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Abstract

Integration of viral DNA in the genome of host cells triggers host-pathogens interaction that are
consequential for the virus and the infected cells. In cells semi-permissive for viral replication, the human
herpesvirus 6B (HHV-6B) integrates its genome into the host telomeric sequences. Interestingly, HHV-6B
integration in gametes leads to a condition called inherited chromosomally integrated HHV-6B (iciHHV-6B),
where the newborn carries a copy of HHV-6B in every cell of its body and is associated with health issues such
as spontaneous abortion rates, pre-eclampsia and angina pectoris when transmitted to its offspring. Unlike
retroviruses, the mechanism that leads to viral integration of DNA viruses and the consequences of these events
on host cells are not well characterized. Here, we report that HHV-6B infection induce genomic instability by
suppressing the ability of the host cell to sense DNA double-strand break (DSB). We discovered that this
phenotype is mediated by the ability of the immediate-early HHV-6B protein IE1 to bind, delocalize, and inhibit
the functions of the DNA damage sensor NBS1. These results raise the possibility that the genomic instability
induced by the expression of IE1 from integrated genomes contributes to the development of iciHHV-6B-
associated disease. As reported for other types of viruses, the inhibition of DSB sensing and signaling promotes
viral replication. However, HHV-6B integration is not affected when this pathway is inhibited, supporting models
where integration of the viral genome at telomeric sequence is dictated by mechanisms that promote telomere-

elongation in a given infected cell and not solely DNA repair mechanisms.
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Introduction

Human herpesvirus 6B (HHV-6B) is a betaherpesvirus that infects nearly 90% of the world’s population
in the first two years of life and is responsible for Roseola Infantum, a pathology defined by skin rashes, high
fevers and respiratory distress(1-3). In this DNA virus subfamily, HHV-6B shares 94% homology with HHV-6A,
another lymphotropic virus. Like other herpesviruses, HHV-6A and HHV-6B (HHV-6A/B) establish lifelong
latency in infected hosts and can reactivate occasionally(4). However, whereas most herpesviruses achieve
latency through the circularization and silencing of their genome, HHV-6A/B viruses can integrate their genome
in the host chromosome terminal repeats called telomeres (chromosomally integrated HHV-6B (ciHHV-6B))(5,
6). If HHV-6A/B integration occurred in gametes before fertilization, the newborn carries a copy of HHV-6A/B in
every cell of its body and can transmit it to its offspring. This condition called inherited chromosomally integrated
HHV-6A/B (iciHHV-6A/B) concerns ~1% of the world’s population, representing almost 80 million people(7, 8).
iciHHV-6A/B is more prevalent in individual suffering from health issues such as spontaneous abortion rates(9),
pre-eclampsia(10) and angina pectoris(11) compared to healthy subjects (reviewed in(12, 13)). However,

consequences of iciHHV-6A/B are still poorly understood due to lack of clinical associations.

The linear double-strand DNA (dsDNA) genome of HHV-6A/B is flanked by an array of direct repeats
containing 15 to 180 reiterations of 5-TTAGGG-3’ perfect telomeric repeats (pTMRs) that are identical to human
telomeric sequences, and which are important for viral integration(14). HHV-6A/B genome integration occurs at
telomeres in a process that is dependent on the integrity of these pTMRs(14). Based on this observation, current
models propose that viral integration is mediated through homology-directed repair (HDR) processes including
single stranded annealing (SSA) or break-induced replication (BIR)(15). These HDR pathways are favored given
that the integration occurs in an oriented manner that is driven by one of the pTMR(14, 16). In this case, HHV-
6A/B genome would integrate at sites of DNA double-stranded break (DSB) that are caused following replication
fork collapse at telomeres upon replication stress. In both scenarios, the annealing of the pTMR sequence to

the 3’ overhang generated by partial resection of DNA ends of the telomere would drive integration(15, 17).

In mammalian cells, HDR uses homologous sequences as template to repair breaks in a faithful manner.
During this process, broken DNA ends are first detected by the MRN complex (MRE11, RAD50, NBS1)(18).
The accumulation of the MRN complex at the break induces a signaling cascade that leads to the activation of
the serine—threonine kinase ataxia—telangiectasia mutated (ATM) and concomitant phosphorylation of the
histone variant H2AX on Ser139 (y-H2AX). The interaction of MDC1 with y-H2AX then triggers the ubiquitylation
of the chromatin that surrounds the break by promoting the accumulation of the E3- ubiquitin ligases RNF8 and
RNF168(19, 20). In S/G2 phase of the cell cycle, the recruitment of the DNA repair factor BRCA1 and the
nuclease CtIP to ubiquitylated chromatin cooperates with EXO1 and BLM-DNA2 nucleases to facilitate
extensive end resection. Extensive accumulation of single-strand DNA (ssDNA) is generated through this
process or by uncoordinated DNA unwinding, and DNA synthesis that occurs at stalled replication forks
ultimately leading to the recruitment of recombinases that drive homology search(21). RAD51 or RAD52
recombinases promote DNA repair by HDR and SSA(22). Both recombinases also promote DNA repair of one-

end DSB, but their exact contribution to that latter pathway is still unclear(23).
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HHV-6A and B are two distinct viruses that share 90% sequence homology. Although they both have a
tropism for CD4* T lymphocytes, they present epidemiological, biological, and immunological differences(17).
HHV-6B, which infects nearly 90% of the population in the first two years of life, is much more characterized
than HHV-6A. HHV-6B expresses sequentially more than 97 proteins during its lytic cycle. Immediate early (IE)
proteins are expressed early in the viral cycle and exhibit functions that regulate viral genes expression and
promote the establishment of a favorable environment for infection. Interestingly, immediate early protein 1 (IE1)
transcripts are detected in RNA-seq analysis on tissues extracted from iciHHV-6B+ individuals(24), suggesting
that IE1 is expressed during latency. IE1 is the first protein expressed following HHV-6B infection(25) and
although it is known to control the antiviral immune response by compromising type | interferon production and
signaling(26, 27), its role during infection and the integration of the viral genome is still poorly defined. In infected
cells, IE1 is exclusively localized within promyelocytic leukemia (PML) nuclear bodies (PML-NBs) (28), a nuclear
structure that was recently implicated in DNA repair mediated by HDR through a yet undefined mechanism(29-
32). Interestingly, depletion of PML reduces HHV-6B integration(33), suggesting that the IE1/PML-NBs may
participate to viral integration.

In this study, we found that viral infection, and more specifically the expression of IE1, leads to the
accumulation of micronuclei and numerous DSBs in cells. Further investigations revealed that the viral protein
specifically prevents H2AX phosphorylation through a bipartite mechanism that relies on the ability of IE1 to
interact with NBS1 and inhibit its interaction with ATM. While this function is independent of PML, structure
function analysis identified a NBS1-interacting domain (NID) as well as NBS1-inhibitory domain (NBS1i) in the
N-terminus and the C-terminus regions of IE1, respectively. Although current models propose that viral
integration occurs through HDR DNA repair, we show that the expression of IE1 strongly inhibits all types of
repairs that rely on homology. We show that both viral replication and integration are not affected by the
depletion of NBS1 in cells where telomeres are elongated in a human telomerase reverse transcriptase (hnTERT)
dependent manner, a finding that is consistent with a role of the telomerase complex in this process(34). In
contrast, in cells that rely on alternative telomere lengthening (ALT) mechanisms involving HDR events,
knockdown of NBS1 negatively affected HHV-6B integration. Thus, in addition to identifying a new bipartite
mechanism for the inhibition of NBS1 by a viral protein, our findings reveal that viral integration relies on
biological pathways that safeguard telomere extension in infected cells. Importantly, as IE1 expression has been
detected in cells where HHV-6A/B is integrated(35), our results suggest a potential role of genomic instability in
the development of diseases associated with iciHHV-6A/B.

Results

HHV-6B infection and IE1 expression induce genomic instability

Infection of the lymphoblast T cell line MOLT-3 (permissive for viral replication) by HHV-6B rapidly
induces the formation of micronuclei (MNi), suggesting that the virus leads to genomic instability during infection
(Fig.1A and SI Appendix, Fig.S1A). Among the early HHV-6B proteins that are expressed upon infection,
expression of IE1 in U20S cell line is sufficient to promote the accumulation of MNi over time (Fig. 1B and S/

Appendix, Fig.S1B-C). Such MNi are compartmentally separated from the primary nucleus that are surrounded
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by an envelope (S/ Appendix, Fig. S1D-E). They arise from unresolved genomic instability such as DSBs (i),
lagging chromosome (ii) or by the rupture of anaphase bridges (ABs) (iii) (Fig. 1C)(36). Further analysis of the
IE1-induced MNi revealed that a much lower proportion of these MNi exhibit centromere staining (Fig. 1D and
SI Appendix, Fig. S1F), suggesting that they are not induced by chromosome segregation defects. Although
IE1 colocalizes with telomeres(37), fluorescence in situ hybridization revealed that IE1-induced MNi accumulate
similar levels of telomeric DNA than the micronuclei observed in parental U20S cell (Fig. 1E and S/ Appendix,
Fig. S1G). Moreover, IE1 is only detected in approximately 5-10% of these micronuclei (S/ Appendix, Fig. S1H),
suggesting that micronuclei are not arising from IE1-induced genomic instability at telomeres. Interestingly,
metaphase spread assays revealed that IE1-expressing cells exhibit higher frequency of DNA breaks (Fig. 1F-

G), supporting the hypothesis that the micronuclei accumulation results from the accumulation of DSBs.

HHV-6B impairs DSB-signaling by interacting with NBS1

Accumulation of DSBs is either caused by increased source of DNA breaks or by defective DNA DSB-
signaling and repair. To determine how IE1 promotes genomic instability, we first investigated whether U20S
clones that stably express the viral protein accumulate the DSB y-H2AX marker. Surprisingly, y-H2AX is
dramatically reduced following exposure to irradiation (IR) in cells that express IE1 (Fig. 2A-B). This inhibition
is independent of the accumulation of IE1 within PML-NBs as a similar phenotype is observed in PML-deficient
U20S that transiently express IE1 (PML", Fig. 2C and S/ Appendix, Fig. S2A-C). Importantly, the inhibition of
by IE1 is recapitulated in irradiated HHV-6B-infected MOLT-3 cells (Fig.2 D-E), indicating that DSB-signaling is

also impaired by IE1 in the context of a natural infection.

The histone variant H2AX is phosphorylated at DSBs following the activation of ATM by the MRN
complex(18). To determine how IE1 interferes with DSB-signaling, we first investigated the localization of NBS1
and MRE11 in U20S clones expressing IE1. In the absence of irradiation, both NBS1 and MRE11 proteins
colocalize with 1E1 foci (Fig. 3A-D and SI Appendix, Fig. S3A). Interestingly, only NBS1 is relocated to IE1 foci
following irradiation suggesting that the recruitment of MRE11 in absence of irradiation is mediated by NBS1
(SI Appendix, Fig. S3B-C). Consistent with this model, the recruitment of MRE11 to IEI foci is impaired in NBS1-
depleted U20S cells that transiently express IE1 (S/ Appendix, Fig. S3D-F). Furthermore, when mCherry-
LacRnls-IE1 fusion protein is recruited to a LacO array in U20S 2-6-5 transfected cells(38, 39), only NBS1 is
recruited to the array with an efficiency similar to its recruitment to DSBs induced by the ER-mCherry-LacR-
FOKI-DD endonuclease, which is used as a positive control in this assay (Fig. 3E-F and S/ Appendix, Fig. S3G-
H). The absence of y-H2AX signaling at the array upon the recruitment of mCherry-LacRnls-IE1 shows that the
viral protein recruits NBS1 independently of DSB signaling. As observed in Fig. 2, the interaction of IE1 with
NBS1 is independent of its localization to PML-NBs as NBS1 is recruited to IE1 foci with a similar efficiency in
PML"- U20S cells (SI Appendix, Fig. S3I-J). Altogether, these results suggest that IE1 recruits NBS1 and inhibits

v-H2AX signaling by preventing its recruitment to endogenous DNA breaks.

Identification of NBS1 bipartite interaction and inhibition domain in IE1
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The functional domains of IE1 are not well characterized aside from a STAT2 binding domain that was
mapped in the N-terminal domain of the protein (amino acids 270-540)(26). Guided by a secondary structure
analysis of the protein, a series of IE1 fragments were fused to mCherry-LacRnls to assess their ability to recruit
endogenous NBS1 to the LacO array (Fig. 4A). Using this approach, we observed that the fragment comprising
amino acids (aa) 1-540 is sufficient to recapitulate the level of NBS1 recruitment observed with the full-length
protein (Fig. 4B and S/ Appendix, Fig. S4A-B). In this assay, the C-terminal domain of the viral protein aa 541-
1078 was also able to partially recruit NBS1 to the LacO-array. As the fragment composed of aa 541-809 does
not promote NBS1 recruitment, we concluded that the domain 810-1078 also interacts with NBS1. Interestingly,
we found that only WT and the C-terminal (aa 541-1078) domain of IE1 were able to inhibit y-H2AX signaling in
irradiated U20S cells (Fig. 4C-D and S/ Appendix, Fig. S4C). Together, these results suggest that IE1 interacts
and inhibits NBS1 using bipartite motifs. The N-terminal of IE1 is composed of a NBS1-interacting domain (NID)
and the C-terminal domain independently inhibits the ability of NBS1 to activate ATM (Fig. 4A). Based on this

observation, we named this C-terminal domain: NBS1 inhibitory domain (NBS1i).

NBS1 encodes a 95 kDa protein that contains multiple domains that are required for its recruitment to
DSBs and its interaction with the PI3K ATM and ATR(40). Briefly, NBS1 contains a forkhead-associated (FHA)
and two breast cancer C-terminal domains (BRCTs) that are both required for optimal phospho-dependent
accumulation of the protein at the break. The C-terminal part of the protein contains a domain that promotes its
interaction with MRE11 (MRE11-binding motif, MBM) and ATM (ATM-binding motif, ABM) (Fig. 4F). In the LacO-
LacR assay, the recruitment of mCherry-LacRnls NBS1 to the array is sufficient to promote the phosphorylation
of y-H2AX(41), a function that is dependent of its ability to interact with ATM (Fig. 4E). Consistent with the
inhibitory function of IE1, expression of the viral protein is sufficient to inhibit NBS1-induced y-H2AX signaling
at the array (Fig. 4E and SI Appendix, Fig. S4F). In this system, the mCherry-LacRnIs-NBS1 328-754 was
unable to efficiently recruit IE1 to the array (Fig. 4F-G and S/ Appendix, Fig. S4G), suggesting the IE1 interacts
with the BRCT2 domain of NBS1. Furthermore, LacR constructs that only lack the linker region also exhibits
reduced recruitment of IE1 to the array, suggesting that the interaction of IE1 with NBS1 also relies on the
integrity of this regions. Thus, our results support a model where IE1 need to contact two regions, the BRCA2
domain and the linker region. Whether both the NID and the NBS1i contact these regions or whether this is only

mediated by the NID is unknown.

IE1 inhibits HDR repair pathways

DSBs signaling is essential to trigger the activation of DNA repair pathways that have been proposed
to drive HHV-6B integration(15). As the functions of NBS1 are essential to promote the resection of DNA ends
that trigger homology-directed repair, we investigated whether IE1 interferes specifically with this process using
a panel of well-characterized DNA repair reporter assays. The efficiency of pathways that rely on homology-
based DNA repair was assessed using DR-GFP and CRISPR-LMNA assays (homologous recombination)(42,
43), a SA-GFP assay (single-strand annealing)(42) and a RAD51-dependent BIR-GFP assay (break-induced
replication)(44) (Fig. 5A-C and S/ Appendix, Fig. S5A, top panels). In all assays, a condition without the
endonulease I-Scel was used as a negative control and the percentage of fluorescent-positive cells obtain with
I-Scel was set to 1. Consistent with the ability of IE1 to inhibit the function of NBS1, both transient and stable
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expression of the viral protein drastically abolished all types of homology-directed DNA repair (Fig. 5A-C, lower
panel, and S/ Appendix, Fig. S5A-C). As the clonal BIR-GFP U20S cell line was generated in this study using
previously described BIR-GFP reporter plasmid(44), we used siRNAs against RAD51 and RAD52 as additional
controls (SI Appendix, Fig. S5D-F)(23). As expected, BIR-GFP signal was specifically inhibited in cells depleted
for RAD51(44). In contrast to homology-based DNA repair, IE1 only slightly decreased or increased DNA repair
in reporter assays that assess the efficiency of NHEJ (NHEJ-GFP EJ7 Fig. 5D, and NHEJ-pc222 SI Appendix,
Fig. S5G). Altogether, these results are consistent with a model where homology-based DNA repair is
specifically inhibited in cells that express HHV-6B IE1 and raise the point that either integration occurs in a
context when the expression of the viral protein is minimal, absent, or driven through a homology-independent

mechanism.

Integration of HHV-6B relies on the pathway that safeguards telomere elongation

The MRN complex is commonly targeted by viruses to promote viral replication(45) however, the
requirement of this complex for viral integration is unclear. HHV-6B infection leads to different outcomes
depending on the nature of the infected cells (Fig. 6A). In permissive cells, the expression of viral proteins
promotes viral replication (lytic state). In contrast, in semi-permissive cells, integration of the viral genome at
host’'s chromosome telomere is favored. The factors that lead to the reactivation of the integrated viral genome
are still misunderstood. The fact that HHV-6B IE1 evolved to inhibit the function of NBS1 raises the possibility
that the DNA repair protein negatively impact viral replication and/or integration. To investigate the role of NBS1
in these processes, permissive cells (MOLT-3) and semi-permissive cells (U20S, HelLa, and GM847) depleted
or not for NBS1 were infected with HHV-6B (SI Appendix, Fig. S6A-D). In MOLT-3, increased replication is
measured in cells depleted for NBS1, suggesting that the protein is detrimental for HHV-6B replication (Fig. 6B).
Interestingly, our results suggest that viral integration in semi-permissive cells relies on the molecular
mechanisms that drive telomere elongation in these cells. Indeed, integration was not affected by the depletion
of NBS1 in cells where telomeres lengthening is secured by hTERT (Table 1). However, integration is
significantly reduced upon NBS1-depletion in both cell lines that rely on Alternative Lengthening of Telomeres
to maintain telomere length (Table 1). In ALT-positive (ALT+) cells, telomere maintenance occurs on break-
induced telomere synthesis, a RAD51-independent homology-directed DNA repair pathway(46). Thus, our data
support a model in which the mechanism of viral integration is dictated by the telomere lengthening pathway of
the infected semi-permissive cell rather than a common mechanism only driven by viral protein. Importantly, our

data also imply that the expression of IE1 must be repressed to promote integration in ALT+ cells.

Table 1. Importance of NBS1 for HHV-6B chromosomal integration in ALT + and — cells.

Cell lines ALT status shRNA % of cells integrated HHV-6B? (n)® P value®
CTRL 0.96 (36320)

HelLa Negative NBS1 6.1 (33280) <2.2e1®
CTRL 0.65 (21820)

GM847 Positive NBS1 0.01 (18320) <2.2¢"6

u20S Positive CTRL 1.60 (20000) <2.2¢76
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NBS1 0.69 (21520)
20SPML™ |  Positi CTRL 0.71 (28220)
U ositive NBST 578 (30350) N

@ mean of three independent cultures
b total number of cells analyzed

¢ Pearson’s Chi-squared test with Yates’ continuity correction

Discussion

In this study, we set out to understand two phenomena in HHV-6B; 1) the molecular mechanism by
which HHV-6B induces genomic instability in infected cells, and 2) the role of HDR-mediated repair pathways
in the establishment of the latent state in semi-permissive cells. Using a series of microscopy- and cytometry-
based approaches to track the source of DNA breaks in infected cells and in cells expressing the immediate-
early protein IE1, we discovered that in both conditions, DNA double-strand break signaling, and repair are
strongly inhibited through interference with the recruitment of the DNA repair protein NBS1 at the breaks.
Specifically, we defined the molecular mechanism by which IE1 triggers the redistribution of the MRN complex
to IE1-PML NBs by using a single-cell assay in which the colocalization of DNA repair factors with mCherry-
tagged viral proteins is restricted to an integrated LacO array. These findings revealed that IE1 specifically
interacts with NBS1 through a NBS1-interacting domain (NID) that is located in the N-terminal part of the viral
protein. Furthermore, our finding revealed that the activation of ATM by NBS1 is strongly inhibited by a NBS1-
inhibitory domain (NBS1i) located in the C-terminal region of IE1, supporting a model where IE1 impairs the
function of NBS1 through bipartite motifs. Consistently, we found that the expression of IE1 specifically
abolishes NBS1-dependent DNA repair pathways by using an array of well-established DNA repair reporter
assays. Altogether, our work argues against a model where viral integration is promoted solely by homology-
based repair, but rather supports models where integration of the viral genome at telomeres is dictated by
mechanisms that promote telomere-elongation in a given infected cell. Our work suggests that IE1 expression
must be tightly regulated to enable viral integration in cells where telomeres are elongated by ALT. Finally, our
results raise the possibility that expression of IE1 from integrated genomes might contribute to the development
of iciHHV-6B associated disease by inducing genomic instability in these cells. Using an RNA-seq approach,
Peddu et al. reported that the /ET gene is among the most abundantly expressed genes in a variety of tissues
from iciHHV-6+ individuals(47). Spontaneous and inducible IE1 protein expression from integrated HHV-6
genomes was also documented(35). At present, diseases associated with iciHHV-6A/B status include increased
spontaneous abortion rates(9), pre-eclampsia(10) and angina pectoris(11). Further characterization of the
proteins expressed from integrated genomes as well as the disease associated with these conditions will be
required to strengthen our understanding of the consequences associated with viral latency in iciHHV-6B

subjects.

The functions of the MRN complex are required at DSBs, stalled replication forks, chromosome
segregation and dysfunctional telomeres to safeguard genomic stability in cells(18, 48). Viruses have evolved
different strategies to adapt to their host cell environment. Many of them developed specific mechanisms to
manipulate DNA damage signaling to either promote viral processes such as replication and integration, or to

protect the integrity of their genome upon infection(45). A classic example comes from adenoviruses, where the
8
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MRN complex is targeted by multiple viral protein to inhibit its function. Specifically, E4-ORF3-dependent
relocalization of MRN proteins and E4-ORF6/E1B-55K-dependent degradation of MRN components is essential
to enable transduction and efficient viral replication(49-54). In contrast, other viruses such as adeno-associated
virus (AAV) rely on the activity of the complex for the integration of their genomes at the human AAVS1 site(55)
or to promote a DNA damage response that enhances infection levels (Herpes Simplex Virus 1 (HSV-1) and
Human Papillomavirus (HPV))(56-59). While these findings demonstrate that some viruses hijack the function
of DNA repair protein to support different steps of the infection, the mechanisms by which these processes
benefit viral replication remain a long-standing mystery in the field(45). In this study, we report that depletion of
NBS1 results in increased HHV-6B replication in permissive cells, suggesting that HHV-6B also evolved to
interfere with NBS1, or with the MRN complex, to prevent undesired recognition of viral DNA as broken DNA.
This makes sense considering that during viral replication, numerous double-stranded linear genomes, which
can be perceived as broken DNA, are generated. Interestingly, our structure function analyses revealed that the
interaction between IE1 and NBS1 is mainly driven by the BRCT2 domain (aa 201-326) of NBS1 and, to a lesser
extent, by the linker region (aa 327-638). These findings thus revealed that IE1 interacts with a domain of NBS1
that is essential for its MDC1-dependent chromatin retention of NBS1 to DSB (BRCT2)(60-64), providing a
rational for its ability to compete with the recruitment and function of the DNA sensor protein. Interestingly, it
has been proposed that the viral protein HSV-1 ICPO0 also interacts with NBS1 through a region that span the
linker (aa 590-710) to redirect HDR to specific loci during the infection(65). Here, the ability of IE1 to actively
inhibit the NBS1-dependent activation of ATM at the LacO demonstrates that this is not the case for IE1 unless
the NBS1i domain is post-translationally regulated during the infection. In contrast to AAV integration at the
AAVS1 locus, the integration of HHV-6B at telomere is not strictly dependent on the MRN complex but rather
on processes used by infected cells to elongate telomeres (discussed below). Recent work by Tan et al.
revealed that activation of DNA damage response is required to trigger a robust type | interferons response
(IFNs) following mitochondrial DNA damage(66), it is thus highly plausible that viruses evolved to interfere with
the activation of the DDR in order to counteract the activation of an efficient antiviral response in infected cells.
This type of IFNs activation is different from the nuclear factor «p (NF-kp)-dependent IFNs production that rely
only on MRE11 and RAD50(18). Further studies will be required to investigate this possibility as well as the

requirement of NSB1 for this process.

In germline, hematopoietic, stem and rapidly renewing cells, telomere elongation relies on the hTERT,

a polymerase that catalyzes the extension of telomeric DNA repeats using RNA as template(67). While hTERT
is negatively regulated in somatic cells, senescence is overcome in cancer cells either through the re-activation
of the hTERT enzyme or by an alternative homology-directed mechanism called ALT(68). The HHV-6B genome
contains conserved telomeric sequences that are required for viral integration(14). In this study, we show that
HHV-6B integration is independent of NBS1 in ALT- cells while it is dependent on NBS1 in ALT+ cells. These
findings are consistent with previous report showing that the telomerase complex is required for optimal HHV-
6B integration(34) as well as with the role of NBS1 in ALT (69, 70). While PML is not required for the interaction
of IE1 with NBS1 and the ability of IE1 to inhibit the phosphorylation of H2AX (this study), NBS1 is required for
the assembly of functional ALT-associated PML bodies(71). These concomitants roles are in line with the
absence of phenotype associated with NBS1-depletion in integration assay performed on PML"- ALT+ U20S.
Intriguingly, we previously report that PML KO also reduces integration in the ALT- HelLa cells, reinforcing the
9
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hypothesis that PML plays ALT-independent role in this process(33). Further studies will be required to elucidate

this function.

In line with previous findings showing that HHV-6B integration is not altered upon inhibition of
RAD51(72, 73), we found that IE1 inhibits homology-driven repair processes, and that integration is independent
of NBS1 in ALT- cell lines. Together, these observations argue against models where integration mechanisms
rely on RAD51-dependent BIR or SSA(74). However, it is important to note that all homology-directed reporter
assays used in this study rely on extensive DNA end resection following the induction of breakage by the
nucleases I-Scel or Cas9, a process that is dependent on NBS1(75). Thereby, integration models where SSA
or RAD51-independent BIR trigger integration following extensive accumulation of single-strand DNA generated
at stalled replication fork are still plausible. One attractive model is that the integration of HHV-6B occurs during
mitotic DNA synthesis (MiDAS), a RAD52-dependent BIR mechanism that is initiated upon replication fork stall
that remain unresolved at the start of mitosis, a problem often observed at DNA locus that are hard to replicate
such as telomeres(9, 23, 76). Such mechanism is NBS1- and RAD51-independent and is mediated by RAD52,
POLD3 as well as the structure-specific nuclease MUS81-EME1. Alternatively, upon entry into a cell and before
the viral genome circularizes (and before IE1 is expressed), the viral DNA can be perceived as broken DNA.
Under such circumstances, the MRN complex would be recruited to the ends of the viral genome and initiate
3'— 5’ resections. The ssDNA ends of eroded telomere (no longer efficiently protected by the shelterin complex)
could anneal to the near terminal telomeric sequence at the right end of the genome in a process analogous to
an ALT mechanism described in yeast (reviewed in (23)). Once the entire viral genome is copied, the telomeric
repeats at the left end of the genome would serve as template for telomerase or ALT mechanisms to regenerate

a telomere of appropriate length(77).

In conclusion, we provide a detailed characterization of the HHV-6B IE1 protein as an efficient inhibitor
of DSB-signaling through the recruitment of NBS1. As such, IE1 contributes to the favorable establishment of a
productive infection. Despite being a relatively abundant protein expressed very early upon entry, the functions
of IE1 remain poorly defined. IE1 shares very little sequence homology with proteins from other herpesviruses
(except HHV-6A and HHV-7) meaning that deductions based on primary sequence analysis are very limited.
Our work adds to the growing knowledge surrounding HHV-6B integration processes and the potential

importance of the IE1 protein during the infectious process.

Material and Methods

Plasmids and virus

pcDNA4/TO/myc-His-HHV-6B IE1 was previously described (27). The PiggyBac transposon-based (PB)-TetO
and the PB-CA-rtTA-IRES-NEO plasmids were generated as previously described(78). PB-TetO-HHV-6B IE1,
mCherry-LacR and GFP expression vectors were generated using Invitrogen™ Gateway™ recombination
cloning (Invitrogen) and the following destination vectors: pDEST-PB-TetO (78), pDEST-mCherry-LacR (79) or
pDEST-FRT-TO-GFP (80). HHV-6B IE1 was PCR amplified from pcDNA4/TO-HHV-6B IE1. HHV-6B IE1
fragments (aa1-1078, aa1-809, aa1-540, aa541-809, and aa541-1078) and NBS1 fragments (aa1-754, aa1-
733, aa1-638, aa1-327, aa109-754, aa201-754, and aa328-754) were PCR amplified from pcDNA4/TO-HHV-
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6B IE1 and pLXIN2-NBS1, a kind gift from Cary A. Moody (University of North Carolina at Chapel Hill, North-
Carolina) (81). HHV-6B strain Z29 (82) was produced by our laboratory, as previously described(83). A list of

the plasmids that were used in this study is provided in Table S3.

RNA interference

SMARTPool siRNA targeting RAD51 and a non-targeting single siRNA duplex sequences were purchased from
Dharmacon. Single siRNA duplexes targeting RAD52 was a kind gift from Jean-Yves Masson (Université Laval,
Québec, Canada). siRNAs were transfected in a forward transfection mode 24 hours prior to cell processing
using RNAimax (Invitrogen) according to the manufacturer’s protocol. Plasmids carrying a NBS1 short hairpin
RNA (shNBS1) (TRCN0000010393, Open Biosystems) or a control shRNA (shCTRL) (Mission® TRC2 pLKO.5-
puro non-mammalian shRNA control plasmid DNA, Sigma #SHC202) in the pLKO background backbone were
a kind gift from Cary A. Moody (University of North Carolina at Chapel Hill, North-Carolina) (81). Lentiviruses
were produced as previously described (81). Briefly, plasmids expressing shRNAs with vesicular stomatitis virus
G (pMD2.g) and lentiviral packaging (pPAX) plasmids were co-transfected into HEK-293T cells using
polyethyleneimine (PEI). 48-72 hours post-transfection, supernatants containing lentivirus were harvested and
U20S, MOLT-3, HelLa, and GM847 were transduced in the presence of 8 ug/ml hexadimethrine bromide
(Polybrene) (Sigma). Knockdown of RAD51, RAD52 and NBS1 were confirmed for each experiment by Western
blotting or qPCR analyses.

Cell Culture and transfections

Cell lines were maintained at 37°C and 5% COz. All culture media were supplemented with 10% fetal bovine
serum (FBS). MOLT-3 (American Type Culture Collection, ATCC) were cultured in Roswell Park Memorial
Institute (RPMI-1640; Corning Celigro), 8.85 mM HEPES and 5 pg/ml plasmocin (Invivogen). GM847 and HelLa
cell lines were obtained from ATCC and cultured in Dulbecco's Modified Eagle's Medium (DMEM; Corning
Cellgro), NEM (Corning Cellgro), 8.85 mM HEPES, and 5 pg/ml plasmocin (Invivogen). U20S (U20S, obtained
from ATCC), U20S PML" (37), U20S 2-6-5 (Gift from Roger Greenberg, University of Pennsylvania,
Philadelphia)(39), U20S DR-GFP, NHEJ-GFP (EJ7), and SA-GFP (Gift of Jeremy Stark (City of Hope National
Medical Center, California)(84, 85), and U20S NHEJ-pc222 (Gift from Jacques Co6té (Université Laval,
Québec)(86) cell lines were cultured in McCoy’s medium (Life Technologies). Doxycyclin-inducible U20S HHV-
6B IE1 clones 10 and 102 (C10 and C102) were established by co-transfecting PB-TetO-HHV-6B IE1, pCMV-
hypBAse and PB-CA-rtTA-IRES-NEO plasmids, at a DNA ratio of 1:1:1 in the U20S SA-GFP cell line using
Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Clones were selected using 40
mg/mL of G418 and isolated using a limit dilution approach. U20S BIR were established with a GFP-based
reporter plasmid (pBIR-GFP) containing already characterized 1-Sce1 reporter cassette to monitor BIR(87).
Plasmid transfection was carried out using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
protocol. Clones were selected using 2 ug/ml puromycin and isolated using a limit dilution approach.
Experiments were performed with a stable reporter clone which produce between 1.5% and 3% of GFP-positive
cells after DSBs induction. Unless indicated otherwise, expression of IE1 was induced by adding 1 pg/ml
doxycycline for 48h. HeLa DR-GFP (Gift from Roger Greenberg, University of Pennsylvania, Philadelphia) and
HEK293T cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Life Technologies). All cell
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lines were validated using short tandem repeat (STR) markers and tested negative for mycoplasma

contamination.

Chemicals and sources of DNA damage

Doxycycline (Dox, 1 ug/ml, D3447, Sigma) was used to induce the production of HHV-6B IE1 in stable U20S
cell lines C10 and C102 for 48h. In the FOK1 system, DSBs were created at the LacO array by promoting the
nuclear localization (4-Hydroxytamoxifen (4-OHT, 100 nM, #3412, Tocris)) and stabilization (Shield-1 ligand,
0.5 pM, CIP-S1-0001, CheminPharma)) of mCherry-LacR-FOK1 nuclease fused to a destabilization domain
(DD) and to a modified estradiol receptor (ER) (ER-mCherry-LacR-FOKI-DD) for six hours prior to
immunofluorescence sample preparation. DNA damage were induced by exposing cells to ionizing irradiation
(IR). U20S were exposed to 1 Gy with a CellRad (Precision X-Ray Inc.) and MOLT-3 to 4 Gy with the

Gammacell® 40 Exactor (Best Theratronics Ltd.).

Viral infection and integration assays

For immunofluorescence assays on viral infection, 1 x 106 MOLT-3 cells were pelleted, infected or not (Mock)
at a multiplicity of infection (MOI) of 1 with HHV-6B (strain Z29) and resuspended at final concentration of 1 x
107 cells/ml with fresh RPMI in a 1.5 ml tube for 5 hours at 37°C, 5%. The MOLT-3/HHV-6B prep was mixed
every 30 minutes by flickering the tube. Cells were then washed three times in phosphate-buffered saline (PBS)
and resuspended in 1 ml of fresh RPMI in a 12-well plate. Twenty-four hours post-infection, cells were processed
for immunofluorescence. For viral replication, 1.5 x 108 of MOLT-3 cells were pelleted into a 1.5 ml tube and
infected or not (Mock) at a MOI of 1 with HHV-6B for 5 hours as described above. After 3 washes with PBS cells
were resuspended in 3 ml of fresh RPMI, in a 6-well plate. At the indicated time point, 0.5 x 10° cells were
harvested and processed for DNA extraction using QIAamp DNA Blood Mini Kit as described by the
manufacturer (Qiagen Inc.) and analysed by gPCR. Integration assays were performed as described
previously(88). Briefly, 1 x 10* cells/well (U20S shCTRL, U20S shNBS1, HeLa shCTRL, HeLa shNBS1, GM847
shCTRL, GM847 shNBS1), cells were infected at MOI of 1 with HHV-6B in a 24-wells plate for 24 hours and
washed with PBS 1X 3 times. Cells were then seeded in 6-well plates and passaged for 4 weeks prior to DNA
extraction with the QlAamp DNA Blood Mini Kit as described by the manufacturer (Qiagen Inc.) and analyzed
by ddPCR.

Quantitative PCR (qPCR) and droplet digital PCR (ddPCR) analyses

gPCR was performed as previously described (83). DNA was analyzed using primers and probes against U67-
68 (HHV-6B) and RPP30 (reference gene). Data were normalized against the corresponding genome copies of
the cellular RPP30 gene. ddPCR was used to quantify integration frequency as previously described (88).
Briefly, the HHV-6B chromosomal integration frequencies were estimated assuming a single integrated HHV-
6/cell and calculated with the following formula: (number of HHV-6 copies)/(number of RPP30 copies/2 copies
per cell) x 100, as previously described. This assay was previously extensively validated and provide

comparable data to single cell cloning and quantification.

RNA extraction and RT-qPCR
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Total RNAs were extracted with the RNeasy mini kit following manufacturer’s instructions (QIAGEN) and
quantified by nanoDrop. 250-500 ng of total RNA was reverse transcribed with the High-Capacity cDNA reverse
transcription kit (Invitrogen) according to the manufacturer’s instructions. Contaminant genomic DNA was
removed by DNasel (ThermoFisher) incubation prior to the reverse transcription (RT) reaction and confirmed
by GAPDH RT-PCR performed on DNasel treated reactions. gPCR was performed using the LightCycler 480
apparatus (Roche) with the LightCycler 480 SYBR Green 1 qPCR master mix (Roche) using the following
program: 40 cycles of 94 °C denaturation for 15 sec, 56 °C annealing for 5 sec and 72 °C elongation for 15 sec.
5% of the RT-PCR reaction was used as template. Standard curve was performed with serial dilution using the
U20S cDNA as template. Relative expression of each gene was determined using the standard curve and

normalized to the relative expression of the GADPH. The primers are listed in Table S1.

Immunofluorescence microscopy

One hour post-irradiation, MOLT-3 cells were pelleted, washed 3 times in PBS and 1 x 10* cells were added to
each well of a microscope slide with 10 reaction wells (MP Biomedicals™ Multitest Slides, Fisher Scientific #
ICN6041805). Once dried, cells were fixed for 20 minutes at room temperature with 2% paraformaldehyde
(PFA), hydrated for 5 minutes with PSB and processed for immunofluorescence. U20S and U20S 2-6-5 cells
were grown in 24-well plates on glass coverslips and fixed 24 hours later with either 2% (wt/vol) PFA in PBS for
20 minutes at room temperature or with 100% MeOH for 20 minutes at -20°C. When indicated, cells were treated
with the indicated amount of Gy, 15 min or 1 hour prior to fixation. For immunostaining with anti-NBS1 and anti-
MRE11 antibodies, nuclear extraction with ice-cold NuEx buffer (20 mM HEPES pH 7.4, 20 mM NaCl, 5 mM
MgCI2, 0.5% NP-40, protease inhibitors (Complete, EDTA-free protease inhibitor, Sigma), and 1 mM DTT) for
20 min on ice for prior to fixation. U20S PFA-fixed cells were further permeabilized with 0.3% (vol/vol) Triton X-
100 for 20 minutes at room temperature. MOLT-3 and U20S fixed cells were incubated with blocking buffer (2%
BSA in PBS or 0.1% BSA, 3% goat serum, 0.1% Triton, 1 mM EDTA pH 8.0 in PBS) for 30 minutes at room
temperature and then incubated with primary antibodies (Table S2) diluted in blocking buffer for 2 hours at room
temperature, followed by washes in PBS. Next, cells were incubated for 1 hour at room temperature with
secondary antibodies diluted in blocking buffer and counterstained with 4',6-diamidino-2-phenylindole (DAPI,
0.4 yg/mL) in PBS. Cells were washed with PBS 1X and the coverslips were mounted onto glass slides with
Prolong Diamond mounting agent (Invitrogen). To visualize micronuclei in MOLT-3 infected or control cells, cells
were collected processed with an hypotonic solution (75 mM KCI) for 20 minutes at 37°C. Cell were then fixed
with fresh 3:1 methanol:acetic acid for 5 minutes and washed three time with 3:1 methanol:acetic acid solution.
Washed pellets were resuspended in 500ul of 3:1 methanol:acetic acid, dropped on a microscope slide and air
dried prior to DNA counterstaining with DAPI. Images were either taken using a Zeiss LSM700 (and LSM900
recently acquired) laser-scanning microscope equipped with a 63x oil lens or a Wave FX-Borealis - Leica DMI
6000B microscope with the camera Image EM (Hamamatsu, 512x512 pixels) and Orca-R2 (Hamamatsu,
1344x1024 pixels) with a 40x (Quorum Technologies). Images were analyzed and quantified using ImageJ
software [National Institutes of Health (NIH)]. In micrographs, dashed lines indicated nucleus outlines when

DAPI is not shown. Unless stated otherwise, insets represent 10 X magnifications of the indicated fields.

in situ hybridization (FISH)
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Fixed cells were processed as described for immunofluorescence staining and then fixed for 2 minutes at room
temperature with 1% PFA/PBS. Coverslips were washed twice with PBS for 5 minutes and dehydrated for 5
minutes in successive ethanol baths (70%, 95%, 100%). Once dried, coverslips were placed upside down on a
drop of hybridizing solution (70% formamide; 0.5% blocking reagent; 10 mM Tris-HCI pH 7.2; 1/1000 Cy5-TelC
PNA probe (F1003, PNABio, Newbury Park, CA, USA)). Sample were denatured for 10 minutes at 80°C on a
heated block. Coverslips were incubated over night at 4°C and kept in the dark. After hybridization, coverslips
were washed two times for 15 minutes in washing solution (70% formamide; 10 mM Tris-HCI pH 7.2) and then
washed 3 times for 5 minutes with PBS. Sampled were air dried, counterstained with DAPI, washed with PBS

and coverslips were mounted onto glass slides with Prolong Gold mounting agent (Invitrogen).

Metaphase spread analysis

U20S SA-GFP HHV-6B IE1 cells were arrested in mitosis using 1 uM nocodazole for 3 hours at 37°C and 5%
CO:z. Cells were then resuspended and incubated in pre-warmed hypotonic solution (KCI 75 mM, 15% SVF) at
37°C for 15 minutes to induce swelling and fixed in (75% ethanol, 25% acetic acid) overnight at 4°C. Droplet of
cells were spread onto glass slides pre-cooled at -20°C and dried overnight in the dark at room temperature.
Slide were then mounted with Vectashield Antifade Mounting Medium containing DAPI (VECTH20002, MJS
BioLynx Inc.). Images were taken using a Zeiss LSM700 laser-scanning microscope equipped with a 40x water

lens. Quantification was done on 3 biological replicates and 10 spreads were quantified per experiments.

Reporter-based DNA repair assays

For DR-, NHEJ-, SA-, and BIR-GFP reporter assays in which HHV-6B IE1 was transiently transfected, U20S
or Hela cells carrying the respective GFP expression cassette were plated at 125 000 cells/well in a 6 well
plates. Twenty-four hours later, cells were co-transfected with the indicated combination of plasmids:
pcDNA4/TO-HHV-6B IE1 along with I-Scel plasmid (pCBAScel, Addgene #26477). The pcDNA4/TO/myc-His
vector was used as negative control for conditions without I-Scel or IE1. A plasmid expressing iRFP was also
transfected to correct for transfection efficiency in each assay. For the NHEJ-GFP (EJ7) assay, cells were co-
transfected with Cas9 and sgRNA-expressing vectors p330X-sgRNA7a and p330X-sgRNA7b expressing
plasmids instead of I-Scel(85). After 48 hours (or 72 hours for NHEJ-GFP (EJ7)), cells were trypsinized,
harvested, washed and re-suspended in PBS. The percentage of GFP-positive in iRFP-positive cells was
determined by flow cytometry using an Accuri C6 (BD Biosciences). The data were analyzed using the FlowJo
software (Flow Jo LLC). When indicated, cells were transfected with siRNA 24 hours prior to transfection with
[-Sce1 expression plasmid. For SA-GFP and the CRISPR-LMNA HDR assay that were done in U20S SA-GFP
HHV-6B IE1, cells were seeded at 10 000 cells per well in 24-well plates and induced with 1 ug/mL of
doxycycline 24 hours post transfection with either I-Sce1 for SA-GFP assay or plasmid expressing Cas9 and
LMNA sgRNA (pX330-LMNAgRNA1) and CR2.1-mRuby-2-LMNA-Donor for CRISPR-LMNA HDR assay(43).
At 48 hours post-transfection, cells were harvested and GFP-positive cells quantified by flow cytometry. mRuby-

positive cells were analyzed by microscopy using a TIRF Ti-LAPP microscope (Nikon).

Statistical analysis
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Quantification was done on 3 biological replicates. Unless stated otherwise, one-way ANOVA with Dunnett’s

multiple comparisons test were realized to assess statistical significance.
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731  Figure Legends

732 Fig. 1. HHV-6B infection and IE1 expression leads to micronuclei formation. (A) Left panel: Representative

733  images of micronuclei observed in HHV-6B infected MOLT-3 cells. Cells were infected and fixed 24 hours post-
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infection. DNA was counterstained with DAPI. Micronuclei are indicated by white arrows (scale bar, 5 ym).
Quantification of micronuclei are presented on the right panel. Data are presented as the mean (n = 2, >100
micronuclei/condition). (B) Left panel: representative images of U20S cell line and U20S clones stably
expressing doxycycline (Dox)-inducible HHV-6B IE1 protein (C10 and C102). Expression of IE1 was induced
for 48 hours with 1 pug/ml of Dox prior to fixation. Cells were then processed for IE1 immunofluorescence and
counterstained with DAPI. Micronuclei are indicated by white arrows (scale bar, 5 ym). Quantification of
micronuclei are presented on the right panel. The parental cell line (Par.) was used as a negative control and
data are presented as the mean + SD (n = 3). (C) Schematic representation of the mechanisms leading to
micronuclei formation. Events leading to the formation of micronuclei induced by DNA double-strand breaks
(DSBs) (i) and lagging chromosome (ii) or by anaphase bridges (ABs) (iii) are represented. (D-E) Quantification
of micronuclei containing centromere (D) and telomere (E). Cells were treated as described in B and either
processed for centromere immunofluorescence or by FISH for the detection of telomeres. Data are presented
as mean = SD (n = 3) (D) and as the mean (n = 2, >100 micronuclei/condition) (E). (F) Representative image of
a metaphase from IE1 expressing cells. Cells were exposed to 1 pug/ml of dox for 48 hours, metaphase spread
were prepared, fixed and processed for DNA counterstaining. (G) Quantification of chromosomal aberrations
per metaphase. Data were analyzed with an unpaired t-test and are presented as mean + SD (n = 31). **p<0.01,
***p<0.001, ****p<0.0001.

Fig. 2. Phosphorylation of H2AX (y-H2AX) is inhibited in HHV-6B infected and IE1 expressing cells. (A)
Representative images of y-H2AX in irradiated U20S parental (Par.) and IE1-expressing cells. Cells were
treated as described in Fig. 1B and irradiated with 1 Gy. One hour post-irradiation, cells were fixed and
processed for IE1 and y-H2AX immunofluorescence (scale bar, 5 ym). (B) Quantification of cells with more than
10 y-H2AX foci in irradiated U20S Par. and IE1expressing cells. Data are presented as the mean £ SD (n = 3).
(C) Quantification of cells with more than 10 y-H2AX foci in U20S PML** and - irradiated cells (1 Gy) that
transiently express untagged IE1. An empty vector (EV) was used as negative control. Data are presented as
the mean + SD (n = 3). (D) Representative images of y-H2AX in HHV-6B infected MOLT-3 cell lines. Cells were
irradiated with 4 Gy. One hour post-irradiation, cells were fixed and processed for IE1 and y-H2AX
immunofluorescence (scale bar, 5 um). Mock-infected cells were used as a negative control. (E) Quantification
of cells with more than 10 y-H2AX foci in irradiated MOLT-3 infected cells. Data are presented as the mean +

SD (n = 3) and statistical significance was assessed using unpaired t-test. ****p<0.0001.

Fig. 3. HHV-6B IE1 interacts with NBS1 and prevents its recruitment to DSBs. (A, C) Representative images of
the colocalization between NBS1 (A) and MRE11 (C) with IE1. IE1-expressing cells were treated as described
in Fig. 1B, fixed and processed for IE1, NBS1, or MRE11 immunofluorescence as indicated. As a positive
control, irradiated U20S cells (+IR) were fixed 15 minutes post-irradiation (1 Gy) and processed for y-H2AX,
NBS1, or MRE11 immunofluorescence as indicated (scale bar, 5 um). The parental cell line (Par.) was used as
a negative control. (B, D) Quantification of y-H2AX or IE1 foci that colocalized with NBS1 (B) and MRE11 (D)
are presented as percentage of foci per cells that colocalized with the indicated protein. Data are presented as

the mean * SD of three independent experiments. (E) U20S 2-6-5 cells transfected with plasmids expressing
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the indicated mCherry-LacR fusion protein or induced for the expression of ER-mCherry-LacR-FokI-DD were
fixed and processed for NBS1 immunofluorescence (scale bars, 5 um). The mCherry-LacR backbone was used
as a negative control (--). (F) Quantification of the mCherry-LacR foci colocalizing with NBS1 (E), y-H2AX (S/
Appendix, Fig. S3F), and MRE11 (SI/ Appendix, Fig. S3G). Data are presented as the mean + SD (n = 3).
****p<0.0001.

Fig. 4. Bipartite binding and inhibition of NBS1 by HHV-6B IE1. (A) Schematic representation of HHV-6B IE1
protein and the fragments of the protein used in this study. NID, NBS1-interacting domain; NBS1i, NBS1
inhibitory domain, STAT2-BD: STAT2 binding-domain (aa 270-540). S432: CDK2 phosphorylation site. (B)
U20S 2-6-5 cells transfected with the plasmids expressing the indicated mCherry-LacR fusion protein or
induced for the expression of ER-mCherry-LacR-Fokl-DD were fixed and processed for NBS1
immunofluorescence (SI Appendix, Fig. S4A-B). The mCherry-LacR backbone was used as a negative control
(-)- (C) Representative images of the inhibition of y-H2AX by IE1. Cells were transiently transfected with the
indicated mCherry-LacR fusion protein and irradiated 24 hours later. One hour post-irradiation (1 Gy), cells were
fixed and processed for y-H2AX immunofluorescence. The mCherry-LacR backbone was used as a negative
control (--) (scale bar, 5 ym). (D) Quantification of cells with more than 10 y-H2AX foci. UT, untreated. Data for
(B) and (D) are presented as the mean + SD (n = 3). (E) U20S 2-6-5 cells were treated as described in (B),
processed for IE1 and y-H2AX immunofluorescence (S/ Appendix, Fig. S4E-F) and quantified as indicated. (F)
Schematic representation of NBS1 protein and the fragments of the protein used in this study. FHA, ForkHead-
Associated domain; BRCT, BRCA1 C-Terminal domain; MRE11-BM, MRE11-binding motif; ATM-BM, ATM-
binding motif; IDD, Intrinsically Disorder Domain. (F-G) U20S 2-6-5 cells transfected with the plasmids
expressing the indicated mCherry-LacR and were fixed and processed. Data for (E) and (G) are presented as
the median + SD (n = 3) (E). **p<0.01, ****p<0.0001.

Fig. 5. HHV-6B IE1 inhibits HDR-mediated repair. DNA repair reporter assays for (A) homologous
recombination (DR-GFP), (B) Single-strand annealing (SA-GFP), (C) Break-induced replication (BIR-GFP) and
(D) Non-homologous end-joining (NHEJ-GFP (EJ7)). For each condition, a schematic representation of the
assay is presented in the top panel and quantification of the GFP+ cells analyzed by flow cytometry is presented
in the bottom panel. GFP-positive cells are normalized over GFP-positive cells quantified in the positive control
(I-Scel+, set to 1.0) in each replicate. Data are represented as the mean + SD (n = 3). ****p<0.0001.

Fig. 6. Depletion of NBS1 impairs viral integration in cells maintaining telomere by homology-directed repair.
(A) Schematic representation of HHV-6B infection in permissive and semi-permissive cells. In semi-permissive
cells for HHV-6B, where replication is inefficient, and the viral genome integrates at telomeres. (B) MOLT-3 cells
depleted or not for NBS1 were infected at a MOI of 1 with HHV-6B and harvested at the indicated time points.
Following cell lysis, DNA was extracted and the number of copies of HHV-6B were determined by gPCR using
primers for U67-68 gene for HHV- 6B and RPP30 as a cellular reference gene. Data presented are the mean

of three independent experiment and presented as mean + SD (n = 3).
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Supplementary Figure Legends

Fig. S1. (A-B) Whole cell extracts (WCE) from infected MOLT-3 (A) and U20S cells treated or not with 1 pg/mi
of Dox (B) were analyzed by immunoblotting with an antibody against IE1. B-tubulin was used as loading control.
NI: non-infected, Par.: parental cell line. (C, F, G) Representative images of the U20S (Par.) and U20S IE1
stable cell lines with or without Dox induction (as indicated) for Figure 1B, D and E. Cells were treated as
described in Fig. 1B and either processed for IE1 (C, G) or centromeres (CREST) immunofluorescence (F) or
by FISH for the detection of telomeres (G) (scale bar, 5 um). (D-E) U20S (Par.) and U20S IE1 stable cell lines
with Dox induction were treated as described in Fig. 1B and processed for Lamin B fluorescence. Quantification
of micronuclei with Lamin B signal is presented in (D) and representative images in (E). In (D), data are
represented as mean = SD (n = 3) **p<0.01. (H) Quantification of micronuclei colocalizing with IE1 foci. IE1-
expressing cells were treated as described in Fig. 1C, fixed and processed for IE1 immunofluorescence. Data

are presented as the mean + SD (n = 2, >100 nuclei/condition).

Fig. S2. (A) Representative images of untreated U20S PML** and - cells fixed and processed for PML
immunofluorescence. (B) Western blot analysis of U20S transfected with untagged IE1 or an empty vector (EV)
plasmids WCE. B-tubulin was used as loading control. (C) Representative images of U20S PML** and - cells
transiently transfected with a plasmid expressing untagged IE1 or an empty vector (EV) as negative control.
Cells were irradiated with 1 Gy, fixed 15 minutes post-irradiation and processed for IE1 and y-H2AX

immunofluorescence (scale bar, 5 um).

Fig. 3. (A) WCE from U20S cells (Par.) and IE1-expressing U20S stable cell lines treated or not with 1 pg/mi
of Dox were analyzed by immunoblotting with antibodies against RAD50, NBS1 and MRE11. GAPDH was used
as loading control. (B-C) Representative immunofluorescence of IE1-expressing U20S stable cell lines induced
with Dox and irradiated with 1 Gy. Cells were fixed 1 hour post-irradiation and processed as described in Fig.
3A and C, respectively. (D) Quantification of IE1 foci that colocalize MRE11 in stable U20S control cells
(shCTRL) or depleted for NBS1 (shNBS1). Cells were transiently transfected with untagged IE1 and treated as
described in Fig. 3B. Percentage of IE1 foci per cells that colocalize with NBS1 are presented as the mean +
SD (n = 2, at least 40 nuclei/condition). (E) Representative immunofluorescence of the data presented in Fig.
Supp. 3D. (F) WCE from U20S shCTRL and shNBS1 stable cell lines were analyzed by immunoblotting with
antibodies against NBS1 and MRE11. GAPDH was used as loading control. (G-H) Representative
immunofluorescence of the quantification presented in Fig. 3F. (/) Quantification of IE1 foci that colocalize with
NBS1 in U20S PML** and - cells transiently expressing untagged IE1. Cells were treated as described in Fig.
3A. Percentage of IE1 foci per cells that colocalize with NBS1 are presented as the mean £ SD (n = 3). (J)
Representative immunofluorescence of the quantification presented in S/ Appendix, Fig. S3l. Statistical

significance in (D) was assessed by unpaired t-tests, ****p<0.0001.

Fig. S4. (A, D) WCE from U20S cells that transiently express the indicated mCherry-LacR fusion protein were
analyzed by immunoblotting with antibodies against mCherry. GAPDH was used as loading control. The

mCherry-LacR backbone was used as a negative control (--) in (A). (B-C) Representative immunofluorescence
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images used for the quantification presented in Fig. 4B (B), Fig. 4D (C) (scale bar, 5 ym). (E) Representative
immunofluorescence images used for the quantification presented in Fig. 4E and Fig. Supp 4F (scale bar, 5
pm). (F) Quantification of mCherry-LacR foci dans colocalize with IE1. Data are presented as the median + SD
(n = 3) ***p<0.0001. (G) Representative immunofluorescence images used for the quantification presented in
Fig. 4G and Fig. Supp 4H (scale bar, 5 ym)

Fig. S5 (A) CRISPR-LMNA HDR assay was analyzed in Dox-inducible IE1 U20S SA-GFP stable cell lines. Cell
lines were plated and induced for IE1 expression for 24 hours prior to transfection with plasmids encoding Cas9,
LMNA sgRNA, and mRuby2-LMNA donor. Percentage of mRuby-positive cells were analyzed by flow cytometry
48 h post-transfection and normalized over percentage of mRuby-positive U20S SA cells (Par.) in each
replicate. (B) DNA repair assay for homologous recombination in HeLa cells were performed as described for
U20S cells in Fig. 5A. (C) Single-strand annealing (SA) assay was analyzed in Dox-inducible IE1 U20S SA-
GFP stable cell lines. Cell lines were plated and induced for IE1 expression for 24 hours prior to transfection
with plasmids encoding I-Scel endonuclease. Percentage of GFP-positive cells were analyzed by flow cytometry
48 h post-transfection and normalized over percentage of GFP-positive U20S SA cells (Par.) in each replicate.
Data are represented as the mean + SD (n = 2). (D) Validation of the BIR repair assay using siRNA against
RAD51 and RAD52. A non-targeting siRNA (NT) was also used as control. (E-F) RT-gPCR was performed on
U20S BIR cells using gene-specific primers for RAD51(E) and RAD52(F). Expression of each transcript has
been normalized against GADPH. (G) DNA repair assay for non-homologous end-joining (NHEJ-pc222) in
U20S cells were performed as described in Fig. 5D. Unless stated otherwise, data are represented as the mean
+ SD (at least n = 3). In (A), statistical significance was assessed by unpaired t-tests, **p<0.01, ***p<0.001,
****p<0.0001.

Fig. S6. (A-D) WCE from MOLT-3 (A), HeLa (B), U20S (C), and GM847 (D) cell lines expressing a shRNA

against NBS1 (shNBS1) or control (shCTRL) were analyzed by immunoblotting with an antibody against NBS1.

B-Tubulin was used as loading control.
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Fig. 6
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