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Microtubule mechanotransduction refines
cytomegalovirus interactions with and
remodeling of host chromatin

Celeste D. Rosencrance & Derek Walsh

Human cytomegalovirus extensively alters nuclear organization and the cel-
lular transcriptome, yet understanding of these genome-wide events remains
relatively limited. Here, chromatin conformation capture (Hi-C) revealed how
cytomegalovirus alters chromosome organization at both large- and small-
scales. Nascent transcriptomics further revealed how transcriptional changes
correlate with genomic reorganization, while also uncovering infection-
induced transcriptional dysregulation that contributes to the induction of
neuronal gene signatures in infected fibroblasts. CombiningHi-C andCleavage
Under Targets & Release Using Nuclease (CUT&RUN) we find that viral gen-
omes preferentially localize to highly euchromatic compartments, further
dysregulating transcription of host genes. Finally, RNAi-mediated depletion of
two key effectors of microtubule-based forces that are exerted on the nucleus
provides insights into their diverging roles in regulating compartment-scale
contacts and viral genomic interactions with host chromatin. Combined, we
reveal the extent to which HCMV interacts with and alters host chromatin and
transcription, and the influence of microtubule mechanotransduction on
these processes.

Thehumangenome is organized into ahighly complex three-dimensional
structure that involves extensive intra- and inter-chromosomal contacts1.
This structural complexity involves the formation of active and repressive
compartments of various scales, which both influence and are influenced
by the transcriptional activity of genes within these regions. Larger-scale
active “A” or repressive “B” compartments form contacts within them-
selves andwith other active or repressive compartments at both local and
long-distance ranges. Within these compartments, topologically asso-
ciating domains (TADs) form smaller regulatory units that contain active
and repressed genes or gene clusters. This complex, compartmentalized
genomeorganization and the transcriptional activity of geneswithin each
compartment is carefully regulated by an array of proteins ranging from
the central lamina scaffold on the inner nuclear membrane to histones,
insulators and transcription factors, as well as by external cues such as
kinase signaling pathways and cytoskeletal mechanotransduction1–3. In
the latter process, assembly of cytoplasmic filaments can influence the

levels of actin monomers in the nucleus that control transcription, while
microtubules can exert forces on the nuclear surface to control its spatial
organization and transcriptional activity4–6. Yet, inmany cases,we areonly
beginning to understand the underlying complexity of these events.

One such instance is infection by human cytomegalovirus
(HCMV), a member of the β-herpesvirus family of DNA viruses. In fact,
HCMV represents an intriguing case of virus-host interactions and
genome regulation for several reasons. Most viruses have a relatively
short replication cycle and kill cells rapidly, and many induce a phe-
nomenon termed “host shut-off” by globally destabilizing host mRNAs
to favor viral protein synthesis. In stark contrast, HCMVdoes not cause
shut-off and instead, it slowly replicates over a 5–10 day period7,8.
During this time, HCMV extensively remodels cellular architecture and
the host transcriptome. A wide range of genomic approaches have
been used to study HCMV infection, many of which have focused on
understanding the organization and transcriptional regulation of viral
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genomes9,10. From these studies, we now know, for example, that
unlike latent (non-productive) infection of myeloid cells, lytic (pro-
ductive) replication in permissive cell types such as fibroblasts is
accompanied by dynamic changes in the chromatinization of viral
genomes9. None-the-less, viral DNA remains less chromatinized and
more open or accessible than the cellular genome, and undergoes a
remarkably high level of pervasive transcription across both
strands11–20. However, the effects of HCMVon the host genome are less
well understood21. During initial infection of myeloid cells leading to
latency establishment, there are transient host responses but few, if
any, large-scale changes in host chromatin accessibility20. By contrast,
early studies showed that productive replication of HCMV in fibro-
blasts causes up- and down-regulation of thousands of host
mRNAs22–25. Recently, techniques such as chromatin immunoprecipi-
tation with sequencing (ChIPseq) and Precision Run-On Sequencing
(PROseq) have also been used to study promoter occupancy of mod-
ified histones and formation of RNA Polymerase II (Pol II) pre-initiation
complexes (PICs) on host versus viral promoters11,16. These studies
highlight the differences in promoter usage between human and viral
genes in the first 24–48h of infection and further revealed that Pol II
has limited nucleosome interactions on viral genomes. Follow-up
studies extending through 72 h of infection further showed that,
beyond the expected transcriptional downregulation of many host
genes, upregulated host genes were associated with increased release
of Pol II into productive elongation26. Moreover, a current eLife pre-
print employs an assay for transposase-accessible chromatin with
sequencing (ATACseq) to define changes in host genome accessibility
in the first 48 hours of infection27. In doing so, it was found that
∼139,000 regions remained unchanged, while ∼ 38,651 became less
accessible and ∼49,000 became newly accessible across the human
genome. Using Hi-ChIP, changes in chromatin looping interactions
were also defined, revealing ∼75,000 that open and ∼121,000 that
close during infection. Of regions that closed, there was enrichment
for TEA domain (TEAD) motifs. In addition, infection was found to
reduce TEAD1 protein levels as well as the abundance and phosphor-
ylation of regulatory factors such as YAP1, suggesting that infection
affects TEAD-associated developmental programs in multiple ways.
Notably, Immediate Early (IE) proteins IE1 or IE2, which directly control
viral transcription, do not interact extensively with the host genome
but instead appear to affect host transcription indirectly28–30. This
includes repression of innate response pathways, while a recent study
also implicates IE1 interactions with the histone variant MacroH2.A in
the gradual induction of neuronal genes whose protein products
support the maturation of new virions31.

In addition to these genetic changes, HCMV also causes visual
changes in the shape and organization of the nucleus. This occurs
through multiple effects of infection, ranging from disruption of
intranuclear Lamin A/C organization7 to an increase in external
microtubule-based forces applied to the nucleus32,33. Central to the
latter is the formation of a Golgi-derived structure in the cytoplasm,
termed the Assembly Compartment (AC)7,8. While the AC serves as a
maturation site for progeny virions after they exit the nucleus, it also
doubles as a microtubule-organizing center (MTOC)33. The AC forms
next to the nucleus early in infection, and as it grows and matures, its
MTOC function generates mechanically strong acetylated micro-
tubules that connect to and pull on the nucleus through Linker of
Nucleoskeleton and Cytoskeleton (LINC) complexes that contain the
inner nuclear protein, SUN132,33. The forces applied by these micro-
tubules are strong enough to cause the nucleus to rotate or rock while
they pull on SUN1-containing LINC complexes, thereby drawing a large
portion of the cell’s repressive histones towards the region of the
nucleus that sits adjacent to the AC32. This helps to segregate hetero-
chromatic regions from viral DNA, which is contained within Replica-
tion Compartments (RCs) that form partially phase-separated lobular
structures at the opposing side of the nucleus. Nuclear rotation and

polarization is evident over the first 24–96 h of infection, which then
ceases concurrent with the appearance ofmature virus particles in the
AC and the onset of cell migration32,33. Despite these advances, how-
ever, we continue to have a relatively limited understanding of the
extent to which HCMV affects host genome organization and nascent
transcriptional activity on a global scale, along with the impact that
microtubule forces may have on these processes.

Here, we use High-throughput Chromatin Conformation Capture
(HiC) and Cleavage Under Targets & Release Using Nuclease
(CUT&RUN)34,35 to determine the organization of both host and viral
genomes, and their interactions. We further employ nascent and total
transcriptomic approaches, which, when combined, reveal the extent
to which infection alters chromatin organization and its correlations
with transcriptional reprogramming and dysregulation genome-wide.
This includes spurious transcription of neuronal genes in infected
fibroblasts, while we further find thatHCMVgenomes accumulate near
the most euchromatic regions of their host genome. Finally, applying
these approaches to cells depleted of acetylated tubulin or SUN1
reveals the distinct roles of each factor in mediating microtubule-
based separation of host and viral genomes and in controlling chro-
matin contacts, providing detailed genetic insights into how
mechanotransduction refines these virus-host interactions.

Results
HCMV globally alters host chromatin contacts and compart-
ment organization
To determine the effects of HCMV on host genome organization, we
mock-infected or infected primary Normal Human Dermal Fibroblasts
(NHDFs) with the clinical strain, TB40/E, at a multiplicity of infection
(MOI) 5. We then cross-linked and processed samples for subsequent
sequencing and Hi-C analysis36,37 at 72, 96 and 120 h post-infection
(h.p.i.). These timepoints span the peak of nuclear rotation and
polarization (72-96 h.p.i.) into the subsequent switch to cell motility
that coincides with later stages of progeny virion production and
spread32,33,38. Two independent biological replicates were performed
for each infected-cell timepoint, taking two independent uninfected
samples at both the start and end points of the time course (72 and
120 h.p.i.) (Supplementary Fig. 1A). Starting from a whole-genome
perspective, Hi-C interaction mapping revealed a relative reduction in
long-range inter-chromosomal contacts in infected compared to
uninfected samples (Supplementary Fig. 1B). Whole genome maps
were further visualized in HiGlass39, following alignment to the stan-
dard human genome sequence, GRCh38 and the viral TB40/E refer-
ence sequence40 (Supplementary Fig. 1C). Differences in chromatin
contact strengths were visualized using division maps, which again
highlighted the relative reduction in inter-chromosomal contacts as
well as reduced interactions between p- and q-arms of individual
chromosomes that occurred by 72 h.p.i. (Fig. 1A). Viewing these
changes at different genomic resolutions highlighted how the most
robust increases in contacts occurred at the intra-chromosomal level
within chromosome arms, as seen along the central diagonal of the
divisionmap (Fig. 1A and Supplementary Fig. 1D). Using Chr 2, 5 and 17
as examples of chromosomes of varying sizes and gene densities fur-
ther highlighted these differences between uninfected and infected
samples at the chromosome level at each timepoint (Supplementary
Fig. 2A). Uninfected and infected samples showed a high degree of
similarity across timepoints, in linewith uninfected primary cells being
relatively stable in their genome organization and infection causing
widespread changes by 72 h.p.i. that persist through 120 h.p.i. (Sup-
plementary Figs. 1A, B and 2A). Given this similarity in samples and our
focus on the nuclear rotation period of infection, to increase sequence
depth and analytical power, we combined replicates for 72 h and 96 h
infected datasets for subsequent comparisons with all four 72 h and
120 h uninfected control samples. Using these datasets to generate
divisionmaps further highlighted the extent to which relative contacts

Article https://doi.org/10.1038/s41467-025-62921-5

Nature Communications |         (2025) 16:7507 2

www.nature.com/naturecommunications


within p- or q-arms increased, while inter-arm contacts decreased
(Fig. 1B and Supplementary Fig. 2B). GENOVA analysis of the Relative
Contact Probability (RCP)41 further showed that long-range contacts
across individual chromosomes decreased in infected samples, while
shorter-range cis-contacts increased (Supplementary Fig. 2C).

We next examined the effects of infection at the compartment
level. Whole chromosome Pearson’s correlation Hi-C maps and

corresponding Eigenvectors revealed extensive changes in active “A”
or repressive “B” compartments and their interactions across chro-
mosomes, again with notable differences in effects within versus
between p- and q-arms (Fig. 1C and Supplementary Fig. 3A). GENOVA-
generated saddle plots further showed that infection caused an
increase in interactions between A and B compartments, and a
reduction in A-A or B-B compartment interactions (Fig. 1D). This
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suggested that localized changes in compartment strengths and con-
tacts were occurring in infected cells. Using dcHiC42 to identify com-
partments and visualizing examples using Integrative Genomics
Viewer (IGV) (Fig. 1E, F and Supplementary Fig. 3B), instances of
enlarged A or B compartments could be observed at 100 kb. Com-
partments can be further sub-classified into strengths, with A0 and B0
being theweakest andA3or B3being the strongest active or repressive
region, respectively. Subcompartment calls were made using dcHiC
and showed that infection reduced the number of stronger A com-
partments and increased that of weaker A0 compartments (Supple-
mentary Fig. 3C). By contrast, all B compartments were reduced in
number. Compartment size analysis further showed that while total
numbers decreased, this arose due to increases in the sizes of all
compartments except A2’s (Supplementary Fig. 3D). To understand
this in more detail, we mapped the fate of compartments before and
after infection using interactive Sankey plots (Fig. 1G and https://
public.flourish.studio/visualisation/21041814/). Interestingly, while
weak A0 and B0 compartments changed considerably and were prone
to flipping from active to repressive states, and vice versa, stronger A
or B compartments often changed in strength but rarely flipped.

On smaller organizational scales, tornadoplots atTADboundaries
made using GENOVA showed that TAD insulation was reduced in
infected cells (Fig. 2A). Interestingly, when divided by compartment
types, TADs within A compartments of uninfected cells were more
insulated that those in B compartments, which likely reflects the gen-
erally heterochromatinized and repressed state of the latter. Infection
resulted in a loss of TAD insulation in both compartments, but this was
particularly evident in A compartments. Overall, using diffDomain
analysis43, we identified a total of 7268 reorganized TADs, of which
1799 were significantly affected by infection. Subcompartment tran-
sition heat maps showed that changes in TAD structure were most
prevalent in A compartments, particularly in A1 and A2 compartments,
although changes also occurred in B compartments (Fig. 2B). To relate
our findings to those of others, we compared our compartment and
TAD change analyses with published ATACseq as well as CCCTC-
binding factor (CTCF), TEAD1 andH3K27acChIPseqdatasets fromcells
also infected with TB40/E at MOI 527. Despite being performed at a
slightly earlier point in the nuclear polarization window (48 h), tran-
sitionmatrices of changes in genome accessibility and in CTCF, TEAD1
or H3K27ac peaks showed striking similarities to our called TAD
changes. In particular, opening (gains upon infection) and closing (loss
upon infection) of ATACseq and H3K27ac peaks again occurred pre-
dominantly in A1 and A2 compartments, with a degree of opening also
occurring in B1 and B2 (Fig. 2C). Interestingly, while TEAD1 and CTCF
peaks showed similar patterns, opening CTCF peaks (binding gained
during infection) were notably enriched in B compartments (Fig. 2D).
Moreover, closing TEAD1 and CTCF peaks were enriched in A com-
partments, suggesting that there may be widespread transcriptional

repression of TEAD-associated genes in A compartments. Combined,
these analyses suggested that most transcriptional changes caused by
infectionwere likely to be controlled through changes in compartment
strengths rather than compartment-scale flips, and in particular
through changes in TADorganization and the activity of insulators and
specific transcription factors within these compartments.

HCMV both reprograms and dysregulates nascent transcription
While HCMV-induced host transcriptomic changes are well
characterized22–25, this reflects the combined effects of both tran-
scription and post-transcriptional events. As such, we next employed
transient transcriptome sequencing (TTseq)44 to better understand
transcriptional and transcriptomic changes at 72 and 96 h.p.i. In this
approach, nascent transcripts are labeled by pulsing with
4-thiouridine (4sU) followed by their selective isolation by 4sU-
biotinylation for subsequent sequencing alongside corresponding
total RNA samples (Supplementary Fig. 4A). To do this rigorously and
to allow for later comparisons with the effects of ATAT1 or SUN1
depletion, these experiments were performed in control non-
targeting siRNA-treated NHDFs alongside corresponding control
siRNA-treated uninfected samples. Two independent control or tar-
geting siRNAs were used in each case, performing replicate experi-
ments that generated two independent samples per condition for
72 h and four independent samples per condition for 96 h analyses
(Supplementary Fig. 4B). As expected from this approach, nascent
transcriptomic reads captured a larger fraction of intronic than
exonic regions while total RNA samples were more enriched in exo-
nic reads (Supplementary Fig. 4C). Interestingly, infection appeared
to result in an increase in detection of intergenic reads particularly in
our TTseq datasets, which offered an initial indication of infection-
induced dysregulation of transcription.

To begin understanding the effects of infection on the nascent
transcriptome, we analyzed changes in gene expression using
DEseq245. Comparing 72 and 96 h.p.i. nascent transcriptomic datasets
provided kinetic information and identified a core set of HCMV-
regulated genes. Comparisons showed that only a small number of
either upregulated or downregulated genes were unique to the 72 h
timepoint, while 2710 upregulated and 2431 downregulated genes
were common to both timepoints (Fig. 3A). In line with ongoing
reprogramming of the host transcriptome between 72 and 96 h.p.i., a
larger number of genes were unique to 96 h.p.i. samples. We also
sequenced total RNA isolated prior to biotin-based enrichment of
nascent RNA fromour TTseq samples and found that a core set of 3233
upregulated and 2664 downregulated transcripts were shared across
timepoints. Moreover, 1723 upregulated and 1566 downregulated
genes were common to both timepoints and to both TTseq and
RNAseq approaches. This revealed that approximately two-thirds of
core transcriptional changes result in corresponding transcript-level

Fig. 1 | HCMV remodels host chromatin contacts and compartment organiza-
tion.NHDFs were mock-infected or infected with HCMV (MOI 5) for the indicated
times. A Genome-wide changes in chromatin interactions displayed by dividing
Hi-C matrices for mock versus infected cells at 72.h.p.i. TB40/E genome added as
an extra chromosome. HiGlass resolution = 5.12Mb. Division = ratio of normalized
contact frequencies. n = 2 per sample. B Intrachromosomal contact alterations
shown by division comparison of combined Hi-C datasets from 72/96 h.p.i. for
infected samples and 72/120 h for mock conditions. Juicebox resolution = 500 kb.
Normalization = Balanced. Division = log[Observed/Control*(AvgC/OvgO)].
Scale = − 9 to 9 log enrichment. n = 4 per sample. C Pearson correlation matrices
and corresponding eigenvectors (PC1) of Chr 2 between mock and infected
combined datasets reveal large-scale cis-chromosomal reorganization. Juicebox
resolution = 500 kb. Scale = − 1 to + 1. n = 4 per condition. D Saddle plots illus-
trating compartment interaction frequencies. Infection affects global compart-
mentalization, as contacts between A compartments or between B compartments
decrease while interactions between A and B compartments increase. Difference

saddle plot (lower right); green colors in A-A or B-B corners indicate loss of
interactions and gain of A-B interactions shown as pink. GENOVA resolution =
100 kb. Bins = 20. n = 4 per condition. E, F. Chromosomal compartment level
changes in (E). were identified by dcHiC for Chr 17, displayed with IGV, performed
at 100 kb resolution. Top rows, dcHiC subcompartment segmentations set to
default calls = 6. Red = A compartments. Blue = B compartments. Resolution =
100 kb. Middle rows, dcHiC PCA tracks. Bottom row (green), Log2Pvalue of dif-
ferential compartments called by dcHiC (DC stat). Zooms in F. show examples of
compartment changes and spreading. G Alluvial diagram showing starting sub-
compartment state in mock and end state in infection, using 100 kb binned
subcompartments (not merged, unlike Bedtools approaches in S3C-D). Note that
in each case, compartment numbers refer to the total number before or after
infection, while the thickness of lines traces starting compartments to their final
compartment state after infection. Generated with Flourish, and an interactive
version is available at https://public.flourish.studio/visualisation/21041814/.
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changes, while non-overlapping genes reflect the added complexity of
post-transcriptional control during infection. This, in turn, under-
scores the rationale for our primary focus on nascent transcriptomics
to determine transcriptional correlations with chromatin remodeling.

Combining nascent transcriptomics and Hi-C, we next examined
the chromatin subcompartment locations of the top 1000 log2FC up-
or down-regulated genes at either 72 or 96 h.p.i. (Supplementary
Fig. 4D). At both timepoints, only ∼ 19% of downregulated genes were

Fig. 2 | Local contact alterations and features occurwithin changing and stable
compartments during infection. Topologically associating domain (TAD) insula-
tion and reorganization was assessed globally and locally, while TAD changes and
other chromatin features associated with different subcompartments.A Global TAD
insulation (left) is reduced during infection, both in A and B compartments (right).
B Subcompartment transition state localization of reorganized TADs identified with

diffDomain at 10 kb, comparing dcHiC compartment calls in original mock and final
infected states.C,D Subcompartment transition state localizationswere assigned for
open (gained on infection) or closed (lost on infection) peaks sourced from Sayeed
et al. for various chromatin features; accessibility (ATACseq), transcriptional activity
(H3K27ac), transcription factor binding (TEAD1), and boundary elements (CTCF),
comparing dcHiC compartment calls in original mock and final infected states.
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found in B compartments in infected cells, with most located in A
compartments. Many upregulated genes were also found in A com-
partments, while ∼ 35% were found in B compartments by 96 h.p.i.
Examining the more extensive reprogramming that occurred by
96 h.p.i., we further tracked the compartment location of all DE genes
before and after infection using Alluvial Diagrams (Fig. 3B and https://
public.flourish.studio/visualisation/20359025/). Similar trends were

observed for core genes that were commonly regulated at both 72 and
96 h.p.i., adding high confidence to our compartment calls and tran-
scriptional activity comparisons (Supplementary Fig. 4E and https://
public.flourish.studio/visualisation/20400069/). Although most DE
genes remained within their original A or B compartment categories,
308 significantly downregulated genes were associated with
compartment-scale A-to-B flips. Meanwhile, 330 significantly
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upregulated genes were associated with B compartments strength-
ening to A compartments, and these were notably enriched in neuro-
nal gene signatures discussed below. However, most regulations
appeared to occur at more localized levels. Indeed, heatmaps plotting
up- or down-regulated genes relative to their original uninfected-
versus infected-cell compartment locations (Fig. 3C) showed a very
similar distribution to TAD, ATACseq, TEAD1 and CTCF peak changes
(Fig. 2B–D).Most up- anddown-regulated geneswere found inA1 or A2
compartments, while some upregulated genes were also found in B
compartments. TAD changes can be classified into various states ran-
ging from straightforward losses to more complex changes (Supple-
mentary Fig. 5A, B). Interestingly, we found that downregulated genes
were enriched in complex TAD changes (Fig. 3D). Although not so
abundant, complex TAD changes were also predominant in A2 com-
partments where downregulated genes were found (Supplementary
Fig. 5C). Indeed, CTCF1 and TEAD1 peak closures were highly enriched
in the same A compartments (Fig. 2D), suggesting these may be key
drivers of gene suppression. By contrast, upregulated genes were
moderately depleted in merged TAD states, but overall, they were not
enriched in any specific TAD subtype. This suggested that upregulated
genes are associated with multiple types of TAD changes or gross
dysregulation of TAD organization during infection (Fig. 3D). Overall,
these data suggested that many repressed genes were likely specifi-
cally regulated by factors such as TEAD1, while upregulated genes
appeared to be associated with broader changes in TAD structures or
infection-induced dysregulation.

To determine the nature of these changes in nascent transcrip-
tion, we next performed Gene Ontology (GO) analysis. In line with
prior mRNA transcriptomics studies22–25, downregulated nascent
transcripts were highly enriched in GO terms associated with actin
and adhesion processes while upregulated transcripts included
expected associations with biosynthetic processes such as DNA
replication andmitochondrial activity, but also genes associatedwith
neuronal processes (Fig. 3E). Activation of neuronal genes in fibro-
blasts was surprising but agrees with a recent report detailing
extensive upregulation of neuronal mRNAs as infection progresses31.
Indeed, a clear distinction in GO terms associated with more com-
monly reported biosynthetic processes versus neuronal processes
becomes evident when using log2FC thresholds to define high versus
moderate changes in expression, highlighting the large relative fold-
change in neuronal genes (Fig. 3E, F).

To better understand these transcriptional changes, we plotted
reads from our TTseq and paired RNAseq datasets across core com-
monly changed genes and flanking regions, size-normalizing the var-
iation in gene body sizes for averaged comparisons using Deeptools46

(Fig. 4A, B). This revealed that genes that were normally highly
expressed in uninfected cells were those that were strongly down-
regulated upon infection. By contrast, genes that were most strongly
upregulated by infection were largely those that were originally
expressed at relatively low levels in uninfected cells, below the average
expression of all genes. Interestingly, infection did not induce their
expression beyond average gene expression levels in uninfected cells.
This shows that although these genes were induced by a relatively

large magnitude, this was, in part, because their basal expression in
uninfected cells was low, which makes sense for biosynthetic and, in
particular, neuronal genes in primary fibroblasts.

The unexpected induction of neuronal signatures prompted us to
determine if infection caused transcriptional read-in to genes due to
aberrant termination and read-through from active upstream genes,
which can be analyzed using ARTDeco47. In first examining the top
1000 upregulated genes, we found that, as expected, read-in and read-
through occurred at very low frequencies in uninfected cells, but their
rates increased during infection between 72−96 h.p.i. (Fig. 4C). This
was evident in both TTseq and paired RNAseq samples, although
effects were more robustly detected in direct measurements of tran-
scription using TTseq. This difference is likely due to post-
transcriptional control of some of these read-in transcripts, such as
degradation, but in general, read-in and read-through remained
detectable in our total RNAseq datasets, as we did not use polyA
selection for mature transcripts. We then used ARTDeco to identify
read-in or read-through genes within our datasets that were sig-
nificantly upregulated. Overall, infection resulted in elevated expres-
sion (Log2FC > 2) of 1416 genes with an increase in read-in and 972
genes with an increase in read-through rates (Log2 RI or RT/Gene > − 2)
from a total of 6142 upregulated genes identified using ARTDeco
analysis of TTseq datasets at 96 h.p.i. However, we found no robust
correlation between read-through fromupstream genes and read-in of
downstream genes during HCMV infection (Supplementary Fig. 6A).
Moreover, read-in and read-through occurred on the samegene in 760
cases. This was also evident in read plots wherein the read counts
upstream and downstream of read-in genes were notably higher than
in gene bodies compared to other highly or moderately upregulated
genes (Fig. 4D). This suggested that these transcripts arise due to
spurious transcriptional events rather than previously reported forms
of read-through into downstream genes (for simplicity, given their
higher frequency, we refer to these spurious events as read-in going
forward). These genes were found across both A and B subcompart-
ments called by dcHiC (Supplementary Fig. 6B). Alluvial diagrams at
the individual gene level revealed the underlying complexity in their
subcompartment-level associations, wherein some read-in genes
switched compartments but many did not (Supplementary Fig. 6C).
Heatmaps of their locations relative to uninfected versus infected-cell
compartment calls further showed that many read-in genes clustered
in A1 and A2 compartments (Fig. 4E), which in turn clustered with the
most extensive TAD and ATAC-Seq changes (Fig. 2B, C). Viewing
examples of read-in genes illustrated how they were often found in
either A or B compartments where local TADswere altered (Fig. 4F and
Supplementary Fig. 6D). Overall, these findings suggest that read-in
and read-through events reflect spurious transcriptional events on
neuronal and other repressed genes that are likely driven by infection-
induced dysregulation of TAD organization.

GO term analysis showed that read-in genes were enriched for
plasma membrane and neuronal processes but that these only
accounted for a proportion of the high Log2FC genes that drive neu-
ronal signatures in infected-cell transcriptomics (Supplementary
Fig. 7A). To explore this further, we compared our nascent and total

Fig. 3 | HCMV extensively reprograms host nascent and steady state tran-
scriptomes. Mock or infected samples taken at 72 h.p.i. (n = 2) or 96 h.p.i. (n = 4)
were pulsed with 4sU and nascent RNA was isolated for TTseq, or total RNA was
sequenced (RNAseq). A Comparisons of DE genes identified at the indicated
timepoints showing shared and unique genes in TTseq, RNAseq and across both
TTseq and RNAseqdatasets. The number of shared genes at both times is indicated
for each condition. B, C Compartment distributions of DE genes. Genes were
assigned to 100kbbinned subcompartment calls, requiring anoverlapof75%of the
gene. Alluvial diagram of DE genes showing start (mock) and end (inf) compart-
ment state for up-regulated or down-regulated genes at 96 h.p.i. is shown in B.
Interactive version is available at https://public.flourish.studio/visualisation/

20359025/. Compartment transition states of core 72/96 h.p.i. DE genes are shown
in (C).D diffDomain was used to identify several types of TAD reorganization upon
infection (split, single, merge, loss and complex subtypes) and enrichment in each
subtype of up- or down-regulated genes identified by DEseq2. See also Supple-
mentary Fig. 5. E, F DEseq2 was used to identify differentially expressed genes
between mock and infected samples at 96 h.p.i. n = 4 per condition. Differentially
expressed genes were subdivided by Log2FC below (mid) or above 2 (high)
(Log2FC> 2 & < − 2). E Gene Ontology analysis of statistically significant upregu-
lated or downregulated genes at 96 h.p.i., plotted using clusterProfiler.
F EnhancedVolcano plot displayingmid versus high (Log2FC> 2 & < − 2) expression
changes.
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transcriptomic datasets with published proteomic datasets also gen-
erated from fibroblasts infected with the same HCMV strain, similar
MOI of 3 and sampled at the same timepoints48. In doing so, we found
strong correlations across TTseq, RNAseq and proteomic changes
both in general GO terms and gene-specific comparisons across our
moderately induced gene sets (Supplementary Fig. 7B–D). By contrast,
there was a much weaker correlation with proteomics datasets across

our high Log2FC genes and a near total lack of proteins detected from
read-in genes. While this was in part because there was a higher pro-
portion of long non-coding RNAs (lncRNAs) amongst read-in genes
(Supplementary Fig. 7C), this also suggested thatmanyof these read-in
events were indeed spurious in nature and not productive drivers of
changes in the host proteome. However, 97 proteins were detected as
overlapping with high Log2FC changes in both TTseq and RNAseq
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datasets. Moreover, in our TTseq analyses, we detected 9 out of the 12
neuronal mRNAs recently reported to be upregulated by the lab-
adapted HCMV strain, Towne31, of which at least 3 were also detected
as upregulated in proteomics. This includes Kif1A, the primary neu-
ronal gene studied for its functional contribution to virusmaturation31,
whichwe found to be induced across our TTseq and RNAseq as well as
proteomic analyses, but is not identified as a read-in gene. As such, our
analyses suggest that infectiondrives a robust neuronal gene signature
through a complex mixture of spurious transcriptional events and
induction of lncRNAs, while distinct subsets of neuronal protein-
encoding genes are induced specifically to support virus replication.

HCMV genomes localize to subsets of euchromatic A
compartments
Beyond changes in host chromatin organization, we also noted viral
contacts with specific regions of the host genome in our Hi-C analysis
(Fig. 5A and Supplementary Fig. 8A). Approximately 23% of all reads
were viral, and of these, we found that 3.4% (namely, 15% of total viral
reads) contacted the host genome. This algins with the idea that viral
DNA at the periphery of RCs is proximal and accessible to host DNA.
More closely inspecting total viral read distributions, we noted that
they were highly enriched in A but far less so in B compartments,
particularly when normalized for differences in compartment sizes
(Fig. 5B). We further tested our dcHiC compartment calls by per-
forming H3K9me3 CUT&RUN to independently define repressive B
compartments. Deeptools was then used to plot viral and H3K9me3
CUT&RUN reads against compartment calls, size-normalizing com-
partments for genome-wide comparisons. This highlighted the
enrichment of viral reads in A compartments and de-enrichment in B
compartments, which contrasted with the expected enrichment of
host reads in H3K9me3 CUT&RUN in B compartments (Fig. 5C, D).
Further highlighting the specificity of these virus-host genomic inter-
actions, we did not detect significant levels of association or enrich-
ment in specific compartments formitochondrial DNA in our analyses.
Thesegenetic approaches alignwith prior observations that repressive
histone marks, such as H3K9me3, are spatially separated from viral
RCs32, while revealing that viral DNA remains intermingled with
euchromatin.

To explore this further, we determined the primary virus-host
interaction “hotspots” by taking the top 10% of 100 kb bins of the host
genomecontaining themost viral reads,whichwe term “virus enriched
regions” (VERs) (Fig. 5E and Supplementary Fig. 8B). Ideograms
demonstrated that VERs were found in subsets of A compartments
across all chromosomes (Fig. 5F and Supplementary Fig. 8C). Notably,
VERs did not simply accumulate at gene rich regions (Supplementary
Fig. 8C). Moreover, viral reads did not accumulate in all A compart-
ments to the same extent, suggesting further levels of specificity in
their localization. Plotting viral reads across size-normalized sub-
compartments using Deeptools, viral genomes were found to be most
enriched in strong A3 compartments, followed by A2 and A1 (Fig. 5G).
This revealed that viral DNA has a preference towards more open or
active chromatin states. Moreover, the overall distribution of VERs

showed a strong enrichment in A2 compartments (Fig. 5H). This aligns
with the fact that there are many more A2 than A3 compartments in
uninfected and infected cells (Supplementary Fig. 3C). However, con-
sidering the higher abundance of A0 and A1 compartments, this
combined analysis suggests that VERspredominantly accumulate in A2
compartments due to the combination of their abundance and
euchromatic state.

As a brief aside, we also used our datasets to generate a Hi-C
map of the viral genome, which showed a high level of localized
contacts along the diagonal and far fewer longer-range self-contacts
(Supplementary Fig. 9). This agrees with studies using ChIP or
ATACseq approaches, which suggest that the viral genome is spar-
sely chromatinized and largely accessible. Indeed, the intensely red
nature of the overall map likely reflects the proximity of many copies
of viral genomes to one another within RCs, as well as distinct forms
of transcribing versus replicating genomes, rather than a high level of
specific longer-range self-interactions. Interestingly, we did observe
what appear to be more specific interactions between the Origin of
Lytic Replication (OriLyt) and two distal regions of the viral genome,
and enrichment of active H3K4me3 at the OriLyt. We could not
detect any common sequence elements at this site of H3K4me3
enrichment on the virus compared to the host. This also aligns with
reports that the OriLyt contains a strong enhancer element16,18 and
that these are sequence-independent interactions28. Moreover, while
the OriLyt was slightly more enriched in host reads, this was not
unique to the OriLyt and in general, host reads were evenly dis-
tributed across the HCMV genome (Supplementary Fig. 9B). As such,
we could not detect any strong indications of specific regions on the
viral genome that might mediate contacts with the host genome.
Overall, our data support the idea that viral genomes are generally
open and accessible but may also form limited higher-order contacts
within itself.

We next examined the genomic location of DE genes identified in
TTseq relative to VERs to determine whether proximity to virus repli-
cation sites correlates with specific changes in transcription. Ideo-
grams showed that, like VERs, DE genes did not simply cluster at gene-
rich regions and were found on all chromosomes (Supplementary
Fig. 10A). Upregulated and downregulated genes were also relatively
evenly distributed in terms of their numbers within versus outside of
VERs (Supplementary Fig. 10B, C). Amongst downregulated genes,
those within and outside of VERs showed similar enrichment in
developmental transcription factor pathways and cell signaling and
adhesion GO terms (Supplementary Fig. 10B–D). This included TWIST,
TEAD, and Hippo pathways previously reported to be downregulated
during infection27,49,50, and in linewith this being specific regulation, we
also find that downregulated genes cluster in A2 subcompartments
enriched in TAD changes and the closing of TEAD and CTCF peaks in
infected cells (Figs. 2B–D, 3C). By contrast, upregulated genes exhib-
ited more diversity depending on their location relative to VERs.
Upregulated genes outside of VERs were highly enriched in neuronal
GO terms and transcription factor pathways, while genes within VERs
were more associated with mitochondrial regulation and lacked

Fig. 4 | HCMVcauses transcriptionaldysregulation. A,BAveraged read coverage
within and nearby gene bodies for upregulated or downregulated genes between
mock and infected conditions, plotted for nascent RNA (TTseq) (A) or total RNA
levels (RNAseq) (B). Read counts for “all genes” is also plotted, highlighting the
effects of infection on gene expression overall versus up- or down-regulated genes.
Datawerenormalized and replicates combinedusingDeeptoolsbeforedisplaywith
plotProfile. Region body length = 100kb. Bin size = 10. C–F ARTDeco was used to
characterize read-in (RI) and read-through (RT) inmock versus infected TTseq and
RNAseq samples described in A-B above. Rates of RI or RT for the top 1000
expressed genes (C) in individual 72 (n = 2) and 96 (n = 4) h datasets, as well as
averaged datasets for effects of infection over both timepoints (dark green, n = 6).
Transcriptional profile (D) of upregulated gene categories, high (logFC> 2), mid

(0;< logFC> 2), and read-in (log2FC> 2, read-in rate > − 2). E Subcompartment
transition state localization of read-in genes shows affected gene flow from the
original mock to the final infected states. F Examples of read-in genes visualized in
IGV;PLAC8L1 is found in anA compartment that is altered by infection, andC3orf20
is in a weak B (white box) that becomes A upon infection. Both are accompanied by
TAD changes during infection. Shown in each are compartments in uninfected and
infected cells determined by dcHiC together with DC stats and viral reads (n = 4),
H3K4me3 (promoter, n = 2) and H3K9me3 (repressive mark, n = 2) CUT&RUN
tracks, average read counts from TTseq at 72 (n = 2) or 96 h (n = 4), up- or down-
regulated genes called by DEseq2 (green and orange, respectively), genes upre-
gulated by read-in as identified by ARTDeco (light green) and 20kb TADs in mock
(blue) or infected (purple) cells identified using HiCExplorer.
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significant transcription factor pathway enrichment. This suggested
that while infection is likely to directly control specific developmental
programs, itmayalso indirectly dysregulate the transcriptional activity
of some genes. This includes mitochondrial genes within A compart-
ments that are proximal to sites of virus replication, as well as normally
repressed neuronal genes outside of VERs, which simply give rise to
predicted roles for neuronal transcription factor pathways.

Microtubule-derived forces regulate viral and host compart-
ment interactions
Our prior work showed thatmicrotubule forces on the nucleus help to
maximize the segregation of repressive histones and viral DNA, at least
on a visual level32. However, the true nature of this phenomenon and
whether it contributes to HCMV’s effects on host gene expression
remain unknown. We therefore used RNAi to deplete ATAT1, thereby

Article https://doi.org/10.1038/s41467-025-62921-5

Nature Communications |         (2025) 16:7507 10

www.nature.com/naturecommunications


blocking tubulin acetylation and mechanical strengthening of micro-
tubules, or SUN1, an innermembrane protein thatmediates the effects
of microtubule-associated LINC complexes5,6,32 (Supplementary
Fig. 11A). We first examined the broader effects of target depletion on
virus-host genome interactions and host chromatin organization using
Hi-C. In infected cells or infected cells treated with control non-
targeting siRNAs, hotspots of viral contacts representing VERs were
found across each chromosome (Fig. 6A and Supplementary Fig. 11B).
We then compared the effects of ATAT1 or SUN1 depletion using
subtraction maps, which showed that under both conditions, some of
the primary VER hotspots remained stronger in control siRNA-treated
cells than in target-depleted cells. However, patterns of VER contacts
were not only visibly altered, but differences in the effects of ATAT1 or
SUN1 knockdown were also observed. Notably, some primary VERs
became difficult to discern while regions where viral contacts were
normally weaker in control conditions nowbecame stronger in ATAT1-
depleted cells, as illustrated by blue colors in subtractionmaps (Fig. 6A
and Supplementary Fig. 11B). This supports the idea that without
microtubule forces to maximize viral-host genomic separation, more
intermingling occurs. Interestingly, depletion of SUN1 resulted in a
different phenotype wherein viral contacts remained generally stron-
ger in control conditions (red colors in subtraction maps). However,
primary VER distributions were changed, and their intensity was more
similar to other normally weaker viral interactions, suggesting less
specific virus-host interactions were occurring. On the host side, we
did not observe notable effects of ATAT1 or SUN1 depletion on either
genome-wide or long-range chromatin interactions (Supplementary
Fig. 11C, D), but changes in global compartment contacts were evident
in Saddle plots41. As seen earlier in non-siRNA-treated cells (Fig. 1D),
under control siRNA conditions, HCMV infection reduced short-range
A-A or B-B interactions, while increasing A-B interactions (Fig. 6B).
However, depletion of either SUN1 or ATAT1 resulted in a further
decrease in B-B interactions during infection, and a specific increase in
A-A interactions. This demonstrated that microtubule forces on the
nucleus enhance those B-B interactions that continue to occur during
infection, likely through pulling and concentrating heterochromatin
towards the AC, while helping to reduce A-A interactions in the
euchromatic space.

To determine whether these forces solely control the spatial
organization and interactions of viral and host genomes, or also
impact host transcriptional reprogramming during infection, we per-
formed ATAT1 or SUN1 depletions alongside the TTseq time courses
detailed earlier. Specifically, two independent siRNAs were used for
control non-targeting, SUN1 or ATAT1 knockdown, performed at
72 h.p.i. and 96 h.p.i., with a second set of replicates performed at
96 h.p.i. While uninfected samples clustered from infected, those from
infected samples treated with control or targeting siRNAs were inter-
mingled (Supplementary Fig. 12A), suggesting a high degree of simi-
larity and limited effects of target depletion. DESeq was then used to
determine genes thatwere significantly affected by target depletion. In
line with our earlier kinetic comparisons, progressively more DE genes
were significantly affected at 96 h.p.i. than at 72 h.p.i. in each case
(Fig. 6C). However, while ATAT1 or SUN1 depletion similarly affected

∼50% of all DE genes arising during infection, these changes were not
statistically significant, suggesting that mechanotransduction only
indirectly influences how HCMV alters host gene expression, and its
loss primarily results in noise. Indeed, this noisemay reflect the effects
of target depletion on VERs interactions rather than direct effects on
transcription. Notably, only a few hundred non-overlapping genes
were significantly up- or down-regulated under each condition. Com-
bining these genes, GO term analysis showed that knockdown-
sensitive genes consisted largely of mitotic and ribosomal genes
(Supplementary Fig. 12B) while ideograms further showed that they
were broadly distributed across chromosomes and did not specifically
cluster within or outside of VERs (Fig. 6D). Combined, these findings
suggest that microtubule forces do not directly or robustly affect
transcriptional reprogramming during infection but instead, primarily
serve to control the segregation of host and viral DNA (Fig. 7).

Discussion
How nuclear-replicating herpesviruses, in particular HCMV with its
unusually protracted replication cycle and lackof host shutoff, interact
with and affect the human genome is complex and only beginning to
be understood.

In terms of effects on the host genome, infection with the γ-
herpesvirus Epstein-Barr Virus (EBV) results in immortalization of
resting B lymphocytes, and this is associatedwith global changes in 3D
genome organization, including the merging and subdividing of
compartments51,52, similar to our observations for HCMV. However,
these events are associated with latent infection and specific EBV
nuclear antigen (EBNA) proteins driving immortalization. By contrast,
entry of HCMV into latency is not associated with gross changes in
chromatin accessibility as assessed using ATACseq20. Instead, as dis-
cussed earlier, recent studies of HCMV lytic replication also using
ATACseq revealed extensive changes in chromatin accessibility by
48 h.p.i27. Complementing and extending on these findings, our Hi-C
approaches provide insights into the global changes in chromatin
organization thatoccur as infectionprogresses. This includes a relative
reduction in long-range contacts at both the inter- and intra-
chromosomal level, while shorter-range contacts within chromo-
some arms increase. It is important to note that these are relative
differences that likely reflect a broad loss of long-range interactions or
compaction of chromosomes that result in increased local contacts, or
a combination of both processes. Indeed, HCMV disrupts Lamin A/C7,
which plays a crucial role in anchoring and organizing genomes in 3D
space2, while the expansion of RCs undoubtedly creates compressive
forces on host chromatin. Moreover, by comparing our compartment
and TAD calls with ATACseq and ChIPseq datasets from others, we
present a unified view of how infection alters host genome organiza-
tion at large and small scales.We further combineTTseq tounderstand
how these changes correlate with changes in nascent transcription. In
doing so, we find that transcriptional up- or down-regulation does not
show a robust correlation with absolute compartment flips and only
modest correlations with weakening or strengthening of compart-
ments. Instead, many changes appear to be controlled at local levels
through complex changes in TADs, insulation and specific

Fig. 5 |HCMVgenomesaccumulate at euchromatic regions of thehost genome.
Viral-host interactions were extracted using HiCPro’s makeviewpoints from com-
bined 72 and 96 h (n = 4) infected HiC datasets to identify regions of enrichment.
A Viral-host contacts visualized with dcHiC compartment analysis shows overlap
with A compartments using Chromosome 15 as an example. B Viral genome
interactions across subcompartments. Top; percent of viral-host reads mapped to
subcompartments. Bottom; subcompartments were normalized by size and viral
genome coverage. C, D. Enrichment of viral reads in (A) compartments and de-
enrichment in (B) compartments (C) is evident in the aggregated signal profile
controlling for compartment size. H3K9me3 (repressive mark) CUT&RUN per-
formed on mock-infected or infected NHDFs at 96 h.p.i. (MOI 5, n = 2 per sample)

shows the opposing depletion of H3K9me3 reads in A compartments and enrich-
ment in (B) compartments (D). E–H Identification of viral interaction hotspots
(VERs) and their interactions with the host genome. E GENOVA-derived heatmaps
of trans contacts highlight viral-host reads across Chromosome 17. Parameters =
znorm. Mode=difference. The top 10% of 100kb bins of the host genome most
enriched for viral reads, termed VERs, are highlighted in purple on the accom-
panying chromosome map with viral read plots on the right. F Distribution of A
compartments and VERs across all chromosomes displayed with an Ideogram.
GDeeptools plotProfile of VERs across subcompartments. Region body length =
100 kb. Bin size = 10. H Percent of Viral Enriched Regions (VERs) within each
subcompartment.
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transcription factor programs, while others reflect infection-induced
dysregulation. Our global analyses reveal robust transcriptional
downregulation of genes associated with developmental processes
and transcription factor pathways. Our combined analyses also sug-
gest that TEAD1 and CTCF peaks close in conjunction with complex
changes in TADs to suppress active genes within specific A sub-
compartments, which aligns with prior reports that HCMV inhibits

TEAD1, Hippo andWNT pathways, for example27,49,50. Associated genes
were found both within and outside of VERs, further suggesting
these are actively manipulated pathways during infection. Interest-
ingly, within VERs, there was little to no enrichment of transcription
factor pathways for upregulated genes, which were largely associated
with metabolic processes. This raises the possibility that viral replica-
tion proximal to these loci recruits host or viral factors that activate
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these genes, rather than the activation of a broader host transcrip-
tional program.

Outside of VERs, we find that infection increases the transcription
of many genes that are associated with neuronal processes. Approxi-
mately 300 of these were associated with changes from B to A com-
partments, while most were regulated at more local levels, like other
upregulated genes. Almost 1500 of these genes had signatures of
upstream read-in events thatwereparticularly evident throughour use
of TTseq. Interestingly, several stresses and viral infections, including
by the α-herpesvirus herpes simplex type 1 (HSV−1), cause defects in
termination that result in read-through anddownstreamof gene (DoG)
transcription of neighboring genes53. However, we find that this does
not arise in the case of HCMV and instead, aberrant read-in and read-
through events often occur on the same gene. These events were only
detected for high log2FC genes found outside of VERs and, in most
cases, were either associated with lncRNAs or spurious transcriptional
events that did not lead to protein production. As such, many of these
events are likely caused by the broader disruption of host chromatin
organization during infection. However, a recent study found that at
least some of the neuronal genes that are induced at later stages do
play a role in promoting virus maturation31. Moreover, the viral tran-
scription factor IE1 was found to function with the histone variant,
MacroH2A, to induce expression of neuronal genes. Notably, we and

many others have shown that although IE1 concentrates in viral RC, it is
also more broadly distributed throughout the nucleus32, meaning that
it can likely induce host genes both within and outside of the sphere of
influence arising from proximity to viral RCs. Indeed, our data aligns
with these findings and provides complementary insights into the
complexity of how neuronal genes are induced. We find that read-in
genes only account for a proportion of the neuronal signature that is
induced upon infection, supporting the idea that distinct IE1-driven
mechanisms are also at play and serve a purpose in promoting virion
maturation. Clearly, much remains to be understood about the many
neuron-associated genes that become expressed during infection, the
different factors driving their expression, and which of them are
functionally important to infection.

In terms of the viral genome, an emerging concept is that some
viruses replicate in phase-separated RCs. However, while several
herpesviruses form RC’s that exhibit key features of phase
separation54, studies suggest that these membrane-less compart-
ments non-the-less remain highly accessible to the nuclear environ-
ment and undergo non-specific interactions55–58. Our Hi-C data aligns
with this concept, whereby ∼ 15% of HCMV reads map to the host,
which likely represents viral DNA at the periphery of RCs. Indeed, we
do not find evidence for any specific region of the viral genome in
mediating contacts with the host. Our Hi-C maps of the viral genome

Fig. 6 | Microtubule forces alter virus-host genomic interactions and effects on
host chromatin compartments. A,BMockorHCMV-infected (MOI 5)NHDFswere
treated with control non-targeting siRNAs or siRNAs targeting SUN1 or ATAT1.
Samples were harvested at 96 h.p.i. and then processed for HiC. n = 3 independent
experiments. A GENOVA-derived heatmaps of trans contacts highlight viral-host
reads across Chromosomes 17 and 19, as examples. Shown are mock versus
infected (left) alongside mock versus control siRNA (siC)-treated infected samples
or infected samples treated with control siRNA versus ATAT1 or SUN1 siRNAs.
Parameters = znorm. Mode = difference. VERs are highlighted in purple on chro-
mosome maps with viral read plots on the right. Note that VERs distributions are
altered, and many normally weak viral contacts become stronger, resulting in blue
colors in subtraction plots of infected control versus ATAT1 knockdown samples.
Amore broadly mixed phenotype is seen for SUN1 depletion. BDifferences in local

A-A, B-B or A-B contacts visualized using saddle plots, with A-A and B-B contacts
decreasing during infection. Depletion of SUN1 or ATAT1 results in stronger A-A
contacts and weaker B-B contacts in infected cells compared to control conditions.
GENOVA resolution = 100kb. Bins = 25. CHCMV-infected NHDFs were treated with
either of two independent control non-targeting siRNAs or siRNAs targeting SUN1
or ATAT1. Samples were pulsed with 4sU and then harvested at 72 h.p.i. (n = 2) or
96 h.p.i. (n = 4) for TTSeq. Volcano plots illustrate the effects of target depletion on
host gene expression compared to control siRNA-treated infected cells identified
using DESeq. Adjusted p-value cutoff = 0.05, Log2FC cutoff = 0. D Ideograms dis-
playing the chromosome locations of Viral Enriched Regions (VERs) and sig-
nificantly affected ATAT1 and SUN1 knockdown-sensitive genes identified in TTseq
datasets at 96 h.p.i. n = 4 per condition.

Fig. 7 |Model of the role ofmicrotubulemechanotransduction in host and viral
genome organization during HCMV infection. A Under normal infection condi-
tions, acetylated microtubules not only serve to pull heterochromatic B compart-
ments, but also euchromatic A compartments towards the viral Assembly
Compartment (AC) to maximize their separation from partially phase-separated
viral replication compartments (RCs). This results in interactions between viral
genomes and specific, nearby euchromatic regions of the host genome. These
pulling forces, effects of infection and the presence of expanding RCs result in

increased A-B compartment interactions. B Loss of tubulin acetylation and
microtubule-based mechanotransduction results in reduced heterochromatic B-B
interactions and increased euchromatic A-A interactions, along with greater
intermingling of RCs with host euchromatin. In the case of SUN1, its loss results in
even greater intermingling due to its dual roles inmechanotransduction and direct
control of genome organization. Created in BioRender. Rosencrance, C. (2025)
https://BioRender.com/ dgwdiy8.
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itself also support the idea that it is largely open and accessible, but
data suggest that specific longer-range self-interactions may occur.
From the perspective of its interactions with the host, our combined
Hi-C and CUT&RUN analyses show that viral contacts occur primarily
within euchromatic A compartments, in line with prior visual
observations that viral DNA is spatially separated from repressive
histone marks32. Genomes of the γ-herpesviruses, EBV and Kaposi’s
Sarcoma-associated Herpesvirus (KSHV), localize to B compartments
during latency but switch to A compartments during virus
reactivation59, which may be linked to global changes in chromatin
architecture during B-cell activation in the case of EBV51,52. α-her-
pesviruses, such as HSV-1, and γ-herpesviruses, such as EBV, also
replicate in RCs whose expansion pushes heterochromatin to the
nuclear periphery56,60–65. This suggests that many herpesviruses pro-
ductively replicate in semi-accessible phase-separated compart-
ments that form or at least optimally replicate and expand within
euchromatic regions. Here, we extend our understanding of this
concept and show that HCMV genomes not only localize to
euchromatic regions but show a strong preference towards the most
euchromatic A2 and A3 subcompartments.

Finally, HCMV also uses microtubule-derived mechanical forces
to further optimize the partitioning of host and viral genomes. While
this has been observed from a large-scale visual perspective32, our
genomic approaches provide deeper insights into both the nature of
this separation and the specific contributions of acetylated micro-
tubules and SUN1. In terms of the host genome, we find that large-
scale chromosome organization is severely disrupted by infection,
andmicrotubule forces have little impact at this scale. This is perhaps
unsurprising given that, as mentioned earlier, HCMV alters many
aspects of nuclear organization and function, including gross dis-
ruption of Lamin A/C7. Loss of microtubule-based forces also had no
significant impact on host transcriptional reprogramming by HCMV.
This too makes sense considering that genome organization and
transcriptional activity is further regulated by a complex array of
histones, insulators and other factors that are bound to DNA. Instead,
our findings reveal that mechanical forces play a role in spatially
organizing DNA in what is undoubtedly a more genetically fluid
environment and serve to refine compartment-scale genomic inter-
actions. Of the chromatin interactions that continue to occur in
infected cells, loss of microtubule-derived forces on the nucleus
decreased B-B compartment interactions and increased A-A interac-
tions. This supports the idea that microtubules pull and concentrate
heterochromatic regions towards the AC, resulting in more B-B
interactions while reducing euchromatic A-A organization in the
infected cell. Our data further suggests that the primary purpose for
doing this is to limit non-specific or suboptimal interactions between
viral RCs and host DNA. Interestingly, depletion of ATAT1 resulted in
stronger viral interactions with regions of chromosomes that are
normally weaker sites of interaction, in line with the loss of this
optimal partitioning. By contrast, SUN1 depletion resulted in more
complex effects that included broad changes in the distribution of
virus-host contact sites. This too makes sense considering that SUN1
is located at the inner nuclear membrane, where it not only mediates
the forces applied bymicrotubules on the nucleus as a component of
LINC complexes but also independently contributes to genomic
organization, including that of mitotic chromosomes5,6,66–69. As such,
these findings demonstrate that although depleting either factor
results in a visually similar phenotype of reduced polarization of viral
DNA and host heterochromatin, at a deeper genetic level, the loss of
these factors results in distinct forms of intermingling of viral and
host genomes. In terms of why the virus uses mechanical forces in
this way, most likely, HCMV attempts to create spaces as free of host
DNA as possible, with proximity to and spurious interactions with the
least condensed euchromatic regions of the genome being more
optimal than condensed genetic spaces. It is important to note that

ultimately, disrupting these microtubule-based forces has no effect
on viral gene expression32. As we show here, there is also no sig-
nificant effect on host transcriptional reprogramming. Moreover,
loss of ATAT1 or SUN1 only results in a 2-fold reduction in DNA
replication rates and infectious virion production32, yet as we show
here, each factor has a distinct effect on virus-host genomic inter-
mingling. Combined, this suggests that microtubule mechan-
otransduction simply optimizes the nuclear environment for RCs to
from and replicate viral DNA, but in its absence, HCMV still replicates
efficiently in a manner that is more intermingled with euchromatin
and more akin to other herpesviruses.

Methods
Cell culture and viruses
Primary normal human dermal fibroblasts (NHDFs) were isolated from
human male neonatal foreskin (Lonza: CC-2509). Cells were authenti-
cated by the supplier andwere cultured inDulbecco’sModified Eagle’s
Medium (DMEM; Fisher Scientific) supplemented with 2mM L-gluta-
mine, penicillin/streptomycin and 5% Fetal Bovine Serum (FBS), incu-
bated at 37 °C with 5% CO2. Cultures were routinely screened and
verified to be free of mycoplasma using commercial mycoplasma test
kits and by screening for mycoplasma sequences in genomic datasets.
HCMV strain TB40/E expressingmCherry-tagged UL99was grown and
titrated on NHDFs, as described previously32,33. Briefly, virus stocks
were titrated by serial dilution and infection of NHDFs, measuring
numbers of cells infected by immunofluorescence staining for the
early IE1/2 protein at 24–48 h.p.i. and counting plaques formed at
12 d d.p.i. NHDFs were infected at an MOI of 5 for all experiments,
visually inspecting cultures for UL99-mCherry expression to confirm
all cells were infected prior to harvesting.

RNA interference (RNAi) and Western Blotting
The siRNAs used in this study were obtained from ThermoFisher Sci-
entific; Control non-targeting siRNA-A (Cat#: AM4635), Control non-
targeting siRNA-B (Cat#: AM4637); siRNA αTAT1-A (Cat#: AM16708A,
ID: 130789), siRNAαTAT1-B (Cat#: 4392420, ID: s36739), siRNASUN1-A
(Cat#: AM16708A, ID: 222696), siRNA SUN1-B (Cat#: AM16708A, ID:
241855). Confluent NHDFs were transfected with 150 pmol/ml siRNAs
using Lipofectamine siRNAmax (Invitrogen #13778075), following the
manufacturers protocols and scaled appropriately for the surface area
of the dish used. For experiments involving infections, NHDFs were
infected at MOI 5 for 12 h to establish infection prior to siRNA treat-
ment, as described previously32,33. For 96 and 120 timepoints, knock-
downs were performed a second time at 72 h to maintain depletion
efficiency throughout the course of infection, as described
previously32,33. Western blots were performed as previously
described32,33. Briefly, cells were lysed in laemmli buffer (62.5mM Tris-
HCl, pH 6.8, 10% (v/v) glycerol, 2% (w/v) SDS, 0.7M β-mercaptoetha-
nol) and set in a heat block at 100 °C for 3min. Samples were then
resolved through a SDS-PAGE gel (10% polyacrylamide), transferred to
anitrocellulosemembrane (GEHealthcareLife Sciences),washed three
times using tris-buffered saline (TBS) with 0.1% (v/v) Tween 20 (TBS-T)
and blocked in TBS-T containing 5% (w/v) non-fat milk for 1 h at room
temperature. Membranes were then incubated overnight with primary
antibodies diluted in TBS-T containing 3% (w/v) bovine serum albumin
(BSA) at 4 °C. The next day, membranes were rinsed and then washed
three times in TBS-T for 5min, followed by incubation with the
appropriate horseradish peroxidase (HRP) conjugated secondary
antibody (GE Healthcare Life Sciences) diluted in TBS-T with 5% (w/v)
non-fatmilk for 1 h at room temperature.Membranes were then rinsed
and washed three times in TBS-T for 5min, then visualized using ECL
detection substrate and x-ray film (Thermo Fisher Scientific). Primary
antibodies used for immunoblotting were: Ac-K40 tubulin (Sigma-
Aldrich: T6793); SUN1 (Novus Biologicals: NBP1–87396);β-actin (3700;
Cell Signaling Technology).
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Arima Hi-C Library preparation
Hi-C data was generated using the Arima HiC+ Kit (#A410231),
according to themanufacturer’s protocols. Briefly, cells weredetached
from 1-2 10 cm plates using 0.05% Trypsin (Corning #25-052-CI),
washed and resuspended in PBS, then crosslinked with 2% final con-
centration of formaldehyde (Fisher #F79-500). After adding Stop
Solution, samples were washed, pelleted, and flash frozen before
processing for Hi-C. Approximately 1-2 million cells were used per
experiment. Libraries were made using a modified NEB Ultra II DNA
Library Prep Kit (#E7645S) and sent to Admera (LLC) for sequencing.
Samples were sequenced 2 × 150bp on an Illumina NovaSeq X Plus.

Hi-C Data processing
Samples were processed using the Nextflow nfcore-hic (v2.1.0) pipe-
line with a fewmodifications. Briefly, HiCProwas used to align reads to
the concatenated hg38 (GCA_000001405.15_GRCh38) and TB40E
(MW439039) assemblies of the human and HCMV genomes, respec-
tively. Raw and normalized matrices were generated at several reso-
lutions, duplicates were removed, mapping statistics were generated,
and, separately, replicate fastqs were concatenated and processed to
generate combined datasets. Genome-wide interaction maps were
visualized using normalized mcool files in HiGlass (higlass-dock-
er:v0.6.1) at a genome-wide scale39. For visualization per chromosome,
HiCPro matrices were converted to.hic files with hicpro2juicer.sh and
loaded into Juicebox (v2.17.00) with balanced normalization70. Using
the Python implementation of HiCRep (v0.2.6)71, stratum-adjusted
correlation coefficient (SCC) scores were calculated for all pairs of
100 kb HiC datasets and visualized with heatmaps.

Viral-host Interactions and VERs
Using HiCPro’s makeviewpoints.py function, interactions between
viral DNA and host DNA were extracted. Briefly, fragment delimited
maps of both host and viral genomes were generated based on the
Arima enzyme combination, and TB40E regions were used as trans-
baits for makeviewpoints.py. Interactions from the combined viral Hi-
C data were then merged using bedtools merge -d 100 and converted
to bigwig. Viral-enriched regions (VERs) were determined by mapping
viral reads to a 100-kb binned genome and taking the top 10% of
interacting bins.

dcHiC Differential compartments
The 100kb replicatematrices and files generated by nfcore-hic’s HiCPro
were used as input to the dcHiC (v2.1) pipeline42. dcHiC was used to call
differential compartments and identify subcompartment changes
between Mock and Infected samples at 100kb resolution. Because of
the effect infection had on global chromatin conformation (including
loss of interactions between chromosome arms), p and q arms were
processed separately, assigned PCA scores accordingly, and subse-
quently combined. Subcompartment number was set to 6, the default.

TAD Identification and analysis
TAD boundary calls from HiCExplorer were generated from the
Nextflow pipeline at 40 kb and 20kb and visualized with examples of
genes in IGV. To better identify TAD reorganization during infection,
TADs were first called by a compatible approach, Arrowhead (juicer
v2.17.00)37, using combined matrices at 10 kb and subsequently used
as input for diffDomain (py3)43. Reorganized TADs were identified,
filtered (BH<0.05), and classified into strength-change, loss, split,
merge, zoom, and complex subtypes using default parameters.

GENOVA
Combined balanced cool were used for downstream GENOVA analysis
in R with parameters, scale_bp= 1e9 and scale cis = TRUE unless
otherwise indicated. Relative contact probability maps (RCP) were
calculated genome-wide, excluding chrM and chrY, at 100 kb

resolution. Trans-contact maps between host chromosomes and the
viral TB40E genome were generated at 250kb using z-score normal-
ized matrices. Insulation scores generated using window sizes of 25
and 10 kb matrices were used in identifying TAD boundaries and call-
ing TADs, which were then visualized via tornado insulation plots.

External data peak analysis
Open (gained during infection) and closed (lost during infection)
peaks for ATAC, H3K27ac, TEAD1, and CTCF identified from Sayeed
et al., 202427. ChIPseq data were downloaded from their supplement
datasets and saved as bed files, then converted from hg19 to hg38
genome coordinates using CrossMap72.

Deeptools enrichment
To determine enrichment on a more global scale, Deeptools (v3.5.1)
computematrix scaleregions function was used to scale regions of
interest to the same size for both compartment and gene-level
analysis46. Average signal over regions was visualized using Deeptools
plotProfile. Average signal from two replicate CUT&RUN experiments
for H3K9me3 and viral enrichment extracted from combined, infected
Hi-C data (n = 4) were plotted over compartments called by dcHiC.
Transcriptional coverage tracks were generated from TTseq or RNA-
seq data BAM files, normalized using RPGC, and plotted over different
identified gene sets.

CUT&RUN Library preparation
Samples were processed using Epicypher’s CUT&RUN Kit (714-1048)
following the manufacturers protocol. Briefly, cells were harvested by
trypsinization (0.05% Corning 525-052-CI), washed once with PBS and
resuspended in Wash Buffer to bind to ConA Beads. Once bound to
beads and immobilized, cells were permeabilized with 0.01% digitonin
and incubated with a target-specific antibody. Targets for CUT&RUN
were H3K4me3 (CST 09751) and H3K9me3 (CST 74658), as well as kit-
provided IgG controls. pAG-MNase was added to cleave chromatin
fragments, and the resultingDNApurified for library prepwith theNEB
Ultra II DNA Library Prep Kit. Spike-in of E.Coli DNA was included for
downstream normalization. Samples were sequenced 2 × 150bp on an
Illumina NovaSeq 6000.

CUT&RUN Data processing
Samples were processed using the Nextflow nfcore-cutrun pipeline
(v3.2.2) with default parameters: --bowtie2 hg38 + TB40E --normal-
isation mode Spikein, --use_control true, --igg_scale_factor 0.5, --spi-
kein_genome K12-MG1655. Replicates were combined using Deeptools
bigwigAverage function.

TTseq Library preparation
TTseq was performed as described previously35. Briefly, one hour
before collection at each infection timepoint, media was removed
from cells and replaced with media containing 500μM 4-thiouridine
(Sigma-Aldrich #T4509) prewarmed to 37 °C. Cells were incubated for
60minutes at 37 °C with 5% CO2. The media was then removed, and
TRIzol reagent (Thermo Fisher #15596018) was immediately added to
lyse the cells and extract total RNA. Sample concentration was deter-
mined by Qubit 3.0 fluorometer and Qubit RNA BR Assay Kit (Invi-
trogen #Q10210), and RNA integrity was confirmed by Qubit RNA
Integrity Assay (Invitrogen #Q33221).

RNA was fragmented using NEBNext RNA Fragmentation Buffer
(New England Biolabs #E6150) and cleaned up by RNAClean XP beads
(Beckman Colter #A63987). RNA was then denatured and biotinylated
by incubating with MTSEA-biotin-XX (Biotium #90066). Dynabeads
MyOne Streptavidin C1 beads (Life Technologies #65001) were added
and used to enrich for biotinylated products. After several bead
washes, 4sU-enriched RNA was eluted, and rRNA was depleted from
the sample using a NEBNext rRNA Depletion Kit v2 (New England
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Biolabs #E7400), and concentration was determined with a Qubit RNA
HS Assay. DNA libraries (from reverse transcribed RNA) were prepared
for high-throughput sequencing following chapter 5 in the NEBNext
Ultra II Directional RNA Library Prep Kit for Illumina (New England
Biolabs #E7760) with minor modifications to account for small insert
sizes. Final sample concentration was determined with a Qubit dsDNA
HS Assay and sent to Admera for QC and sequencing. Samples were
sequenced 2 × 150 bp on an Illumina NovaSeq 6000.

RNAseq Library preparation
RNA was isolated from TTseq samples prior to biotin enrichment of
nascent transcripts. RNAseq libraries were prepared using an NEBNext
rRNA Depletion Kit v2 to deplete rRNA and the NEBNext Ultra II
Directional RNA Library Prep Kit for Illumina (New England Biolabs
#E7760). Samples were sequenced at 2 × 150bp on an Illumina
NovaSeq 6000.

TTseq/RNAseq Alignment and differential gene expression
analysis
Readswere trimmed for adapter sequences using trimmomatic (v0.36)
and then aligned to concatenated hg38 (GCA_000001405.15_GRCh38)
and TB40E (MW439039) assemblies of the human and HCMV gen-
omes, respectively, using STAR(v2.7.5c). Genes were counted using
htseq-count (v2.0.3)73. Expression levels and differentially expressed
genes weredetermined usingDESeq2 (v1.46.0)45, excluding genes with
less than 4 counts between all samples. For coverage tracks, Deeptools
bamCoverage was used on BAM files with the parameter --normal-
izeUsing RPGC and resulting bigwigs for replicates were combined
using Deeptools bigwigAverage function.

Gene enrichment analysis and visualization
Gene ontology (GO) enrichment was performed with clusterProfiler
(v4.14.0) or ShinyGO (v0.81)74 using default parameters and matched
background gene lists. In clusterProfiler, settings were pool=TRUE,
ont = “ALL”, and the simplify function was used to generate dotplots.
Volcano plots were generated with EnhancedVolcano (v1.24.0) with
parameters pCutoff = 0.05, FCcutoff = 2.0. UpSet plots were generated
with ComplexHeatmap (v2.22.0).

ARTDeco Analysis
Transcriptional read-through was measured using ARTDeco (v0.4)
with default parameters for stranded libraries47. Briefly, a GTF file for
gene read-in/through identification and aligned BAM files were used as
input. Read-in genes were classified as previously described using the
parameter of having a log2 fold change > 2, adjusted p-value < 0.05,
and read-in rate > − 2, readthrough genes met the same parameters
with readthrough rate > − 2. Relationships between upstream and
downstream genes were determined using custom python code,
briefly, genes with adjusted p-value < 0.05 were matched to annota-
tions and paired with their nearest non-overlapping downstream
neighbor within 10 kb. Pearson correlations were computed between
upstream RT and downstream RI or log2FC, as well as within-gene RI,
RT, and expression.

Illustrations
Illustrations were generated under license using Biorender at
Biorender.com.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that the data supporting the findings of this study
are available within the article and its supplementary files. Sequencing

data is deposited to the Gene Expression Omnibus (GEO) repository
under the following accession codes; TTseq Datasets - GSE284780
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE284780.
RNAseq Datasets - GSE284781. https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc=GSE284781. CUT&RUN Datasets - GSE284782
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE284782.
HiC Datasets - GSE284783 https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi?acc=GSE284783 Source data are provided in this paper.

Code availability
Public nfcore pipelines were used for HiC and CUT&RUN analysis as
detailed in the methods. No custom code was used in this manuscript.
Standard code for TTseq, RNAseq, GENOVA and related analysis is
deposited on Github at https://github.com/crosencr12/walsh2024 or
https://doi.org/10.5281/zenodo.16237191.
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