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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged at the end
0f 2019 and caused the devastating global pandemic of coronavirus disease 2019
(COVID-19), in part because of its ability to effectively suppress host cell responses'™.
Inrare cases, viral proteins dampen antiviral responses by mimicking critical regions
of human histone proteins*8, particularly those containing post-translational
modifications required for transcriptional regulation’ ™. Recent work has
demonstrated that SARS-CoV-2 markedly disrupts host cell epigenetic regulation'> ™,
However, how SARS-CoV-2 controls the host cell epigenome and whether it uses
histone mimicry to do so remain unclear. Here we show that the SARS-CoV-2 protein
encoded by ORF8 (ORF8) functions as a histone mimic of the ARKS motifs in histone
H3to disrupt host cell epigenetic regulation. ORF8is associated with chromatin,
disrupts regulation of critical histone post-translational modifications and promotes
chromatin compaction. Deletion of either the ORF8 gene or the histone mimic site
attenuates the ability of SARS-CoV-2 to disrupt host cell chromatin, affects the
transcriptional response to infection and attenuates viral genome copy number.
These findings demonstrate a new function of ORF8 and a mechanism through which
SARS-CoV-2 disrupts host cell epigenetic regulation. Further, thiswork provides a
molecular basis for the finding that SARS-CoV-2 lacking ORF8is associated with
decreased severity of COVID-19.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
provento bea highly virulentvirus resultinginadevastating and global
pandemic. While recent findings have suggested that SARS-CoV-2 infec-
tion disrupts epigenetic regulation'>™* and suppresses the innate anti-
viral host cell response’ ™3, it is unclear how this occurs. In rare cases,
other highly virulent viruses interfere with host cell epigenetic regula-
tion through mimicry of host cell proteins™™, particularly histones*®,
Histones function by wrapping DNA into complex structures and, in
doingso, controlaccess to the genome. Histone proteins are modified by
awide range of post-translational modifications (PTMs) that are dynami-
cally regulated to control gene expression® ™. Histone mimicry allows
virusesto disrupt the host cell’s ability to regulate gene expression and
respondtoinfection effectively. However, no validated cases of histone
mimicry have previously been reported within coronaviruses. Although

SARS-CoV-2 probably uses many mechanisms to interfere with host cell
functions, we examined whether it uses histone mimicry to disrupt
chromatin regulation and the transcriptional response to infection.

ORFS8 contains a histone H3 mimic

To determine whether histone mimicry isused by SARS-CoV-2, we first
performed a bioinformatic comparison of all SARS-CoV-2 viral pro-
teins'® with all human histone proteins (Extended Data Fig. 1a,b). Most
SARS-CoV-2 proteins are highly similar to those in the coronavirus strain
that caused the previous major SARS-CoV outbreak with the notable
exception of the proteins encoded by ORF3b and ORFS8, of which ORF8
isthe most divergentin SARS-CoV-2 (refs**°). Notably, we detected an
identical match between amino acids 50-55 of the protein encoded by
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Fig.1| ORF8 associates with chromatin. a, ORF8 contains an ARKS motif
atamino acid 50 that matches the histone H3 tail. b, Lamin A/C staining of
HEK293T cells transfected to express Strep-ORF8. ¢, ORF8 and lamin

A/C staining of SARS-CoV-2-infected A549*“® cellsat MOl =1, 48 h after
infection.d, Sequential salt extraction of HEK293T cells expressing ORF8 or
ORF84ARKSAP @ Gene tracks for ORF8 ChIP-seqnormalized to input controls.
f, Targeted mass spectrometry analysis of trypsin-digested ORF8 showing
that ORF8isacetylated atlysine 52. The intact peptide or precursor at
879.9508 m/zwitha2+charge wasisolated and fragmented. Tandem mass

ORF8and critical regions within the histone H3 N-terminal tail (Fig. 1a).
Furthermore, ORF8 aligns to a longer sequential set of amino acids
(six residues) than in any previously described and validated case of
histone mimicry*’? or a putative histone mimic in the SARS-CoV-2
envelope protein*? (Extended DataFig.1c,d). On the basis of a crystal
structure of ORF8, theseresidues arelocated inadisordered region on
the surface of the protein in an ORF8 monomer?. Most compellingly,
the motif contains the ‘ARKS’ sequence, whichis found at two distinct
sites in the histone H3 tail (Fig. 1a) and is well established as one of
the most critical regulatory regions within H3. Both H3 ARKS sites are
modified with multiple PTMs, including mono-, di- and trimethyla-
tion and acetylation at H3 lysine 9 (H3K9me and H3K9ac) and at H3
lysine 27 (H3K27me and H3K27ac). This amino acid stretch is absent
from the previous SARS-CoV ORF8-encoded protein both before and
after a deletion generated ORF8a and ORFS8b* but is present in bat
SARS-CoV-2 and variants of concern (Extended DataFig. 1e,f). ORF8is
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spectrometry spectrashow unfragmented precursor (green) with matching
productions withinamass error of 10 ppm. Fragment intensity is relative
tothatfortheionwith the highestintensity across the m/zrange. The colour,
letter and number for each fragmentindicate the sequence that fragment
contains within the larger peptide (top).y (red) and b (blue) fragments
indicate C-and N-terminus-matched fragments, respectively. g, ORF8
expressionresultsindecreased levels of KAT2A. Scale bars, 10 um. For gel
source data, see Supplementary Fig.1b,1.

highly expressed during infection?¥, with ORFStranscript expressed at

higher levels than histone H3 and ORF8 protein expressed at over 20%
above thelevel of the most abundant histone H3 protein within 24 h of
infection®® (Extended DataFig. 1g,h). Finally, proteomic characteriza-
tion of SARS-CoV-2 protein binding partners indicates that ORF8 binds
DNA methyltransferase 1 (DNMT1)%%,

To determine whether ORF8 functions as a histone mimic, we began
by examining its intracellular localization. Although ORF8 does not
have a well-defined nuclear localization sequence, it is 15 kDa in size
and thus small enough to diffuse into the nucleus. We transfected
HEK293T cells with a construct encoding Strep-tagged ORF8 and
visualized ORF8 with a Strep-Tactin-conjugated fluorescent probe.
Although ORF8 localization was variable in appearance, ORF8 was
typically located in the cytoplasm and at the periphery of the nucleus
when using immunofluorescence (Fig. 1b), as previously reported*°,
and in both the cytoplasm and nucleus when using cell fractionation



(Extended Data Fig. 2a). Given the observed expression pattern, we
next asked whether ORF8 colocalizes with lamin proteins. We found
that ORF8 colocalized withlamin Bland lamin A/Cin cells transfected
to express ORF8 (Fig.1b and Extended Data Fig. 2b,c). Next, weinfected
an A549 lungepithelial-derived cell line expressing the ACE2 receptor
(A549"°®2) with SARS-CoV-2, stained cells with an antiserum specific to
ORF8 (Extended Data Fig. 2d,e) and confirmed a similar expression
patternin infected cells (Fig. 1c). Notably, while other functions have
been proposed for ORFS (refs **"¥), a potential role for ORFS in the
nucleus of host cells and specifically in regulating chromatin has not
been explored.

We next tested whether ORF8 is associated with chromatin by
using increasing salt concentrations to examine chromatin binding.
We found that ORF8 dissociated from the chromatin fraction at salt
concentrations similar to those at which lamin and histone proteins
dissociate (Fig. 1d). By contrast, ORF8 with a deletion of the ARKSAP
motif (ORF824RAP) dissociated at lower salt concentrations and was
presentatlower levelsin the chromatin fractionin comparisonto ORF8
with this motif (Fig. 1d and Extended Data Fig. 2f,g), indicating that the
putative histone mimic site affects the strength of ORF8’s association
with chromatin. We next performed chromatin immunoprecipita-
tion with sequencing (ChIP-seq) for ORF8 to determine whether and
where ORF8 associates with genomic DNA. Although ORF8 did not have
clearly defined peaks, ORF8 immunoprecipitation showed enrichment
over input (Fig. 1e) and ORF8 was enriched within specific genomic
regions, particularly those associated with H3K27me3 (Extended Data
Fig.2h-k).

On the basis of the localization of ORF8 to the periphery of the
nucleus and its association with chromatin (observed using both
biochemical and sequencing approaches), we further tested whether
ORF8 associates with lamin-complex proteins. We found that ORF8
co-immunoprecipitated with lamin B1, histone H3 and HP1a, a pro-
tein associated with both lamin proteins and histones (Extended Data
Fig.3a). Reciprocal co-immunoprecipitation for lamin Bland histone
H3 confirmed ORF8 binding (Extended Data Fig. 3b). Next, we tested
whether ORF8 also co-immunoprecipitates with the histone-modifying
enzymes that target the ARKS motif within histone H3. We found that
ORF8 was associated with the histone acetyltransferase KAT2A (also
known as GCNS5), which targets H3K9 (Fig. 1f). Although both ORF8 and
ORF8*RA" immunoprecipitated with a previously established cyto-
plasmicbinding partner, HLA-A2 (ref. *°), we did not detect ORF8ARKSAP
association with chromatin proteins, indicating that the ARKSAP motif
strengthens ORF8'’s association with chromatin proteins (Extended
DataFig.3c,d). Further, ORF8 did notbind to BRD4, which preferentially
binds acetylated histone H4 (Extended Data Fig. 3e). Finally, we used
mass spectrometry to identify additional binding partners beyond
those found through a candidate approach focused on chromatin
modifiers (Supplementary Table 1). Whole-cell lysate that was largely
depleted of chromatin proteins was used inacomplementary approach
inwhich mainly cytoplasmic proteins were therefore identified. How-
ever, the transcription factor SP2 was detected and confirmed to bind
to ORF8 by co-immunoprecipitation (Extended Data Fig. 3f).

Onthebasis of the observation that ORF8 associates with KAT2A, we
used targeted mass spectrometry to determine whether the proposed
ORF8 histone mimic site is modified similarly to histones. Using abot-
tom-up approach, ORF8 was purified from cells, reduced, alkylated
and digested. Separation with liquid chromatography was followed
by parallel reaction monitoring mass spectrometry (LC-PRM-MS)
targeting possible unmodified and modified forms of ORF8 com-
monly found for histones, including serine phosphorylation and
lysine monomethylation, dimethylation, trimethylation and acetyla-
tion. Of these targets, unmodified and acetylated lysine were iden-
tified. The acetylated peptide contained a mass shift of +42 Da and
demonstrated almost complete coverage of all possible productions.
High-resolution mass spectrometry differentiated the precursor from

the trimethylated peptide and matched all productions within amass
error of 10 ppm (Fig. 1f and Extended Data Fig. 3g). This demonstrates
that ORF8isacetylated onthelysine withinthe proposed ARKS histone
mimic site, similarly to histone H3. Notably, presence of acetylated
lysine within the ARKSAP motifis probably incompatible with dimeri-
zation of ORF8, which involves a hydrogen-bond interaction at this
residue?, and thus suggests that ORFS8 can exist asamonomer within
cells. Finally, given that ORF8 promotes lysosomal degradation of
another binding partner®***, we examined whether ORF8 similarly
affects chromatin-associated proteins. ORF8 expression resultedina
marked decrease in the abundance of KAT2A (Fig.1g), whereas levels of
nuclear lamina proteins and lamina-associated heterochromatin were
unchanged or slightly increased (Extended Data Fig. 3h-I). These find-
ings suggest that not only does ORF8 associate with proteins such as
acetyltransferases, butit probably also is modified by them similarly to
histone H3 and induces their degradation. Taken together, these find-
ings demonstrate that ORF8is well positioned to act as a histone mimic
onthebasis of its association with chromatin and chromatin-modifying
enzymesandits ability to deplete the histone acetyltransferase KAT2A.

ORF8 disrupts chromatinregulation

We next examined whether ORF8 expression disrupts histone PTMs
using an unbiased mass spectrometry approach. HEK293T cells were
transfected with a control plasmid encoding GFP or with a plasmid
encoding ORF8 with a Strep tag. Transfected cells, identified by GFP
fluorescence or by a Strep-Tactin-conjugated fluorescent probe, were
isolated using fluorescence-activated cell sorting (FACS). Histones
were purified through acid extraction, and bottom-up unbiased mass
spectrometry was performed to quantify all detected histone PTMs.
Notably, histone modifications associated with transcriptional repres-
sionwere increased while numerous histone modifications associated
with active gene expression were depleted in cells expressing ORF8
(Fig. 2a). In particular, modifications within the H3 ARKS motifs were
highly disrupted. For example, the peptides containing methylated
H3K9 and H3K27, which are associated with transcriptional repression,
showed robustly increased abundance in response to ORF8 expression.
Conversely, the peptide containing both H3K9ac and H3K14ac, both of
which have a well-established link to active gene expression, showed
decreased abundance in response to ORF8 expression. These data
supportarole for ORF8 as a putative histone mimic and demonstrate
that it is capable of disrupting histone PTM regulation at numerous
critical sites within histones.

To confirm the mass spectrometry findings, we used immuno-
fluorescence imaging to measure methylated and acetylated H3K9
and H3K27. We found that cells expressing ORF8 exhibited increased
H3K9me3 and H3K27me3 and decreased H3K9ac staining com-
pared with those transfected with control plasmid (Fig. 2b-g). ORF8
expression did not significantly disrupt H3K27ac, global acetyla-
tion, H3S10 phosphorylation, H3K9me2 or lamin B (Extended Data
Fig.4a,b). Although ORF8**R$*" was expressed at similar levels to ORFS
(Extended Data Fig. 4¢), it did not increase H3K9me3 or H3K27me3
and had anon-significantintermediate effect on H3K9ac (Fig. 2b-g).
Next, we examined an acquired mutation in ORF8 commonly found
in SARS-CoV-2 strains encoding an S84L substitution (ORF8%%*"). This
siteis unlikely to affect protein stability®* and lies outside the histone
mimic region, and the substitution is thus not expected to affect the
ability of ORF8 to regulate histone PTMs. Expression of ORF8%* also
increased H3K9me3 and H3K27me3 levels while decreasing H3K9ac
(Extended Data Fig. 4d-f), indicating that, as predicted, thiscommon
variant does not alter the histone mimic function of ORF8. Similarly,
asix-residue deletion in another unstructured region of ORF8 with
similar amino acid make-up but a different sequence (AGSKSP) as the
histone mimic site did not affect the ability of ORF8 to disrupt histone
regulation (Extended Data Fig. 4g).
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Fig.2|ORF8 functioninhistone PTMregulation. a, Mass spectrometry
analysis of histone PTMs in control (GFP-expressing) or ORF8-expressing
HEK293T cellsisolated by FACS. The zscore and fold change are shown for
modifications that were significantly changedin response to ORF8 expression,
were detectedinover1% of the total peptide abundance and have well-
established functions (full results shown in Supplementary Table 2).

b-g, Immunofluorescence analysis of HEK293T cells transfected to express
GFP or Strep-ORF8 showing that ORF8 expressionincreases H3K9me3 (b,c)
and H3K27me3 (d,e) while decreasing H3K9ac (f,g). Conversely, ORF8 with
deletion of the histone mimic site ARKSAP (ORF8*AR¥SAP) does not affect these
histone PTMs. n = 614 (GFP), 497 (ORF8) and 170 (ORF82AR¥SAP) cells for
H3K9me3; 616,550 and 154 cells for H3K27me3; and 666, 568 and 170 cells for

We next sought to confirm these findings usingindependent meth-
ods. To ensure equal levels of expression of ORF8 and ORF84ARKSAP
we isolated transfected cells by FACS (Extended Data Fig. 5a). We
thenisolated histones through acid extraction and confirmed that
ORF8increased H3K9me3 and H3K27me3 and deceased H3K9acin an
ARKSAP-dependent manner by western blot analysis (Fig. 2h). Simi-
larly, CUT&Tag sequencing of H3K9ac demonstrated that ORFS8, but
not ORF8*ARKSAP deceased H3K9ac (Extended Data Fig. 5b,c). Finally,
assay for transposase-accessible chromatin with high-throughput
sequencing (ATAC-seq) demonstrated that ORF8, but not ORF8*ARKSAP)
decreased chromatin accessibility (Extended Data Fig. 5d and Fig. 2i).
The changes inboth H3K9ac and chromatin accessibility were largely
global but were particularly evident for genes with intermediate to
high expression (Extended Data Fig. 5e-h).

To determine how these chromatin disruptions affect gene expres-
sion, we used RNA sequencing (RNA-seq) to define differentially
expressed genes in transfected cells (Extended Data Fig. 6a—-c). While
ORFS8 and ORF8**R¥AP shared a subset of differentially expressed
genes, the presence of the histone mimic motifresulted inless dynamic
gene expression changes. Distinct gene groups were also differen-
tially expressed between ORF8 and ORF8**"$*" with ORF8 decreasing
gene expression relative to ORF8**R*AP particularly highly expressed
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Genomic region (5’ to 3)

H3K9ac compiled from threeindependent transfections. One-way ANOVA with
posthoctwo-sided t test and Bonferroni correction. h, Westernblot analysis of
histonesisolated from FACS-sorted transfected cells. i, ATAC-seq of HEK293T
cells expressing GFP, ORF8 or ORF824*¥$*?jsplated by FACS. Reads per million
mappedreads surroundingthe transcriptionstartsite (TSS) of all expressed
geneswereaveraged.n=2independentreplicates. Original blots shownin
Supplementary Fig.1.Scale bars, 10 pm. The FACS gating strategy and cell
numbersisolated are shownin Supplementary Fig. 2. For gel source data,

see Supplementary Fig.le. Box plots are centred on the median with bounds at
the25thand 75th percentile, the minimum and maximum defined as the
median +1.5x theinterquartile range and whiskers extending to the lowest and
highest valuesintherange.

genes (Extended Data Fig. 6d-i and Supplementary Table 3). Genes
that were downregulated in response to ORF8 expression relative to
ORF8ARKSAP 3150 had higher basal levels of H3K9ac and greater acces-
sibility than genes that were upregulated (Extended Data Fig. 6j,k),
suggesting that they may be more sensitive to depletion of H3K9ac.
Together, these results support amodel in which ORF8 has multiple
functions as previously proposed®****° and activates a number of
gene expression pathways, particularly in the absence of the ARKSAP
motif. However, presence of the ARKSAP motif dampens the host cell
transcriptional response and decreases expression of genes with high
accessibility and H3K9ac. Together, these data define a role for ORF8
in disruption of host cell histone PTMs through a new case of histone
mimicry of the ARKS motifs in histone H3.

SARS-CoV-2 disrupts chromatin regulation

Having shown that ORF8 alone is sufficient to disrupt chromatin regu-
lation, we next examined the effect of ORF8 on histone PTM regula-
tion in the context of viral infection. We generated a recombinant
mutant SARS-CoV-2 virus with a deletion of ORF8 (SARS-CoV-20RF8)
using a cDNA reverse genetics system**2, We infected A549°%2 cells
with SARS-CoV-2 or SARS-CoV-2%°*8 and compared the levels of the
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provide anideal systemin which to compare the cellular responses to
mutant forms of the virus without the confounding factor of different
rates of infection. No differences in genome copy number or viral titre
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48 h (Extended Data Fig. 7a,b and Fig. 3a,b), allowing for direct com-
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of SARS-CoV-2 on repressive histone modifications is partly due to
ORF8 expression. Similarly, ATAC-seq demonstrated that infection with
wild-type SARS-CoV-2resulted in substantial chromatin condensation

H3K9me3 (AU)

o"(@ ,OO\\EL.@&@&
%‘é}% K9

f, Western blot analysis of KAT2A in A549*“E cells following infection with wild-
type or mutant SARS-CoV-2 viruses. g, Post-mortem lungtissue from patients
with COVID-19 stained for H3K9me3 and nucleocapsid protein to identify
SARS-CoV-2-infected cells. Arrows indicate infected cells. h, Quantification
of H3K9me3ininfected cellscompared with neighbouring cells and with
control tissue.n=12infected cellsand 131 uninfected neighbouring cells
fromthree patients with COVID-19 and 60 cells from three control individuals.
One-way ANOVA with post hoc two-sided ¢ test and Bonferroni correction.
Scalebars, 10 pm. For gel source data, see Supplementary Fig. 1o. Box plots
are centred onthe median with bounds at the 25thand 75th percentiles, the
minimum and maximum defined as the median + 1.5x the interquartile range
and whiskers extending to the lowest and highest valuesin the range.

whereas infection with SARS-CoV-22°*8 resulted in an intermediate
phenotype. Finally, ChIP-RX indicated that SARS-CoV-2 infection
resulted in decreased H3K9ac, and this effect was again attenuated
in cells infected with SARS-CoV-2%°*8 (Fig. 3d,e). These data demon-
strate that ORF8 contributes to the effects of SARS-CoV-2 infection on
chromatin accessibility and histone modifications in host cells.
Becauseitis likely that ORF8 has multiple effects on cellular function,
onthebasis of both recent puplications®*****° and our mechanistic data,
wealso sought to determine whether these effects were specifically due
to the histone mimic motif. To do this, we generated a mutant form of
SARS-CoV-2withadeletionofonly the ARKSAP motif (SARS-CoV-22ARKSAP)
In A5494°F2 cells, SARS-CoV-2**R¥SAP replicated similarly to wild-type
virus (Fig. 3a,b) but substantially alleviated the effect of infection on
chromatinaccessibly and H3K9ac, matching the effects of ORF8dele-
tion (Fig.3c-e). Given the robust effects of SARS-CoV-2 on H3K9ac and
the ability of ORF8 to deplete KAT2A (Fig. 1g), we also examined the
effect of infection on KAT2A levels. Wild-type SARS-CoV-2 infection
reduced KAT2A expression, whereas infection with SARS-CoV-220/8 or
SARS-CoV-244R8SAP did not (Fig. 3f). These dataindicate that ORFS, and
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Fig.4 | ORF8 affects gene expression and viralreplication during SARS-CoV-2
infection. a, Differential gene expression analysis by RNA-seq of A549*® cells
24 hafterinfection with SARS-CoV-2"T, SARS-CoV-22°%8 or SARS-CoOV-22ARKSAP
compared withmockinfection. MOI = 1. Significantly differentially expressed
genesareshowninblue (downregulated) and red (upregulated).n=3.Significance
based on DESeq2 analysis with multiple-comparison correction. b, Overlap of
differentially expressed genesinresponse to infection with SARS-CoV-2"T,
SARS-CoV-22°% or SARS-CoV-22*"*S** ¢, Genetracks of genesinsignalling
pathwaysrelevantto viralresponse.d, Top gene ontology (GO) terms for genes

specifically the ARKSAP motif within ORF8, contributes to the effects
of SARS-CoV-2 on the host cell epigenome.

To ensure that the differences observed in host cell chromatin
regulation following SARS-CoV-2 and SARS-CoV-22°" infection are
not due to any subtle difference in rates of infection between viruses,
we sought to further confirm these finding using an approach that is
independent of the number of cells infected. We used immunocyto-
chemistry to stain for histone modifications of interest, using staining
for double-stranded RNA (dsRNA) to identify and specifically examine
infected cells. At 24 h after infection, cells infected with SARS-CoV-2
had increased H3K9me3 and H3K27me3 and decreased H3K9ac com-
pared with either mock-infected cells or uninfected neighbouring cells
(Extended DataFig. 8a-f). As observed in ChIP-seq data, this effect was
largely lost with deletion of ORFS.

To determine whether similar effects also occur in the context of a
patient population, we obtained post-mortem lung tissue samples from
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upregulated by SARS-CoV-2""Tand SARS-CoV-2*RKSAP infection. Significance
based on clusterProfiler analysis with Benjamini-Hochberg-adjusted Pvalues.
e f,qRT-PCRanalysis of expression of the SARS-CoV-2 gene RDRP (e) and plaque
assay analysis of viral titre (f) iniAT2 pulmonary cells at 48 h after infection with
SARS-CoV-2"T, SARS-CoV-229R" or SARS-CoV-224RKS4P at MOl =1. n =3 replicates.
One-way (e) or two-way (f) ANOVA with Dunnett’s multiple-comparison test
(additional time points for fand all replicates shown in Supplementary Table 4).
Bar plotsindicatemean +s.e.m.

three patients with coronavirus disease 2019 (COVID-19) and matched
controls. We stained tissue for H3K9me3 as well as for SARS-CoV-2 nucle-
ocapsid protein to identify infected cells. We found that, in all patient
samples, infected cells showed increased H3K9me3 staining compared
with neighbouring cells within the same tissue, as well as compared with
controltissue (Fig. 3g,h and Extended Data Fig. 8g). While sample avail-
ability limits the conclusions that canbe drawn from this assay, this find-
ingindicates that histone PTMs are also disrupted in patients with severe
COVID-19 disease. In summary, we found that the effects of SARS-CoV-2
infection on histone PTMs and chromatin compaction require ORF8
expression and mirror the ARKSAP-dependent effects of ORFS8.

SARS-CoV-2 effects on transcription

Next, we examined how the changes in histone PTMs detected through
ChIP-seqrelate to gene expression using RNA-seq. All viruses contained



similar numbers of reads, and the only difference in SARS-CoV-2 tran-
script expression was for ORF8 in SARS-CoV-22°%8 (Extended Data
Fig. 9a-d). However, in wild-type virus, ORF8 transcript was highly
expressed and more abundant than histone H3-encoding transcripts
(Extended Data Fig. 9e). Interestingly, early in infection, the three
viruses tested each disrupted a distinct set of genes, indicating that
presence of the histone mimic motif changes the transcriptional
response to infection (Fig. 4a-c). By 48 h after infection, all three
viruses made up the vast majority of the mapped reads and resulted
in robust changes in gene expression compared with mock-infected
cells (Extended DataFig. 9¢,f,g). The functional groups of genes most
induced by infection also differed amongthe three viruses, indicating
distinct host cell responses at early time points (Fig. 4d and Extended
DataFig.10a). This is notable given that wild-type SARS-CoV-2 and
SARS-CoV-22*R¥* had nearly identical copy numbers and replication
ratesin A549°°® cells (Fig. 3a,b), and thus the different transcriptional
responses are unlikely to be due to differences in the number of cells
infected or the viral load within infected cells. Interestingly, direct
comparison of SARS-CoV-2%°*8 and SARS-CoV-2**R¥AP 3150 showed
distinct gene expression changes and functional group enrichment
(Extended Data Fig. 10b,c), indicating again that ORF8 probably has
multiple functions beyond those mediated by the ARKSAP domain. In
addition, gene expression changes in response to infection were cor-
related with changes in H3K9ac (Extended Data Fig. 10d-f). Notably,
these datafurther supportrecent findings indicating that SARS-CoV-2
resultsinalimited early transcriptional response** and demonstrate
thatthe ORF8 ARKSAP domainis linked to changesin gene expression.

Given the robust effects of ORF8 deletion on host cell chromatin
regulation and the transcriptional response to infection, we sought
to test whether ORF8 mediates the replication of SARS-CoV-2 using a
physiologically relevant cell type. Induced human pluripotent stem
cell-derived lungalveolar typell (iAT2) pulmonary cells** were infected
with SARS-CoV-2, SARS-CoV-22°%8 or SARS-CoV-224RKSAP (multiplicity
ofiinfection (MOI) =1). Notably, we observed that both mutant viruses
had decreased genome copy numbers at 48 h after infection in most
replicates (Fig. 4e and Supplementary Table 4), suggesting that ORFS,
and specifically the ARKSAP domain, affects SARS-CoV-2 genome rep-
lication in a host cell. However, viral titres measured through plaque
assays demonstrated that SARS-CoV-22°f generated fewer infec-
tious particles than wild-type SARS-CoV-2 while SARS-CoV-22ARKSAP
appeared similar to wild-type virus and in some cases even showed
more plaque formation (Fig. 4f and Supplementary Table 4). Fitting
with previous work indicating that ORF8 affects endoplasmic retic-
ulum (ER) stress pathways™, this suggests that ORF8 probably has
an ARKSAP-independent function that may promote viral particle
formation. Taken together, this work presents a link between a spe-
cific SARS-CoV-2 protein and the epigenetic disruptions that occur
in response to infection and provides a mechanistic explanation for
mounting evidence®* that epigenetic disruptions contribute to the
severity of COVID-19.

Discussion

Thework described here identifies anew case of histone mimicry dur-
inginfection by SARS-CoV-2 and defines a mechanism through which
SARS-CoV-2 acts to disrupt host cell chromatin regulation. We found
that the protein encoded by the SARS-CoV-2 ORF8 gene contains an
ARKS motifand that ORF8 expression disrupts histone PTM regulation.
ORF8is associated with chromatin-associated proteins, histones and
the nuclear lamina and is itself acetylated within the histone mimic
motifsimilarly to histones. ORF8 expression disrupts multiple critical
histone PTMs and promotes chromatin compaction, whereas ORF8
lacking the histone mimic motif does not. Further, SARS-CoV-2infection
inhuman cell lines and post-mortem patient lung tissue causes similar
global disruptions to chromatin acting in part through the histone

mimic. Inaddition, deletion of the ORF8 gene or the sequence encod-
ingthe histone mimic affects the host cell transcriptional response to
SARS-CoV-2infection. Finally, loss of ORF8 decreases the replication of
SARS-CoV-2inhumaninduced pluripotent stem cell-derived iAT2 pul-
monary cells while loss of the histone mimic motif specifically affects
viral genome copy number.

Notably, the role of ORF8 in chromatin disruption early in infec-
tion is not inconsistent with other proposed roles for ORF8 in other
cellular compartments or at later stages of infection*****#¢ and does
not preclude other proposed mechanisms of transcriptional disrup-
tioninresponse to SARS-CoV-2 (ref.?). In fact, our data point towards
amodel in which ORF8 has multiple functions, including acting as a
histone mimic motif. The effects of deletion of accessory proteins from
SARS-CoV-2inatransgenic mouse model appear complex, with ORF8
loss causing decreases in replication and viral load but having limited
effects on survival”’. However, data from patients with COVID-19 were
used to examine arare 382-nucleotide deletion variationin SARS-CoV-2
isolated in Singapore that results in the loss of asmall portion of ORF7B
and the majority of the ORF8gene. This work found that this SARS-CoV-2
variantis associated with a milder infectionin patients with COVID-19
and animproved interferon response*®*’, Our findings in human iAT2
pulmonary cells point towards the loss of ORF8 as a possible cause for
these differences and provide an epigenetic mechanism underlying
therole of ORF8in promoting SARS-CoV-2 virulence within the patient
population. Finally, the work described here has criticalimplications for
understanding emerging viral strains carrying deletions and mutations
in the ORFS gene*® and COVID-19 pathogenesis in patients.
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Methods

A549" cells

ACE2-expressing A549 cells were generated as previously described®.
A549CE2 cells were grown in RPMI-1640 with 10% FBS and 1%
penicillin-streptomycin and were maintained free of mycoplasma.
Cells were infected at an MOl of 1 and fixed or lysed at 24 or 48 h after
infection.

HEK293T cells

HEK293T cells were obtained from the American Type Culture Col-
lection (ATCC), cultured in DMEM (with 4.5 g L glucose, L-glutamine
and sodium pyruvate) supplemented with 10% FBS (Sigma-Aldrich,
F2442-500ML) and 1% penicillin-streptomycin (Gibco, 15140122) and
maintained free of mycoplasma. Calcium phosphate transfection was
used tointroduce plasmid DNA encoding GFP, ORF8 and mutant ORF8
into HEK293T cells. Forimmunocytochemistry experiments, cells were
plated on poly(D-lysine)-coated coverslips. Cells were washed 24 h after
transfection with culture medium and fixed or pelleted and flash frozen
48 h after transfection. Cells were fixed using 4% paraformaldehyde
(PFA) in PBS for 8 min. To pellet cells, cells were detached from the
culture plate using TrypLE Express (Gibco, 12605010) dissociation
reagent, spun downfor 5 minat180 gand flash frozenin liquid nitrogen.

iAT2cells

Generation of human-derived induced alveolar epithelial type Il-like
(iAT2) cells was performed as described*. To maintain a stable and
pure culture of the iAT2 cell line, SFTPC!™ma** ce|]s were sorted and
serially passaged every 14 d. Cells were grownin organoid format using
90% Matrigel with a cell density of 400 cells per pl. Cells were fed using
CK+DCI medium + Rock inhibitor for the first 48 h after splitting and
then changed to K+DCIl medium for 5 d followed by CK+DCI medium
for7 d.Every14 d, alveolosphere organoids were passaged, organoids
were released from Matrigel using 2 mg ml™ Dispase for 1 h at 37 °C
and single cells were then generated using 0.05% trypsin for 15 min at
37 °C. Cell number and viability were assessed using Trypan blue, and
cells were finally passaged to new Matrigel drops left to polymerize
for30 minat37 °Cina5% CO,incubator, after which cellsin solidified
Matrigel were fed according to plate format.

For the generation of two-dimensional (2D) alveolar cells for virus
infection, when alveolosphere organoids were passaged, cells were
plated on precoated 1:30 Matrigel plates at a cell density of 125,000
cells per cm?using CK+DCI medium + Rock inhibitor for the first 48 h,
and the medium was then changed to CK+DCl medium. Seventy-two
hours after cell plating, cells were infected with SARS-CoV-2 virus using
an MOl of1for48 h.

Cellline validation and testing

Cell lines were authenticated as previously described®. HEK293T and
Vero E6 cells were obtained from ATCC at the onset of this project. All
celllines used were confirmed to be negative for mycoplasma and are
retested twice annually.

ORF8 constructs

The ORF8 expression plasmid was obtained from Addgene,
pLVX-EFlalpha-SARS-CoV-2-orf8-2xStrep-IRES-Puro (Addgene plasmid
141390). ORF8 deletion constructs were produced on the ORF8 back-
bone using Pfu Turbo HotStart DNA polymerase (Agilent, 600322-51),
and primers were created using the DNA-based primer design feature of
the online PrimerXtool. Constructs were verified by Sanger sequencing.

SARS-CoV-2infection

Virus generation. SARS-CoV-2 (USA-WA1/2020 strain) was obtained
from BEI and propagated in Vero E6 cells. The genome RNA was
sequenced and found to beidentical to GenBank MN985325.1. Mutant

viruses were generated using the cDNA reverse genetics system as
previously described*.

Infections. Cells were infected with wild-type or mutant SARS-CoV-2
at an MOI of 1 PFU per cell (A549*°2) or 5 PFU per cell (iAT2) as previ-
ously described?. Virus was added to cells for 1 hat 37 °C and was then
removed and replaced with medium. Cells were lysed at 48 h after infec-
tionand RNA wasisolated. Allinfections and virus manipulations were
conducted in a Biosafety Level 3 (BSL3) laboratory using appropriate
protective equipment and protocols.

Viral growth kinetics and plaque assays. Growth kinetics analysis
and plaque assays were performed as previously described®. In brief,
attheindicated time points, 200 pl of supernatant was collected from
cellsand stored at—80 °Cfor titration of infectious virus. Samples were
diluted in serum-free DMEM and adsorbed onto Vero E6 cells at 37 °C
for1hbeforealiquid overlay was added (DMEM with 2% FBS, 1x sodium
pyruvate and 0.1% agarose). After 3 d, the overlay was removed and
cells were fixed with 4% PFA and stained with crystal violet for plaque
visualization and counting. All plaque assays were performed in bio-
logical triplicate and technical duplicate.

Viralgenome quantification by qRT-PCR.RNA collection, qQRT-PCRand
viral genome quantification were performed as previously described®.
In brief, at the indicated time points, infected cells were lysed using
RLT Plus Buffer, genomic DNA was removed and RNA was extracted
using the Qiagen RNeasy Mini kit (Qiagen, 74134). cDNA was generated
using a High-Capacity cDNA Reverse Transcriptase kit (Applied Bio-
systems, 4368814). cDNA was amplified using specific qRT-PCR prim-
ers targeting viral NSP12 (forward, 5-GGTAACTGGTATGATTTCG-3’;
reverse, 5-CTGGTCAAGGTTAATATAGG-3’), iQ SYBR Green Supermix
(Bio-Rad, 1708880) and the QuantStudio 3 PCR system (Thermo Fisher).
Quantification of SARS-CoV-2 genome copies was performed using
astandard curve generated by serially diluting a known concentra-
tion of the pcDNA6B-nCoV NSP12-FLAG construct encoding the RDRP
gene (agift from G. Stark, Cleveland Clinic) after digestion with Xhol.
Genome copy numbers were determined using standard curve analysis
in QuantStudio 3 software, and copy numbers per microgram of RNA
were calculated using the cDNA reaction volumes and input RNA for
the cDNA reactions.

Cellfractionation

Pelleted cells were briefly thawed on ice. Buffer 1 (15 mM Tris-HCI
(pH 7.5), 60 mMKCl, 15 mM NaCl, 5 mM MgCl,,1 mM CaCl,and 0.25M
sucrose with1 mM PMSF,1mM DTT and a Complete Protease Inhibitor
cocktailtabletadded immediately before use) was added to the pellet
at roughly five times the volume of the pellet and gently pipetted up
and down to dissociate the pellet. Samples were incubated on ice for
5 min, followed by addition of an equal volume of buffer 1 with 0.4%
NP-40 to the sample. Samples were then mixed by inversion for 5 minat
4 °C.Sampleswerespunat200gfor10 minina prechilled centrifuge to
pellet nuclei. The supernatant (cytoplasmic fraction) was transferred
toanewtube. Pellets were resuspended gently in 0.5 mlbuffer1towash
the nuclei and then pelleted again with the supernatant discarded.
Nuclear pellet solubilization buffer (150 mM NacCl, 50 mM Tris-HCI
(pH 8.0), 1% NP-40 and 5 mM MgCl, with1 mM PMSF,1 mM DTT and
Benzonase enzyme at 250 U pl ' added shortly before use) was added
to the pellet at half the volume of buffer 1 used. Samples were then
incubated at room temperature in athermoshaker until the pellet was
fully dissolved. The amount of Benzonase enzyme was doubled insam-
ples with undissolved material left after 20 min. Samples were then
centrifuged at 13,000 r.p.m. for 20 min at 4 °C. Supernatant (nuclei
fraction) was collected. Sample concentrations were determined by
BCA assay, and samples were boiled in a western loading buffer for
10 min before analysis by western blotting.
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Chromatin sequential salt extraction

Salt extractions were performed as described®. In brief, a 2x RIPA
solution was made (100 mM Tris (pH 8.0), 2% NP-40 and 0.5% sodium
deoxycholate) and mixed with varying concentrations of a5 M NaCl
solutionto generate RIPA containing 0,100,200, 300,400 and 500 mM
NaCl. Pelleted cells were resuspended in buffer A with protease inhibi-
tors (0.3 M sucrose, 60 mM KCl, 60 mM Tris (pH 8.0),2 mM EDTA and
0.5% NP-40) and rotated at 4 °C for 10 min. Nuclei were pelleted by
centrifugationat 6,000 g for 5 min at 4 °C. Supernatant was removed
andsaved, and 200 pl of RIPAwith 0 mM NaCl and protease inhibitors
was added to the sample. Samples were mixed by pipetting 15 times and
incubated on ice for 3 min before centrifuging at 6,500 g for 3 min at
4 °C. Supernatant was saved and the RIPA steps were repeated for all
NaCl concentrations. Samples were then boiled and sonicated before
analysis by western blotting.

ATAC-seq

HEK293T cells were stained and sorted toisolate transfected cells using
the same method as described below. Sorted cells were resuspendedin
cold lysis buffer (10 pl per10,000 cells; 10 mM Tris-Cl (pH 7.5),10 mM
NacCl, 3 mM MgCl,, 0.1% (vol/vol) NP-40, 0.1% (vol/vol) Tween-20
and 0.01% (vol/vol) digitonin) and washed in wash buffer (10 mM
Tris-Cl (pH 7.5),10 mM NaCl, 3 mM MgCl, and 0.1% (vol/vol) Tween-20).
Transposition was performed with Tagment DNA TDEI1 (Illumina,
15027865). Transposition reactions were cleaned with AMPure XP
beads (Beckman, A63880), and libraries were generated by PCR with
NEBNext High-Fidelity 2x PCR Master Mix (NEB, M0541). Library size
was confirmed onaBioanalyzer before sequencing on the NextSeq 550
platform (40-bp read length, paired end).

Infected A549"“E cells were fixed before collection for ATAC-seq. The
protocol was performed as above except with 0.05% Igepal CA-630
addedto thelysis buffer. Inaddition, after the transposase reaction, a
reverse cross-linking solution was added (with afinal concentration of
50 mMTris-Cl,1 mMEDTA,1%SDS, 0.2 MNaCland 5 ng ml proteinaseK)
up to200 pl. The mixture was incubated at 65 °C with shaking at 1,000
r.p.m.inaheat block overnight and then purified as above.

For ATAC-seq analysis, alignments were performed with Bowtie2
(2.1.0)%2 using the hg38 genome with the pipeline at https://github.
com/shenlab-sinai/chip-seq_preprocess. Reads were mapped using
NGS plot. For HEK293T cell ATAC-seq, genes with high, intermediate,
low and no expression were defined by DESeq2 normalized base-
mean values from HEK293T cell RNA-seq data with under 2 basemean
as non-expressing genes and the remaining genes binned into three
groups for low, intermediate and high expression. For A5494F cell
ATAC-seq, three biological replicates each with 2-3 technical repli-
cateswere performed. Ten million reads from each individual technical
replicate were subsetted (SAMtools v1.9,seed 1) and merged, and each
condition was then merged across biological replicates. For average
profile plots, each condition was downsampled to 40 million reads
and plotted against all genes identified by DESeq2 as expressed over 1
from A549°* RNA-seq data.

ChlIP-seq

For ORF8 ChIP-seq, 2 d after transfection, cells were fixed for 5 min
with 1% PFA in PBS and the reaction was then quenched with2.5M
glycine. Cells were washed twice, collected in PBS with protease and
phosphatase inhibitors and then pelleted at 1,200 r.p.m. for 5 min.
Cells were then rotated in lysis buffer 1 (50 mM HEPES-KOH (pH 7.5),
140 mM NaCl,1 mM EDTA, 10% glycerol, 0.5% NP-40 and 0.25% Triton
X-100) for 10 minat4 °Cand spunat1,350 gfor 5minat4 °Ctoisolate
nuclei. Supernatant was discarded and cells were resuspended in lysis
buffer 2 (10 mM Tris-HCI (pH 8),200 mM NaCl,1 mMEDTAand 0.5 mM
EGTA) tolyse nuclei. Samples were rotated for 10 min at room tempera-
ture and were spun again at 1,350 g for 5 min at 4 °C. The supernatant

was discarded and the pellet was resuspended inlysis buffer 3 (10 mM
Tris-HCI (pH 8),100 mM NaCl,1 mM EDTA, 0.5 mM EGTA, 0.1% EDTA and
0.5% N-lauroylsarcosine). Lysates were sonicated on a Covaris sonicator
for 40 min (200 cycles per burst). Triton X-100 was added to reach a
final concentration of 1%, and lysates were spun at 20,000 g for 10 min
at4 °C. Strep-Tactin magnetic beads (MagStrep type 3 XT beads; IBA,
2-4090-002) were added to the lysates overnight with rotationat 4 °C.
Beads were then washed with a low-salt buffer (0.1% SDS, 1% Triton
X-100,2 mM EDTA, 20 mM Tris (pH 8) and 150 mM NaCl), a high-salt
buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris (pH 8) and
500 mM NacCl), a LiCl wash buffer (150 mM LiCl, 1% NP-40, 1% sodium
deoxycholate, 1 mM EDTA and 10 mM Tris (pH 8)) and then TE with
50 mM NaCl. Chromatinwas eluted from beads for 30 min with shaking
atroom temperature in 55 pl BXT elution buffer (IBA, 2-1042-025) fol-
lowed by the addition of 150 pl elution buffer (50 mM Tris-HCI (pH 8.0),
10 mM EDTA and 1% SDS) for 30 min at 65 °C. Samples were removed
frombeads and cross-linking was reversed by further incubating chro-
matin overnightat 65 °C. RNA was digested with RNase for1hat 37 °C,
and proteinwas digested with proteinase K for 30 min at 55 °C. DNAwas
then purified with the Zymo PCR purification kit. The [llumina TruSeq
ChIP purification kit was used to prepare samples for sequencing on
an Illlumina NextSeq 500 instrument (42-bp read length, paired end).

For ORF8 ChIP-seqanalysis, alignments were performed with Bowtie2
(2.1.0)*using the hg38 genome with a ChIP-seq pipeline (https://github.
com/shenlab-sinai/chip-seq_preprocess). ORF8 reads were mapped
using NGS plot. For comparison with histone modification ChIP-seq
datasets, ENCODE and 4D nucleome data were used for H3K9ac (experi-
ment ENCSROOO0ASV), lamin (4DN experiment set 4DNES24XA7U8),
H3K9me3 (experiments ENCSROOOFCJ and ENCSR179BUC),
H3K9me2 (experiment ENCSR55LYM) and H3K27me3 (experiment
ENCSROOOAKD). To define ORF8-enriched regions, HiddenDomains
was used for each of two ORF8 ChIP-seq experiments normalized
to input. Output files were merged with bedtools (v2.18.1) intersect
to select the subset of enriched regions found in both replicates.
DiffBind (3.4.11) was used to examine H3K27me3 enrichment within
ORF8-enriched regions. The Deeptools (3.3.0) plotEnrichment tool was
used to count percentages of reads of histone modification ENCODE
ChIP-seqdatasets that were within ORF8-enriched regions. ngs.plot.r
(2.63) was used to generate plots of ORF8 enrichment within genomic
regions of interest.

For histone PTM ChIP-seq, 4-10 million cells were resuspended in
1 ml of lysis buffer 1 (50 mM HEPES-KOH (pH 7.5),140 mM NacCl, 1 mM
EDTA,10%glycerol, 0.5% NP-40 and 0.25% Triton X-100) and rotated at
4 °Cfor10 min, followed by centrifugation and removal of supernatant.
Cells were then resuspended in 1 ml of lysis buffer 2 (10 mM Tris-HCI
(pH 8.0),200 MM NaCl,1 mM EDTA and 0.5 mM EGTA) and rotated for
10 minat4 °C, followed by centrifugation and removal of supernatant.
Cells were then resuspended in 1 ml of lysis buffer 3 (10 mM Tris-HCI
(pH 8.0),100 mM NaCl,1mMEDTA, 0.5 mMEGTA, 0.1% sodium deoxy-
cholate and 0.5% N-lauroylsarcosine) and rotated again for 10 min at
4 °C. Cellswere then sonicated with a Covaris S220 sonicator for 35 min
(peakincident power, 140; duty factor, 5%; cycles per burst, 200). This
was followed by addition of 110 pl Triton X-100 and centrifugation at
maximum speed (20,000 g) for 15 min at 4 °C to clear the lysate. The
lysate chromatin concentration was then equalized according to DNA
content (as measured with a Qubit fluorometer). Following this, 5% of
equivalently treated chromatin from Camponotusfloridanus pupae was
addedtoallsamplesaccording to chromatin concentration, and 50 pl
of lysate was saved as input shearing control. Then, 250 pl of equalized
lysate was added to washed, antibody-conjugated Protein A/G Dyna-
beads (2 pg of antibody conjugated to 15 pl of Protein A/G Dynabeads,
resuspendedin 50 pl perimmunoprecipitation), and immunoprecipita-
tionswere rotated overnightat4 °Cinafinal volume of 300 pl. The fol-
lowing day,immunoprecipitations were washed five times in RIPA wash
buffer (50 mMHEPES-KOH (pH 7.5),500 mM LiCl,1 mM EDTA, 1% NP-40
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and 0.7% sodium deoxycholate) and oncein TE (pH 8.0). Washes were
followed by two elutions into 75 pl of elution buffer (50 mM Tris-HCI
(pH 8.0),10 mM EDTA and 1% SDS) at 65 °C for 45 min with shaking
(1,100 r.p.m.). DNA was purified by phenol:chloroform:isoamyl alcohol
(25:24:1) extraction followed by ethanol precipitation. Pelleted DNA was
resuspendedin 25 pl TE. Libraries for sequencing were prepared using
the NEBNext Ultra Il DNA Library Prep Kit for Illumina (NEB, E7645),
as described by the manufacturer but using half the volume for all
reagents and starting material. For PCR amplification, the optimal
number of PCR cycles was determined using a qPCR side reaction with
10% of the adaptor-ligated, size-selected DNA. Seven to ten cycles of
PCR were used for histone PTM libraries and 5 cycles were used for
input controls. Samples were sequenced on a NextSeq 500 instrument
(42-bpread length, paired end).

For analysis of histone PTM ChIP-seq data, reads were demultiplexed
using bcl2fastq2 (Illumina) withthe options ‘--mask-short-adapter-reads
20 --minimum-trimmed-read-length 20 --no-lane-splitting --barcode-
mismatches 0’. Reads were trimmed using TRIMMOMATIC> with the
options ILLUMINACLIP:[adapter.fa]:2:30:10 LEADING:S5 TRAILING:5
SLIDINGWINDOW:4:15 MINLEN:15 and aligned to a hybrid hg38 +
C.floridanus (v7.5, RefSeq) genome assembly using bowtie2 (v2.2.6)%
with the option “--sensitive-local’. Alignments with a mapping quality
below 5 (using SAMtools) and duplicated reads were removed.
Peaks were called using MACS2 (v2.1.1.20160309)* with the options
‘--call-summits --nomodel --B’. Differential ChIP peaks were called
using DiffBind> with the options ‘bFullLibrarySize=FALSE,
bSubControl=TRUE, bTagwise=FALSE’ for dba.analyze(). For DiffBind
testing, the DESeq2 algorithm with blocking was used, and ChIP rep-
licate was used as the blocking factor while testing for differences
betweenmock andinfected samples. For ChIP signal tracks, individual
replicate tracks were produced for RPM and fold enrichment over input
control, merged and averaged.

To account for potential global differences in histone PTM abun-
dance that would otherwise be missed by more standard quantile
normalization-type approaches, high-quality deduplicated read counts
were produced for both human- and C. floridanus-mapping reads,
resulting in proportions of reads mapping to the exogenous genome
for each histone PTM. Input controls were also treated in this way to
account for potential differences in initial spike-in addition between
samples. For each histone PTM, the proportion of spike-in reads was
normalized by the appropriate input control value. Because spike-ins
should be inversely proportional to target chromatin concentration,
aratio of SARS-CoV-2/mock values was produced for each histone
PTM x replicate, and for SARS-CoV-2 samples resulting signal values
were divided by this ratio. This resulted in per-base-pair signal values
adjusted by the degree of global difference in a given histone PTM’s
level between sample types.

Allantibodies are described in Supplementary Table 6.

RNA-seq

RNA was extracted using a Qiagen RNA purification kit. Samples were
prepared for sequencing using the lllumina TruSeq purification kit
and sequenced on an lllumina NextSeq 500 instrument (75-bp read
length, single read). Library size was confirmed on a Bioanalyzer before
sequencing on the NextSeq 550 platform (single end, 75 cycles).

For RNA-seq analysis for SARS-CoV-2 infection experiments, a ref-
erence genome for alignment was built by concatenating the human
(GRCh38 assembly) and SARS-CoV-2 (WA-CDC-WA1/2020 assembly;
MN985325.1) genomes. For RNA-seq analysis for HEK293T cell experi-
ments, the GRCh38 assembly was used. For all RNA-seq, reads were
aligned using STAR (v2.6.1a) with default parameters and only uniquely
mapped reads were retained for downstream analysis. TDF files were
generated using IGVtools. Reads were counted towards human genes
(GENCODE v35) and SARS-CoV-2 genes (WA-CDC-WA1/2020 assem-
bly; MN985325.1) using featureCounts (v1.6.2). Low-count genes were

filtered out so that only genes with counts per million (CPM) values
greater thanlin atleast three samples were used. Data normalization
and differential gene expression analysis were performed using the
DESeq2 R package (v1.26.0). We defined genes as significant using a false
discovery rate (FDR) cut-off of 0.05 and 1.5% fold change. GO enrich-
ment analysis for differentially expressed genes was implemented with
the clusterProfiler R package (v3.14.3), using the human genome anno-
tationrecordinthe org.Hs.eg.db R package (v3.10.0) and aBenjamini-
Hochberg-adjusted P value of 0.05 as the cut-off.

Immunoprecipitation

Anti-Strep tag affinity purification, whole-cell lysate and cytoplas-
mic HLA-A2 co-immunoprecipitation. Protein and binding partners
were purified with affinity Strep tag purification. For ORF8 PTM analysis
and mass spectrometry binding partner analysis, whole-cell lysates
were prepared as described below. Frozen cell pellets were thawed
briefly and suspended inlysis buffer (immunoprecipitation (IP) buffer
(50 mM Tris-HCI (pH 7.5) at4 °C,150 mM NaCl,1 mM EDTA and 10 mM
sodium butyrate) supplemented with 0.5% Nonidet P 40 Substitute
(NP-40; Fluka Analytical) and cOmplete mini EDTA-free protease and
PhosSTOP phosphatase inhibitor cocktails (Roche)). Samples were
incubated on atube rotator for 30 min at 4 °C. Debris was pelleted by
centrifugation at 13,000 g for 15 min at 4 °C. Lysates were then incu-
bated with Strep-Tactin magnetic beads (40 pl; MagStrep type 3 XT
beads;IBA,2-4090-002) for 2 hwithrotation at 4 °C. Beads were washed
three times with 1 ml wash buffer (IP buffer supplemented with 0.05%
NP-40) and then once with 1 mlIP buffer. Strep-tagged ORF8 complexes
were eluted from beads in BXT buffer (IBA, 2-1042-025) with shaking
at1,100 r.p.m. for 30 min.

Anti-Strep tag affinity purification for chromatin binding partners.
Cellswererotated in lysis buffer1(50 mMHEPES-KOH (pH 7.5),140 mM
NaCl,10 mMsodium butyrate,1 MM EDTA, 10% glycerol, 0.5% NP-40 and
0.25% Triton X-100) supplemented with 0.5% Nonidet P 40 Substitute
(NP-40; Fluka Analytical) and cOmplete mini EDTA-free protease and
PhosSTOP phosphatase inhibitor cocktails (Roche) for 10 min at 4 °C
and spunat1,350 gfor 5 minat4 °Ctoisolate nuclei. Supernatant was
discarded and cells were resuspended in lysis buffer 2 (10 mM Tris-HCI
(pH 8),200 mM NaCl,10 mM sodium butyrate,1 mM EDTA and 0.5 mM
EGTA) tolyse nuclei. Cells were rotated for 10 min at room temperature
and were spun again at 1,350 g for 5 min at 4 °C. The supernatant was
discarded and the chromatin pellet was resuspended in lysis buffer 3
(10 mM Tris-HCI (pH 8),100 mM NaCl, 10 mM sodium butyrate, 1 mM
EDTA, 0.5 mMEGTA, 0.1% EDTA and 0.5% N-lauroylsarcosine). Lysates
were sonicated using atip sonicator with three 5-s bursts at 50% power
with chilling on ice between bursts. After sonication, lysates were
brought to a concentration of 1% Triton X-100 to disrupt lamina pro-
teininteractions. Debris was pelleted by centrifugation at 16,000 gat
4°C, and the supernatant was incubated with Strep-Tactin magnetic
beads (40 pl; MagStrep type 3 XT beads; Iba, 2-4090-002) for 2 h with
rotation at 4 °C. Beads were washed three times with 1 ml wash buffer
(IP buffer supplemented with 0.05% NP-40) and then once with1 mlIP
buffer. Strep-tagged ORF8 complexes were eluted from beads in BXT
buffer (IBA, 2-1042-025) with shaking at 1,100 r.p.m. for 30 min. To
analyserelative ORF8 construct levels in cytoplasmic versus chromatin
fractions by western blotting, samples were taken from lysis buffer 1
and lysis buffer 3, respectively.

Reverse immunoprecipitation. Chromatin pellet lysate was obtained
as described above for chromatin protein immunoprecipitation.
Lysates were combined with antibody-conjugated Protein ADynabeads
(15 pg of antibody conjugated to 100 pl of Dynabeads) and rotated
overnight at 4 °C. The following day, beads were washed three times
with1 mlwash buffer (IP buffer supplemented with 0.05% NP-40) and
thenonce with1 mlIP buffer. Chromatin protein complexes were eluted
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from beads in elution buffer (50 mM Tris-HCI (pH 8.0),10 MM EDTA and
1% SDS) for 30 min with shaking at 65 °C.
All antibodies are described in Supplementary Table 6.

Immunocytochemistry

Fluorescence immunocytochemistry of HEK293T cells and
A549"°%2 cells. Cells were fixed in 4% PFA for 10 min and washed with
PBS. Fixed cells were permeabilized using 0.5% Triton X-100 in PBS for
20 min. Cells were blocked in blocking solution (PBS with 3% BSA, 2%
serumand 0.1% Triton X-100) for atleast 1 h and stained with designated
primary antibody overnight at 4 °C. The following day, cell coverslips
were washed with PBS and incubated with secondary antibody for1 hat
roomtemperature. For detection of Strep-tagged ORF8, Strep-Tactin
DY-488 (IBA, 2-1562-050;1:500) was added to the secondary antibody
solution. Nuclei were stained with DAPI (1:1,000 in PBS) for 10 min with
washing in PBS. Coverslips were mounted onto microscope slides using
ProLong Gold antifade reagent (Thermo Fisher).

Fluorescence immunocytochemistry analysis of lamin B1, lamin
A/C and H3K9me2. HEK293T cells were fixed with 2% PFA (Electron
Microscopy Sciences, 15710) for 8 min at room temperature and washed
threetimes with DPBS (Gibco, 14190-136). Cells were permeabilized with
0.25% Triton X-100 (Thermo Fisher, 28314) for 10 min, washed three
times with DPBS for 5 min each wash and blocked in 1% BSA (Sigma,
A4503) in PBST (DPBS with 0.05% Tween-20, pH 7.4 (Thermo Fisher,
28320)) for 60 min. Cells were incubated with primary antibody diluted
inblockingbuffer for1 h, washed three times with PBST for 5 mineach
washandincubated with secondary antibody diluted in blocking buffer
for 60 min. Cells were washed twice with PBST and once with PBS for
5 mineachwash and were then mounted onaslide using Duolink In Situ
Mounting Medium with DAPI (Sigma, DUO82040-5ML). All procedures
were performed at room temperature.

Immunohistological staining of patient lung tissue. Formalin-fixed,
paraffin-embedded slides were obtained from Penn’s Pathology Clinical
Service Center. Slides were deparaffinized and rehydrated as follows:
incubation for 10 min with xylene (twice), 10 min with 100% ethanol
(twice), 5 min with 95% ethanol, 5 min with 70% ethanol, 5 min with 50%
ethanol and then running distilled water. Slides were then processed
using heat-induced epitope retrieval (HIER). Slides were incubated in
hot sodium citrate buffer (10 mM sodium citrate and 0.05% Tween-20,
pH 6.0), placedinapressure cooker and heated inawater bath for 25 min
with high pressure settings. Slides were cooled at room temperature
and washed twice in TBS. Membranes were permeabilized in TBS with
0.4% Triton X-100 for 20 min. Slides were then incubated in blocking
solution (TBS with 10% goat serum, 1% BSA and 0.025% Triton X-100) for
2 h.Slides wereincubated inmouse primary antibody solution contain-
ing anti-SARS-CoV-2 nucleocapsid and rabbit anti-H3K9me3 antibody
solution overnight at 4 °C. The following day, slides were washed with
TBSandincubatedinsecondary antibody solution. Nuclei were stained
with DAPI (5 pg mI™) in TBS for 10 min followed by washing with TBS.
Coverslips were mounted with ProLong Gold antifade reagent (Thermo
Fisher). Allantibodies are described in Supplementary Table 6.

Image acquisition

Fluorescence immunocytochemistry of ORF8 and histone PTMs.
Cells were imaged on an upright Leica DM 6000, TCS SP8 laser scan-
ning confocal microscope with 405-nm, 488-nm, 552-nmand 638-nm
lasers. The microscope uses two HyD detectors and three PMT detec-
tors. The objective used was a x63 HC PL APO CS2 oil objective with an
NA of1.40. Type Fimmersion liquid (Leica) was used for oil objectives.
Images were 175.91 x 171.91 pm?, 1,024 x 1,024 pixels and 16 bits per pixel.
For PTM quantification, HEK293T cells and human lung tissue were
imaged at a single z plane and A549 cells were imaged with a z stack
through the nucleus.

Fluorescence immunocytochemistry analysis of lamin B1, lamin
A/C and H3K9me?2. All confocal immunofluorescence images were
acquired using a Leica SP8 laser scanning confocal system with a
x63/1.40-NAHCPL APO CS2 objective and HyD detectors in standard
mode with100% gain. For comparison of lamin A/C and lamin Bl signal
intensities between mock and ORF8-positive cells, single-plane con-
focal images were acquired. All images were acquired with the same
microscope settings (zoom, laser power, gain, etc.). For analysis of the
organization of H3K9me2-marked chromatin at the nuclear lamina,
three-dimensional (3D) images of the middle z plane of the nucleus
were taken as z stacks using 0.1-um intervals with a range of 1 um per
nucleus. Confocal 3D images were deconvoluted with Huygens Profes-
sional software using the microscope parameters, standard PSF and
automatic settings for background estimation.

Image analysis

Images were analysed using ImageJ software (version 2.0.0-rc-69/1.52p,
build269a0ad53f). Single-z-planeimages of HEK293T cellsand human
lung tissue and summed z stacks through A549 nuclei were used for
PTM quantification. Regions of interest (ROIs) of in-focus nuclei were
semi-automatically defined using the DAPIchannel and the ‘analyze par-
ticles’ functionality with manual corrections. HEK293T histone PTMs
were quantified in transfected cells and non-transfected neighbouring
cellsusingmeangrey values. Signal for Strep-tagged ORF8 constructs
(Strep-Tactin-488) and GFP was used to define transfected cells, and
the HEK293T histone PTM levels in transfected cells were relativized
to the histone PTM levels in non-transfected neighbouring cells. His-
tone PTMs were quantified in A549 cells and human lung tissue using
integrated density values. dsSRNA and SARS-CoV-2 nucleocapsid signal
was used to define infected A549 cells and human lung cells, respec-
tively. The total fluorescence intensity of the lamin A/C and lamin B1
signal was measured from the whole nuclei of mock and ORF8-positive
cells. Analysis of the peripheral heterochromatin organization was
performed as a comparison of a fraction of H3K9me2-marked chro-
matin at the nuclear lamina/periphery of mock and ORF8-positive
cells. A fraction of H3K9me2 signal at the nuclear lamina/periphery
was measured using lamin B signal as amask or DAPI signal to create a
mask of a 0.6-pum-thick nuclear peripheral zone.

Protein alignment

Toidentify potential histone mimicry, SARS-CoV-2 protein sequences
were aligned to human histone protein sequences (H2A, H2B, H3.1,
H3.2,H4,H2A.X,H2A.Z, macroH2A and H3.3) using Multiple Sequence
Comparison by Log-Expectation (MUSCLE) with default settings.
SARS-CoV-2 protein sequences were obtained from protein sequences
published for the first Wuhan isolate®.

FACS

HEK293T cell pellets were gently resuspended in 1 ml FACS buffer (Ca®'/
Mg?*-free PBS with 2% BSA) and pelleted at 500 g for 5 min at 4 °C; the
supernatant was removed. Cells transfected with ORF8 construct and
non-transfected control cells were then gently resuspended in1 mI FACS
buffer witha1:500 dilution of Strep-Tactin DY-488 and rotated at 4 °C
for1h, protected fromlight. Cells were then washed twicein 1 mIFACS
buffer, resuspended in 1 ml FACS buffer and filtered through a 35-um
meshinto FACS tubes. ABD Influx cell sorter was used to analyse cells.
Strep-Tactin DY-488 and GFP were excited with a 488-nm laser and
signal was collected with a 530/40-nm detector. Excluding doublets
and cell debris, cells were gated on the Strep-Tactin DY-488 signal,
where thresholds were set using non-transfected control cells such that
<1% of control cells were considered positive for Strep-Tactin DY-488.
Strep-Tactin DY-488-positives cells were collected in FACS buffer and
pelleted for subsequent experiments. The FACS gating strategy and
cell numbers isolated are shown in Supplementary Fig. 2.



Histone extraction

Transfected cells were isolated by FACS as described above. Sorted
cells were pelleted, resuspended in 1 ml cold H,SO, and rotated over-
nightat4 °C. Following the overnightincubation, cells were pelleted at
maximum speed and the supernatant was transferred to a fresh tube.
Trichloroacetic acid was added to 25% by volume, and the cells were left
oniceat4 °Covernight. Cells were again pelleted at maximum speed,
and the supernatant was discarded. Prechilled acetone was then used
to gently wash the pellet twice. Following the second wash, the tubes
were lefttoair dry before the pellet was resuspended in water. Samples
were then broken up by alternating 10 min of sonication and 30 min of
shaking at 50 °C until pellets were fully dissolved.

Mass spectrometry

Histone PTM analysis by quantitative mass spectrometry. Purifica-
tion of histones was validated by SDS-PAGE followed by Coomassie
staining demonstrating sufficient enrichment. A BCA assay (Thermo
Fisher) was performed for protein estimation using the manufacturer’s
instructions, and 20 pg of histone was used for chemical derivatization
anddigestionas described previously”. Inbrief,unmodified lysineswere
derivatized twice withal:3 ratio of acetonitrile to proprionic anhydride.
Histones were then digested with trypsin in a1:20 enzyme to protein
ratioat 37 °C overnight. Digested histones with newly formed N termini
were derivatized twice as done previously. Finally, histones were dried
with avacuum concentrator. The dried samples were reconstitutedin
0.1% trifluoroacetic acid (TFA) and desalted with the C18 micro spin
column (Harvard Apparatus). The column was prepared with200 pl of
100% acetonitrile and equilibrated with 200 pl of loading buffer with
0.1% TFA. Peptides were loaded onto the column, washed with loading
buffer and eluted with 200 pl of 70% acetonitrile in 0.1% formic acid.
Allsteps forloading, washing and elution were carried out with bench-
top centrifugation (300 g for 2 min). The eluted peptides were then
dried ina centrifugal vacuum concentrator.

Dried histone peptides were reconstituted in 0.1% formicacid. A syn-
theticlibrary of 93 heavy labelled and derivatized peptides containing
commonly measured histone PTMs*® was spiked into the endogenous
samples to afinal concentration of approximately 100 ng pl ™ for endog-
enous peptides and 100 fmol pl™ for each heavy labelled synthetic
analyte. For each analysis, 1 pl of sample wasinjected onto the column
for data-independent analysis ona Q-Exactive HF instrument (Thermo
Scientific) attached to an Ultimate 3000 nano-UPLC system and Nano-
spray Flex ion source (Thermo Scientific). Using aqueous solution of
0.1% formic acid as buffer A and organic solution of 80% acetonitrile
and 0.1% formic acid as buffer B, peptides were separated ona 63-min
gradient at 400 nl min' starting at 4% buffer B and increasing to 32%
buffer Bover 58 min and thenincreasing to 98% buffer Bover 5 min. The
column was then washed at 98% buffer B over 5 min and equilibrated
to 3% buffer B. Data-independent acquisition was performed with the
following settings. A full MS' scan from 300 to 950 m/z was acquired
with aresolution of 60,000, an automatic gain control (AGC) target
of 3 x10° and a maximum injection time of 55 ms. Then, a series of
25MS?scans was acquired across the same mass range with sequential
isolation windows of 24 m/zwith a collision energy of 28, aresolution
0f 30,000, an AGC target of 1 x 10° and a maximum injection time of
55 ms. Data analysis and manual inspection using the synthetic library
asareference were performed with Skyline (MacCoss Lab). Ratios were
generated using R Studio and statistical analysis was carried outin Excel
asin previous histone analysis.

Trypsin and chymotrypsin digestion of ORF8 for identification of
ORF8 modifications. The gel band containing ORF8 was destained
with 50 mM ammonium bicarbonate with 50% acetonitrile. The
band was then reduced in 10 mM DTT in 50 mM ammonium bicarbo-
nate for 30 min at 55 °C. Next, the band was alkylated with 100 mM

iodoacetamidein 50 mM ammoniumbicarbonate at room temperature
for 30 minin the dark. Protein was then digested by incubation with chy-
motrypsinor trypsinatan approximately 1:20 enzyme to protein ratio
at37 °Covernight. Following digestion, the supernatant was collected.
To extract additional peptides from the gel, 150 pl of 50% acetonitrile
and 1% TFAwas added and samples were incubated with constant shak-
ing for 30 min. The supernatant was collected and 100 pl of acetonitrile
was added followed by incubation with constant shaking for10 min. The
final supernatant was collected. All three supernatants were combined
and dried. The dried samples were then desalted as described above.

ORF8 versus controlimmunoprecipitation for identification of bind-
ing partners. ORF8 immunoprecipitation elutants were reduced and
alkylated as described above. Proteins were then digested and desalted
with mini S-Trap (Protifi) following the manufacturer’s instructions.
Inbrief, 25 pl of elutant was combined with 25 pl of 10% SDS to a final SDS
concentration of 5% after alkylation. Samples were then acidified with
phosphoricacid and precipitated by adding 90% methanolin 100 mM
triethylammonium bicarbonate (TEAB) ina 6:1 (vol/vol) ratio. Protein
was then added to the trap with benchtop centrifugation (4,000 g for
1min), washed and digested with trypsin at a 1:10 enzyme to protein
ratio at 37 °C overnight. Following digestion, peptides were eluted
from the trap with 40 pl of 100 mM TEAB, 40 pl of 0.2% formic acid
and 40 pl of 50% acetonitrile in 0.2% formic acid. Combined elutant
volumes were then dried.

Chymotrypsin LC-MS/MS and LC-PRM-MS analysis. Dried peptides
werereconstituted with 0.1% formicacid, and 2 pg of each sample was
injected. Chymotrypsin-digested ORF8 samples were analysed on a
Q-Exactive (Thermo Scientific) coupled to an Easy nLC 1000 UHPLC
system and Nanospray Flex ion source (Thermo Scientific). The LC
instrument was equipped with a 75 um x 20 cm column packed in
house using Reprosil-Pur C18 AQ (2.4 um; Dr. Maisch). Using the same
columnand buffer conditions as described previously, peptides were
separated on an 85-min gradient at 400 nl min " starting at 3% buffer
B and increasing to 32% buffer B over 79 min and then increasing to
50% buffer B over 5 min and finally increasing to 90% buffer B over
1 min. The column was then washed at 90% buffer B over 5 min and
equilibrated to 3% buffer B. Data-dependent acquisition was per-
formed with dynamic exclusion of 40 s. A full MS' scan from 350 to
1,200 m/z was acquired with a resolution of 70,000, an AGC target of
1x10° and a maximum injection time of 50 ms. Then, a series of MS?
scans was acquired for the top 15 precursors with a charge state of 2-7,
a collision energy of 28 and an isolation window of 2.0 m/z. Each MS?
scan was acquired with aresolution of 17,500, an AGC target of 2 x 10°
and a maximum injection time of 50 ms. A database search was per-
formed using the human SwissProt sequence and ORF8 sequence with
Proteome Discoverer 2.3 or 2.4 (Thermo Scientific) using the following
search criteria: carboxyamidomethylation at cysteine residues as a
fixed modification; oxidation at methionine and acetylation at lysine
as variable modifications; two maximum allowed missed cleavages;
precursor MStolerance of 10 ppm; a 0.02-Da MS/MS. An unscheduled
parallel reaction-monitoring method* was developed to identify or
validate 45 possible modified and unmodified peptide targets of ORFS.
Peptides were separated with the same LC gradient conditions. A full
MS!scan from 300 to 900 m/zwas acquired with a resolution of 70,000,
anAGC target of 1 x 10°and amaximum injection time of 50 ms. Then,
aseries of MS? scans was acquired with aloop count of 23 precursors,
a collision energy of 28 and an isolation window of 1.2 m/z. Each MS?
scanwas acquired with a resolution 0f 17,500, an AGC target of 1 x 10°
and a maximum injection time of 100 ms. Data analysis and manual
inspection were performed with Skyline®® (MacCoss Lab) and IPSA®'.

Trypsin ORF8 LC-MS/MS and LC-PRM/MS analysis and IP LC-MS/
MS analysis. Dried peptides were reconstituted with 0.1% formicacid,
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and 2 pg of each sample was injected. Data-dependent acquisition
runs were analysed on a Q-Exactive HF or HF-X (Thermo Scientific)
attached to an Ultimate 3000 nano UPLC system and Nanospray Flex
lon Source (Thermo Scientific). Using the same column and buffer
conditions as described above, peptides were separated on a112-min
gradientat400 nl minstarting at 5% buffer B, increasing to 35% buffer
B over 104 min and then increasing to 60% buffer B over 8 min. The
columnwas then washed at 95% buffer B for 5 min and equilibrated to
5% buffer B. Data-dependent acquisition was performed with dynamic
exclusion of 45 s. A full MS' scan from 380 to 1,200 m/z was acquired
with aresolution 0f 120,000, an AGC target of 3 x 10° and a maximum
injection time of 32 ms. Then, a series of MS? scans were acquired for
the top 20 precursors with a charge state of 2-5, a collision energy
of 28 and anisolation window of 1.2 m/z. Each MS? scan was acquired
with a resolution 0f 30,000, an AGC target of 1 x 10° and a maximum
injection time of 32 ms (HF) or 55 ms (HFX). A database search was
performed using the human SwissProt sequence and ORF8 sequence
with Proteome Discoverer 2.3 or 2.4 (Thermo Scientific) with the fol-
lowing search criteria: carboxyamidomethylation at cysteine residues
as a fixed modification; oxidation at methionine and acetylation at
lysine as variable modifications; two maximum allowed missed cleav-
ages; precursor MS! tolerance of 10 ppm; a 0.02-Da MS? tolerance.
Anunscheduled parallel reaction-monitoring method* was developed
toidentify 16 possible modified and unmodified peptide targets of ORFS.
Peptides were separated with the same LC gradient conditions. A full MS'
scan from350 to 950 m/zwas acquired with aresolution 0f 120,000, an
AGC target of 3 x10° and a maximum injection time of 100 ms. Then,
aseries of MS? scans were acquired with a loop count of 16 precursors,
acollision energy of28 and anisolation window of 1.2 m/z. EachMS*scan
was acquired with a resolution of 30,000, an AGC target of 1 x 10° and
amaximum injection time of 100 ms. Data analysis and manual inspec-
tion were performed with Skyline®® (MacCoss Lab) and IPSA®'.

Statistics and reproducibility
Box-and-whisker plots show the median as the centre line, box limits
forupper and lower quartiles, whiskers for 1.5x the interquartile range
and points for outliers. ANOVA testing was performed and plots were
generated with R. Bonferroni corrections were applied for multiple
comparisons. Fiji was used for image analysis. Imaging and analysis
were performed with the experimenter blinded to the experimental
condition whenever possible. In some instances, such as for patient
tissue imaging, analysis required targeted selection,imaging and analy-
sis of infected cells compared with uninfected cells. This required the
experimenter to be aware of cell infection status while imaging. How-
ever, inthese cases, the measurement of interest (such as staining for
ahistone modification) was not viewed before choosing fields to avoid
biasing selection.

Images are representative of multiple replicates as follows:

Figure 1b: >5 independent experiments.

Figure 1c: two independent experiments.

Figure 1d: three independent experiments.

Figure1g: fiveindependent samples from two separate runs of FACS
sorting.

Figure 2b,d,f: exact cell numbers and replicates described in
Fig.2c,d,g.

Figure 2h: two shown of four independent samples from one FACS
sort.

Figure 3f: threeindependent samples per condition from oneinfec-
tion.

Figure 3g: exact cellnumbers and replicates described in Fig. 3h.

Extended Data Fig. 2a: three independent experiments.

Extended Data Fig. 2b,c: >5 independent experiments.

Extended Data Fig. 2d: two independent experiments.

Extended Data Fig. 2e: two independent experiments.

Extended Data Fig. 3b: two independent experiments.

Extended Data Fig. 4a: lamin and histone H3, three independent
experiments; HP1a and KAT2A, two independent experiments.

Extended Data Fig. 4b: two independent experiments.

Extended Data Fig. 4c: two independent experiments.

Extended DataFig. 4d: oneindependent experiment, repeating pre-
viously published data.

Extended Data Fig. 4e: two independent experiments.

Extended Data Fig. 4f: two independent experiments.

Extended Data Fig. 5a: exact cell numbers and replicates described
in Extended Data Fig. 5b.

Extended Data Fig. 5c: exact cell numbers and replicates described
in Extended Data Fig. 5d.

Extended Data Fig. 5e: same images as in Extended Data Fig. 5c.

Extended DataFig. 6b: three shown of five independent samples
from two runs of FACS sorting.

Extended DataFig.10a: exact cellnumbers and replicates described
in Extended D ata Fig.10b.

Extended DataFig.10c: exact cellnumbers and replicates described
inExtended Data Fig. 10d.

Extended Data Fig. 10e: exact cellnumbers and replicates described
in Extended Data Fig. 10f.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.
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Extended DataFig.1|Orf8isaputative histone mimic. (a) Alignments
performed to identify putative histone mimic sites within the SARS-CoV-2
genome. (b) The number of exact sequential overlapping amino acids found
between SARS-CoV-2 proteins and histone proteins. (c) The overlap of Orf8 and
H3 compared to other proposed cases of histone mimicry. Exactamino acid
overlap shownindark blue and structurally similar amino acid overlap shownin
light blue.NS1is from Influenza AH3N2. Protein E is a previously proposed

mimicin SARS-CoV-2.G9aisahuman protein that mimics H3. (d) Previously
proposed histone H3 mimicin SARS-CoV-2 proteinE. (e) Overlap of SARS-CoV
proteins with H3. (f) The ARKS motifis presentin Bat SARS-CoV Orf8 and
variants of concernbutis not found with SARS-CoV Orb8a/b or the SARS-CoV
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from published datasets. MOl =1. Plots indicate mean + SEM.
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Extended DataFig.2|See next page for caption.
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Extended DataFig. 2| Orf8localization. (a). Subcellular fractionation of
HEK293T cells transfected with Strep-Orf8indicates Orf8is presentinthe
cytoplasm and nucleus. (b) HEK293T cells expressing Orf8 co-stained with
Lamin B and streptactinto detect Orf8. (c) Rotation of z-stacks (right and
bottom panel for each stain) indicate colocalization of Orf8 and Lamin B.

(d) Orf8 antiserum specifically detects Strep-tagged Orf8 by westernblot In
HEK293T cells transfected with Strep-Orf8. (e) Orf8 antiserum specifically
stainsinfected A549"F cells 48 h after SARS-CoV-2 infection with no staining
observedinmockinfection. (f) Deletion construct used to test effects of
ARKSAP motifin Orf8. (g) Cellular fractions generated for use in subsequent
chromatin-immunoprecipitation for ChIP-sequencing shows lower ratio of

Orf8AARKSAP hresent in chromatin fraction then Orf8. (h) Gene tracks for Orf8
ChIP-sequencing normalized to input controls. Control indicates negative
controlIgG ChIP-sequencing. (i) Orf8is enriched in genomicregions with high
H3K27me3 and H3K9me2 relative toinput controls with lower enrichment at
regions with high H3K9me3. (j) Percentage of reads within Orf8-enriched
regions from ENCODE datasets. N =4 samples from ENCSROOOFC]J and
ENCSR179BUC for H3K9me3, N =2 samples from ENCSR55LYM for H3K9me2,
and N =4samples from ENCSROOOAKD for H3K27me3. (k) Diffbind analysis of
H3K27me3 vsinput controlsin Orf8 enriched regions. Scale bar =5uMina-b,
10pMind.For gelsource data, see Supplementary Fig. 1a, f, k. Bar plotsindicate
mean +SEM.
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Extended DataFig. 3| Orf8 proteininteractions and modifications. (a) Orf8
co-immunoprecipitates with Lamin complex-associated proteins including
LaminB, HP1a, and H3,and KAT2A.“indicates cells that are not expressing
Orf8 for negative control IPs performed in parallel. (b) Reciprocal co-
immunoprecipitation for Laminand H3 confirm Orf8 binding. (c) Orf8ARKsAP
co-immunoprecipitation with LaminB, HP1a, and H3, and KAT2A is not
detected. (d) Orf8 and Orf8**RSAP co-immunoprecipitates with MHC1 complex
protein HLA-A2. (e) Orf8 co-immunoprecipitation with Brd4 is not detected.
(f) Confirmation of mass spectrometry analysis for transcription factor SP2.
Orf8 wasimmunoprecipitated with Streptactin beads and resulting lysates
were probed for SP2 and Streptactin. Proteins purified for mass spectrometry
analysis wereisolated using whole cell lysate conditions rather than through
enrichment of the chromatin fraction. Thisapproach (described in methods)
captured predominantly cytoplasmic binding partners and alimited numbers
of chromatin-associated proteins. (g) Targeted mass spectrometry analysis of
trypsin-digested Orf8 of the peptide containing the proposed histone mimicin
Orf8. Orf8acetylation at K52is detected in the 3+ charged peptide by targeted
mass spectrometry. MS/MS spectrawith matching productions (bionsinblue,

yionsinred, cionsinyellow) within 10ppm mass error. (h) Representative
confocalimages of HEK293T cells transfected with orf8 expression construct
(green) and stained for Lamin A/C (cyan) and Lamin B1 (red). DAPI counterstain
showninblue. Scale bar 5pm. (i) Bar graphs show distributions of total Lamin
A/CorLaminBlsignalintensity per cellin Mock and Orf8-expressing cells.
n=129 and 86 cells per sample. Statistical analysis was performed using Mann-
Whitney test. (j) Representative confocal images of HEK293T cells transfected
with Orf8 expression construct (green) and stained for H3K9me2 (red) and
Lamin B (cyan). DAPI counterstain showninblue. Scale bar 5um. (k) Bar graph
show fraction of H3K9me2-marked chromatin at the nuclear lamina/periphery
of control and Orf8-expressing cells. n > 32 cells per sample. (I) Representative
confocalimages showninjof HEK293T cells transfected with Orf8 expression
construct (green) and stained for Lamin B1 (red) with Orf8 and Lamin Bl
enrichment through the cell plotted along the dotted lines shown inimage.
Scale bar Spm. Statistical analysis was performed using Welch 2-sided t test.
Box plots show median, 25th and 75th percentiles. Whiskers show Tukey
confidenceintervals. For gel source data, see Supplementary Fig.1c,d, g-j.
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Extended DataFig. 6 | Orf8 disrupts gene expression. (a) Expression of
Orf8"Tand Orf8*ARKSAP from FAC sorted cells used for RNA-seq. (b) Volcano plot
of differential gene expression analysis of Orf8"" expressing cells compared to
GFP expressing cells. (c) Volcano plot of differential gene expression analysis of
Orf82ARKSAP ex pressing cells compared to GFP expressing cells. Red indicates
significantly differentially expressed genes. (d) Overlap of genes down or
upregulated by Orf8 and Orf8**R*AP compared to GFP expressing cells.

(e) Gene ontology analysis of genes that are downregulated by Orf8 compared
to Orf8*ARKSAP (f.g) Volcano plot of differential gene expression analysis of Orf8""
expressing cells compared to Orf8**f$A* expressing cells graphed by p value

(f) and mean expression (g). (h) Gene tracks of genes thatare induced by
Orf8AARKSAP bt show a dampened response to Orf8. (i) Gene tracks of agene
thatis notdisrupted by Orf8 expression. (j) H3K9ac CUT&Tagreadsatdownand
upregulated DEGs in Orf8 verses Orf82*RKSAF (k) ATAC-seqreadsatdownand
upregulated DEGsin Orf8 verses Orf8*RSA* DEG: differentially expressed gene.
Volcano plots show differentially expressed genesin DESeq2 analysis with
multiple comparison corrections. Gene ontology significance based on
clusterProfiler analysis with Benjamini-Hochberg adjusted p-values.
ForRNA-seq, N =2for GFPand Orf82**¥$** and N = 3 for Orf8"". FACS gating
strategy and cellnumbersisolated shownin Supplemental Fig. 2.
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Extended DataFig. 8| Orf8 mediates SARS-CoV-2 effects on histone PTMs.
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Extended DataFig.9|RNA-sequencing read comparisonsand 48 hour
DEG. (a) Reads aligned to the human and SARS-CoV-2 genomes 24 h after
infection. (b) Levels of SARS-CoV-2 transcriptsin cells infected with SARS-CoV-2"T,
SARS-COV-224RKSAP or SARS-CoV-24°"8 24 h after infection. (c) Reads aligned to
the humanand SARS-CoV-2 genomes 48 hafter infection. (d) Levels of SARS-
CoV-2transcriptsin cellsinfected with SARS-CoV-2"", SARS-CoV-22°*, or SARS-
COV-22ARKSAP 48 hafter infection. (€) Normalized reads of SARS-CoV-2 Orf8 and
human transcripts of histone H3 genes in cells infected with SARS-CoV-2""or
SARS-CoV-22°"8_(f) Overlap of differentially expressed genes inresponse to

SARS-CoV-2"T, SARS-CoV-22°"8, or SARS-CoV-224RKSAP compared to mock
infectionat MOI =1, 48 h after infection. (g) Differential gene expression
analysis by RNA-seq of A549*E cells 48 h after SARS-CoV-2%T, SARS-CoV-220""8,
or SARS-CoV-224RKSAP compared to mock infection at MOI = 1. Significantly
differentially expressed genes (relative to mockinfection) are showninblue
(down) andred (up). N =3. Volcano plots show differentially expressed genesin
DESeq2 analysis with multiple comparison corrections. Bar plots indicate
mean +SEM.
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Extended DataFig.10|See next page for caption.
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Extended DataFig.10| Comparison of ChIP-sequencing and RNA-sequencing
datain A549° cells. (a) Gene ontology analysis of genes upregulated by
SARS-CoV-22°"%infection. (b) Genes expression changes between SARS-CoV-220'f8
and SARS-CoV-2**RKSAP (¢) Gene ontology analysis of genes upregulated by
SARS-CoV-224RKSA? compared to SARS-CoV-2°°", (d) Mean peak difference for
H3K9me3ingenesthataredown, unchanged, or upregulatedinresponsesto
infection. (e) Mean peak difference for H3K27me3 in genes thatare down,
unchanged, or upregulated in responses to infection. (f) Mean peak difference
for H3K9acin genes that differentially expressed inresponsestoinfection.

Peak values determined by diffbind for the most significant peak intersecting
the TSSofagene. N =3 ChIP-sequencing for each modification except N = 2 for
H3K9acwildtype SARS-CoV-2"". Pvaluesindicate results from a Kruskal-Wallis
test followed by a post-hoc Dunn’s test and Bonferroni correction.
N.S.indicates genesthat are not significant differentially expressed between
groups. Box plots centered on median, bounds at 25" and 75" percentile,
minimum and maximum defined as median + 1.5x interquartile range, with
whiskers extended to lowest/highest valuein range.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
/N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

El A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
/N Give P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

XXX O OO0 00O0F

|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  NA
Data analysis Data analysis is described in the methods section as follows:

For analysis of histone PTM ChIP-sequencing, reads were demultiplexed using bcl2fastg2 (lllumina) with the options “--mask-short-adapter-
reads 20 --minimum-trimmed-read-length 20 --no-lane-splitting --barcode-mismatches 0”. Reads were trimmed using TRIMMOMATIC (Bolger
et al., 2014) with the options “ILLUMINACLIP:[adapter.fa]:2:30:10 LEADING:5 TRAILING:5 SLIDINGWINDOW:4:15 MINLEN:15”, and aligned to a
hybrid hg38+C. floridanus (v7.5, RefSeq) genome assembly using bowtie2 v2.2.64 with the option “--sensitive-local”. Alignments with a
mapping quality below 5 (using samtools) and duplicated reads were removed peaks were called using macs25 v2.1.1.20160309 with the
options “--call-summits —nomodel —B”. Differential ChIP peaks were called using DiffBind6 using the options “bFullLibrarySize=FALSE,
bSubControl=TRUE, bTagwise=FALSE” for dba.analyze(). For DiffBind testing the DESeq2 algorithm with blocking was used, and ChlIP replicate
was used as the blocking factor while testing for differences between Mock and infected samples. For ChIP signal tracks individual replicate
tracks were produced for RPM and fold-enrichment over input control, merged, and averaged.

For Orf8 ChIP-sequencing analysis, alignments were performed with Bowtie2 (2.1.0)4 using the Hg38 genome using a ChIP-seq pipeline
(https://github.com/shenlab-sinai/chip-seq_preprocess). Orf8 reads were mapped using NGS plot.

For ATAC-sequencing analysis, alignments were performed with Bowtie2 (2.1.0)4 using the Hg38 genome using a ChIP-seq pipeline (https://
github.com/shenlab-sinai/chip-seq_preprocess). Reads were mapped using NGS plot.

To identify potential histone mimicry SARS-CoV-2 protein sequences were aligned to human histone protein sequences (H2A, H2B, H3.1,H3.2
H4, H2A.X, H2A.Z, macroH2A, and H3.3) using Multiple Sequence Comparison by Log-Expectation (MUSCLE) with default settings. SARS-CoV2
protein sequences were obtained from protein sequences published from the first Wuhan isolate.7




Images were analyzed using Image J software (version 2.0.0-rc-69/1.52p, build 269a0ad53f) Single z-plane images of HEK cells and human
lung tissue, and summed z-stacks through A549 nuclei were used for PTM quantification. ROI of in-focus nuclei were semi-automatically
defined using the DAPI channel and the analyze particles functionality with manual corrections. HEK histone PTMs were quantified in
transfected and non-transfected neighboring cells using mean gray values. Strep-tagged Orf8 constructs (Streptactin-488) and GFP signal were
used to define transfected cell and HEK histone PTMs levels of transfected cells were relativized to histone PTM levels in non-transfected
neighbors. Histone PTMs were quantified in A549 and human lung tissue using integrated density values. dsRNA and SARS-CoV-2
nucleocapsid signal were used to define infected A549s and human lung cells, respectively.

For FACS, gating and sorting was conducted using BD FACS Software (1.2.0142). Post-Sort analysis was conducted with FlowJo (10.8.0).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- A list of figures that have associated raw data
- A description of any restrictions on data availability

Data availability statement from methods section: All genome-wide sequencing data is available under accession number: GSE186628. All proteomics data are
available via ProteomeXchange with identifier PXD034379.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences [ ] Behavioural & social sciences | | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size A samples size of 3 biological replicates was used for all experiments where ever possible for sequencing and imaging experiments. In the case
of RNA-sequencing and analysis with DESeq2, 3 replicates is established as sufficient to provide adequate power. For imaging experiments, 3
replicates ensured sufficient power, reproducibility, and that one replicate would not cause an inaccurate outcome. For viral data, the
numbers of replicates were determined from many years of past history by the Weiss lab that provides statistically robust datasets for
expected effect sizes.

Data exclusions | No data exclusions were used, expect in the case where immunocytochemistry staining failed in a necessary control or test sample and the
data set could therefore not be used.

Replication 3 biological replicates were used for all experiments where ever possible and all replications confirmed findings with only expected variability
in effect size found between replicates.

Randomization  Allocation of samples was random between manipulations.

Blinding Imaging and analysis were performed with experimenter blinded to experimental condition where ever possible. For some instances, such as
for patient tissue imaging, analysis required targeted selection, imaging, and analysis of infected cells compared to uninfected cells. This
required the experimenter was aware of cell infection status while imaging. However, in these cases, the measurement of interest (such as a
histone modification stain) was not viewed prior to choosing fields to avoid biasing selection to ensure the experimenter was still blinded to
the measurement of interest. For all other sample and analysis processing where the experimenter was not blinded, the output was fully
quantitative and thus unlikely to be biased by knowledge of samples or it was not possible such as for western blots where samples had to be
loaded in a specific order.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study
[ 1IX Antibodies ] ChIP-seq
|:| Eukaryotic cell lines |:| Flow cytometry
|:| Palaeontology and archaeology |:| MRI-based neuroimaging
X |:| Animals and other organisms
|Z |:| Human research participants
|Z |:| Clinical data
X |:| Dual use research of concern
Antibodies
Antibodies used A full antibody list is shown in Supplemental Table 6.
Validation All antibodies used are well validated and widely used antibodies with the exception of the SARS-CoV-2 Orf8 antibody. This we

validated using 1) Cells expressing Orf8 compared to control cells not expression Orf8 and 2) mock infected verses SARS-CoV-2
infected cells. All other antibodies were validated on the manufacturer's website for human cells for assays used with information
included on the website including relevant citations. All antibodies used were cited in previously published studies.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

ChlP-seq

The lab of Susan Weiss generated A549-ACE cells. HEK293T and Vero E6 cells were obtained from ATCC.

Full authentication of A549-ACE cells and iAT2 cells cells are described in:

Li, Y. et al. SARS-CoV-2 induces double-stranded RNA-mediated innate immune responses in respiratory epithelial derived
cells and cardiomyocytes. New HEK293T cells and Vero E6 cells were obtained at the onset of this project to ensure pure
lines were used for this study.

All cell lines used were confirmed to be negative for mycoplasma and are retested twice annually.

No misidentified cell lines were used in this study.

Data deposition

|Z| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links
May remain private before publication.

Files in database submission

All genome-wide sequencing data is available under accession number GSE186628 at
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE186628

GSM5657935 Mock_n1 A549 ATAC-Seq

GSM5657936 Mock_n2 A549 ATAC-Seq

GSM5657937 WT_n1 A549 ATAC-Seq

GSM5657938 WT_n2 A549 ATAC-Seq

GSM5657939 Del_n1 A549 ATAC-Seq

GSM5657940 Del_n2 A549 ATAC-Seq

GSM5657941 24h Mock n1 A549-ACE cells RNA-Seq
GSM5657942 24h Mock n2 A549-ACE cells RNA-Seq
GSM5657943 24h Mock n3 A549-ACE cells RNA-Seq
GSM5657944 24h SARS-CoV-2 WT n1 A549-ACE cells RNA-Seq
GSM5657945 24h SARS-CoV-2 WT n2 A549-ACE cells RNA-Seq
GSM5657946 24h SARS-CoV-2 WT n3 A549-ACE cells RNA-Seq
GSM5657947 24h SARS-CoV-2 Del n1 A549-ACE cells RNA-Seq
GSM5657948 24h SARS-CoV-2 Del n2 A549-ACE cells RNA-Seq
GSM5657949 24h SARS-CoV-2 Del n3 A549-ACE cells RNA-Seq
GSM5657950 48h Mock n1 A549-ACE cells RNA-Seq
GSM5657951 48h Mock n2 A549-ACE cells RNA-Seq
GSM5657952 48h Mock n3 A549-ACE cells RNA-Seq
GSM5657953 48h SARS-CoV-2 WT n1 A549-ACE cells RNA-Seq
GSM5657954 48h SARS-CoV-2 WT n2 A549-ACE cells RNA-Seq
GSM5657955 48h SARS-CoV-2 WT n3 A549-ACE cells RNA-Seq
GSM5657956 48h SARS-CoV-2 Del n1 A549-ACE cells RNA-Seq
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GSM5657957 48h SARS-CoV-2 Del n2 A549-ACE cells RNA-Seq

GSM5657958 48h SARS-CoV-2 Del n3 A549-ACE cells RNA-Seq

GSM5657959 GFP_n1 HEK cells ATAC-Seq

GSM5657960 GFP_n2 HEK cells ATAC-Seq

GSM5657961 Orf8_n1 HEK cells ATAC-Seq

GSM5657962 Orf8_n2 HEK cells ATAC-Seq

GSM5657963 ARKSAP_n1 HEK cells ATAC-Seq

GSM5657964 ARKSAP_n2 HEK cells ATAC-Seq

GSM5657965 GFP CUT&TAG

GSM5657966 Orf8 CUT&TAG

GSM5657967 ARKSAP CUT&TAG

GSM5657989 24h Mock n1 iAT2 cells RNA-Seq

GSM5657990 24h Mock n2 iAT2 cells RNA-Seq

GSM5657991 24h Mock n3 iAT2 cells RNA-Seq

GSM5657992 24h SARS-CoV-2 WT n1iAT2 cells RNA-Seq

GSM5657993 24h SARS-CoV-2 WT n2 iAT2 cells RNA-Seq

GSM5657994 24h SARS-CoV-2 WT n3 iAT2 cells RNA-Seq

GSM5657995 24h SARS-CoV-2 Del n1iAT2 cells RNA-Seq

GSM5657996 24h SARS-CoV-2 Del n2 iAT2 cells RNA-Seq

GSM5657997 24h SARS-CoV-2 Del n3iAT2 cells RNA-Seq

GSM5657998 48h Mock n1 iAT2 cells RNA-Seq

GSM5657999 48h Mock n2 iAT2 cells RNA-Seq

GSM5658000 48h Mock n3 iAT2 cells RNA-Seq

GSM5658001 48h SARS-CoV-2 WT n1iAT2 cells RNA-Seq

GSM5658002 48h SARS-CoV-2 WT n2 iAT2 cells RNA-Seq

GSM5658003 48h SARS-CoV-2 WT n3iAT2 cells RNA-Seq

GSM5658004 48h SARS-CoV-2 Del n1iAT2 cells RNA-Seq

GSM5658005 48h SARS-CoV-2 Del n2 iAT2 cells RNA-Seq

GSM5658006 48h SARS-CoV-2 Del n3iAT2 cells RNA-Seq

GSM5658830 A549 cells with Mock infection - Input, replicate r1

GSM5658831 A549 cells with Mock infection - Input, replicate r2

GSM5658832 A549 cells with Mock infection - Input, replicate r3

GSM5658833 A549 cells with CoV2 infection - Input, replicate rl1

GSM5658834 A549 cells with CoV2 infection - Input, replicate r2

GSM5658835 A549 cells with CoV2 infection - Input, replicate r3

GSM5658836 A549 cells with CoV2-0rf8 deletion infection infection - Input, replicate r1
GSM5658837 A549 cells with CoV2-0rf8 deletion infection infection - Input, replicate r2
GSM5658838 A549 cells with CoV2-0rf8 deletion infection infection - Input, replicate r3
GSM5658839 A549 cells with Mock infection - K27m3, replicate r1

GSM5658840 A549 cells with Mock infection - K27m3, replicate r2

GSM5658841 A549 cells with Mock infection - K27m3, replicate r3

GSM5658842 A549 cells with CoV2 infection - K27m3, replicate r1

GSM5658843 A549 cells with CoV2 infection - K27m3, replicate r2

GSM5658844 A549 cells with CoV2 infection - K27m3, replicate r3

GSM5658845 A549 cells with CoV2-0rf8 deletion infection infection - K27m3, replicate r1
GSM5658846 A549 cells with CoV2-Orf8 deletion infection infection - K27m3, replicate r2
GSM5658847 A549 cells with CoV2-0rf8 deletion infection infection - K27m3, replicate r3
GSM5658848 A549 cells with Mock infection - K9ac, replicate r1

GSM5658849 A549 cells with Mock infection - K9ac, replicate r2

GSM5658850 A549 cells with Mock infection - K9ac, replicate r3

GSM5658851 A549 cells with CoV2 infection - K9ac, replicate rl

GSM5658852 A549 cells with CoV2 infection - K9ac, replicate r2

GSM5658853 A549 cells with CoV2 infection - K9ac, replicate r3

GSM5658854 A549 cells with CoV2-0rf8 deletion infection infection - K9ac, replicate rl
GSM5658855 A549 cells with CoV2-0rf8 deletion infection infection - K9ac, replicate r2
GSM5658856 A549 cells with CoV2-0rf8 deletion infection infection - K9ac, replicate r3
GSM5658857 A549 cells with Mock infection - K9m3, replicate rl

GSM5658858 A549 cells with Mock infection - K9m3, replicate r2

GSM5658859 A549 cells with Mock infection - K9m3, replicate r3

GSM5658860 A549 cells with CoV2 infection - K9m3, replicate rl

GSM5658861 A549 cells with CoV2 infection - K9m3, replicate r2

GSM5658862 A549 cells with CoV2 infection - K9m3, replicate r3

GSM5658863 A549 cells with CoV2-Orf8 deletion infection infection - K9m3, replicate r1
GSM5658864 A549 cells with CoV2-Orf8 deletion infection infection - K9m3, replicate r2
GSM5658865 A549 cells with CoV2-Orf8 deletion infection infection - K9m3, replicate r3
GSM5664216 HEK293T GFP n1 RNA-seq

GSM5664217 HEK293T GFP n2 RNA-seq

GSM5664218 HEK293T Orf8 n1 RNA-seq

GSM5664219 HEK293T Orf8 n2 RNA-seq

GSM5664220 HEK293T Orf8 n3 RNA-seq

GSM5664221 HEK293T Orf8dARKSAP n1 RNA-seq

GSM5664222 HEK293T Orf8dARKSAP n2 RNA-seq

GSM6211041 A549 cells with ARKSAP deletion, CoV2 infection, Input control, replicate r1
GSM6211042 A549 cells with ARKSAP deletion, CoV2 infection, Input control, replicate r2
GSM6211043 A549 cells with ARKSAP deletion, CoV2 infection, Input control, replicate r3
GSM6211044 A549 cells with Mock infection, Input control, replicate r1
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Genome browser session
(e.g. UCSC)

Methodology
Replicates

Sequencing depth

GSM6211045 A549 cells with Mock infection, Input control, replicate r2

GSM6211046 A549 cells with Mock infection, Input control, replicate r3

GSM6211047 A549 cells with CoV2 infection, Input control, replicate r1

GSM6211048 A549 cells with CoV2 infection, Input control, replicate r3

GSM6211049 A549 cells with Orf8 deletion, CoV2 infection, Input control, replicate r1
GSM6211050 A549 cells with Orf8 deletion, CoV2 infection, Input control, replicate r2
GSM6211051 A549 cells with Orf8 deletion, CoV2 infection, Input control, replicate r3
GSM6211052 A549 cells with ARKSAP deletion, CoV2 infection, H3K9ac IP, replicate r1
GSM6211053 A549 cells with ARKSAP deletion, CoV2 infection, H3K9ac IP, replicate r2
GSM6211054 A549 cells with ARKSAP deletion, CoV2 infection, H3K9ac IP, replicate r3
GSM6211055 A549 cells with Mock infection, H3K9ac IP, replicate r1

GSM6211056 A549 cells with Mock infection, H3K9ac IP, replicate r2

GSM6211057 A549 cells with Mock infection, H3K9ac IP, replicate r3

GSM6211058 A549 cells with CoV2 infection, H3K9ac IP, replicate rl1

GSM6211059 A549 cells with CoV2 infection, H3K9ac IP, replicate r3

GSM6211060 A549 cells with Orf8 deletion, CoV2 infection, H3K9ac IP, replicate rl1
GSM6211061 A549 cells with Orf8 deletion, CoV2 infection, H3K9ac IP, replicate r2
GSM6211062 A549 cells with Orf8 deletion, CoV2 infection, H3K9ac IP, replicate r3
GSM6215565 Mock_n1 (Set 2)

GSM6215566 Mock_n2 (Set 2)

GSM6215567 Mock_n3 (Set 2)

GSM6215568 WT_n1 (Set 2)

GSM6215569 WT_n2 (Set 2)

GSM6215570 dOrf8_n1 (Set 2)

GSM6215571 dOrf8_n2 (Set 2)

GSM6215572 dOrf8_n3 (Set 2)

GSM6215573 dARKSAP_n1 (Set 2)

GSM6215574 dARKSAP_n2 (Set 2)

GSM6215575 dARKSAP_n3 (Set 2)

GSM6215576 Mock_n1 (Set 3)

GSM6215577 Mock_n2 (Set 3)

GSM6215578 Mock_n3 (Set 3)

GSM6215579 WT_n1 (Set 3)

GSM6215580 WT_n2 (Set 3)

GSM6215581 WT_n3 (Set 3)

GSM6215582 dOrf8_n1 (Set 3)

GSM6215583 dOrf8_n3 (Set 3)

GSM6215584 dARKSAP_n1 (Set 3)
GSM6215585 dARKSAP_n2 (Set 3)
GSM6215586 dARKSAP_n3 (Set 3)
GSM6215587 24h Mock n1

GSM6215588 24h Mock n2

GSM6215589 24h Mock n3

GSM6215590 24h SARS-CoV-2 WT nl
GSM6215591 24h SARS-CoV-2 WT n2
GSM6215592 24h SARS-CoV-2 WT n3
GSM6215593 24h SARS-CoV-2 DelOrf8 n1
GSM6215594 24h SARS-CoV-2 DelOrf8 n2
GSM6215595 24h SARS-CoV-2 DelOrf8 n3
GSM6215596 24h SARS-CoV-2 DelARKSAP n1
GSM6215597 24h SARS-CoV-2 DelARKSAP n2
GSM6215598 24h SARS-CoV-2 DelARKSAP n3
GSM6215599 48h Mock n1

GSM6215600 48h Mock n2

GSM6215601 48h Mock n3

GSM6215602 48h SARS-CoV-2 WT nl
GSM6215603 48h SARS-CoV-2 WT n2
GSM6215604 48h SARS-CoV-2 WT n3
GSM6215605 48h SARS-CoV-2 DelOrf8 n1
GSM6215606 48h SARS-CoV-2 DelOrf8 n2
GSM6215607 48h SARS-CoV-2 DelOrf8 n3
GSM6215608 48h SARS-CoV-2 DelARKSAP nl
GSM6215609 48h SARS-CoV-2 DelARKSAP n2
GSM6215610 48h SARS-CoV-2 DelARKSAP n3

NA

Replicates for each ChlP-seq experiment are described in the Figure Legend that corresponds to that ChIP experiment.

This information is described in detail in the methods section. In short, all RNA-seq experiments were single-end reads. All ChIP-seq
and ATAC-seq experiments were paired-end. Read lengths are provided in methods for each experiment.
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Antibodies A full antibody table with all required information is included in Supplemental Table 6.

Peak calling parameters Peaks were called using macs250v2.1.1.20160309 with the options “--call-summits -nomodel —B”. Differential ChIP peaks were
called using DiffBind51 using the options “bFullLibrarySize=FALSE, bSubControl=TRUE, bTagwise=FALSE” for dba.analyze(). For
DiffBind testing the DESeq?2 algorithm with blocking was used, and ChIP replicate was used as the blocking factor while testing for
differences between Mock and infected samples.

Data quality Library size and purity was confirmed on a BioAnalyzer prior to sequencing. For DiffBind testing the DESeq2 algorithm with blocking
was used, and ChIP replicate was used as the blocking factor while testing for differences between Mock and infected samples.

Software For analysis of histone PTM ChIP-sequencing, reads were demultiplexed using bcl2fastg2 (lllumina) with the options “--mask-short-
adapter-reads 20 --minimum-trimmed-read-length 20 --no-lane-splitting --barcode-mismatches 0”. Reads were trimmed using
TRIMMOMATIC (Bolger et al., 2014) with the options “ILLUMINACLIP:[adapter.fa]:2:30:10 LEADING:5 TRAILING:5
SLIDINGWINDOW:4:15 MINLEN:15", and aligned to a hybrid hg38+C. floridanus (v7.5, RefSeq) genome assembly using bowtie2
v2.2.64 with the option “--sensitive-local”. Alignments with a mapping quality below 5 (using samtools) and duplicated reads were
removed peaks were called using macs25 v2.1.1.20160309 with the options “--call-summits -nomodel —B”. Differential ChIP peaks
were called using DiffBind6 using the options “bFullLibrarySize=FALSE, bSubControl=TRUE, bTagwise=FALSE” for dba.analyze(). For
DiffBind testing the DESeq?2 algorithm with blocking was used, and ChIP replicate was used as the blocking factor while testing for
differences between Mock and infected samples. For ChIP signal tracks individual replicate tracks were produced for RPM and fold-
enrichment over input control, merged, and averaged.

In order to account for potential global differences in hPTM abundance that would otherwise be missed by more standard quantile
normalization-type approaches, high-quality de-duplicated read counts were produced for both human-mapping and C. floridanus-
mapping reads, resulting in proportions of reads mapping to exogenous genome for each hPTM. Input controls were also treated in
this way to account for potential differences in initial spike-in addition between samples. For each hPTM, the proportion of spike-in
reads were normalized by the appropriate input-control value. Because spike-ins should be inversely proportional to target
chromatin concentration, a ratio of CoV/Mock values was produced for each hPTM X replicate, and for CoV2 samples resulting signal
values were divided by this ratio. This resulted in per-bp signal values adjusted by the degree of global difference in a given hPTM's
level between sample types.

For ATAC-seq and Orf8 ChIP-sequencing analysis, alignments were performed with Bowtie2 (2.1.0)4 using the Hg38 genome using a
ChIP-seq pipeline (https://github.com/shenlab-sinai/chip-seq_preprocess). Orf8 reads were mapped using NGS plot.
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Flow Cytometry

Plots

Confirm that:
|X| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation HEK cell pellets were gently resuspended in 1 mL FACS buffer (Ca2+/Mg2+-free PBS, 2% BSA), pelleted at 500 x g at 4C for 5
minutes, and supernatant was removed. Cells transfected with Orf8, and/or mutant Orf8 construct and non-transfected
control cells were then gently resuspended in 1 mL FACS buffer with a 1:500 dilution of streptactin-DY488 and rotated at 4C
for 1 hour, protected from light. Cells were then washed twice in 1 mL FACS buffer resuspended in 1 mL FACS buffer and
filtered through a 35 uM mesh into FACS tubes. Cells were collected in FACS buffer and pelleted for subsequent
experiments.

Instrument BD Influx (modular cell sorter) equipped with 488 nm laser and 530/40 nm detector

Software Gating and sorting was conducted using BD FACS Software (1.2.0142). Post-Sort analysis was conducted with FlowJo (10.8.0).

Cell population abundance Non-transfected control cells were stained with Strep-488 solution in parallel with cells transfected with Orf8 and Orf8
mutant constructs. 488+ gating was set such that < 1% of parent population (P2) was considered 488+ in control cells.

Gating strategy Cells were first gated on FSC (Forward Scatter) vs. Trigger-Pulse Width to exclude doublets and cell debris. Cells were then

gated of FSC vs SSC (Side scatter) to further exclude cell debris. Cells were then gated on 488 signal, where threshold was set
by non-transfected control cells grown. Streptactin-488 positives cells were collected in FACS buffer and pelleted for
subsequent experiments. An example of gating strategy can be found in Supplementary Figure 2.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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