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Abstract 32 

Integration of viral DNA in the genome of host cells triggers host-pathogens interaction that are 33 
consequential for the virus and the infected cells. In cells semi-permissive for viral replication, the human 34 
herpesvirus 6B (HHV-6B) integrates its genome into the host telomeric sequences. Interestingly, HHV-6B 35 
integration in gametes leads to a condition called inherited chromosomally integrated HHV-6B (iciHHV-6B), 36 
where the newborn carries a copy of HHV-6B in every cell of its body and is associated with health issues such 37 
as spontaneous abortion rates, pre-eclampsia and angina pectoris when transmitted to its offspring. Unlike 38 
retroviruses, the mechanism that leads to viral integration of DNA viruses and the consequences of these events 39 
on host cells are not well characterized. Here, we report that HHV-6B infection induce genomic instability by 40 
suppressing the ability of the host cell to sense DNA double-strand break (DSB). We discovered that this 41 
phenotype is mediated by the ability of the immediate-early HHV-6B protein IE1 to bind, delocalize, and inhibit 42 
the functions of the DNA damage sensor NBS1. These results raise the possibility that the genomic instability 43 
induced by the expression of IE1 from integrated genomes contributes to the development of iciHHV-6B-44 
associated disease. As reported for other types of viruses, the inhibition of DSB sensing and signaling promotes 45 
viral replication. However, HHV-6B integration is not affected when this pathway is inhibited, supporting models 46 
where integration of the viral genome at telomeric sequence is dictated by mechanisms that promote telomere-47 
elongation in a given infected cell and not solely DNA repair mechanisms.  48 

 49 

  50 
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Introduction 51 

Human herpesvirus 6B (HHV-6B) is a betaherpesvirus that infects nearly 90% of the world’s population 52 
in the first two years of life and is responsible for Roseola Infantum, a pathology defined by skin rashes, high 53 
fevers and respiratory distress(1–3). In this DNA virus subfamily, HHV-6B shares 94% homology with HHV-6A, 54 
another lymphotropic virus. Like other herpesviruses, HHV-6A and HHV-6B (HHV-6A/B) establish lifelong 55 
latency in infected hosts and can reactivate occasionally(4). However, whereas most herpesviruses achieve 56 
latency through the circularization and silencing of their genome, HHV-6A/B viruses can integrate their genome 57 
in the host chromosome terminal repeats called telomeres (chromosomally integrated HHV-6B (ciHHV-6B))(5, 58 
6). If HHV-6A/B integration occurred in gametes before fertilization, the newborn carries a copy of HHV-6A/B in 59 
every cell of its body and can transmit it to its offspring. This condition called inherited chromosomally integrated 60 
HHV-6A/B (iciHHV-6A/B) concerns ~1% of the world’s population, representing almost 80 million people(7, 8). 61 
iciHHV-6A/B is more prevalent in individual suffering from health issues such as spontaneous abortion rates(9), 62 
pre-eclampsia(10) and angina pectoris(11) compared to healthy subjects (reviewed in(12, 13)). However, 63 
consequences of iciHHV-6A/B are still poorly understood due to lack of clinical associations. 64 

The linear double-strand DNA (dsDNA) genome of HHV-6A/B is flanked by an array of direct repeats 65 
containing 15 to 180 reiterations of 5’-TTAGGG-3’ perfect telomeric repeats (pTMRs) that are identical to human 66 
telomeric sequences, and which are important for viral integration(14). HHV-6A/B genome integration occurs at 67 
telomeres in a process that is dependent on the integrity of these pTMRs(14). Based on this observation, current 68 
models propose that viral integration is mediated through homology-directed repair (HDR) processes including 69 
single stranded annealing (SSA) or break-induced replication (BIR)(15). These HDR pathways are favored given 70 
that the integration occurs in an oriented manner that is driven by one of the pTMR(14, 16). In this case, HHV-71 
6A/B genome would integrate at sites of DNA double-stranded break (DSB) that are caused following replication 72 
fork collapse at telomeres upon replication stress. In both scenarios, the annealing of the pTMR sequence to 73 
the 3’ overhang generated by partial resection of DNA ends of the telomere would drive integration(15, 17). 74 

In mammalian cells, HDR uses homologous sequences as template to repair breaks in a faithful manner. 75 
During this process, broken DNA ends are first detected by the MRN complex (MRE11, RAD50, NBS1)(18). 76 
The accumulation of the MRN complex at the break induces a signaling cascade that leads to the activation of 77 
the serine–threonine kinase ataxia–telangiectasia mutated (ATM) and concomitant phosphorylation of the 78 

histone variant H2AX on Ser139 (g-H2AX). The interaction of MDC1 with g-H2AX then triggers the ubiquitylation 79 

of the chromatin that surrounds the break by promoting the accumulation of the E3- ubiquitin ligases RNF8 and 80 
RNF168(19, 20). In S/G2 phase of the cell cycle, the recruitment of the DNA repair factor BRCA1 and the 81 
nuclease CtIP to ubiquitylated chromatin cooperates with EXO1 and BLM-DNA2 nucleases to facilitate 82 
extensive end resection. Extensive accumulation of single-strand DNA (ssDNA) is generated through this 83 
process or by uncoordinated DNA unwinding, and DNA synthesis that occurs at stalled replication forks 84 
ultimately leading to the recruitment of recombinases that drive homology search(21). RAD51 or RAD52 85 
recombinases promote DNA repair by HDR and SSA(22). Both recombinases also promote DNA repair of one-86 
end DSB, but their exact contribution to that latter pathway is still unclear(23). 87 
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HHV-6A and B are two distinct viruses that share 90% sequence homology. Although they both have a 88 
tropism for CD4+ T lymphocytes, they present epidemiological, biological, and immunological differences(17). 89 
HHV-6B, which infects nearly 90% of the population in the first two years of life, is much more characterized 90 
than HHV-6A. HHV-6B expresses sequentially more than 97 proteins during its lytic cycle. Immediate early (IE) 91 
proteins are expressed early in the viral cycle and exhibit functions that regulate viral genes expression and 92 
promote the establishment of a favorable environment for infection. Interestingly, immediate early protein 1 (IE1) 93 
transcripts are detected in RNA-seq analysis on tissues extracted from iciHHV-6B+ individuals(24), suggesting 94 
that IE1 is expressed during latency. IE1 is the first protein expressed following HHV-6B infection(25) and 95 
although it is known to control the antiviral immune response by compromising type I interferon production and 96 
signaling(26, 27), its role during infection and the integration of the viral genome is still poorly defined. In infected 97 
cells, IE1 is exclusively localized within promyelocytic leukemia (PML) nuclear bodies (PML-NBs) (28), a nuclear 98 
structure that was recently implicated in DNA repair mediated by HDR through a yet undefined mechanism(29–99 
32). Interestingly, depletion of PML reduces HHV-6B integration(33), suggesting that the IE1/PML-NBs may 100 
participate to viral integration.  101 

In this study, we found that viral infection, and more specifically the expression of IE1, leads to the 102 
accumulation of micronuclei and numerous DSBs in cells. Further investigations revealed that the viral protein 103 
specifically prevents H2AX phosphorylation through a bipartite mechanism that relies on the ability of IE1 to 104 
interact with NBS1 and inhibit its interaction with ATM. While this function is independent of PML, structure 105 
function analysis identified a NBS1-interacting domain (NID) as well as NBS1-inhibitory domain (NBS1i) in the 106 
N-terminus and the C-terminus regions of IE1, respectively. Although current models propose that viral 107 
integration occurs through HDR DNA repair, we show that the expression of IE1 strongly inhibits all types of 108 
repairs that rely on homology. We show that both viral replication and integration are not affected by the 109 
depletion of NBS1 in cells where telomeres are elongated in a human telomerase reverse transcriptase (hTERT) 110 
dependent manner, a finding that is consistent with a role of the telomerase complex in this process(34). In 111 
contrast, in cells that rely on alternative telomere lengthening (ALT) mechanisms involving HDR events, 112 
knockdown of NBS1 negatively affected HHV-6B integration. Thus, in addition to identifying a new bipartite 113 
mechanism for the inhibition of NBS1 by a viral protein, our findings reveal that viral integration relies on 114 
biological pathways that safeguard telomere extension in infected cells. Importantly, as IE1 expression has been 115 
detected in cells where HHV-6A/B is integrated(35), our results suggest a potential role of genomic instability in 116 
the development of diseases associated with iciHHV-6A/B.  117 

 118 

Results 119 

HHV-6B infection and IE1 expression induce genomic instability 120 

Infection of the lymphoblast T cell line MOLT-3 (permissive for viral replication) by HHV-6B rapidly 121 
induces the formation of micronuclei (MNi), suggesting that the virus leads to genomic instability during infection 122 
(Fig.1A and SI Appendix, Fig.S1A). Among the early HHV-6B proteins that are expressed upon infection, 123 
expression of IE1 in U2OS cell line is sufficient to promote the accumulation of MNi over time (Fig. 1B and SI 124 
Appendix, Fig.S1B-C). Such MNi are compartmentally separated from the primary nucleus that are surrounded 125 
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by an envelope (SI Appendix, Fig. S1D-E). They arise from unresolved genomic instability such as DSBs (i), 126 
lagging chromosome (ii) or by the rupture of anaphase bridges (ABs) (iii) (Fig. 1C)(36). Further analysis of the 127 
IE1-induced MNi revealed that a much lower proportion of these MNi exhibit centromere staining (Fig. 1D and 128 
SI Appendix, Fig. S1F), suggesting that they are not induced by chromosome segregation defects. Although 129 
IE1 colocalizes with telomeres(37), fluorescence in situ hybridization revealed that IE1-induced MNi accumulate 130 
similar levels of telomeric DNA than the micronuclei observed in parental U2OS cell (Fig. 1E and SI Appendix, 131 
Fig. S1G). Moreover, IE1 is only detected in approximately 5-10% of these micronuclei (SI Appendix, Fig. S1H), 132 
suggesting that micronuclei are not arising from IE1-induced genomic instability at telomeres. Interestingly, 133 
metaphase spread assays revealed that IE1-expressing cells exhibit higher frequency of DNA breaks (Fig. 1F-134 
G), supporting the hypothesis that the micronuclei accumulation results from the accumulation of DSBs. 135 

 136 
HHV-6B impairs DSB-signaling by interacting with NBS1 137 

Accumulation of DSBs is either caused by increased source of DNA breaks or by defective DNA DSB-138 
signaling and repair. To determine how IE1 promotes genomic instability, we first investigated whether U2OS 139 

clones that stably express the viral protein accumulate the DSB g-H2AX marker. Surprisingly, g-H2AX is 140 

dramatically reduced following exposure to irradiation (IR) in cells that express IE1 (Fig. 2A-B). This inhibition 141 
is independent of the accumulation of IE1 within PML-NBs as a similar phenotype is observed in PML-deficient 142 
U2OS that transiently express IE1 (PML-/-, Fig. 2C and SI Appendix, Fig. S2A-C). Importantly, the inhibition of 143 
by IE1 is recapitulated in irradiated HHV-6B-infected MOLT-3 cells (Fig.2 D-E), indicating that DSB-signaling is 144 
also impaired by IE1 in the context of a natural infection.  145 

 The histone variant H2AX is phosphorylated at DSBs following the activation of ATM by the MRN 146 
complex(18). To determine how IE1 interferes with DSB-signaling, we first investigated the localization of NBS1 147 
and MRE11 in U2OS clones expressing IE1. In the absence of irradiation, both NBS1 and MRE11 proteins 148 
colocalize with IE1 foci (Fig. 3A-D and SI Appendix, Fig. S3A). Interestingly, only NBS1 is relocated to IE1 foci 149 
following irradiation suggesting that the recruitment of MRE11 in absence of irradiation is mediated by NBS1 150 
(SI Appendix, Fig. S3B-C). Consistent with this model, the recruitment of MRE11 to IEI foci is impaired in NBS1-151 
depleted U2OS cells that transiently express IE1 (SI Appendix, Fig. S3D-F). Furthermore, when mCherry-152 
LacRnls-IE1 fusion protein is recruited to a LacO array in U2OS 2-6-5 transfected cells(38, 39), only NBS1 is 153 
recruited to the array with an efficiency similar to its recruitment to DSBs induced by the ER-mCherry-LacR-154 
FOKI-DD endonuclease, which is used as a positive control in this assay (Fig. 3E-F and SI Appendix, Fig. S3G-155 

H). The absence of g-H2AX signaling at the array upon the recruitment of mCherry-LacRnls-IE1 shows that the 156 

viral protein recruits NBS1 independently of DSB signaling. As observed in Fig. 2, the interaction of IE1 with 157 
NBS1 is independent of its localization to PML-NBs as NBS1 is recruited to IE1 foci with a similar efficiency in 158 
PML-/- U2OS cells (SI Appendix, Fig. S3I-J). Altogether, these results suggest that IE1 recruits NBS1 and inhibits 159 

g-H2AX signaling by preventing its recruitment to endogenous DNA breaks. 160 

 161 
Identification of NBS1 bipartite interaction and inhibition domain in IE1  162 
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The functional domains of IE1 are not well characterized aside from a STAT2 binding domain that was 163 
mapped in the N-terminal domain of the protein (amino acids 270-540)(26). Guided by a secondary structure 164 
analysis of the protein, a series of IE1 fragments were fused to mCherry-LacRnls to assess their ability to recruit 165 
endogenous NBS1 to the LacO array (Fig. 4A). Using this approach, we observed that the fragment comprising 166 
amino acids (aa) 1-540 is sufficient to recapitulate the level of NBS1 recruitment observed with the full-length 167 
protein (Fig. 4B and SI Appendix, Fig. S4A-B). In this assay, the C-terminal domain of the viral protein aa 541-168 
1078 was also able to partially recruit NBS1 to the LacO-array. As the fragment composed of aa 541-809 does 169 
not promote NBS1 recruitment, we concluded that the domain 810-1078 also interacts with NBS1. Interestingly, 170 

we found that only WT and the C-terminal (aa 541-1078) domain of IE1 were able to inhibit g-H2AX signaling in 171 

irradiated U2OS cells (Fig. 4C-D and SI Appendix, Fig. S4C). Together, these results suggest that IE1 interacts 172 
and inhibits NBS1 using bipartite motifs. The N-terminal of IE1 is composed of a NBS1-interacting domain (NID) 173 
and the C-terminal domain independently inhibits the ability of NBS1 to activate ATM (Fig. 4A). Based on this 174 
observation, we named this C-terminal domain: NBS1 inhibitory domain (NBS1i). 175 

 NBS1 encodes a 95 kDa protein that contains multiple domains that are required for its recruitment to 176 
DSBs and its interaction with the PI3K ATM and ATR(40). Briefly, NBS1 contains a forkhead-associated (FHA) 177 
and two breast cancer C-terminal domains (BRCTs) that are both required for optimal phospho-dependent 178 
accumulation of the protein at the break. The C-terminal part of the protein contains a domain that promotes its 179 
interaction with MRE11 (MRE11-binding motif, MBM) and ATM (ATM-binding motif, ABM) (Fig. 4F). In the LacO-180 
LacR assay, the recruitment of mCherry-LacRnls NBS1 to the array is sufficient to promote the phosphorylation 181 

of g-H2AX(41), a function that is dependent of its ability to interact with ATM (Fig. 4E). Consistent with the 182 

inhibitory function of IE1, expression of the viral protein is sufficient to inhibit NBS1-induced g-H2AX signaling 183 

at the array (Fig. 4E and SI Appendix, Fig. S4F). In this system, the mCherry-LacRnls-NBS1 328-754 was 184 
unable to efficiently recruit IE1 to the array (Fig. 4F-G and SI Appendix, Fig. S4G), suggesting the IE1 interacts 185 
with the BRCT2 domain of NBS1. Furthermore, LacR constructs that only lack the linker region also exhibits 186 
reduced recruitment of IE1 to the array, suggesting that the interaction of IE1 with NBS1 also relies on the 187 
integrity of this regions. Thus, our results support a model where IE1 need to contact two regions, the BRCA2 188 
domain and the linker region. Whether both the NID and the NBS1i contact these regions or whether this is only 189 
mediated by the NID is unknown. 190 

 191 

IE1 inhibits HDR repair pathways  192 

DSBs signaling is essential to trigger the activation of DNA repair pathways that have been proposed 193 
to drive HHV-6B integration(15). As the functions of NBS1 are essential to promote the resection of DNA ends 194 
that trigger homology-directed repair, we investigated whether IE1 interferes specifically with this process using 195 
a panel of well-characterized DNA repair reporter assays. The efficiency of pathways that rely on homology-196 
based DNA repair was assessed using DR-GFP and CRISPR-LMNA assays (homologous recombination)(42, 197 
43), a SA-GFP assay (single-strand annealing)(42) and a RAD51-dependent BIR-GFP assay (break-induced 198 
replication)(44) (Fig. 5A-C and SI Appendix, Fig. S5A, top panels). In all assays, a condition without the 199 
endonulease I-SceI was used as a negative control and the percentage of fluorescent-positive cells obtain with 200 
I-SceI was set to 1. Consistent with the ability of IE1 to inhibit the function of NBS1, both transient and stable 201 
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expression of the viral protein drastically abolished all types of homology-directed DNA repair (Fig. 5A-C, lower 202 
panel, and SI Appendix, Fig. S5A-C). As the clonal BIR-GFP U2OS cell line was generated in this study using 203 
previously described BIR-GFP reporter plasmid(44), we used siRNAs against RAD51 and RAD52 as additional 204 
controls (SI Appendix, Fig. S5D-F)(23). As expected, BIR-GFP signal was specifically inhibited in cells depleted 205 
for RAD51(44). In contrast to homology-based DNA repair, IE1 only slightly decreased or increased DNA repair 206 
in reporter assays that assess the efficiency of NHEJ (NHEJ-GFP EJ7 Fig. 5D, and NHEJ-pc222 SI Appendix, 207 
Fig. S5G). Altogether, these results are consistent with a model where homology-based DNA repair is 208 
specifically inhibited in cells that express HHV-6B IE1 and raise the point that either integration occurs in a 209 
context when the expression of the viral protein is minimal, absent, or driven through a homology-independent 210 
mechanism.  211 

 212 
Integration of HHV-6B relies on the pathway that safeguards telomere elongation 213 

The MRN complex is commonly targeted by viruses to promote viral replication(45) however, the 214 
requirement of this complex for viral integration is unclear. HHV-6B infection leads to different outcomes 215 
depending on the nature of the infected cells (Fig. 6A). In permissive cells, the expression of viral proteins 216 
promotes viral replication (lytic state). In contrast, in semi-permissive cells, integration of the viral genome at 217 
host’s chromosome telomere is favored. The factors that lead to the reactivation of the integrated viral genome 218 
are still misunderstood. The fact that HHV-6B IE1 evolved to inhibit the function of NBS1 raises the possibility 219 
that the DNA repair protein negatively impact viral replication and/or integration. To investigate the role of NBS1 220 
in these processes, permissive cells (MOLT-3) and semi-permissive cells (U2OS, HeLa, and GM847) depleted 221 
or not for NBS1 were infected with HHV-6B (SI Appendix, Fig. S6A-D). In MOLT-3, increased replication is 222 
measured in cells depleted for NBS1, suggesting that the protein is detrimental for HHV-6B replication (Fig. 6B). 223 
Interestingly, our results suggest that viral integration in semi-permissive cells relies on the molecular 224 
mechanisms that drive telomere elongation in these cells. Indeed, integration was not affected by the depletion 225 
of NBS1 in cells where telomeres lengthening is secured by hTERT (Table 1). However, integration is 226 
significantly reduced upon NBS1-depletion in both cell lines that rely on Alternative Lengthening of Telomeres 227 
to maintain telomere length (Table 1). In ALT-positive (ALT+) cells, telomere maintenance occurs on break-228 
induced telomere synthesis, a RAD51-independent homology-directed DNA repair pathway(46). Thus, our data 229 
support a model in which the mechanism of viral integration is dictated by the telomere lengthening pathway of 230 
the infected semi-permissive cell rather than a common mechanism only driven by viral protein. Importantly, our 231 
data also imply that the expression of IE1 must be repressed to promote integration in ALT+ cells. 232 

 233 

Table 1. Importance of NBS1 for HHV-6B chromosomal integration in ALT + and – cells. 234 
Cell lines ALT status shRNA % of cells integrated HHV-6Ba (n)b P valuec 

HeLa Negative 
CTRL 0.96 (36320) 

<2.2e-16 
NBS1 6.11 (33280) 

GM847 Positive 
CTRL 0.65 (21820) 

<2.2e-16 NBS1 0.01 (18320) 

U2OS Positive CTRL 1.60 (20000) <2.2e-16 
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NBS1 0.69 (21520) 

U2OS PML-/- Positive 
CTRL 0.71 (28220) 

ns NBS1 0.78 (30460) 

a mean of three independent cultures 235 
b total number of cells analyzed 236 
c Pearson’s Chi-squared test with Yates’ continuity correction  237 
 238 

Discussion 239 

In this study, we set out to understand two phenomena in HHV-6B; 1) the molecular mechanism by 240 
which HHV-6B induces genomic instability in infected cells, and 2) the role of HDR-mediated repair pathways 241 
in the establishment of the latent state in semi-permissive cells. Using a series of microscopy- and cytometry-242 
based approaches to track the source of DNA breaks in infected cells and in cells expressing the immediate-243 
early protein IE1, we discovered that in both conditions, DNA double-strand break signaling, and repair are 244 
strongly inhibited through interference with the recruitment of the DNA repair protein NBS1 at the breaks. 245 
Specifically, we defined the molecular mechanism by which IE1 triggers the redistribution of the MRN complex 246 
to IE1-PML NBs by using a single-cell assay in which the colocalization of DNA repair factors with mCherry-247 
tagged viral proteins is restricted to an integrated LacO array. These findings revealed that IE1 specifically 248 
interacts with NBS1 through a NBS1-interacting domain (NID) that is located in the N-terminal part of the viral 249 
protein. Furthermore, our finding revealed that the activation of ATM by NBS1 is strongly inhibited by a NBS1-250 
inhibitory domain (NBS1i) located in the C-terminal region of IE1, supporting a model where IE1 impairs the 251 
function of NBS1 through bipartite motifs. Consistently, we found that the expression of IE1 specifically 252 
abolishes NBS1-dependent DNA repair pathways by using an array of well-established DNA repair reporter 253 
assays. Altogether, our work argues against a model where viral integration is promoted solely by homology-254 
based repair, but rather supports models where integration of the viral genome at telomeres is dictated by 255 
mechanisms that promote telomere-elongation in a given infected cell. Our work suggests that IE1 expression 256 
must be tightly regulated to enable viral integration in cells where telomeres are elongated by ALT. Finally, our 257 
results raise the possibility that expression of IE1 from integrated genomes might contribute to the development 258 
of iciHHV-6B associated disease by inducing genomic instability in these cells. Using an RNA-seq approach, 259 
Peddu et al. reported that the IE1 gene is among the most abundantly expressed genes in a variety of tissues 260 
from iciHHV-6+ individuals(47). Spontaneous and inducible IE1 protein expression from integrated HHV-6 261 
genomes was also documented(35). At present, diseases associated with iciHHV-6A/B status include increased 262 
spontaneous abortion rates(9), pre-eclampsia(10) and angina pectoris(11). Further characterization of the 263 
proteins expressed from integrated genomes as well as the disease associated with these conditions will be 264 
required to strengthen our understanding of the consequences associated with viral latency in iciHHV-6B 265 
subjects. 266 

 The functions of the MRN complex are required at DSBs, stalled replication forks, chromosome 267 
segregation and dysfunctional telomeres to safeguard genomic stability in cells(18, 48). Viruses have evolved 268 
different strategies to adapt to their host cell environment. Many of them developed specific mechanisms to 269 
manipulate DNA damage signaling to either promote viral processes such as replication and integration, or to 270 
protect the integrity of their genome upon infection(45). A classic example comes from adenoviruses, where the 271 
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MRN complex is targeted by multiple viral protein to inhibit its function. Specifically, E4-ORF3-dependent 272 
relocalization of MRN proteins and E4-ORF6/E1B-55K-dependent degradation of MRN components is essential 273 
to enable transduction and efficient viral replication(49–54). In contrast, other viruses such as adeno-associated 274 
virus (AAV) rely on the activity of the complex for the integration of their genomes at the human AAVS1 site(55) 275 
or to promote a DNA damage response that enhances infection levels (Herpes Simplex Virus 1 (HSV-1) and 276 
Human Papillomavirus (HPV))(56–59). While these findings demonstrate that some viruses hijack the function 277 
of DNA repair protein to support different steps of the infection, the mechanisms by which these processes 278 
benefit viral replication remain a long-standing mystery in the field(45). In this study, we report that depletion of 279 
NBS1 results in increased HHV-6B replication in permissive cells, suggesting that HHV-6B also evolved to 280 
interfere with NBS1, or with the MRN complex, to prevent undesired recognition of viral DNA as broken DNA. 281 
This makes sense considering that during viral replication, numerous double-stranded linear genomes, which 282 
can be perceived as broken DNA, are generated. Interestingly, our structure function analyses revealed that the 283 
interaction between IE1 and NBS1 is mainly driven by the BRCT2 domain (aa 201-326) of NBS1 and, to a lesser 284 
extent, by the linker region (aa 327-638). These findings thus revealed that IE1 interacts with a domain of NBS1 285 
that is essential for its MDC1-dependent chromatin retention of NBS1 to DSB (BRCT2)(60–64), providing a 286 
rational for its ability to compete with the recruitment and function of the DNA sensor protein. Interestingly, it 287 
has been proposed that the viral protein HSV-1 ICP0 also interacts with NBS1 through a region that span the 288 
linker (aa 590-710) to redirect HDR to specific loci during the infection(65). Here, the ability of IE1 to actively 289 
inhibit the NBS1-dependent activation of ATM at the LacO demonstrates that this is not the case for IE1 unless 290 
the NBS1i domain is post-translationally regulated during the infection. In contrast to AAV integration at the 291 
AAVS1 locus, the integration of HHV-6B at telomere is not strictly dependent on the MRN complex but rather 292 
on processes used by infected cells to elongate telomeres (discussed below). Recent work by Tan et al. 293 
revealed that activation of DNA damage response is required to trigger a robust type I interferons response 294 
(IFNs) following mitochondrial DNA damage(66), it is thus highly plausible that viruses evolved to interfere with 295 
the activation of the DDR in order to counteract the activation of an efficient antiviral response in infected cells. 296 

This type of IFNs activation is different from the nuclear factor kb (NF-kb)-dependent IFNs production that rely 297 

only on MRE11 and RAD50(18). Further studies will be required to investigate this possibility as well as the 298 
requirement of NSB1 for this process.  299 

 In germline, hematopoietic, stem and rapidly renewing cells, telomere elongation relies on the hTERT, 300 
a polymerase that catalyzes the extension of telomeric DNA repeats using RNA as template(67). While hTERT 301 
is negatively regulated in somatic cells, senescence is overcome in cancer cells either through the re-activation 302 
of the hTERT enzyme or by an alternative homology-directed mechanism called ALT(68). The HHV-6B genome 303 
contains conserved telomeric sequences that are required for viral integration(14). In this study, we show that 304 
HHV-6B integration is independent of NBS1 in ALT- cells while it is dependent on NBS1 in ALT+ cells. These 305 
findings are consistent with previous report showing that the telomerase complex is required for optimal HHV-306 
6B integration(34) as well as with the role of NBS1 in ALT (69, 70). While PML is not required for the interaction 307 
of IE1 with NBS1 and the ability of IE1 to inhibit the phosphorylation of H2AX (this study), NBS1 is required for 308 
the assembly of functional ALT-associated PML bodies(71). These concomitants roles are in line with the 309 
absence of phenotype associated with NBS1-depletion in integration assay performed on PML-/- ALT+ U2OS. 310 
Intriguingly, we previously report that PML KO also reduces integration in the ALT- HeLa cells, reinforcing the 311 
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hypothesis that PML plays ALT-independent role in this process(33). Further studies will be required to elucidate 312 
this function. 313 

In line with previous findings showing that HHV-6B integration is not altered upon inhibition of 314 
RAD51(72, 73), we found that IE1 inhibits homology-driven repair processes, and that integration is independent 315 
of NBS1 in ALT- cell lines. Together, these observations argue against models where integration mechanisms 316 
rely on RAD51-dependent BIR or SSA(74). However, it is important to note that all homology-directed reporter 317 
assays used in this study rely on extensive DNA end resection following the induction of breakage by the 318 
nucleases I-SceI or Cas9, a process that is dependent on NBS1(75). Thereby, integration models where SSA 319 
or RAD51-independent BIR trigger integration following extensive accumulation of single-strand DNA generated 320 
at stalled replication fork are still plausible. One attractive model is that the integration of HHV-6B occurs during 321 
mitotic DNA synthesis (MiDAS), a RAD52-dependent BIR mechanism that is initiated upon replication fork stall 322 
that remain unresolved at the start of mitosis, a problem often observed at DNA locus that are hard to replicate 323 
such as telomeres(9, 23, 76). Such mechanism is NBS1- and RAD51-independent and is mediated by RAD52, 324 
POLD3 as well as the structure-specific nuclease MUS81-EME1. Alternatively, upon entry into a cell and before 325 
the viral genome circularizes (and before IE1 is expressed), the viral DNA can be perceived as broken DNA. 326 
Under such circumstances, the MRN complex would be recruited to the ends of the viral genome and initiate 327 
3’→ 5’ resections. The ssDNA ends of eroded telomere (no longer efficiently protected by the shelterin complex) 328 
could anneal to the near terminal telomeric sequence at the right end of the genome in a process analogous to 329 
an ALT mechanism described in yeast (reviewed in (23)). Once the entire viral genome is copied, the telomeric 330 
repeats at the left end of the genome would serve as template for telomerase or ALT mechanisms to regenerate 331 
a telomere of appropriate length(77).  332 

 In conclusion, we provide a detailed characterization of the HHV-6B IE1 protein as an efficient inhibitor 333 
of DSB-signaling through the recruitment of NBS1. As such, IE1 contributes to the favorable establishment of a 334 
productive infection. Despite being a relatively abundant protein expressed very early upon entry, the functions 335 
of IE1 remain poorly defined. IE1 shares very little sequence homology with proteins from other herpesviruses 336 
(except HHV-6A and HHV-7) meaning that deductions based on primary sequence analysis are very limited. 337 
Our work adds to the growing knowledge surrounding HHV-6B integration processes and the potential 338 
importance of the IE1 protein during the infectious process.  339 

 340 

Material and Methods 341 

Plasmids and virus 342 
pcDNA4/TO/myc-His-HHV-6B IE1 was previously described (27). The PiggyBac transposon-based (PB)-TetO 343 
and the PB-CA-rtTA-IRES-NEO plasmids were generated as previously described(78). PB-TetO-HHV-6B IE1, 344 
mCherry-LacR and GFP expression vectors were generated using InvitrogenTM GatewayTM recombination 345 
cloning (Invitrogen) and the following destination vectors: pDEST-PB-TetO (78), pDEST-mCherry-LacR (79) or 346 
pDEST-FRT-TO-GFP (80). HHV-6B IE1 was PCR amplified from pcDNA4/TO-HHV-6B IE1. HHV-6B IE1 347 
fragments (aa1-1078, aa1-809, aa1-540, aa541-809, and aa541-1078) and NBS1 fragments (aa1-754, aa1-348 
733, aa1-638, aa1-327, aa109-754, aa201-754, and aa328-754) were PCR amplified from pcDNA4/TO-HHV-349 
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6B IE1 and pLXIN2-NBS1, a kind gift from Cary A. Moody (University of North Carolina at Chapel Hill, North-350 
Carolina) (81). HHV-6B strain Z29 (82) was produced by our laboratory, as previously described(83). A list of 351 
the plasmids that were used in this study is provided in Table S3. 352 
 353 
RNA interference 354 
SMARTPool siRNA targeting RAD51 and a non-targeting single siRNA duplex sequences were purchased from 355 
Dharmacon. Single siRNA duplexes targeting RAD52 was a kind gift from Jean-Yves Masson (Université Laval, 356 
Québec, Canada). siRNAs were transfected in a forward transfection mode 24 hours prior to cell processing 357 
using RNAimax (Invitrogen) according to the manufacturer’s protocol. Plasmids carrying a NBS1 short hairpin 358 
RNA (shNBS1) (TRCN0000010393, Open Biosystems) or a control shRNA (shCTRL) (Mission® TRC2 pLKO.5-359 
puro non-mammalian shRNA control plasmid DNA, Sigma #SHC202) in the pLKO background backbone were 360 
a kind gift from Cary A. Moody (University of North Carolina at Chapel Hill, North-Carolina) (81). Lentiviruses 361 
were produced as previously described (81). Briefly, plasmids expressing shRNAs with vesicular stomatitis virus 362 
G (pMD2.g) and lentiviral packaging (pPAX) plasmids were co-transfected into HEK-293T cells using 363 
polyethyleneimine (PEI). 48-72 hours post-transfection, supernatants containing lentivirus were harvested and 364 
U2OS, MOLT-3, HeLa, and GM847 were transduced in the presence of 8 µg/ml hexadimethrine bromide 365 
(Polybrene) (Sigma). Knockdown of RAD51, RAD52 and NBS1 were confirmed for each experiment by Western 366 
blotting or qPCR analyses.  367 
 368 
Cell Culture and transfections  369 
Cell lines were maintained at 37oC and 5% CO2. All culture media were supplemented with 10% fetal bovine 370 
serum (FBS). MOLT-3 (American Type Culture Collection, ATCC) were cultured in Roswell Park Memorial 371 
Institute (RPMI-1640; Corning Cellgro), 8.85 mM HEPES and 5 μg/ml plasmocin (Invivogen). GM847 and HeLa 372 
cell lines were obtained from ATCC and cultured in Dulbecco's Modified Eagle's Medium (DMEM; Corning 373 
Cellgro), NEM (Corning Cellgro), 8.85 mM HEPES, and 5 μg/ml plasmocin (Invivogen). U2OS (U2OS, obtained 374 
from ATCC), U2OS PML-/- (37), U2OS 2-6-5 (Gift from Roger Greenberg, University of Pennsylvania, 375 
Philadelphia)(39), U2OS DR-GFP, NHEJ-GFP (EJ7), and SA-GFP (Gift of Jeremy Stark (City of Hope National 376 
Medical Center, California)(84, 85), and U2OS NHEJ-pc222 (Gift from Jacques Côté (Université Laval, 377 
Québec)(86) cell lines were cultured in McCoy’s medium (Life Technologies). Doxycyclin-inducible U2OS HHV-378 
6B IE1 clones 10 and 102 (C10 and C102) were established by co-transfecting PB-TetO-HHV-6B IE1, pCMV-379 
hypBAse and PB-CA-rtTA-IRES-NEO plasmids, at a DNA ratio of 1:1:1 in the U2OS SA-GFP cell line using 380 
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol. Clones were selected using 40 381 
mg/mL of G418 and isolated using a limit dilution approach. U2OS BIR were established with a GFP-based 382 
reporter plasmid (pBIR-GFP) containing already characterized I-Sce1 reporter cassette to monitor BIR(87). 383 
Plasmid transfection was carried out using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s 384 
protocol. Clones were selected using 2 µg/ml puromycin and isolated using a limit dilution approach. 385 
Experiments were performed with a stable reporter clone which produce between 1.5% and 3% of GFP-positive 386 
cells after DSBs induction. Unless indicated otherwise, expression of IE1 was induced by adding 1 µg/ml 387 
doxycycline for 48h. HeLa DR-GFP (Gift from Roger Greenberg, University of Pennsylvania, Philadelphia) and 388 
HEK293T cell lines were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Life Technologies). All cell 389 
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lines were validated using short tandem repeat (STR) markers and tested negative for mycoplasma 390 
contamination.  391 
 392 
Chemicals and sources of DNA damage 393 
Doxycycline (Dox, 1 µg/ml, D3447, Sigma) was used to induce the production of HHV-6B IE1 in stable U2OS 394 
cell lines C10 and C102 for 48h. In the FOK1 system, DSBs were created at the LacO array by promoting the 395 
nuclear localization (4-Hydroxytamoxifen (4-OHT, 100 nM, #3412, Tocris)) and stabilization (Shield-1 ligand, 396 
0.5 µM, CIP-S1-0001, CheminPharma)) of mCherry-LacR-FOK1 nuclease fused to a destabilization domain 397 
(DD) and to a modified estradiol receptor (ER) (ER-mCherry-LacR-FOKI-DD) for six hours prior to 398 
immunofluorescence sample preparation. DNA damage were induced by exposing cells to ionizing irradiation 399 
(IR). U2OS were exposed to 1 Gy with a CellRad (Precision X-Ray Inc.) and MOLT-3 to 4 Gy with the 400 
Gammacell® 40 Exactor (Best Theratronics Ltd.).  401 
 402 
Viral infection and integration assays 403 
For immunofluorescence assays on viral infection, 1 x 106 MOLT-3 cells were pelleted, infected or not (Mock) 404 
at a multiplicity of infection (MOI) of 1 with HHV-6B (strain Z29) and resuspended at final concentration of 1 x 405 
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 406 
every 30 minutes by flickering the tube. Cells were then washed three times in phosphate-buffered saline (PBS) 407 
and resuspended in 1 ml of fresh RPMI in a 12-well plate. Twenty-four hours post-infection, cells were processed 408 
for immunofluorescence. For viral replication, 1.5 x 106 of MOLT-3 cells were pelleted into a 1.5 ml tube and 409 
infected or not (Mock) at a MOI of 1 with HHV-6B for 5 hours as described above. After 3 washes with PBS cells 410 
were resuspended in 3 ml of fresh RPMI, in a 6-well plate. At the indicated time point, 0.5 x 106 cells were 411 
harvested and processed for DNA extraction using QIAamp DNA Blood Mini Kit as described by the 412 
manufacturer (Qiagen Inc.) and analysed by qPCR. Integration assays were performed as described 413 
previously(88). Briefly, 1 x 104 cells/well (U2OS shCTRL, U2OS shNBS1, HeLa shCTRL, HeLa shNBS1, GM847 414 
shCTRL, GM847 shNBS1), cells were infected at MOI of 1 with HHV-6B in a 24-wells plate for 24 hours and 415 
washed with PBS 1X 3 times. Cells were then seeded in 6-well plates and passaged for 4 weeks prior to DNA 416 
extraction with the QIAamp DNA Blood Mini Kit as described by the manufacturer (Qiagen Inc.) and analyzed 417 
by ddPCR.  418 
 419 
Quantitative PCR (qPCR) and droplet digital PCR (ddPCR) analyses 420 
qPCR was performed as previously described (83). DNA was analyzed using primers and probes against U67-421 
68 (HHV-6B) and RPP30 (reference gene). Data were normalized against the corresponding genome copies of 422 
the cellular RPP30 gene. ddPCR was used to quantify integration frequency as previously described (88). 423 
Briefly, the HHV-6B chromosomal integration frequencies were estimated assuming a single integrated HHV-424 
6/cell and calculated with the following formula: (number of HHV-6 copies)/(number of RPP30 copies/2 copies 425 
per cell) × 100, as previously described. This assay was previously extensively validated and provide 426 
comparable data to single cell cloning and quantification.  427 
 428 
RNA extraction and RT-qPCR 429 
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Total RNAs were extracted with the RNeasy mini kit following manufacturer’s instructions (QIAGEN) and 430 
quantified by nanoDrop. 250-500 ng of total RNA was reverse transcribed with the High-Capacity cDNA reverse 431 
transcription kit (Invitrogen) according to the manufacturer’s instructions. Contaminant genomic DNA was 432 
removed by DNaseI (ThermoFisher) incubation prior to the reverse transcription (RT) reaction and confirmed 433 
by GAPDH RT-PCR performed on DNaseI treated reactions. qPCR was performed using the LightCycler 480 434 
apparatus (Roche) with the LightCycler 480 SYBR Green 1 qPCR master mix (Roche) using the following 435 
program: 40 cycles of 94 °C denaturation for 15 sec, 56 °C annealing for 5 sec and 72 °C elongation for 15 sec. 436 
5% of the RT-PCR reaction was used as template. Standard curve was performed with serial dilution using the 437 
U2OS cDNA as template. Relative expression of each gene was determined using the standard curve and 438 
normalized to the relative expression of the GADPH. The primers are listed in Table S1.  439 
 440 
Immunofluorescence microscopy  441 
One hour post-irradiation, MOLT-3 cells were pelleted, washed 3 times in PBS and 1 x 104 cells were added to 442 
each well of a microscope slide with 10 reaction wells (MP Biomedicals™ Multitest Slides, Fisher Scientific # 443 
ICN6041805). Once dried, cells were fixed for 20 minutes at room temperature with 2% paraformaldehyde 444 
(PFA), hydrated for 5 minutes with PSB and processed for immunofluorescence. U2OS and U2OS 2-6-5 cells 445 
were grown in 24-well plates on glass coverslips and fixed 24 hours later with either 2% (wt/vol) PFA in PBS for 446 
20 minutes at room temperature or with 100% MeOH for 20 minutes at -20oC. When indicated, cells were treated 447 
with the indicated amount of Gy, 15 min or 1 hour prior to fixation. For immunostaining with anti-NBS1 and anti-448 
MRE11 antibodies, nuclear extraction with ice-cold NuEx buffer (20 mM HEPES pH 7.4, 20 mM NaCl, 5 mM 449 
MgCl2, 0.5% NP-40, protease inhibitors (Complete, EDTA-free protease inhibitor, Sigma), and 1 mM DTT) for 450 
20 min on ice for prior to fixation. U2OS PFA-fixed cells were further permeabilized with 0.3% (vol/vol) Triton X-451 
100 for 20 minutes at room temperature. MOLT-3 and U2OS fixed cells were incubated with blocking buffer (2% 452 
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 453 
temperature and then incubated with primary antibodies (Table S2) diluted in blocking buffer for 2 hours at room 454 
temperature, followed by washes in PBS. Next, cells were incubated for 1 hour at room temperature with 455 
secondary antibodies diluted in blocking buffer and counterstained with 4',6-diamidino-2-phenylindole (DAPI, 456 
0.4 μg/mL) in PBS. Cells were washed with PBS 1X and the coverslips were mounted onto glass slides with 457 
Prolong Diamond mounting agent (Invitrogen). To visualize micronuclei in MOLT-3 infected or control cells, cells 458 
were collected processed with an hypotonic solution (75 mM KCl) for 20 minutes at 37°C. Cell were then fixed 459 
with fresh 3:1 methanol:acetic acid for 5 minutes and washed three time with 3:1 methanol:acetic acid solution. 460 
Washed pellets were resuspended in 500µl of 3:1 methanol:acetic acid, dropped on a microscope slide and air 461 
dried prior to DNA counterstaining with DAPI. Images were either taken using a Zeiss LSM700 (and LSM900 462 
recently acquired) laser-scanning microscope equipped with a 63x oil lens or a Wave FX-Borealis - Leica DMI 463 
6000B microscope with the camera Image EM (Hamamatsu, 512x512 pixels) and Orca-R2 (Hamamatsu, 464 
1344x1024 pixels) with a 40x (Quorum Technologies). Images were analyzed and quantified using ImageJ 465 
software [National Institutes of Health (NIH)]. In micrographs, dashed lines indicated nucleus outlines when 466 
DAPI is not shown. Unless stated otherwise, insets represent 10 X magnifications of the indicated fields. 467 
 468 
in situ hybridization (FISH)  469 
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Fixed cells were processed as described for immunofluorescence staining and then fixed for 2 minutes at room 470 
temperature with 1% PFA/PBS. Coverslips were washed twice with PBS for 5 minutes and dehydrated for 5 471 
minutes in successive ethanol baths (70%, 95%, 100%). Once dried, coverslips were placed upside down on a 472 
drop of hybridizing solution (70% formamide; 0.5% blocking reagent; 10 mM Tris-HCl pH 7.2; 1/1000 Cy5-TelC 473 
PNA probe (F1003, PNABio, Newbury Park, CA, USA)). Sample were denatured for 10 minutes at 80oC on a 474 
heated block. Coverslips were incubated over night at 4oC and kept in the dark. After hybridization, coverslips 475 
were washed two times for 15 minutes in washing solution (70% formamide; 10 mM Tris-HCl pH 7.2) and then 476 
washed 3 times for 5 minutes with PBS. Sampled were air dried, counterstained with DAPI, washed with PBS 477 
and coverslips were mounted onto glass slides with Prolong Gold mounting agent (Invitrogen). 478 
 479 
Metaphase spread analysis 480 
U2OS SA-GFP HHV-6B IE1 cells were arrested in mitosis using 1 µM nocodazole for 3 hours at 37°C and 5% 481 
CO2. Cells were then resuspended and incubated in pre-warmed hypotonic solution (KCl 75 mM, 15% SVF) at 482 
37°C for 15 minutes to induce swelling and fixed in (75% ethanol, 25% acetic acid) overnight at 4oC. Droplet of 483 
cells were spread onto glass slides pre-cooled at -20oC and dried overnight in the dark at room temperature. 484 
Slide were then mounted with Vectashield Antifade Mounting Medium containing DAPI (VECTH20002, MJS 485 
BioLynx Inc.). Images were taken using a Zeiss LSM700 laser-scanning microscope equipped with a 40x water 486 
lens. Quantification was done on 3 biological replicates and 10 spreads were quantified per experiments.  487 
 488 
Reporter-based DNA repair assays 489 
For DR-, NHEJ-, SA-, and BIR-GFP reporter assays in which HHV-6B IE1 was transiently transfected, U2OS 490 
or HeLa cells carrying the respective GFP expression cassette were plated at 125 000 cells/well in a 6 well 491 
plates. Twenty-four hours later, cells were co-transfected with the indicated combination of plasmids: 492 
pcDNA4/TO-HHV-6B IE1 along with I-SceI plasmid (pCBASceI, Addgene #26477). The pcDNA4/TO/myc-His 493 
vector was used as negative control for conditions without I-SceI or IE1. A plasmid expressing iRFP was also 494 
transfected to correct for transfection efficiency in each assay. For the NHEJ-GFP (EJ7) assay, cells were co-495 
transfected with Cas9 and sgRNA-expressing vectors p330X-sgRNA7a and p330X-sgRNA7b expressing 496 
plasmids instead of I-SceI(85). After 48 hours (or 72 hours for NHEJ-GFP (EJ7)), cells were trypsinized, 497 
harvested, washed and re-suspended in PBS. The percentage of GFP-positive in iRFP-positive cells was 498 
determined by flow cytometry using an Accuri C6 (BD Biosciences). The data were analyzed using the FlowJo 499 
software (Flow Jo LLC). When indicated, cells were transfected with siRNA 24 hours prior to transfection with 500 
I-Sce1 expression plasmid. For SA-GFP and the CRISPR-LMNA HDR assay that were done in U2OS SA-GFP 501 
HHV-6B IE1, cells were seeded at 10 000 cells per well in 24-well plates and induced with 1 µg/mL of 502 
doxycycline 24 hours post transfection with either I-Sce1 for SA-GFP assay or plasmid expressing Cas9 and 503 
LMNA sgRNA (pX330-LMNAgRNA1) and CR2.1-mRuby-2-LMNA-Donor for CRISPR-LMNA HDR assay(43). 504 
At 48 hours post-transfection, cells were harvested and GFP-positive cells quantified by flow cytometry. mRuby-505 
positive cells were analyzed by microscopy using a TIRF Ti-LAPP microscope (Nikon). 506 
 507 
Statistical analysis 508 
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Quantification was done on 3 biological replicates. Unless stated otherwise, one-way ANOVA with Dunnett’s 509 
multiple comparisons test were realized to assess statistical significance.  510 
 511 
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  730 

Figure Legends 731 

Fig. 1. HHV-6B infection and IE1 expression leads to micronuclei formation. (A) Left panel: Representative 732 
images of micronuclei observed in HHV-6B infected MOLT-3 cells. Cells were infected and fixed 24 hours post-733 
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infection. DNA was counterstained with DAPI. Micronuclei are indicated by white arrows (scale bar, 5 μm). 734 
Quantification of micronuclei are presented on the right panel. Data are presented as the mean (n = 2, >100 735 
micronuclei/condition). (B) Left panel: representative images of U2OS cell line and U2OS clones stably 736 
expressing doxycycline (Dox)-inducible HHV-6B IE1 protein (C10 and C102). Expression of IE1 was induced 737 
for 48 hours with 1 µg/ml of Dox prior to fixation. Cells were then processed for IE1 immunofluorescence and 738 
counterstained with DAPI. Micronuclei are indicated by white arrows (scale bar, 5 μm). Quantification of 739 
micronuclei are presented on the right panel. The parental cell line (Par.) was used as a negative control and 740 
data are presented as the mean ± SD (n = 3). (C) Schematic representation of the mechanisms leading to 741 
micronuclei formation. Events leading to the formation of micronuclei induced by DNA double-strand breaks 742 
(DSBs) (i) and lagging chromosome (ii) or by anaphase bridges (ABs) (iii) are represented. (D-E) Quantification 743 
of micronuclei containing centromere (D) and telomere (E). Cells were treated as described in B and either 744 
processed for centromere immunofluorescence or by FISH for the detection of telomeres. Data are presented 745 
as mean ± SD (n = 3) (D) and as the mean (n = 2, >100 micronuclei/condition) (E). (F) Representative image of 746 
a metaphase from IE1 expressing cells. Cells were exposed to 1 µg/ml of dox for 48 hours, metaphase spread 747 
were prepared, fixed and processed for DNA counterstaining. (G) Quantification of chromosomal aberrations 748 
per metaphase. Data were analyzed with an unpaired t-test and are presented as mean ± SD (n = 31). **p<0.01, 749 
***p<0.001, ****p<0.0001. 750 
 751 

Fig. 2. Phosphorylation of H2AX (g-H2AX) is inhibited in HHV-6B infected and IE1 expressing cells. (A) 752 

Representative images of g-H2AX in irradiated U2OS parental (Par.) and IE1-expressing cells. Cells were 753 

treated as described in Fig. 1B and irradiated with 1 Gy. One hour post-irradiation, cells were fixed and 754 

processed for IE1 and g-H2AX immunofluorescence (scale bar, 5 μm). (B) Quantification of cells with more than 755 

10 g-H2AX foci in irradiated U2OS Par. and IE1expressing cells. Data are presented as the mean ± SD (n = 3). 756 

(C) Quantification of cells with more than 10 g-H2AX foci in U2OS PML+/+ and -/- irradiated cells (1 Gy) that 757 

transiently express untagged IE1. An empty vector (EV) was used as negative control. Data are presented as 758 

the mean ± SD (n = 3). (D) Representative images of g-H2AX in HHV-6B infected MOLT-3 cell lines. Cells were 759 

irradiated with 4 Gy. One hour post-irradiation, cells were fixed and processed for IE1 and g-H2AX 760 

immunofluorescence (scale bar, 5 μm). Mock-infected cells were used as a negative control. (E) Quantification 761 

of cells with more than 10 g-H2AX foci in irradiated MOLT-3 infected cells. Data are presented as the mean ± 762 

SD (n = 3) and statistical significance was assessed using unpaired t-test. ****p<0.0001. 763 
 764 

Fig. 3. HHV-6B IE1 interacts with NBS1 and prevents its recruitment to DSBs. (A, C) Representative images of 765 
the colocalization between NBS1 (A) and MRE11 (C) with IE1. IE1-expressing cells were treated as described 766 
in Fig. 1B, fixed and processed for IE1, NBS1, or MRE11 immunofluorescence as indicated. As a positive 767 

control, irradiated U2OS cells (+IR) were fixed 15 minutes post-irradiation (1 Gy) and processed for g-H2AX, 768 

NBS1, or MRE11 immunofluorescence as indicated (scale bar, 5 μm). The parental cell line (Par.) was used as 769 

a negative control. (B, D) Quantification of g-H2AX or IE1 foci that colocalized with NBS1 (B) and MRE11 (D) 770 

are presented as percentage of foci per cells that colocalized with the indicated protein. Data are presented as 771 
the mean ± SD of three independent experiments. (E) U2OS 2-6-5 cells transfected with plasmids expressing 772 
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the indicated mCherry-LacR fusion protein or induced for the expression of ER-mCherry-LacR-FokI-DD were 773 
fixed and processed for NBS1 immunofluorescence (scale bars, 5 μm). The mCherry-LacR backbone was used 774 

as a negative control (--). (F) Quantification of the mCherry-LacR foci colocalizing with NBS1 (E), g-H2AX (SI 775 

Appendix, Fig. S3F), and MRE11 (SI Appendix, Fig. S3G). Data are presented as the mean ± SD (n = 3). 776 
****p<0.0001. 777 
 778 

Fig. 4. Bipartite binding and inhibition of NBS1 by HHV-6B IE1. (A) Schematic representation of HHV-6B IE1 779 
protein and the fragments of the protein used in this study. NID, NBS1-interacting domain; NBS1i, NBS1 780 
inhibitory domain, STAT2-BD: STAT2 binding-domain (aa 270-540). S432: CDK2 phosphorylation site. (B) 781 
U2OS 2-6-5 cells transfected with the plasmids expressing the indicated mCherry-LacR fusion protein or 782 
induced for the expression of ER-mCherry-LacR-FokI-DD were fixed and processed for NBS1 783 
immunofluorescence (SI Appendix, Fig. S4A-B). The mCherry-LacR backbone was used as a negative control 784 

(--). (C) Representative images of the inhibition of g-H2AX by IE1. Cells were transiently transfected with the 785 

indicated mCherry-LacR fusion protein and irradiated 24 hours later. One hour post-irradiation (1 Gy), cells were 786 

fixed and processed for g-H2AX immunofluorescence. The mCherry-LacR backbone was used as a negative 787 

control (--) (scale bar, 5 μm). (D) Quantification of cells with more than 10 g-H2AX foci. UT, untreated. Data for 788 

(B) and (D) are presented as the mean ± SD (n = 3). (E) U2OS 2-6-5 cells were treated as described in (B), 789 

processed for IE1 and g-H2AX immunofluorescence (SI Appendix, Fig. S4E-F) and quantified as indicated. (F) 790 

Schematic representation of NBS1 protein and the fragments of the protein used in this study. FHA, ForkHead-791 
Associated domain; BRCT, BRCA1 C-Terminal domain; MRE11-BM, MRE11-binding motif; ATM-BM, ATM-792 
binding motif; IDD, Intrinsically Disorder Domain. (F-G) U2OS 2-6-5 cells transfected with the plasmids 793 
expressing the indicated mCherry-LacR and were fixed and processed. Data for (E) and (G) are presented as 794 
the median ± SD (n = 3) (E). **p<0.01, ****p<0.0001. 795 
 796 

Fig. 5. HHV-6B IE1 inhibits HDR-mediated repair. DNA repair reporter assays for (A) homologous 797 
recombination (DR-GFP), (B) Single-strand annealing (SA-GFP), (C) Break-induced replication (BIR-GFP) and 798 
(D) Non-homologous end-joining (NHEJ-GFP (EJ7)). For each condition, a schematic representation of the 799 
assay is presented in the top panel and quantification of the GFP+ cells analyzed by flow cytometry is presented 800 
in the bottom panel. GFP-positive cells are normalized over GFP-positive cells quantified in the positive control 801 
(I-SceI+, set to 1.0) in each replicate. Data are represented as the mean ± SD (n = 3). ****p<0.0001. 802 
 803 

Fig. 6. Depletion of NBS1 impairs viral integration in cells maintaining telomere by homology-directed repair. 804 
(A) Schematic representation of HHV-6B infection in permissive and semi-permissive cells. In semi-permissive 805 
cells for HHV-6B, where replication is inefficient, and the viral genome integrates at telomeres. (B) MOLT-3 cells 806 
depleted or not for NBS1 were infected at a MOI of 1 with HHV-6B and harvested at the indicated time points. 807 
Following cell lysis, DNA was extracted and the number of copies of HHV-6B were determined by qPCR using 808 
primers for U67-68 gene for HHV- 6B and RPP30 as a cellular reference gene. Data presented are the mean 809 
of three independent experiment and presented as mean ± SD (n = 3). 810 
 811 
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Supplementary Figure Legends 812 

Fig. S1. (A-B) Whole cell extracts (WCE) from infected MOLT-3 (A) and U2OS cells treated or not with 1 µg/ml 813 

of Dox (B) were analyzed by immunoblotting with an antibody against IE1. b-tubulin was used as loading control. 814 

NI: non-infected, Par.: parental cell line. (C, F, G) Representative images of the U2OS (Par.) and U2OS IE1 815 
stable cell lines with or without Dox induction (as indicated) for Figure 1B, D and E. Cells were treated as 816 
described in Fig. 1B and either processed for IE1 (C, G) or centromeres (CREST) immunofluorescence (F) or 817 
by FISH for the detection of telomeres (G) (scale bar, 5 μm). (D-E) U2OS (Par.) and U2OS IE1 stable cell lines 818 
with Dox induction were treated as described in Fig. 1B and processed for Lamin B fluorescence. Quantification 819 
of micronuclei with Lamin B signal is presented in (D) and representative images in (E). In (D), data are 820 
represented as mean ± SD (n = 3) **p≤0.01. (H) Quantification of micronuclei colocalizing with IE1 foci. IE1-821 
expressing cells were treated as described in Fig. 1C, fixed and processed for IE1 immunofluorescence. Data 822 
are presented as the mean ± SD (n = 2, >100 nuclei/condition). 823 
 824 
Fig. S2. (A) Representative images of untreated U2OS PML+/+ and -/- cells fixed and processed for PML 825 
immunofluorescence. (B) Western blot analysis of U2OS transfected with untagged IE1 or an empty vector (EV) 826 

plasmids WCE. b-tubulin was used as loading control. (C) Representative images of U2OS PML+/+ and -/- cells 827 

transiently transfected with a plasmid expressing untagged IE1 or an empty vector (EV) as negative control. 828 

Cells were irradiated with 1 Gy, fixed 15 minutes post-irradiation and processed for IE1 and g-H2AX 829 

immunofluorescence (scale bar, 5 μm). 830 
 831 
Fig. S3. (A) WCE from U2OS cells (Par.) and IE1-expressing U2OS stable cell lines treated or not with 1 µg/ml 832 
of Dox were analyzed by immunoblotting with antibodies against RAD50, NBS1 and MRE11. GAPDH was used 833 
as loading control. (B-C) Representative immunofluorescence of IE1-expressing U2OS stable cell lines induced 834 
with Dox and irradiated with 1 Gy. Cells were fixed 1 hour post-irradiation and processed as described in Fig. 835 
3A and C, respectively. (D) Quantification of IE1 foci that colocalize MRE11 in stable U2OS control cells 836 
(shCTRL) or depleted for NBS1 (shNBS1). Cells were transiently transfected with untagged IE1 and treated as 837 
described in Fig. 3B. Percentage of IE1 foci per cells that colocalize with NBS1 are presented as the mean ± 838 
SD (n = 2, at least 40 nuclei/condition). (E) Representative immunofluorescence of the data presented in Fig. 839 
Supp. 3D. (F) WCE from U2OS shCTRL and shNBS1 stable cell lines were analyzed by immunoblotting with 840 
antibodies against NBS1 and MRE11. GAPDH was used as loading control. (G-H) Representative 841 
immunofluorescence of the quantification presented in Fig. 3F. (I) Quantification of IE1 foci that colocalize with 842 
NBS1 in U2OS PML+/+ and -/- cells transiently expressing untagged IE1. Cells were treated as described in Fig. 843 
3A. Percentage of IE1 foci per cells that colocalize with NBS1 are presented as the mean ± SD (n = 3). (J) 844 
Representative immunofluorescence of the quantification presented in SI Appendix, Fig. S3I. Statistical 845 
significance in (D) was assessed by unpaired t-tests, ****p<0.0001. 846 
 847 
Fig. S4. (A, D) WCE from U2OS cells that transiently express the indicated mCherry-LacR fusion protein were 848 
analyzed by immunoblotting with antibodies against mCherry. GAPDH was used as loading control. The 849 
mCherry-LacR backbone was used as a negative control (--) in (A). (B-C) Representative immunofluorescence 850 
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images used for the quantification presented in Fig. 4B (B), Fig. 4D (C) (scale bar, 5 μm). (E) Representative 851 
immunofluorescence images used for the quantification presented in Fig. 4E and Fig. Supp 4F (scale bar, 5 852 
μm). (F) Quantification of mCherry-LacR foci dans colocalize with IE1. Data are presented as the median ± SD 853 
(n = 3) ****p<0.0001. (G) Representative immunofluorescence images used for the quantification presented in 854 
Fig. 4G and Fig. Supp 4H (scale bar, 5 μm) 855 
 856 
Fig. S5 (A) CRISPR-LMNA HDR assay was analyzed in Dox-inducible IE1 U2OS SA-GFP stable cell lines. Cell 857 
lines were plated and induced for IE1 expression for 24 hours prior to transfection with plasmids encoding Cas9, 858 
LMNA sgRNA, and mRuby2-LMNA donor. Percentage of mRuby-positive cells were analyzed by flow cytometry 859 
48 h post-transfection and normalized over percentage of mRuby-positive U2OS SA cells (Par.) in each 860 
replicate. (B) DNA repair assay for homologous recombination in HeLa cells were performed as described for 861 
U2OS cells in Fig. 5A. (C) Single-strand annealing (SA) assay was analyzed in Dox-inducible IE1 U2OS SA-862 
GFP stable cell lines. Cell lines were plated and induced for IE1 expression for 24 hours prior to transfection 863 
with plasmids encoding I-SceI endonuclease. Percentage of GFP-positive cells were analyzed by flow cytometry 864 
48 h post-transfection and normalized over percentage of GFP-positive U2OS SA cells (Par.) in each replicate. 865 
Data are represented as the mean ± SD (n = 2). (D) Validation of the BIR repair assay using siRNA against 866 
RAD51 and RAD52. A non-targeting siRNA (NT) was also used as control. (E-F) RT-qPCR was performed on 867 
U2OS BIR cells using gene-specific primers for RAD51(E) and RAD52(F). Expression of each transcript has 868 
been normalized against GADPH. (G) DNA repair assay for non-homologous end-joining (NHEJ-pc222) in 869 
U2OS cells were performed as described in Fig. 5D. Unless stated otherwise, data are represented as the mean 870 
± SD (at least n = 3). In (A), statistical significance was assessed by unpaired t-tests, **p<0.01, ***p<0.001, 871 
****p<0.0001. 872 
 873 
Fig. S6. (A-D) WCE from MOLT-3 (A), HeLa (B), U2OS (C), and GM847 (D) cell lines expressing a shRNA 874 
against NBS1 (shNBS1) or control (shCTRL) were analyzed by immunoblotting with an antibody against NBS1. 875 

b-Tubulin was used as loading control.  876 
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