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After they first infect cells, many herpesviruses establish a la-
tent lifecycle with the viral genome existing as circular genetic 
elements called episomes inside the host cell’s nucleus that are 
closely associated with, but not integrated into, the host DNA. 
During latent infection, episomes are replicated during S phase, 
but new viral particles are not produced and the infected cell 
survives. The maintenance of herpesvirus genomes as episomes 
contrasts significantly with retroviruses, which insert their ge-
nome within the host cell genome to ensure their replication and 
inheritance by daughter cells and establish long-term infection. 
For the herpesviruses, this lack of integration presents the prob-
lem of how to pass on their genome to host daughter cells after 
mitosis. In this issue, Chiu et al. have made some exciting, new 
discoveries about how Epstein–Barr virus (EBV) and Kaposi’s 
Sarcoma–associated herpesvirus (KSHV) tackle this challenge 
with different strategies.

EBV and KSHV are related herpesviruses: they can both 
infect B lymphocytes, have similar genomes, and cause B-lym-
phocyte malignancies. One interesting difference is that the 
viral protein EBV Nuclear Antigen 1 (EBNA1) attaches EBV 
episomes directly to human chromosomes by binding to AT-rich 
tracts of DNA (Lieberman, 2013). In contrast, KSHV uses the 
viral protein Latency-Associated Nuclear Antigen 1 (LANA1) 
to tether KSHV episomes to histones H2A and H2B (Barbera 
et al., 2006). In primary effusion lymphoma (PEL) cells from 
patients coinfected with EBV and KSHV, it had been observed 
that these tumor cells have more copies of KSHV than EBV 
genomes (Cesarman et al., 1995). In the laboratory, infection 
of primary cells can generate transformed B lymphocytes that 
faithfully retain the EBV genome (Lieberman, 2013). However, 
upon infection with KSHV, episomes are largely lost after time 
in cell culture systems of infection and the number of viral 
genomes per cell are varied (Adang et al., 2006; Lieberman, 
2013). Together, these studies suggested that the processes for 
inheritance of EBV and KSHV genomes after their replication 
during cell division may be very different.

Chiu et al. (2017) investigated the strategies used for ep-
isome maintenance and distribution by these two viruses using 

three different approaches: FISH on patient-derived cell lines, 
live cell imaging, and computer modeling of episome distribu-
tion. Using quantitative FISH in fixed patient-derived PEL cells, 
the authors determined that the range of the number of episomes 
per cell and the FISH signal intensity (a measure of copy number) 
were greater with KSHV episomes than EBV. A computer model 
was generated using the FISH experimental data for viral genome 
distribution in fixed PEL cells using three parameters: cluster- 
formation after S-phase, cluster dissociation in the next G1-
phase, and the size of the dissociated clusters. This model was fit 
with the FISH experimental data from assays with wild-type viral 
genomes and used to predict the cluster sizes and how they would 
be distributed in live cells during mitosis. To allow tracking in 
live cells, Chiu et al. (2017) constructed a 33-kb mini-episome 
that contained only the viral components necessary for latent 
genome maintenance in cells expressing the LANA1 protein 
(i.e., the KSHV terminal repeats [used for LANA1 binding to 
the episome]) and encoded copies of the lac operon (LacO) to 
enable fluorescence tracking in cells expressing a fusion of the 
Lac repressor with tdTomato. Three different assays were used 
to confirm that these miniKLacO plasmids behave like the nor-
mal KSHV episomes. In contrast to EBV genomes, the KSHV 
miniKLacO plasmids varied more in fluorescence intensity 
and were distributed unequally to daughter cells. The real-time 
tracking of the miniKLacO plasmids suggested that KSHV ep-
isomes may cluster into foci of multiple genome copies and, con-
sequently, are not equally distributed upon host cell division as 
predicted by the computer model. This model was built with the 
FISH data, but was able to predict the cluster distributions ob-
served in the live-cell imaging experiments.

In EBV and KSHV coinfected cells, Chiu et al. (2017) ob-
served that EBV genomes segregated equally whereas KSHV 
genomes were clustered and remain aggregated when distributed 
into new cells, which suggests that there are some critical dif-
ferences in the viral genomes or proteins expressed during la-
tency responsible for these different inheritance strategies. The 
authors explored whether the LANA1 protein played a role in 
the mechanism for the KSHV clustering phenotype by replac-
ing the histone-binding domains of LANA1 with the AT-hooks 
of EBNA1 (which EBV uses to attach its episome to AT-rich 
DNA sequences). The replacement of LANA1 with this LANA1/
AT-hook fusion resulted in the loss of high copy number clusters 
of miniKLacO plasmids, confirming the hypothesis that the his-
tone-binding function of LANA1 is required for the clustering 
of KSHV episomes. Previous structural studies of LANA1 have 
suggested oligomeric assembly of LANA1 and DNA (Domsic 
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et al., 2013) and that binding of LANA1 dimers could facilitate 
compaction of the host genome into a 30-nm chromatin fiber 
(Chodaparambil et al., 2007). Chiu et al. (2017) suggest that 
LANA1 may similarly pack the KSHV genome if the DNA bind-
ing domain of one LANA1 dimer binds to the terminal repeat 
region of one KSHV episome while the other end of the dimer 
associates with the terminal repeats of another episome copy to 
promote condensation of viral DNA. The authors also note that 
the terminal repeats need to be in cis above eight copies for ep-
isome maintenance and clustering of the genomes. As different 
regions of LANA1 are known to interact with KSHV episomes 
and histones, the authors propose a model wherein LANA1 acts 
as a zipper: by binding to both the terminal repeats of the ep-
isomes and to the nucleosomes formed on the episomes with dif-
ferent regions of LANA1 dimers, LANA1 allows clustering of 
the episomes to form within nuclei during interphase. Another 
interesting observation from the LANA1/AT-hook experiments 
is that the segregation behavior of the LANA1/AT-hook was 
somewhere between the clustering and unequal distribution of 
KSHV episomes and the equal partitioning of EBV episomes. 
This suggests that neither the AT-hooks alone nor LANA1 alone 
determines the segregation behavior of their respective genomes; 
other cis-acting elements are proposed, but need to be elucidated.

Therefore, this work by Chiu et al. (2017) demonstrates 
that these two viruses use two distinct mechanisms for distribut-
ing their genomes during host cell division. EBV uses a mech-
anism to tether the EBV genome to host DNA, facilitating the 
equal distribution of episomes in daughter cells with a larger 
number of cells having at least one EBV genome. In contrast, 
KSHV uses a clustering strategy that promotes a higher number 
of episomes per cell, but at the expense of not passing on the 
episome to some daughter cells (Fig. 1). In general, the KSHV 
genome clusters double in intensity with each S-phase, but not 
always—some clusters do not continually increase in intensity 
during live-cell tracking across multiple divisions. During cell 
division, live imaging showed that some clusters disperse into 
smaller clusters, consistent with the model, which predicted a 

31% chance of a cluster breaking up in G1. Currently, we do not 
know what factors determine whether KSHV genome clusters 
continue to increase in the number of copies per foci or disperse 
into smaller clusters. Further work is required to find out if there 
is a maximum size for a cluster or if there is a greater chance of 
a larger cluster breaking into smaller clusters.

Understanding the mechanisms of how viral episomes are 
distributed is important because these discoveries could lead to 
new ways of disrupting episome maintenance and ultimately 
eliminating herpesviruses in host cells. This approach may be 
more fruitful than CRI​SPR-based ways of targeting viral ep-
isomes because it may prove challenging for CRI​SPR to target so 
many episome copies inside infected cells. Additionally, specific 
methods to disrupt viral episome maintenance strategies would 
likely have little effect on uninfected cells. Identifying methods 
of increasing episome copy numbers may be useful to prevent 
episome loss and promote long term KSHV maintenance in dif-
ficult cell culture systems to study infection. The tools developed 
in this study could be applied in other systems to study clustering 
of other nonchromosomal genetic elements. Human cytomeg-
alovirus, another herpesvirus that causes significant disease in 
immunocompromised patients and when transmitted in utero, 
has observable circularized viral genomes but the mechanisms 
for genome maintenance are still unclear (Tarrant-Elorza et al., 
2014). Likewise, adeno-associated virus, currently a candidate as 
a gene therapy vector, persists as episomes (Penaud-Budloo et 
al., 2008) and it would be beneficial to determine how episomes 
carrying the gene of interest are distributed and maintained. The 
tools used by Chiu et al. (2017) could also be applied to nonviral 
genomic elements; for example, it remains to be determined if the 
2-µm circle from yeast uses a clustering mechanism for distribu-
tion to daughter cells (Liu et al., 2016).

The clustering mechanism used by KSHV likely favors a 
more rapid increase in episome copy numbers but only within a 
subset of cells. Previous evidence indicates that there are more 
copies of KSHV episomes than EBV in infected cells, which 
raises the question of whether KSHV copy numbers need to 

Figure 1.  Clustering and unequal distribution of KSHV ge-
nomes. Nuclei from human cells are depicted with locations 
of viral episomes represented as filled circles (yellow and red 
for EBV and KSHV, respectively). The varied red intensities 
depict the different amounts of KSHV episome copies per foci. 
The intensity of EBV episome foci and the number of foci var-
ied less in EBV-infected cells compared with KSHV-infected 
cells. EBV infection tends to equally distribute episomes to 
promote a higher number of infected cells. KSHV infection 
displays unequal distribution that promotes a higher number 
of episomes in a subset of nuclei.
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be above a certain threshold to maintain latency. However, one 
significant cost of the KSHV clustering system is a decrease in 
the number of cells that receive an episome. Does this strategy 
of partitioning genomes only to a subpopulation cause the more 
indolent course of KSHV oncogenesis compared with EBV- 
associated tumors? Further structural studies and high resolu-
tion microscopy will likely complement this recent work by 
Chiu et al. (2017) and together answer many of the questions 
about the specific mechanisms of episome maintenance and its 
consequences for different latent viral infections.
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