6) high in severe infections were uniquely 32 

regulated by augmented H3K4me3 at their promoters. These findings illustrate how SARS-CoV-2 rewires 33 

host chromatin architecture to confer immunological gene deregulation, laying a foundation to 34 

characterize the long-term epigenomic impacts of this virus.  35 

  36 
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MAIN: 37 

The COVID-19 pandemic poses an unprecedented challenge to humankind. Mechanistic understanding of 38 

how SARS-CoV-2 impacts cellular functions is critical to solving this challenge. Control of host 39 

chromatin has been used by other viruses to antagonize host defense or to exert long-term influences 1,3, 40 

which, however, is largely unknown for SARS-CoV-2.  41 

 42 

The folding of mammalian chromatin in three-dimension (3D) is an outstanding but incompletely 43 

understood process in biology4. Several layers of architectures are now observed that together influence 44 

critical nuclear processes such as gene transcription, replication, recombination, or DNA damage repair4–45 
6. These architectures include A/B compartments, Topological Associating Domains (TADs), and 46 

chromatin loops5,7 (Extended Data Fig.1a,b). A/B compartments are suggested to be formed, at least in 47 

part, via homotypic attractions between chromatin regions of similar epigenetic features7,8. For TADs and 48 

loops, CCCTC-binding factor (CTCF) and the cohesin complex are two main regulators6. Growing 49 

evidence supports that cohesin acts via a “loop extrusion” process by which it actively translocates on 50 

chromatin to create DNA contacts inside TADs, until it encounters specific CTCF sites and was blocked 51 

from further extrusion6 (Extended Data Fig.1a,b). These two mechanisms can crosstalk - the formation 52 

of TADs by loop extrusion appears to antagonize compartmentalization6,7,9,10. How 3D chromatin 53 

architectures are rewired in pathological conditions remains poorly understood. 54 

 55 

Widespread restructuring of the host 3D genome  56 

To explore how SARS-CoV-2 may impact the host 3D genome, we conducted viral infection in A549 57 

cells (of human alveolar epithelial cell origin) expressing Angiotensin-converting enzyme 2 (ACE2) 58 

receptor (A549-ACE2) (Fig.1a, Extended Data Fig.1c), and first generated ribo-depleted total RNA-Seq 59 

at two time-points post infection (see data summary in Extended Data Table 1). A 24-hour infection 60 

(multiplicity of infection or MOI: 0.1) resulted in ~90% of RNA-Seq reads aligned to the viral genome, 61 

indicating a high level of infection (Extended Data Fig.1d), in agreement with previous observations11. 62 

Shorter term infection for 6-hr resulted in ~20% RNA-Seq reads attributed to the virus genome, 63 

suggesting insufficient viral infection/replication (Extended Data Fig.1d)11. We therefore focused on 64 

cells 24hr-post-infection (24hpi) to characterize the viral impacts on the host chromatin. Consistent with 65 

RNA-Seq, immunofluorescence of the spike protein verified a high ratio of viral infection at 24hpi 66 

(Extended Data Fig.1e). 67 

 68 
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We employed Hi-C 3.012, a recent version of in situ Hi-C that revised cross-linking procedure and 69 

included two restriction enzymes, which can detect high-resolution 3D chromatin architecture at both 70 

long and short distances. We generated biological replicates in A549-ACE2 cells at 24hpi or in mock-71 

infected cells (Mock), and deeply sequenced the Hi-C 3.0 libraries to ~2.6 billion read pairs for mock and 72 

infected conditions (Extended Data Table 1), generating ~630-770 millions unique contact pairs for each 73 

condition. There is high concordance between Hi-C 3.0 replicates as demonstrated by the stratum-74 

adjusted correlation coefficients (SCC)13 (Extended Data Fig. 2a,b), and an example region is shown in 75 

Extended Data Fig. 2c. We thus combined the replicates for the analysis below, and still refer to these 76 

data as Hi-C. 77 

 78 

Hi-C revealed a strikingly widespread alteration of the 3D genome in SARS-CoV-2 infected cells. 79 

Evidently, the near-diagonal value of the contact matrix that denotes short range chromatin interactions 80 

was weakened globally, as exemplified by a 30Mb region on chromosome 9 (Fig.1b, black arrowheads). 81 

Whereas the contacts far away from the diagonal, which are long-distance chromatin interactions, were 82 

often deregulated (increased or decreased for different regions, green box) (Fig.1b). Pearson correlation 83 

map of Hi-C interactions consistently revealed these changes (Fig.1c), which also suggests alteration of 84 

chromatin compartmentalization (see below). Zoom-in view of an example region of ~0.7Mb showed that 85 

chromatin domains (“rectangles” with high-frequency cis interactions, Extended Data Fig.1a,b) are often 86 

weakened (Fig.1d), whereas chromatin loops (“dot” structures off the diagonal, Extended Data Fig.1a,b) 87 

are deregulated (Fig.1d). A P(s) curve shows the frequency (P) of intra-chromosomal interaction ranked 88 

by genomic distance (s) (Fig.1e), demonstrating that SARS-CoV-2 elicited a global reduction of short 89 

distance chromatin contact (< 560kb), a moderate increase of mid-to-long distance interactions (~560k-90 

8.9Mb), and enhanced interactions for far-separated regions (>28Mb). Intriguingly, at the inter-91 

chromosomal levels, trans-chromosomal contacts were generally increased by viral infection, as shown by 92 

the fold changes of pairwise interactions between any two chromosomes, or by calculating the ratios of 93 

trans-versus-cis chromosomal contacts in Hi-C data (Extended Data Fig. 2d,e). The enhancement of both 94 

inter-chromosomal interactions and the extremely long-distance (>28Mb) intra-chromosomal interactions 95 

(Fig.1e) suggest changes in chromatin compartmentalization (see below). At such large scales, inter- and 96 

intra-chromosomal interactions can display some shared properties9,14.  97 

 98 

Defective compartmentalization, A weakening, and A-B mixing 99 

Principal component analysis (PCA) of Hi-C maps can divide 3D genomes into A/B compartments, 100 

which largely overlap the euchromatin and heterochromatin, respectively7.15. Regions in each 101 
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compartment preferentially interact within the same compartment7,15(Extended Data Fig.1a,b). 102 

Analyzing a 100kb-binned Hi-C contact matrix, we found significant defects of chromatin 103 

compartmentalization in SARS-CoV-2 infected cells (Fig.2a). Overall, compartmental scores (E1) 104 

exhibited a general reduction in virus infected cells (i.e., moving below the diagonal, Fig.2a), suggesting 105 

a pervasive weakening of A compartment and/or A-to-B switching. By using a E1 score change of 0.2 as 106 

cutoff (see Methods16), we found that ~30% of genomic regions exhibited compartmental weakening or 107 

switching after viral infection (Extended Data Fig. 3a). Consistent with the general trend of E1 108 

reduction, compartmental changes commonly display features of weakened A (e.g. A to weaker A, or A 109 

to B) or strengthening of B compartment (B to stronger B). Among these, A-to-weaker-A change is the 110 

most common (~18% of all genomic bins, Fig.2a and Extended Data Fig. 3a). Example regions are 111 

shown in Fig.2b.  112 

 113 

We evaluated the epigenetic features of the regions prone to compartmental changes incurred by the virus. 114 

By ranking each genomic bin based on its E1 score change, we sorted them into six categories (Fig.2c). 115 

For those showing E1 increase, we dubbed them “A-ing” bins and those showing decrease “B-ing”. We 116 

then examined the enrichment of both active and repressive histone marks on these six categories of bins. 117 

Genomic regions originally harbored higher active chromatin marks known to feature A compartment 118 

(such as H3K27ac) were found to become more B-like (“B-ing” bins) after viral infection; whereas the 119 

genomic regions that were originally higher in repressive histone marks known to feature B compartment 120 

(particularly H3K27me3) become more A-like (“A-ing” bins) by SARS-CoV-2 (Fig. 2d). RNA 121 

polymerase II (Pol2) exhibits similar enrichment as that of H3K27ac mark (Fig. 2d). These results 122 

suggest that both the originally A or B compartments were losing their identity, indicating defective 123 

chromatin compartmentalization.  124 

 125 

Indeed, defects of chromatin compartmentalization can be clearly detected in the example region shown 126 

in Fig.1c, in which the originally strong separation between A and B compartmental regions become 127 

“fuzzier”. Inter-compartmental interactions formed between regions of A and B increased, whereas those 128 

formed homotypically within A or B reduced (Fig.1c). A saddle plot demonstrated that such changes are 129 

global after virus infection (Fig.2e, see Methods8,10). There is a strong reduction of A-A homotypic 130 

interactions accompanied by gain of A-B mixing, while B-B interactions were not obviously changed 131 

(Fig.2e). Similarly, by calculating another compartmentalization metric, the sliding correlation scores (SC 132 

score9, Extended Data Fig. 3b, see Methods), we found that SC scores were not affected at boundaries 133 

where A/B compartments transition to the other, but were globally decreased for regions inside the same 134 
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compartments. This result reinforces the conclusion that SARS-CoV-2 weakened host chromatin 135 

compartmentalization. Increased A-B mixing (and hence weakened compartmentalization) can also be 136 

seen at very large scales in between two chromosomes, e.g. chromosomes 17 and 18, where originally 137 

well-separated A-A/B-B homotypic interactions were significantly compromised but A-B interactions 138 

globally enhanced (Extended Data Fig. 3c).     139 

 140 

Viral reprogramming of host epigenome and H3K27ac reduction  141 

A-compartment in general enriches active histone modifications, while B-compartment repressive and 142 

heterochromatin marks15. To mechanistically understand compartmentalization changes, we 143 

systematically profiled epigenomic landscapes in Mock or SARS-CoV-2 infected cells by ChIP-Seq of 144 

active and repressive histone modifications (H3K4me3, H3K27ac, H3K9me3, and H3K27me3) (Fig. 1a). 145 

Western blots showed that most of these modifications remain unaltered, but surprisingly, active histone 146 

mark H3K27ac displayed a consistent and significant reduction after SARS-CoV-2 infection (Fig. 2f). 147 

We therefore conducted spike-in calibrated ChIP-Seq to precisely quantify epigenomic changes (see 148 

Methods17, Extended Data Fig.4a). By calculating the ratio of ChIP-Seq reads aligned to the human 149 

versus to the mouse genome (i.e., spike-in), we consistently observed a reduction of H3K27ac on the host 150 

chromatin by ~40-45% (Extended Data Fig.4b,d), which agrees with the changes in western blots 151 

(Fig.2f). There is no overall change of another active mark H3K4me3 (Extended Data Fig.4c,e), but 152 

there are moderate gains of repressive histone marks, particularly the H3K9me3, after infection 153 

(Extended Data Fig.4c,f,g).  154 

 155 

The epigenome reprogramming after SARS-CoV-2 infection resonates with the pervasive decrease of A-156 

A compartmental interactions and weakening of A compartment in Hi-C data (Fig.2a,e). We examined 157 

histone mark changes on the six categories of genomic regions that bear differential compartmental 158 

changes (Fig.2c), finding that the most weakened A compartment (“B-ing”) regions are associated with 159 

stronger reduction of H3K27ac (Fig.2g), whereas heterochromatin mark H3K9me3 displays the opposite 160 

trend (Fig.2h). An example is shown in Extended Data Fig.4h, where H3K27ac reduced and H3K9me3 161 

increased, correlating with compartmental changes: weakened A-A contacts and increased A-B inter-162 

compartmental mixing. Because attractions between homotypic chromatin regions were suggested to be 163 

an important basis for compartmentalization7,9,10, our results support the notion that SARS-CoV-2 164 

disrupted host chromatin compartmentalization, at least in part, via reprogramming chromatin 165 

modifications.  166 

 167 

Pervasive weakening of intra-TAD interactions  168 
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We then examined chromatin architectures at finer scales (10kb~1Mb), namely TADs and chromatin 169 

loops5–7. A very pronounced phenomenon as shown by example regions in Fig.1d and Fig. 3a is that cis-170 

interactions within TADs were significantly reduced by virus infection, whereas the contacts beyond 171 

TADs (out of the rectangle) are unchanged or increased. Examining this phenomenon genome-widely, we 172 

calculated the insulation scores (IS)18 on our Hi-C maps and identified 4,094 TADs (see Methods). 173 

Aggregation Domain Analyses (ADA) of these TADs verified the significant weakening of intra-TAD 174 

cis-interactions by SARS-CoV-2, which accompanies unchanged or increased cis-interactions outside of 175 

TADs (Fig. 3b). Quantification of all intra-TAD contacts showed dramatic reduction (Fig.3c). 176 

Interestingly, weakened intra-TAD contacts were not accompanied by severe loss of TAD identities, i.e. 177 

the boundaries of TADs were largely unchanged (Fig. 3a,b middle panel). Indeed, insulation scores on 178 

TAD boundaries were only mildly affected by SARS-CoV-2 (Fig.3d).   179 

 180 

Cohesin depletion from intra-TAD regions 181 

To understand the drastic diminishing of intra-TAD interactions, we examined the chromatin binding of 182 

CTCF and cohesin, the main organizers of TADs5–7 by calibrated ChIP-Seq. These factors were not 183 

affected by 24hpi infection at protein levels (Extended Data Fig.5a). In accord, spike-in calibration of 184 

ChIP-seq showed no significant global change of their chromatin binding (Extended Data Figs.4a,5b). 185 

Peak calling for each factor results in ~40,000~60,000 peaks (Extended Data Fig.5c,e,g). Importantly, 186 

for two cohesin subunits, 40.4% (27,152/67,140) of RAD21 sites and 31.8% (20,837/65,379) of SMC3 187 

sites were significantly reduced after SARS-CoV-2 infection (Extended Data Fig.5c,d,e,f see Methods), 188 

indicating a dramatic depletion of cohesin from chromatin. In contrast, only a small percentage of their 189 

binding sizes were gained, i.e., 2.2% (1,510/67,140) for RAD21 sites and 3.1% (2,034/65,379) for SMC3 190 

(Extended Data Fig.5c,e). Moderate changes of CTCF binding were observed, with 10.6% 191 

(4,853/45,530) sites lost and 10.0% (4,555/45,530) sites gained due to SARS-CoV-2 (Extended Data 192 

Fig.5g,h). These changes can be seen in an example TAD region (Fig.3e) whose Hi-C map was shown in 193 

Fig.3a. We divided all TADs into six categories based on their sensitivity to SARS-CoV-2 infection (i.e., 194 

quantitative reduction of intra-TAD contacts, Extended Data Fig.6a), and examined the chromatin 195 

features of these categories. Notably, the more virus-sensitive the TADs are (i.e., more weakening of 196 

intra-TAD contacts), the higher enrichment of cohesin and NIPBL they bear (Fig. 3f), suggesting that 197 

intra-TAD weakening is due to cohesin depletion in these TADs. Indeed, as compared to the least 198 

weakened TADs, the top 10% most virus-weakened TADs are associated with a more dramatic loss of 199 

cohesin from the intra-TADs regions (Fig.3g). In addition, cohesin loss was more dramatic at the intra-200 

TAD regions, although was detectable at the TAD boundaries (Fig.3e,g). As comparisons, CTCF was 201 
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minimally impacted either at TAD boundaries or intra-TADs (Fig.3e,g), indicating that SARS-CoV-2 202 

preferentially disrupts cohesin action inside TADs, but largely leaves intact the TAD structures.  203 

 204 

Besides cohesin, virus-sensitive TADs were originally more enriched in active chromatin mark H3K27ac 205 

and RNA Pol2 (RPB1), but possess comparable heterochromatin marks as compared to other TADs 206 

(Fig.3f). We thus examined the epigenetic changes of these TADs after infection, finding that for 207 

H3K27ac, whereas its level was globally reduced (Fig.2f), the reduction was consistent among all 208 

categories of TADs (Extended Data Fig. 6b). In contrast, H3K9me3, but not another heterochromatin 209 

mark H3K27me3, was gained significantly more in the most weakened TADs (Extended Data Fig. 210 

6c,d). This unique correlation suggests that H3K9me3 increase may play a role in cohesin depletion and 211 

intra-TAD weakening caused by SARS-CoV-2.  212 

 213 

SARS-CoV-2 mildly impacted dot-shaped chromatin loops  214 

Dot-shaped chromatin loop is a prominent feature of Hi-C data that often forms between convergent 215 

CTCF sites7,15. The definition and functions of chromatin loops can be debatable7, for example, enhancer-216 

promoter contacts may be defined as loops by other work or methods but often do not appear as dots in 217 

Hi-C5,7. Some work defined dot-shaped loops in Hi-C largely as structural loops that may not be 218 

regulatory for gene transcription19. In this study, we refer to dot-shaped structures as chromatin loops, and 219 

define enhancer-promoter contacts using Hi-C interaction strength (see Methods). Deep Hi-C 3.0 data 220 

permitted us to detect 11,926 loops in Mock or SARS-CoV-2 infected cells at 5~10 kb resolution by 221 

HICCUPS, which outnumbers loops often detectable by conventional in situ Hi-C9,12. Some example 222 

regions are shown below in Fig. 4b and Extended Data Fig. 8d,e. At a global scale, aggregation peak 223 

analyses (APA) showed that chromatin loops were not overtly affected by viral infection (Extended Data 224 

Fig. 7a). By quantitative changes (Hi-C contacts change FDR<0.1, see Methods), we found that 2.96% 225 

(353/11,926) loops were weakened by 24hpi, whereas 4.70% (560/11,926) loops gained strength 226 

(Extended Data Fig. 7b,c). The weakened loops are mostly short-range loops (median size 150kb), while 227 

interestingly the gained ones are much longer (median size 417.5kb, Extended Data Fig. 7d). This is 228 

consistent with the P(s) curve (Fig. 1e) that long distance chromatin interactions were enhanced by virus 229 

infection. As compared to virus-strengthened loops, the anchors of weakened short loops showed more 230 

dramatic cohesin depletion (Extended Data Fig. 7e), and are more preferentially located intra-TADs than 231 

on boundaries (Extended Data Fig. 7f,g). These results are consistent with the pervasive reduction of 232 

intra-TAD interactions (Fig.3b,c), suggesting that the virus-weakened short-range loops are a 233 

consequence of defective cohesin loop extrusion inside TADs. That the majority of loops are unaffected is 234 
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consistent with that TAD boundaries were largely spared (Fig.3b,d), where cohesin binding was mildly 235 

affected (Fig.3e,g).   236 

 237 

Restructured chromatin architecture explains immuno-pathological changes  238 

COVID-19 patients with severe symptoms often show two key immuno-pathological features: a 239 

delayed/weakened innate immune antiviral response (i.e., type-I interferon response) together with an 240 

exacerbated production of pro-inflammatory cytokines (e.g., IL-6)20. Our maps of 3D genome and 241 

epigenome provided an opportunity to mechanistically understand the deregulation of these genes 242 

incurred by the virus. Our RNA Pol2 (RPB1) ChIP-Seq and RNA-Seq in 24hpi SARS-CoV-2 infected 243 

cells recapitulated these two immuno-pathological features, indicating that immunological gene alteration 244 

occurs transcriptionally (Pol2 in Fig.4a, RNA-Seq in Extended Data Fig. 8a). As compared to 245 

interferon-beta (IFN-b) stimulus, SARS-CoV-2 infection elicited very limited activation of interferon 246 

response genes (hereafter IFN genes) but strong increases of proinflammatory genes (hereafter PIF 247 

genes)(Fig.4a). Key examples include IFIT1/2/3/5, DDX58 (a.k.a. RIG-I) or IFIH1 (a.k.a. MDA5) for IFN 248 

genes, and IL-6 or CXCL8 for the PIF genes (Extended Data Fig. 8b,c). Inspection of IFN gene loci 249 

revealed remarkable changes of chromatin architecture by viral infection: 1), the dot-shaped loops were 250 

often diminished and the chromatin contacts (which include most enhancer-promoter contacts) throughout 251 

the hosting TAD were reduced; 2), cohesin occupancy within the hosting TADs was decreased; 3), the 252 

active mark H3K27ac displayed significant reductions at many putative enhancers near IFN genes (Fig. 253 

4b, Extended Data Fig. 8d,e). Both enhancer-promoter contacts and enhancer activities may contribute 254 

to gene transcriptional outputs2 (Extended Data Fig. 1a,b), we thus modified and applied the activity-by-255 

contact (ABC)2 algorithm to model how chromatin architecture and epigenome changes underlie virus 256 

rewiring of host transcription (Fig.4c, also see Methods). Combining alteration of enhancer activity and 257 

enhancer-promoter contact strength correctly modeled the weakened transcriptional outputs of IFN genes 258 

(Pearson’s correlation coefficient R=0.61, Fig.4d). In contrast, poor prediction was achieved if only one 259 

of the two features was considered (contact only: R=0.13 or enhancer activity only: 0.33; Extended Data 260 

Fig. 8f,g). We experimentally tested the functions of these enhancers by CRISPRi (dCas9-KRAB-MeCP2 261 

and gRNAs) in two IFN gene loci where they were weakened by SARS-CoV-2, finding that IFN genes 262 

were indeed transcriptionally inhibited from responding to poly(I:C), a synthetic dsRNA simulates virus 263 

infection (Extended Data Fig. 8h,i). These results demonstrated that weakened 3D chromatin contacts 264 

and enhancer activity together shaped the transcriptional inhibition of IFN genes after SARS-CoV-2 265 

infection.  266 

 267 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 

The copyright holder for this preprint (whichthis version posted July 21, 2021. ; https://doi.org/10.1101/2021.07.20.453146doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.20.453146
http://creativecommons.org/licenses/by-nc-nd/4.0/


10 

However, for PIF genes, while ABC scores correlated with their changes, their true transcriptional levels 268 

after SARS-CoV-2 infection were often several-fold higher than ABC scores (Extended Data Fig. 9a, 269 

examples in Extended Data Fig. 9b). Indeed, as shown for IL-6 and CXCL8 (IL-8) loci, coding for key 270 

clinically detrimental cytokines, enhancer activities (H3K27ac) and intra-TAD contacts were reduced for 271 

these genes (Fig. 4e, Extended Data Fig. 9c), albeit they were strongly up-regulated by virus infection 272 

(Extended Data Fig. 9b). We therefore re-examined our epigenome datasets at the PIF gene loci, finding 273 

a unique and dramatic gain of H3K4me3 mark at their promoters (Fig. 4e, Extended Data Fig. 9c), 274 

which did not take place on IFN genes (Fig. 4b, Extended Data Fig. 8d,e). At a genome-wide scale, 275 

H3K4me3 exhibited relatively limited changes by SARS-CoV-2: 5.8% (1,843/31,761) sites showed 276 

increases and 3.5% (1,104/31,761) sites decreases (Extended Data Fig. 9d). Interestingly, the genes 277 

close to gained H3K4me3 sites are specifically enriched for TNF-alpha pathway, TGF-beta signaling, and 278 

inflammatory response (Extended Data Fig. 9e). Thus, we revised the ABC algorithm by including 279 

H3K4me3 changes at PIF gene promoters (Fig.4c), and this revised ABC-P2 score better modeled their 280 

strong transcriptional induction (Extended Data Fig. 9b, Fig. 4f, see Methods). Intriguingly, virus-281 

augmented promoters (with H3K4me3 increases) display motif enrichment of specific transcriptional 282 

factors, such as IRF1/2 or Jun/AP1 (Extended Data Fig. 9f). These results together suggest that 283 

inflammatory genes are induced by SARS-CoV-2 through a unique mechanism to augment their promoter 284 

strength (H3K4me3), even when their enhancer and enhancer-promoter contacts were weakened.   285 

 286 
DISCUSSION: 287 

Here, we mapped high-resolution landscapes of the 3D genome and epigenome in cells of human lung 288 

epithelial origin after acute SARS-CoV-2 infection, and our results revealed dramatic viral restructuring 289 

of the host chromatin. Hi-C 3.0 data uncovered significant defects of chromatin compartmentalization and 290 

TAD structures (Fig.4g). These are manifested at the compartment levels as wide-spread A weakening 291 

and A-B mixing, and at the TAD levels as global reduction of intra-TAD chromatin contacts. These 3D 292 

genome changes, to our knowledge, represent a unique and previously unappreciated rewiring of the 293 

mammalian 3D genome in pathological settings. 294 

 295 

Notably, the cohesin complex was depleted, in a pervasive but also selective manner, from intra-TAD 296 

regions by SARS-CoV-2. Such changes of cohesin not only provide a molecular explanation to the 297 

weakening of intra-TAD chromatin contacts, but also support a notion that cohesin extrusion defects 298 

inside TADs released these chromatin regions to engage in long-distance chromatin associations (Fig.4g). 299 

Indeed, virus infected chromatin displayed a higher frequency of extremely long distance intra-300 
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chromosomal as well as inter-chromosomal interactions (Fig.1e and Extended Data Fig.2d). Gains of 301 

long distance chromatin interactions have been observed after genetic depletion of cohesin subunits from 302 

human or mouse cells, supporting that active loop extrusion prevents chromatin mixing due to homotypic 303 

attraction6,9,10. Two critical features highlight that SARS-CoV-2 infection disrupts both the epigenome 304 

and cohesin loop extrusion, resulting in 3D genome changes in a manner more complex than genetic 305 

depletion of cohesin: 1), the augmented compartmental interactions after SARS-CoV-2 infection are 306 

mostly formed inter-compartmentally (i.e., between A-B), whereas those after cohesin depletion were 307 

mostly formed intra-compartmentally (e.g., between A-A); 2), SARS-CoV-2 infection significantly 308 

ablates cohesin from intra-TAD regions, but affects them mildly at TAD boundaries. The first feature can 309 

be explained by a global weakening of euchromatin modification after virus infection. Indeed, virus-310 

elicited decreases of active mark H3K27ac and increases of heterochromatin mark H3K9me3 correlate 311 

with the weakening of A compartment. In contrast, histone modifications were largely unchanged by 312 

genetic depletion of cohesin9. We propose that weakened euchromatin after SARS-CoV-2 infection on 313 

one hand reduced A compartment strength and A-A interactions, and on the other blurred the distinction 314 

between A and B compartments, contributing to wide-spread A-B mixing. This is consistent with the 315 

notion that homotypic chromatin attractions, once disrupted, can compromise compartmentalization7,8. 316 

For the second feature, the mechanisms underlying preferential cohesin depletion from intra-TAD regions 317 

remain to be determined. We found that TADs most sensitive to SARS-CoV-2 are originally of higher 318 

enrichment of cohesin loader NIPBL, suggesting a plausible scenario that this virus utilizes specific 319 

mechanisms to perturb cohesin loading in these TADs. Alternatively, the cohesin release process may 320 

also be perturbed, which affects the loading-release equilibrium of cohesin to allow its preferential loss 321 

inside TADs6.  322 

 323 

An important insight from our work is that architectural restructuring of host chromatin underlies the 324 

dichotomic transcriptional changes of immunological genes seen in COVID-19 pathology: weakened IFN 325 

responses accompanying increased pro-inflammatory gene expression20. Weakening of enhancer-326 

promoter contacts together with reduced enhancer activity correlates well with inhibited IFN gene 327 

transcription, and was validated by CRISPRi experiments. These changes take place at critical disease 328 

loci, including genes coding for key RNA virus sensors, DDX58 (coding for RIG-I), whose inhibition is 329 

required for successful infection21. Unexpectedly, we found that SARS-CoV-2 directly upregulates the 330 

promoter activities of pro-inflammatory genes, suggesting unappreciated regulators on these promoters to 331 

confer inflammatory phenotypes in COVID-19 patients20. Further studies are warranted to understand 332 

such promoter-centered PIF transcriptional activation, which may offer therapeutic targets to relieve 333 

lethal inflammation in patients. 334 
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 335 

Epigenetic alteration is known to exert long term effects in affecting gene expression or cellular 336 

phenotypes22,23. Understanding the viral alteration of host chromatin not only provides new knowledge 337 

and strategies to fight SARS-CoV-2, but also paves way for further studies of the epigenetic disturbance 338 

in patients suffering long COVID24. 339 

  340 
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Figure legends 483 

 484 

Fig. 1. SARS-CoV-2 significantly restructured the host 3D genome.  485 

a. A diagram illustrating the experimental design of this work.  486 

b. Snapshots of normalized contact matrices of Hi-C 3.0 at an example region (chr9:100-130Mb, hg19) in 487 

Mock or SARS-CoV-2 infected conditions. Log2 fold change of Hi-C contact is shown to the right. Black 488 

arrowheads point to reduced short-distance interactions along the diagonal. Green boxes show altered 489 

compartmentalization.  490 

c. Snapshots of Pearson correlation matrices of Hi-C 3.0 in the same region as panel b. Changes of the  491 

correlation matrices after infection are shown to the right. Arrowheads point to regions with altered 492 

Pearson correlation matrices and are changed A-B (black) or A-A (red) compartmental interactions. 493 

d. Zoom-in Hi-C snapshots of a 700kb region in panel b,c (chr9:95.7-96.4Mb, hg19). Pink and green 494 

arrowheads show changed or unchanged domains and dot-shaped chromatin loops.  495 

e. (Top) P(s) curve showing the relationship between contact frequency (P) and distance (s) of both mock 496 

(grey) and SARS-CoV-2 (red) Hi-C datasets. (Bottom) Log2 fold changes of contact frequency ranked by 497 

distances, with dotted lines marking the crossing points of the two curves.  498 
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Fig. 2.  Compartmental A weakening, A-B mixing and epigenome reprogramming by SARS-CoV-2.  500 

a. A scatter plot showing the compartmental scores (E1 scores) of genome-wide 100kb genomic bins in 501 

mock or SARS-CoV-2 infected cells. Six categories of changes based on E1 changes were colored-coded. 502 

b. A snapshot of compartmental score (E1) tracks at an example region (chr9: 108Mb-118Mb). 503 

Rep1/Rep2 are replicates. Orange or blue color indicates A compartment (E1 score >0) or B compartment 504 

(E1 score < 0), respectively. Arrows and arrowheads exemplify compartmental changes in panel a (with 505 

matched colors). 506 

c. A diagram shows the categories of genomic bins with changes of A/B compartmental scores, and were 507 

referred to as “A-ing” (E1 scores increase) or “B-ing” (E1 scores reduce) after virus infection. 508 

d. Heatmaps showing the enrichment of active or repressive histone marks or RNA Pol2 (RPB1) on the 509 

six categories of genomic bins defined in panel c. Scale indicates log2-transformed enrichment of these 510 

features (see Methods). 511 

e. Saddle plots showing the compartmentalization between genomic regions ranked by their PCA E1 512 

scores (all genomic regions were divided into 50 bins in total, see Methods). Therefore, for example, A-A 513 

homotypic interactions are in the right lower part of the plot; A-B interactions are in the right upper and 514 

left lower parts. Differential compartmental interactions are shown on the right as log2 fold changes 515 

(SARS-CoV-2/Mock).  516 

f. Western blots showing the abundances of total histone H3 or several modifications in Mock and SARS-517 

CoV-2 infected (24hpi) cells.   518 

g. Boxplots showing the log2 fold changes of calibrated ChIP-Seq signals of H3K27ac and H3K9me3 for 519 

the six categories of genomic bins with varying compartmental changes (as in panel c). The boxplot 520 

centre lines represent medians; box limits indicate the 25th and 75th percentiles; and whiskers extend 1.5 521 

times the interquartile range (IQR) from the 25th and 75th percentiles. 522 
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Fig. 3.  SARS-CoV-2 pervasively weakens intra-TAD contacts and cohesin loading.  524 

a. Snapshots of Hi-C contact matrices at the indicated region (hg19) in Mock and SARS-CoV-2 525 

conditions. Also shown are the log2 fold changes of the Hi-C interactions (right panel), RefSeq gene 526 

tracks (bottom), the Insulation score (IS score, bottom), and TAD location (pink bars). Genomic 527 

coordinate is indicated on the left. 528 

b. Aggregated domain analyses (ADA) plots showing genome-wide reduction of intra-TAD interactions 529 

after SARS-CoV-2 infection. Right: log2 fold changes of signals. TAD location is denoted by a pink bar. 530 

The plots include additional 0.5xTAD on each side for quantification. 531 

c. A boxplot showing intra-TAD interactions in Mock and SARS-CoV-2 infected conditions. The boxplot 532 

centre lines represent medians of intra-TAD interaction from 4,094 TADs; box limits indicate the 25th 533 

and 75th percentiles; and whiskers extend 1.5 times the interquartile range. P-value: Mann-whitney U 534 

test. 535 

d. A profile plot of insulation scores calculated based on Mock (grey) and SARS-CoV-2 (red) infected 536 

Hi-C at all TAD boundaries.  537 

e. Snapshots of CTCF, RAD21, SMC3 ChIP-Seq tracks of both mock (left) and SARS-CoV-2 (right) 538 

conditions at an example region also shown in the panel a (chr14:71.5-72.3Mb, hg19).  539 

f. A heatmap showing the enrichment of cohesin/CTCF or epigenetic marks in six categories of TADs 540 

ranked by their quantitative reduction of intra-TAD interactions (also see Extended Data Fig.6a and 541 

Methods). 542 

g. A meta-profile showing the portions of ChIP-Seq peaks reduced by SARS-CoV-2 for RAD21, SMC3 543 

and CTCF, and the relative positioning of these changes to TADs (see Methods). Line plots show the 544 

distribution of lost peaks over a region centered on the midpoint of each TAD (0.25xTAD on each side 545 

out of TAD). Red lines indicate lost peaks belong to the top 10% weakened TADs, grey lines indicate the 546 

10% least weakened TADs. The y-axis indicates the portion of lost peaks versus total peaks (e.g. -0.6 547 

indicates 60% peaks in that bin were lost). 548 
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Fig. 4. Chromatin restructuring underlies dichotomic transcriptional deregulation of interferon 550 

response genes and inflammation genes. 551 

a. Boxplots showing transcriptional deregulation of key interferon response gene (IFN) and pro-552 

inflammatory genes after SARS-CoV-2 infection or IFN-beta treatment (1000u, 6-hr), as shown by fold 553 

changes of RNA Pol2 (RPB1) ChIP-Seq. The boxplot centre lines represent medians; box limits indicate 554 

the 25th and 75th percentiles; and whiskers extend 1.5 times the interquartile range (IQR) from the 25th 555 

and 75th percentiles. P-value: Mann-whitney U test. 556 

b. Snapshots of Hi-C contact matrices and calibrated ChIP-Seq tracks for indicated factors at the IFIT 557 

gene cluster. Top right: Mock; lower left: SARS-CoV-2. Blue arrows point to reduced dot-shaped loops. 558 

White lines mark the TAD, with intra-TAD interactions weakened throughout. Red asterisks show virus-559 

reduced H3K27ac peaks. Green arrows show unchanged H3K4me3 peaks on IFIT1/3 promoters.    560 

c. A diagram shows the method of Activity-by-contact (ABC) to model the transcriptional outputs of a 561 

gene based on considering its enhancer activity and enhancer-promoter contacts; ABC-P or ABC-P2 are 562 

revised ABC algorithms that also consider promoter strength (see Methods).  563 

d. A scatter plot showing the correlation between the ABC scores (x-axis) and true transcriptional 564 

changes of IFN genes caused by SARS-CoV-2 (y-axis, RPB1 ChIP-Seq). A high Pearson’s correlation 565 

coefficient is achieved and labeled. A liner regression fitted line and its 95% confidence interval (shaded 566 

area) are also shown.  567 

e. Similar to panel b, the snapshots of Hi-C matrices and ChIP-Seq tracks at the IL-6 locus. Top right: 568 

Mock; lower left: SARS-CoV-2. White lines mark the TADs, with intra-TAD interactions weakened 569 

throughout. Red asterisks show reduced H3K27ac peaks. Green arrows show enhanced H3K4me3 on IL-6 570 

promoter.    571 

f. A scatter plot showing the correlation between the ABC-P2 scores (x-axis) and true transcriptional 572 

changes of pro-inflammatory genes by SARS-CoV-2 (y-axis, RPB1 ChIP-Seq). Pearson’s correlation 573 

coefficient is shown. A liner regression fitted line and its 95% confidence interval are shown. 574 

g.  A proposed model that summarizes our findings of the chromatin restructuring by SARS-CoV-2 at 575 

scales of both 3D genome and 1D epigenome. They are categorized in compartments, TADs/loop 576 

extrusion and enhancer-promoter contacts (see Extended Data Fig.1a,b for additional information). 577 

These changes can explain transcriptional deregulation of interferon response and inflammation genes 578 

that confer immunological phenotypes in COVID-19 patients.  579 
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Materials and Methods: 781 
Cell culture 782 
Human lung adenocarcinoma cells A549 expressing human ACE2 (A549-ACE2, #NR53821) was 783 
acquired from BEI Resources (Manassas, VA). They were maintained in DMEM/F-12 (1:1, Corning) 784 
medium supplemented with 10% FBS (GeneDepot) and blasticidin (100uM). Normal A549 cells were 785 
purchased from ATCC (CCL-185) and were cultured in DMEM/F-12 (1:1, Corning) supplemented with 786 
10% FBS. 293T cells were from ATCC and were cultured in DMEM with 10% FBS. Vero-E6 cells were 787 
acquired from ATCC (CRL-1586). Mouse ESCs (F121-9) are a gift from David Gilbert lab (Florida State 788 
University) and were cultured following standard procedure of the 4D nucleome consortium 789 
(https://data.4dnucleome.org/biosources/4DNSRMG5APUM/). All these cells were cultured at 37°C with 790 
5% CO2. Transfection of plasmids or siRNAs was performed using Lipofectamine 3000 or RNAiMAX 791 
(Life technologies) following manufacturer's instructions. For CRISPRi experiments, in order to examine 792 
enhancer functions during cell responses to RNA virus, we introduced poly(I:C) (333ng/ml, Sigma, 793 
P9582) into A549 cells using lipofectamine 2000 and harvested the total cellular RNAs for gene 794 
expression experiments after 4 hours.  795 
 796 
SARS-CoV-2 infections in A549-ACE2 cells 797 
SARS-CoV-2 isolate USA-WA1/2020 (NR-52281; BEI Resources, Manassas, VA) was employed to 798 
infect human A549-ACE2 cells (NR53821; BEI Resources). For viral infections, serum/antibiotics-free 799 
Eagle’s MEM medium supplemented with 1mM HEPES was used. Briefly, cells grown in 10-cm culture 800 
dishes at about 70-80% confluency were washed with the serum free medium, viral inoculum was added 801 
at 0.1 MOI for 1 hr. After that, non-adsorbed viral particles were gently aspirated out and the monolayers 802 
were replenished with 10% FBS containing MEM supplemented with 1mM HEPES. Infected cells were 803 
incubated at 37°C with 5% CO2 for 6hr or 24hr post-infection for experiments. 804 
 805 
Preparation of SARS-CoV-2 stock 806 
The stock SARS-CoV-2 was propagated in Vero-E6 cells. Briefly, Vero-E6 cells were grown to 80% 807 
confluence in 10% FBS containing MEM medium supplemented with 1mM HEPES and 1X antibiotics 808 
and antimycotics. Prior to infection, Vero-E6 cells were washed once with PBS and the viral inoculum 809 
was added to the flask in the presence of 3 ml of serum-free and antibiotics-free MEM medium 810 
supplemented with 1mM HEPES, and incubated for 1 hour at 37°C with 5% CO2. At the end of 811 
incubation, non-adsorbed virus was aspirated out and cells were replenished with 25ml of MEM 812 
supplemented with 10% FBS and 1mM HEPES. Infected cells were incubated for 48 hours at 37°C with 813 
5% CO2. At 80% of cell lysis, SARS-CoV-2 was harvested by detaching all the cells with a cell scraper 814 
and centrifuging at 300g for 3 minutes. Viral aliquots were stored in screw-cap vials at -80°C.  815 
 816 
Determination of plaque forming units (PFU/ ml stock) 817 
For the determination of infectious viral titers, plaque assays were performed using Vero-E6 cells. 818 
Briefly, Vero-E6 grown in 6-well plates were infected with 12 serial dilutions (1:10) of the SARS-CoV-2 819 
stock in serum/BSA/antibiotic-free MEM medium with 1mM HEPES for 1 hour at 37°C with 5% CO2. At 820 
the end of incubation, non-adsorbed viral particles were aspirated and the infected cells were layered upon 821 
with MEM medium containing 0.5% agarose, 2% BSA and 1mM HEPES, and incubated for 48 hours at 822 
37°C with 5% CO2. Fixation was carried out using 3.75% buffered formaldehyde (in PBS) for 10 823 
minutes. After aspirating formaldehyde, the agarose layers were gently removed. Infected cells were 824 
stained with 0.3% crystal violet for 5 minutes, followed by washing once with PBS. Plates were air-dried 825 
and visible infectious plaques were counted in each dilution to determine the plaque forming units/ ml of 826 
the stock.  827 
 828 
Lenti-viral Transduction and CRISPRi 829 
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We in-house generated a lentiviral construct expressing dCas9-KRAB-MeCP2 by PCR amplification of 830 
the dCas9-KRAB-MeCP2 (contains a domain of MeCP2) from pB-CAGGS-dCas9-KRAB-MeCP2 831 
(Addgene 110824), and then insert it to the pLenti-EF1a-dCas9-VP64-2A-Blast backbone (Addgene 832 
61425) to replace th dCas9-VP64. The gRNAs used in CRISPRi were cloned into the Addgene 61427 833 
backbone using BsmBI enzyme. To generate lentivirus, 293T cells were transfected with the lentiviral 834 
transfer vector DNA, psPAX2 packaging and pMD2.G envelope plasmid DNA at a ratio of 4:3:1, 835 
respectively, by lipofectamine 2000. After 16 h, the culturing media was changed to fresh one, and the 836 
supernatants were collected twice at 48h to 72h post-transfection. The harvested lentiviral supernatants 837 
were filtered using 0.45 μm syringe filter (Fisher) and used to infect target A549 cells (polybrene was 838 
added at a final concentration of 8 μg/ml, Sigma). To infect A549 cells for CRISPRi, cells were first 839 
infected by a lentivirus expressing dCas9-KRAB-MeCP2 for 24 hours and selected with appropriate 840 
antibiotics (10 μg/ml blasticidin) for 7 days to generate a stable cell line. The stable cell line was then 841 
subjected to viral infection by individual gRNAs targeting each enhancer, and they were further selected 842 
by 100 μg/ml Zeocin for 4-7 days. These stable cells were then used for experiments. The gRNA cloning 843 
oligos are shown in Extended Data Table 2. 844 
 845 
RNA Extraction and RT-qPCR 846 
RNA extraction of SARS-CoV-2 infected A549-ACE2 cells was performed by TRIzol (Thermo Fisher 847 
Scientific, 15596-026) following manufacturer's instructions. In some other cases, RNAs of cells 848 
expressing CRISPRi or other transfection were performed using Quick-RNA Miniprep Kit (Zymo 849 
Research, 11-328). Reverse transcription was conducted by using Superscript™ IV first strand synthesis 850 
kit (Thermo Fisher, 18091050), and often the random hexamer primer was used to test the expression 851 
levels of target genes. Real-time qPCR (RT-qPCR) was performed using SsoAdvanced™ Universal 852 
SYBR® Green Supermix (Bio-Rad, 172-5274). Primer sequences used in this study can be found in 853 
Supplementary Table 2. Relative gene expression was normalized to internal control (18S RNA). 854 
 855 
Western blots 856 
Cells were lysed in RIPA (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 1% NP-40, 857 
0.5% sodium deoxycholate) with cOmplete™ Mini Protease Inhibitor Cocktail (Roche, 11836153001) on 858 
ice for 30min. Lysates were sonicated in Qsonica 800R (25% amplitude, 3 min, 10 sec on 20 sec off 859 
interval) and centrifuged at 14,000rpm. The supernatants were mixed with 2x Laemmli Sample Buffer 860 
(Bio-Rad) and boiled at 95℃ for 10min. The boiled proteins were separated on 4% to 15% SDS-PAGE 861 
gradient gels and transferred to LF PVDF membrane (Bio-Rad, Cat #1620260). The membranes were 862 
blocked in 5% skim milk in TBST (20 mM-Tris, 150 mM NaCl, and 0.2% Tween-20 (w/v)) for an hour 863 
and then briefly washed in TBST twice. Then, the membranes were incubated in TBST with primary 864 
antibodies (GAPDH (Proteintech, 60004-1), RAD21 (Abcam, Ab992, Lot: GR214359-10), CTCF 865 
(Millipore, 07-729), SMC3 (Abcam, Ab9263, Lot:GR466-7), Total Histone H3 (Abcam, Ab1791, 866 
Lot:GR206754-1), H3K4me3 (Abcam, Ab8580, Lot: GR3264490-1), H3K9me3 (Abcam, Ab8898, Lot: 867 
GR164977-4), H3K27ac (Abcam, Ab4729, Lot: GR3357415-1), and H3K27me3 (Cell Signaling 868 
Technology, #9733S, Lot19)) at 4°C overnight. After washing 3 times in TBST, the blots were incubated 869 
in TBST with secondary antibody (Horseradish peroxidase (HRP)-conjugated antibody) for an hour. After 870 
6 times of washing in TBST, the blots were developed in a Bio-Rad ChemiDoc™ Gel Imaging System. 871 
 872 
Immunofluorescence microscopy 873 
Expression of spike protein of SARS-CoV-2 was measured by immunofluorescence microscopy. A549-874 
ACE2 cells seeded on glass slides were infected with SARS-CoV-2 at a MOI of 0.1. 24hr post infection 875 
(24hpi), cells were fixed by 4% paraformaldehyde in phosphate buffered saline (PBS) for 1hr at room 876 
temperature. The coverslips were washed with 0.1% BSA in 1xPBS (Wash buffer) and blocked with 1% 877 
BSA with 0.3% Triton-X100 in PBST (Blocking buffer) for 45min at room temperature. Cells were 878 
incubated with 1:500 anti-SARS-CoV-2 Spike glycoprotein antibody (Abcam, Catalog#ab272504) 879 
diluted in blocking buffer for overnight at 4 degree. Subsequently, after washes, cells were incubated with 880 
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1:500 Alexa Fluor 594-conjugated-anti-rabbit-IgG (Jackson Immunoresearch, Catalog#111-585-144) 881 
diluted in blocking buffer for 1hr at room temperature, followed by incubation with 4,6-diamidino-2-882 
phenylindole (Invitrogen, Catalog#D1306) for 5 minutes at room temperature. Coverslips were mounted 883 
in antifade mounting medium (Thermo scientific, Catalog#TA-030-FM) and the fluorescence images 884 
were recorded using a Leica confocal microscope. 885 
  886 
Hi-C 3.0  887 
Hi-C 3.0 was performed based on a recent protocol12, which is largely modified based on in situ Hi-C15. 888 
Briefly, ~5 million SARS-CoV-2 infected A549-ACE2 cells were washed once with PBS to remove 889 
debris and dead cells, trypsinized off the culture plates, and were cross-linked using 1% formaldehyde for 890 
10mins at room temperature, quenched with 0.75M Tris-HCl pH 7.5 for 5mins. These cells were further 891 
cross-linked with 3mM disuccinimidyl glutarate (DSG) for 50mins, and again quenched with 0.75M Tris-892 
HCl pH 7.5 for 5mins. Cross-linked cell pellets were washed with cold PBS, and then resuspended in 0.5 893 
ml ice-cold Hi-C lysis buffer (10 mM Tris-HCl, pH 8.0; 10mM NaCl, 0.2% NP-40 and protease inhibitor 894 
cocktail), and rotated at 4°C for 30 mins. Nuclei were washed once with 0.5 ml ice-cold Hi-C lysis buffer. 895 
After pelleting down the nuclei, 100 μl of 0.5% SDS was used to resuspend and permeabilize the nuclei at 896 
62 °C for 10 mins. Then 260 μl H20 and 50 μl 10% Triton-X100 were added to quench the SDS at 37 °C 897 
for 15 mins. Subsequently, enzyme digestion of chromatin was performed at 37 °C overnight by adding 898 
an additional 50 μl of 10X NEB buffer 2, 100U MboI (NEB, R0147M) and 100U DdeI (NEB, R0175L). 899 
After overnight incubation, the restriction enzyme was inactivated at 62 °C for 20 mins. To fill-in the 900 
DNA overhangs and add biotin, 35U DNA polymerase I (Klenow, NEB, M0210) together with 10 μl of 901 
1mM biotin-dATP (Jeana Bioscience), 1μl 10mM dCTP/dGTP/dTTP were added and incubated at 37°C 902 
for 1 hour with rotation. Blunt end Hi-C DNA ligation was performed using 5000 U NEB T4 DNA ligase 903 
with 10X NEB T4 Ligase buffer with 10mM ATP, 90 μl 10% Triton X-100, 2.2 μl 50mg/ml BSA at room 904 
temperature for four hours with rotation. After ligation, nuclei were pelleted down and resuspended with 905 
440 μl Hi-C nuclear lysis buffer (50mM Tris-HCl pH7.5, 10mM EDTA, 1% SDS and protease inhibitor 906 
cocktail), and further sheared using the parameter of 10/20 secs ON/OFF cycle, 25% Amp, 4 mins by a 907 
QSonica 800R sonicator. Around 10% of the sonicated chromatin was subjected to overnight 908 
decrosslinking at 65°C, protein K treatment, and DNA extraction. After DNA extraction, biotin labelled 909 
Hi-C 3.0 DNAs were purified by 20 μl Dynabeads® MyOne™ Streptavidin C1 beads (Thermo Fisher 910 
65002). The biotinylated-DNA on C1 beads was used to perform on-beads library making with 911 
NEBNext® Ultra™ II DNA Library Prep Kit for Illumina (NEB, E7645L) following manufacturer’s 912 
instructions. The sequencing was done on a NextSeq 550 platform with PE40 mode. 913 
 914 
Chromatin immunoprecipitation (ChIP-Seq) and spike-in calibrated ChIP-Seq 915 
ChIP-Seq was performed as previously described with minor modifications26. For most ChIP-Seqs in 916 
A549-ACE2 cells with Mock treatment or 24-hr SARS-CoV-2 infection, ~5 to 10% of mouse ESCs 917 
(F121-9, a gift from David Gilbert) were added as spike-in controls before sonication with equal 918 
proportions to the two human cell samples (see Extended Data Fig.4a). For cell cross-linking for ChIP-919 
Seq, briefly, the cells were trypsinized in Trypsin-EDTA (or Accutase for mESCs). After centrifugation, 920 
the cells were crosslinked by 1% formaldehyde (FA) in PBS for 10 min. The fixation steps were stopped 921 
in a quenching solution (0.75M Tris-HCl pH 7.5) for 10min. After centrifugation of the cells, we 922 
extracted the nuclei first by buffer LB1 [50 mM HEPES-KOH (pH 7.5), 140 mM NaCl, 1 mM EDTA (pH 923 
8.0), 10% (v/v) glycerol, 0.5% NP-40, 0.25% Triton X-100 and 1×cocktail protease inhibitor], and then 924 
by LB2 [10 mM Tris-HCl (pH 8.0), 200 mM NaCl, 1 mM EDTA (pH 8.0), 0.5 mM EGTA (pH 8.0) and 925 
1×cocktail protease inhibitor]. After centrifuge, the nuclei were suspended in buffer LB3 [10 mM Tris-926 
HCl (pH 8.0), 100 mM NaCl, 1 mM EDTA (pH 8.0), 0.5 mM EGTA (pH 8.0), 0.1% Na-deoxycholate, 927 
0.5% N-lauroyl sarcosine and 1×cocktail protease inhibitor], and the chromatin was fragmented by using 928 
Q800R3 sonicator (QSonica) using conditions of 10 seconds ON, 20 seconds OFF for 7-9 mins (at 20% 929 
amplitube). Sheared chromatins were collected by centrifugation, and were incubated with appropriate 930 
antibodies (often 2-3μg) at 4°C overnight. The next morning, the antibody-protein-chromatin complex 931 
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was retrieved by adding 25μl pre-washed Protein G Dynabeads (Thermo Fisher Scientific, 10004D). 932 
Immunoprecipitated chromatin DNA was de-crosslinked by 65ºC heating overnight using elution buffer 933 
(1% SDS, 0.1M NaHCO3), and then treated by RNase A and proteinase K, which was finally purified by 934 
phenol chloroform. The DNAs were subjected to sequencing library construction using NEBNext® 935 
Ultra™ II DNA Library Prep Kit for Illumina (NEB, E7645L), and were deep sequenced on a NextSeq 936 
550 platform using 40nt/40nt pair-ended mode. The antibodies used for ChIP-Seq include RNA 937 
Polymerase II (RPB1 N terminus, Cell Signaling Technology, #14958S, Lot4), RAD21 (Abcam, Ab992, 938 
Lot: GR214359-10), SMC3 (Abcam, Ab9263, Lot:GR466-7), CTCF (Millipore, 07-729), H3K4me3 939 
(Abcam, Ab8580, Lot: GR3264490-1), H3K9me3 (Abcam, Ab8898, Lot: GR164977-4), H3K27ac 940 
(Abcam, Ab4729, Lot: GR3357415-1), H3K27me3 (Cell Signaling Technology, #9733S, Lot19) and HA 941 
(Abcam, Ab9110, Lot:GR3231414-3).  942 
 943 
Ribo-depleted total RNA sequencing (RNA-Seq) 944 
Total RNAs from mock or virus infected A549-ACE2 cells were extracted by TRIzol, and 100-200ng of 945 
total RNAs were used for making strand-specific ribosome-RNA-depleted sequencing library by the NEB 946 
Ultra II Directional RNA library kit (E7760L) following manufacturer's instructions. Libraries were 947 
sequenced on a NextSeq 550 using 40nt/40nt pair-ended mode. 948 
 949 
Bioinformatic analyses: 950 
Calibrated ChIP-Seq analyses 951 
Sequencing reads were aligned to a concatenated genome of hg19 human genome assembly and mm9 952 
mouse genome assembly with STAR v 2.7.027. Duplicated reads were removed, and only unique aligned 953 
reads will be considered for later visualization and quantification. The scaling factor was calculated as the 954 
ratio of the number of reads uniquely aligned to human chromosomes versus the number of reads aligned 955 
to mouse chromosomes (Extended Data Fig.4a). Uniquely aligned human reads were extracted with 956 
samtools28, and normalized by the corresponding scaling factor with deeptools29. For RBP1 ChIP-Seq 957 
gene transcription quantification, hg19 RefSeq gene annotation coordinates were used. The peak-calling 958 
of most ChIP-Seq were performed with the parameters of -f BAM -q 0.01 in MACS2 30. For each peak, 959 
we considered it with a log2 fold change of calibrated ChIP-Seq signal greater than 1 or lower than one as 960 
gained peak or reduced peak. ChIP-Seq reads are summarized in Extended Data Table 1. A public 961 
NIPBL ChIP-Seq dataset was obtained from SRR3102878. 962 
 963 
RNA-Seq analysis 964 
RNA-Seq reads were aligned to the hg19 reference human genome or SARS-CoV-2 viral genome 965 
(NC_045512.2) with STAR v 2.7.027. The percentage of reads uniquely aligned to SARS-CoV-2 genome 966 
versus total reads was calculated to verify a high viral infection rate. For human gene quantification, only 967 
uniquely aligned reads mapped to the hg19 genome were kept for further analysis. Differential gene 968 
expression analyses were performed with EdgeR, and genes with |FC|>2, FDR<0.05 were considered as 969 
significantly differential expressed genes.   970 

Hi-C 3.0 data processing 971 
Hi-C 3.0 raw data was primarily processed with HiC-Pro31. The pair of reads were mapped to the human 972 
reference genome assembly hg19, and multi-mapped pairs, duplicated pairs, and other unvalid 3C pairs 973 
were filtered out following the standard procedure of HiC-Pro. All valid Hi-C pairs were merged between 974 
replicates (unless specified noted), and were further converted to Juicebox format32 or cooler format33 for 975 
visualization and further analyses. Hi-C contact matrices were normalized with cooler balance function33. 976 
Reads numbers of Hi-C are listed in Extended Data Table 1. The SCC correlation coefficients between 977 
two replicates were calculated to assess the reproducibility of Hi-C experiments13. The P(s) curve was 978 
calculated as a function between contact frequency (P) and genomic distances(s) (Fig. 1e). Only intra-979 
chromosomal pairs (cis) were used to calculate P(s) curve.  980 
 981 
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A/B Compartment analyses 982 
A/B nuclear compartments were identified based on decomposed eigenvectors (E1) from 20kb or 100kb 983 
Hi-C contact matrices using cooltools. A/B compartmental scores (E1) were corrected by GC densities in 984 
each bin.  Saddle plot analyses were performed to measure the compartmentalization strength in a 985 
genome-wide scale using cooltools compute-saddle (similar to8,10). Briefly, we first sorted the rows and 986 
the columns in the order of increasing compartmental scores within observed/expected (O/E) contact 987 
maps based on the data in Mock cells. Then we aggregated the rows and the columns of the resulting 988 
matrix into 50 equally sized aggregate bins, and plotted the aggregated observed/expected Hi-C matrices 989 
as the “saddle” plots (Fig.2e). In Fig.1c and other few places, Pearson correlation Hi-C matrices were 990 
used to emphasize the compartmental checkerboard pattern. We first calculated the observed/expected Hi-991 
C maps as OE matrices (bin size = 80,000 bp). Each value (i,j) in Pearson matrices indicates the Pearson 992 
correlation coefficient between the i-th column of OE matrices and the j-th column of OE matrices (bin 993 
size = 80,000bp). The sliding correlation score (Extended Data Fig.3b) was obtained based on Pearson 994 
correlation matrices, and we largely follow a previous work9. Briefly, for each genomic bin i (bin size = 995 
80,000bp), we calculated the Pearson correlation coefficient between the i-th column and i+1-th column 996 
of Pearson correlation matrices, as the sliding correlation score. This score indicates correlation for each 997 
region as compared to the neighboring region. Valleys of SC score imply strong differences in long-range 998 
contact pattern observed at a locus as compared to its neighboring loci, indicating a change in 999 
compartment. Compartmental domains are genomic regions with continuous positive or negative 1000 
compartmental scores (E1), identified by applying HOMER tool (findHiCCompartments.pl) on E1 scores. 1001 
For changes of compartmental strength (Fig.2a and Extended Data Fig.3a), the changes for each 1002 
genomic region between Mock and SARS-CoV-2 samples were identified based on 100kb-binned 1003 
compartmental scores (E1) of two Hi-C 3.0 replicates, largely following a previous study16. For each 1004 
100kb, a student’s t-test was first performed on Mock and SARS-CoV-2 compartmental scores (E1). Only 1005 
the 100kb bins that have |delta E1| > 0.2 and P-value < 0.05 were considered as bins with changed 1006 
compartmental strength. Different categories of compartment changes (in Fig. 2a) were defined as below 1007 
(similar to16): A to stronger A: (Mock-E1 - SARS-CoV-2-E1) < -0.2, Mock-E1>0.2; B to A: (Mock E1 - 1008 
SARS-CoV-2 E1) <-0.2, Mock-E1 < -0.2, SARS-CoV-2-E1>0;  B to weaker B: (Mock- E1 - SARS-CoV-1009 
2 E1) < -0.2, Mock-E1 <-0.2, SARS-CoV-2-E1<0; B to stronger B: (Mock-E1 - SARS-CoV-2-E1)>0.2, 1010 
Mock-E1 < -0.2; A to B: (Mock-E1 - SARS-CoV-2-E1)<-0.2,  Mock-E1 > 0.2, SARS-CoV-2-E1<0; A to 1011 
weaker A: (Mock-E1 - SARS-CoV-2-E1)<-0.2, Mock-E1 > 0.2, SARS-CoV-2-E1>0.  1012 
 1013 
TADs and insulation scores 1014 
Hi-C 3.0 data were used to identify topologically associating domains (TADs) in A549-ACE2 cells 1015 
following standard 4D Nucleome consortium protocol (github.com/4dn-dcic/docker-4dn-insulation-1016 
scores-and-boundaries-caller). First, insulation scores 18 and boundary strengths of each 10kb bin with a 1017 
200kb window size were measured to quantify the TAD insulation using cooltools 1018 
(https://github.com/open2c/cooltools/blob/master/cooltools/cli/diamond_insulation.py). Then, we 1019 
identified TAD boundaries respectively in Mock and SARS-CoV-2 infected samples by using a boundary 1020 
score cutoff of 0.5. We further merged TAD boundaries identified in these two conditions, and compared 1021 
insulation scores at merged TAD boundaries (Fig. 3d). Merged TAD coordinates were used to perform 1022 
downstream analyses. For each TAD, we quantified its mean Hi-C contacts throughout the domain 1023 
(excluding very short distant interactions <15kb), which is considered intra-TAD interaction used in the 1024 
paper. Based on the log2 fold changes of intra-TAD mean Hi-C contacts (SARS-CoV-2 / Mock), we 1025 
ranked all TADs into six categories (Top 5%, top 5~10%, 10~50%, 50~90%, bottom 5~10%, bottom 1026 
5%), and calculated different epigenomic features of these six categories. For histone modifications or 1027 
chromatin regulatory factors that have sharp peaks in ChIP-Seq (like H3K27ac, H3K4me3, CTCF or 1028 
cohesin subunits), we quantified the numbers of peaks or the numbers of gained or lost peaks in different 1029 
TADs. For modifications or factors that have broad ChIP-Seq patterns (like H3K9me3 and H3K27me3), 1030 
we quantified the calibrated ChIP-Seq reads throughout the TADs. The enrichments of these ChIP-seq 1031 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 

The copyright holder for this preprint (whichthis version posted July 21, 2021. ; https://doi.org/10.1101/2021.07.20.453146doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.20.453146
http://creativecommons.org/licenses/by-nc-nd/4.0/


32 

signals were calculated by dividing the median or mean quantification inside these six categories by the 1032 
genome-wide median or mean quantification.  1033 
 1034 
Chromatin loop calling and enhancer-promoter contacts  1035 
For loop calling, we largely followed a recent 4DN benchmarking paper12. In brief, we used a 1036 
reimplement of HICCUPS loop-calling tool, call-dots function inside cooltools 1037 
(https://github.com/open2c/cooltools/blob/master/cooltools/cli/call_dots.py) to identify structural 1038 
chromatin loops in different samples. We first called loops at 5kb and 10 kb resolution separately, then 1039 
used the following strategy to merge 5kb and 10kb loops. 5kb loops called at both 10kb and 5kb 1040 
resolution were first kept, all unique 10kb resolution loops were kept, and only unique 5kb loops that are 1041 
smaller than 100kb were kept.  Differential loops were identified by first quantifying the Hi-C raw 1042 
contacts at 40kb resolution of each called loop, and then by performing DESeq2 differential analyses on 1043 
these raw counts. We considered loops with a DESeq2 FDR <0.1 and a log2FC >0 or <0 as virus-1044 
strengthened or weakened chromatin loops. The APA (Aggregation Peak Analysis) was performed by 1045 
superimposing observed/expected Hi-C matrices on merged loops with the coolpuppy tool34.  1046 
 1047 
Activity by Contact (ABC) score 1048 
ABC score calculation largely follows a previous study2 with modifications. For A score (enhancer 1049 
activity) of a gene, we first identified all putative enhancers of this gene by selecting H3K27ac ChIP-Seq 1050 
peaks located within 1Mb of the promoter. Then we quantified the calibrated H3K27ac ChIP-Seq signals 1051 
on these putative enhancers (extended 150bp from MACS2 peaks) as A scores. The A-only quantification 1052 
of enhancer activity for this gene will be the sum of the A scores for all putative enhancers. For C score 1053 
(enhancer-promoter contact) between a gene and putative enhancers, we quantified the normalized Hi-C 1054 
contacts formed in between the 5kb bins harboring the gene promoter and the putative enhancer. For the 1055 
ABC score, we multiplied the A score of each enhancer by the C score, and generated the summation of 1056 
these if multiple putative enhancers exist for a gene. P score of any gene was calculated as the calibrated 1057 
H3K4me3 ChIP-Seq signal at its promoter region (+/- 2.5kb from TSS) of a gene. For ABC-P or ABC-P2 1058 
scores, we multiplied the summed ABC score of a gene by its P score (promoter H3K4me3 signal) or by 1059 
the square of its P score. The transcriptional changes of any gene were calculated based on the log2 fold 1060 
change of RBP1 ChIP-Seq reads over the whole gene body (average of three ChIP-Seq replicates). 1061 
Pearson correlation coefficient was used to measure the correlation between ABC score change and 1062 
transcriptional change. The list of interferon response (IFN) genes was obtained from GSEA molecular 1063 
signature databases (Interfero_Alpha_Response), and the list of pro-inflammatory (PIF) genes was 1064 
manually curated based on recent literature11 studying immuno-pathology of SARS-CoV-2 infection (see 1065 
Extended Data Table 3). 1066 
 1067 
Statistics 1068 
qPCR data was analyzed by Prism and presented as mean±SD, which are indicated in figure legends. At 1069 
least two biological replicates were conducted for RNA-Seq, ChIP-Seq or Hi-C sequencing. Student’s t-1070 
test (two-tailed) was commonly used to compare means between two qPCR groups; p < 0.05 was 1071 
considered significant, and we labeled the p values with asterisks in each figure panel (*, p < 0.05; **, p < 1072 
0.01; ***: p < 0.001). Statistical analyses for sequencing data were performed with Python or R scripts. 1073 
Key softwares or algorithms used in our analysis of sequencing data are listed in methods.  1074 
  1075 
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Extended Data Fig.1
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Extended Data Fig.2
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Extended Data Fig.3
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Extended Data Fig.4
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Extended Data Fig.5
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Extended Data Fig.6
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Extended Data Fig.7
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Extended Data Fig.8
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Genes close to virus-gained H3K4me3 peaks

Extended Data Fig.9

a b

Total Gained Reduced
0

5000

10000

15000

20000

25000

30000

P
ea

k 
nu

m
be

rs
H3K4me3 peaks

edc

Pro-inflammation gene transcription  
- ABC scores

f

Log2 FC of ABC scores

Top DNA motifs 
in gained H3K4me3 peaks

TXN ABC
−2

−1

0

1

2
CXCL8

TXN ABC ABC-P
−2

−1

0

1

2

Lo
g2

 F
C

 

IL-6

CXCL8 locus

TNF-alpha signaling via NF-kB

TGF-beta Signaling

UV Response Dn

Epithelia Mesenchymal Transition

Inflammatory Response

0 4 8 12
-log10(p-value)

IRF2, P-value = 1e-27, 
6.95% Targets, 2.24% Background

*TXN = true transcription change
by RNA Pol2 ChIP-Seq

lo
g2

 F
C

 o
f t

ra
ns

cr
ip

tio
na

l c
ha

ng
es

(R
P

B
1 

C
hI

P
-S

eq
)

Tr
ue

 L
og

2 
FC

P
ol

2 
C

hI
P

-S
eq

ABC-P2 ABC-P ABC-P2

Mock

SARS-CoV-2
10

−3

10
−2

0

25

0

25

0

10

0

10

0

10

0

10

74.5 Mb 74.54 Mb 74.58 Mb 74.62 Mb 74.66 Mb

Genes CXCL8

C
T
A
G
T
C
G
A
C
T
G
A
C
G
T
A
T
A
C
G
G
A
C
T
T
C
A
G
T
C
G
A
G
T
C
A
T
G
C
A
T
A
C
G
A
G
C
T

C
T
A
G
T
C
G
A
C
G
A
T
A
C
T
G
C
G
T
A
T
A
C
G
A
G
C
T
T
G
A
C
G
C
T
A
A
C
G
T
G
A
T
C
T
A
G
C

Fosl2, P-value = 1e-24, 
10.47% Targets, 4.61% Background

C
T
A
G
T
C
G
A

ACGTACT
G

CG TATAGCCGA
T

G TA
C

CG TAAGCTGATCGTAC
Jun-AP1, P-value = 1e-23, 
8.03% Targets, 3.14% Background

T
C
A
G

C TG
A

CG TACG TATACGGCATC TA
G

C TG
A

CG TACG TATACGGACT
IRF1, P-value = 1e-19, 
8.03% Targets, 3.44% Background

*

*

R
A

D
21

H
3K

4m
e3

H
3K

27
ac

Mock

SARS-CoV-2

Mock

SARS-CoV-2

Mock

SARS-CoV-2

−2 0 2 4
−2

0

2

4

Pearson R:0.51

*

*

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 

The copyright holder for this preprint (whichthis version posted July 21, 2021. ; https://doi.org/10.1101/2021.07.20.453146doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.20.453146
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 

Extended Data Figure legends: 581 

Extended Data Figure 1. Overview of several layers of 3D chromatin architectures; overview and 582 

quality control of viral infection in our study. 583 

a. A diagram showing the typical contact map patterns in Hi-C (and Hi-C 3.0 or other modified Hi-C 584 

approaches) that define A/B compartments, Topologically Associating Domains (TADs), chromatin loops 585 

or intra-TAD interactions (which perhaps include most enhancer-promoter contacts). This is an overall 586 

summary of these structures, but the exact definition of some structures may be subjected to variable 587 

interpretation, and the terminology may not always be used consistently5–7,15.  588 

Often, A/B compartmentalization is illustrated by a checkerboard pattern of Hi-C contact 589 

matrices over large genomic sizes, indicating preferential interactions between genomic regions belonging 590 

to the same type of compartments (A: euchromatin and transcriptionally active; B: heterochromatin, 591 

transcriptionally inactive). TADs or chromatin domains are often characterized as a square or triangle-like 592 

structure on chromatin contact maps, reflecting a higher contact frequency between any regions inside the 593 

same TAD than with regions outside of the TAD. Intra-TAD enhancer-promoter contacts are considered 594 

to be facilitated by TADs, while TAD boundaries prevent aberrant interaction with regions outside of 595 

TADs.  596 

In Hi-C maps, the dot-shaped structures on the tip of domains suggests local enrichment of spatial 597 

interaction between a pair of two loci over nearby regions, and is regarded as a chromatin loop in this 598 

work. But loops may be subjected to other definitions in other studies. For example, enhancer-promoter 599 

contacts often do not appear as dot-shaped structures in Hi-C, but may be defined as loops by other work 600 

or other methods. Additional discussion, see5,7. 601 

b.  Cartoon diagrams describe A-A and B-B association preference within regions of similar epigenetic 602 

features, which compartmentalizes chromosomes into A and B (the left part of the diagram). The diagram 603 

in the middle depicts a current model of cohesin loop extrusion inside TADs that generated such 604 

structures. The right side shows a zoom-in view of a part of a TAD that harbors enhancer-promoter 605 

contact that may play roles in gene transcriptional regulation. 606 

c.  A workflow showing the experimental design. 607 

d. A barplot showing the percentage of RNA-Seq reads mapped to SARS-CoV-2 genome in Mock, 6-hr 608 

post infection (6hpi, 0.1 MOI), and 24 hpi (0.1 MOI) conditions. Mean and standard deviation (error bar) 609 

were calculated based on two biological replicates of RNA-Seq. 610 

e. Confocal images showing immunofluorescence staining of DAPI (DNA, blue) and the Spike protein of 611 

SARS-CoV-2 (red) in Mock and 24hpi (0.1 MOI) infected A549-ACE2 cells. Scale bars are shown. 612 

 613 

.CC-BY-NC-ND 4.0 International licenseavailable under a
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 

The copyright holder for this preprint (whichthis version posted July 21, 2021. ; https://doi.org/10.1101/2021.07.20.453146doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.20.453146
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 

Extended Data Figure 2. Replicates consistency of Hi-C 3.0, and the increase of trans-chromosomal 614 

interactions after SARS-CoV-2 infection. 615 

a,b.  Barplots showing the SCC correlation coefficients13 between two Hi-C 3.0 replicates of Mock or 616 

SARS-CoV-2 conditions for different chromosomes.  617 

c. Snapshots showing two replicates of Hi-C contact matrices and compartmental score (E1) tracks in the 618 

same genomic region shown in Fig.1b. The left two matrices show data of replicate 1 (rep1), and the right 619 

two matrices show replicate 2 (rep2). Green boxes show two regions with increased A-B compartmental 620 

mixing or weakened A compartment after virus infection. 621 

d. A heatmap shows the log2 fold change of inter-chromosomal interactions between two pairs of any two 622 

chromosomes (SARS-CoV-2/Mock). 623 

e. A barplot showing the trans/cis Hi-C contacts ratio in two replicates of Mock or SARS-CoV-2 infected 624 

cells. Trans contacts indicate chromatin interactions formed in between two different chromosomes. Mean 625 

and standard deviation (error bar) were calculated based on two biological replicates of Hi-C. 626 

 627 

 628 

Extended Data Figure 3. Additional data of A/B compartmental changes. 629 

a. A barplot showing the percentage of genomic bins (100kb bin size) that can be categorized into six 630 

groups based on their compartmental score changes (E1 value). These six categories are: A to weaker A, 631 

A to B, B to stronger B, B to weaker B, B to A, and A to stronger A. 632 

b. A diagram showing the basis of sliding correlation score to examine changes of compartmental 633 

interactions based on Pearson’s correlation matrices (see9, see Methods). On the right, a meta-profile plot 634 

of SC (sliding correlation) scores near the A/B transition (compartmental domain boundaries). Grey: 635 

Mock; Red: SARS-CoV-2. Compartmental domains were defined with E1 scores using HOMER 636 

(findHiCCompartments.pl)(see Methods). 637 

c. Snapshots of inter-chromosomal Hi-C contact matrices between chr17 and chr18 (upper), and intra-638 

chromosomal Hi-C contact matrices within chr18 (lower) in Mock and SARS-CoV-2 infected samples. 639 

On the right, differential contacts are shown as log2 fold changes of SARS-CoV-2/Mock. PCA E1 scores 640 

were put at sides to show the A or B compartments. Red and black arrowheads respectively point to 641 

increased A-B and reduced A-A interactions after SARS-CoV-2 infection. 642 

 643 

 644 

Extended Data Figure 4. Calibrated ChIP-Seqs demonstrate epigenome reprogramming by SARS-645 

CoV-2 infection. 646 
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a. A diagram illustrating the design of spike-in calibrated ChIP-Seq using mouse ESCs as spike-in for 647 

human A549 cells (with or without infection). 648 

b,c. Barplots showing the human/mouse reads ratio in both Mock and SARS-CoV-2 conditions which 649 

permit calibrated ChIP-Seq analyses of H3K27ac, H3K4me3, H3K27me3, and H3K9me3. A scale factor 650 

for each histone mark ChIP-seq was denoted above each plot. 651 

d,e,f,g. Scatter plots show virus-caused genome-wide changes of histone mark ChIP-Seq signals at 100kb 652 

bins for H3K27ac, H3K4me3, H3K9me3 and H3K27me3. The x,y-axis are natural logarithmically scaled 653 

reads densities from calibrated ChIP-Seq data. Dotted lines denote changes by two folds. 654 

h. Snapshots of Pearson’s correlation matrices, E1 compartmental scores, sliding correlation scores (SC), 655 

as well as ChIP-Seq tracks of H3K27ac and H3K9me3 in Mock or SARS-CoV-2 infected cells. The right 656 

side shows the difference of Pearson’s correlation matrices between SARS-CoV-2 and Mock (pink shows 657 

decrease). Red arrowheads on top of the H3K27ac peaks show strong reduction of this active mark after 658 

infection, which was accompanied by quantitative increase of H3K9me3 signals at the same region (black 659 

arrowheads). Accordingly, this entire A compartment shows reduced PCA E1 scores (yellow in the E1 660 

track), showing less compartmental interactions within the same compartment but more interactions with 661 

nearby B compartments (see the differential Pearson’s correlation matrices to the right). 662 

 663 

 664 

Extended Data Figure 5. Cohesin depletion specifically from intra-TAD regions after SARS-CoV-2 665 

infection. 666 

a. Western blots showing the protein abundance of cohesin (RAD21, SMC3) and CTCF in Mock and 667 

SARS-CoV-2 infected cells. GAPDH was used as a loading control. 668 

b. Barplots showing the human/mouse reads ratio in both Mock and SARS-CoV-2 conditions that permit 669 

calibrated ChIP-Seqs of CTCF, RAD21, SMC3 and RNA Pol2 (RPB1). These factors were not globally 670 

affected by virus infection (so the ratios are comparable in mock and infected conditions). 671 

c. Barplot showing the number of total, gained or lost RAD21 ChIP-Seq peaks after SARS-CoV-2 672 

infection at 24hpi.  673 

d. Profile plots showing the signals of RAD21 ChIP-Seq on the gained or lost ChIP-Seq peaks in Mock 674 

and SARS-CoV-2 conditions. 675 

e,f,g,h. Similar to panels c,d, these panels are generated based on calibrated ChIP-Seqs of SMC3 and 676 

CTCF respectively. 677 

 678 

 679 
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Extended Data Figure 6. Globally weakened intra-TADs chromatin interactions and the association 680 

with altered repressive histone modifications. 681 

a. A boxplot showing the log2 fold changes of intra-TAD Hi-C contacts for six categories of TADs. All 682 

TADs are ranked based on the quantitative changes of intra-TADs interactions and the six categories 683 

include the Top 5%, top 5~10%, 10~50%, 50~90%, bottom 5~10%, and the bottom 5%, respectively.  684 

b,c,d. Boxplots showing the log2 fold changes of H3K27ac, H3K9me3 and H3K27me3 ChIP-Seq signals 685 

in the six categories of TADs as shown in panel a. P-value in panel d: Mann-whitney U test. 686 

For all boxplots, the centre lines represent medians; box limits indicate the 25th and 75th percentiles; and 687 

whiskers extend 1.5 times the interquartile range (IQR) from the 25th and 75th percentiles.  688 

 689 

 690 

Extended Data Figure 7. Dot-shaped chromatin loops are largely unaltered after SARS-CoV-2 691 

infection, but a subset of them are changed. 692 

a. Aggregated peak analysis (APA) shows the strength of all chromatin loops (observed/expected) in 693 

Mock (left) and SARS-CoV-2 (right) infected cells for 11,926 dot-shaped loops called by HICCUPS 694 

algorithm.  695 

b. Volcano plot generated by DEseq2 using the two replicates of Hi-C 3.0 that defines quantitatively 696 

changed loops after SARS-CoV-2 infection (FDR < 0.1, see Methods25). 697 

c. APA plots for the subsets of virus-weakened and strengthened loops. The numbers of such loops are 698 

shown. For APA plots in panels a and c, the bin size for plotting the heatmap is 5kb, and the heatmaps 699 

show genomic regions +/- 100kb surrounding the loop anchors. The numbers on the heatmaps indicate the 700 

central pixel values. 701 

d. A boxplot showing the loop sizes of strengthened and weakened loops. P-values: Mann-whitney U test. 702 

e. Boxplots showing the virus induced fold changes of cohesin binding (measured by calibrated cohesin 703 

ChIP-Seq reads) on the loop anchors of the two groups of loops: those quantitatively strengthened or 704 

weakened. P-values: Mann-whitney U test. 705 

f. Boxplots showing the distances of each loop anchor to its closest TAD boundary for two groups of 706 

virus-affected loops: those quantitatively strengthened or weakened. P-values: Mann-whitney U test. 707 

g.  The distribution of loop anchors based on locations relative to its hosting TAD for the two groups of 708 

virus-affected loops: those quantitatively strengthened or weakened. Y-axis indicates the percentage of 709 

loop anchors in each position relative to hosting TADs. 710 

For all boxplots, the centre lines represent medians; box limits indicate the 25th and 75th percentiles; and 711 

whiskers extend 1.5 times the interquartile range (IQR) from the 25th and 75th percentiles.  712 

 713 
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Extended Data Figure 8. SARS-CoV-2 disrupts chromatin architecture to antagonize the 714 

transcriptional activation of interferon response genes.  715 

a. Boxplots showing the expression deregulation of key interferon response (IFN) and pro-inflammatory 716 

genes after SARS-CoV-2 infection or IFN-beta treatment (1000u, 6-hr), as shown by RNA-Seq changes. 717 

For boxplots, the centre lines represent medians; box limits indicate the 25th and 75th percentiles; and 718 

whiskers extend 1.5 times the interquartile range (IQR) from the 25th and 75th percentiles. P-value: 719 

Mann-whitney U test. 720 

b,c. Heatmaps of select IFN or pro-inflammatory genes showing their fold changes in Pol2 ChIP-Seq or 721 

RNA-seq after SARS-CoV-2 infection or IFN-beta treatment (1000u, 6-hr). 722 

d,e. Snapshots of Hi-C contact matrices and calibrated ChIP-Seq tracks for indicated factors at two key 723 

loci coding for virus RNA sensors: DDX58 (coding for RIG-I) and IFIH1 (coding for MDA5). Left: 724 

Mock; right: SARS-CoV-2. Blue arrows point to reduced dot-shaped loops. The intra-TAD interactions 725 

were weakened throughout these two TADs. Red asterisks show reduced H3K27ac peaks by virus 726 

infection. Green arrows show H3K4me3 peaks that are not changed for these genes.    727 

f. A scatter plot showing a poor correlation between the C score only (from Hi-C contact, x-axis) and the 728 

true transcriptional changes of IFN genes by SARS-CoV-2 (y-axis, RPB1 ChIP-Seq).  A liner regression 729 

fitted line and its 95% confidence interval are also shown. 730 

g. Similar to panel f, this is a scatter plot showing a poor correlation between the A score only (from 731 

enhancer H3K27ac activity, x-axis) and the true transcriptional changes of IFN genes by SARS-CoV-2 732 

(y-axis, RPB1 ChIP-Seq).  733 

h. (Left) Design of gRNAs/CRISPRi that target the weakened enhancers seen in SARS-CoV-2 infected 734 

cells (the red asterisks); this IFIT locus is also shown in Fig.4b with more information there. (Right) RT-735 

qPCR results showing that CRISPRi inhibition of the enhancers reduced IFIT gene expression in response 736 

to poly(I:C), a synthetic viral mimicry. gRNA1 and gRNA2 are two gRNAs targeting the same enhancer 737 

(see Extended Data Table 2).  738 

i. Similar to panel h, this is the RT-qPCR result showing that CRISPRi inhibition of the enhancer in 739 

DDX58 locus reduced its response to poly(I:C). The DDX58 enhancer location for the CRISPRi is shown 740 

in panel d. Data in panels h,i show Mean +/- SD from three biological replicates (n=3); p values: two 741 

tailed student’s T-test (*, p<0.05; **, p<0.01; ***, p<0.001)  742 

 743 

 744 

Extended Data Figure 9. Pro-inflammatory genes were induced by SARS-CoV-2 via augmented 745 

promoter activity. 746 
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a. A scatter plot showing good correlation between the ABC score (x-axis) and the true transcriptional 747 

changes of pro-inflammatory (PIF) genes by SARS-CoV-2 (y-axis, RPB1 ChIP-Seq). But the true 748 

changes (y axis) are much higher than the modeled changes based on ABC scores (x-axis), as all the data 749 

points are above the diagonal (also see Fig.4f for revised ABC-P2 scores). A liner regression fitted line 750 

and its 95% confidence interval are also shown. 751 

b. Bar graphs showing the fold changes of two key PIF genes, IL-6 and CXCL8, in several conditions: 752 

true RPB1 ChIP-Seq fold changes after SARS-CoV-2 infection (TXN); fold changes modeled by ABC 753 

score; modeled by ABC algorithm with inclusion of promoter H3K4me3 strength (ABC-P); modeled by 754 

ABC algorithm with inclusion of a square of promoter H3K4me3 strength (ABC-P2). Promoter strength is 755 

required to revise the ABC algorithm to model transcriptional increases of pro-inflammatory genes after 756 

SARS-CoV-2 infection.  757 

c. Snapshots of Hi-C contact matrices and calibrated ChIP-Seq tracks for indicated factors at another key 758 

gene loci coding for pathologically critical proinflammatory cytokines in COVID-19 patients: CXCL8 759 

(a.k.a. IL-8). Red asterisks show reduced H3K27ac peaks. Green arrows show increased H3K4me3 peaks 760 

at its promoter by SARS-CoV-2 infection. The intra-TAD interactions were weakened throughout the 761 

TAD.    762 

d. Barplot showing the numbers of total, gained or reduced H3K4me3 ChIP-Seq peaks after SARS-CoV-763 

2 infection for 24hpi.  764 

e. Hallmark signature analysis of genes close to H3K4me3 peaks gained in virus-infected condition show 765 

gene signatures associated with TNF-alpha, TGF-beta signaling or inflammatory responses, which are 766 

associated with pathological symptoms in COVID-19 patients. 767 

g. Motif analysis of H3K4me3 peaks increased in SARS-CoV-2 infected cells show that the top ranked 768 

motifs are IRF1/2 and Jun/AP1, suggesting their potential roles in transcriptional activation of 769 

inflammation genes. Motif analysis was done by HOMER, and the P values and percentages of sites with 770 

motifs are shown. 771 

 772 

Extended Data Table 1. A summary of the Hi-C 3.0, calibrated ChIP-Seq, RNA-Seq datasets generated 773 

in this study. 774 

 775 

Extended Data Table 2. Primers and oligos used in this study. 776 

 777 

Extended Data Table 3.  Gene lists of IFN (interferon response genes) and PIF (pro-inflammatory) 778 

genes used in this study. 779 

780 
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