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Abstract 

Burkitt lymphoma (BL) is a B cell malignancy associated with the Epstein-Barr virus (EBV). 

Most BL cases are characterized by a t(8;14) chromosomal translocation involving the MYC 

oncogene and the immunoglobulin heavy chain gene (IGH). The role of EBV in promoting 

this translocation remains largely unknown. Here we provide the experimental evidence that 

EBV reactivation from latency leads to an increase in the proximity between the MYC and 

IGH loci, otherwise located far away in the nuclear space both in B-lymphoblastoid cell lines 

and in patients' B-cells. Specific DNA damage within the MYC locus, followed by the 

MRE11-dependent DNA repair plays a role in this process. Using a CRISPR/Cas9-based B 

cell model to induce specific DNA double strand breaks in MYC and IGH loci, we have 

shown that the MYC-IGH proximity induced by EBV reactivation leads to an increased 

t(8;14) translocation frequency.  

Statement of significance 

This study analysed the role of EBV reactivation in the occurrence of Burkitt lymphoma-

specific t(8;14) chromosomal translocations. Our findings demonstrate that EBV reactivation 

induces MRE11-dependent proximity between the MYC and IGH loci in B cells, which 

translates into elevated t(8;14) rates upon induction of DSBs within these loci. 

Graphical abstract 
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Introduction 

Burkitt lymphoma (BL) is an extremely aggressive non-Hodgkin B cell malignancy with a 

geographically variable incidence and features. In Europe and US, BL is sporadic or 

associated with human immunodeficiency virus (HIV), while in African regions, it's endemic 

and nearly always associated with Epstein-Barr virus (EBV)(1–4).   

EBV, the first described human oncovirus, is a �-herpesvirus infecting mainly B 

lymphocytes. Its life cycle is composed of two distinct phases: the lytic phase when viral 

particles are produced and the latent phase when the viral genome persists as an 

extrachromosomal episome in the host cell nucleus (5–8). The switch from latency to lytic 

cycle is mainly triggered by the BZLF1 and BRLF1 genes encoding for the transcriptional 

activators Zebra (or Zta) and Rta, respectively. Both are expressed at the onset of the lytic 

cycle and are often used as markers of lytic cycle activation (9–12). The complete lytic cycle 

involves viral genome replication, infected cell lysis and release of new infectious virions 

while an abortive lytic cycle is characterized by the expression of immediate early and early 

lytic proteins without genome replication or cell lysis(13). EBV replication rarely leads to cell 

lysis and the virus is secreted from live cells, through the secretory pathway(14). Moreover, 

only a minority of EBV-infected memory B cells from healthy carriers complete a productive 

lytic cycle after stimulation(13). EBV-associated diseases display various types of EBV 

latency but there is a growing number of reports showing that the lytic phase, both complete 

and abortive, could contribute to the process of oncogenesis (reviewed in(10,15)). 

BL cells always display chromosomal translocations involving the MYC oncogene on 

chromosome 8 and one of the genes coding for the immunoglobulin heavy (IGH) or light 

chains (IGK or IGL) on chromosomes 14, 2 and 22, respectively; the t(8;14) translocation is 

found in more than 80% of cases(16–19). So far, specific mechanisms leading to the t(8;14) 

translocation in BL remain largely unknown.  

To be generated, a translocation requires simultaneous DNA double strand breaks (DSBs) 

on the two partner chromosomes, DSB repair through the error-prone non-homologous end-

joining (NHEJ) pathway and the spatial proximity between the two partners (20–22). EBV, in 

both its life cycle phases, can interact with chromatin remodelling complexes or lead to 

epigenetic alterations, DNA damage and, consequently, to B cell nuclear remodelling 

(reviewed in(23)). These effects can predispose to chromosomal translocations. 

Nevertheless, there is still no direct evidence for EBV implication in the BL t(8;14) 

translocation.  

Here, we investigated the role of EBV in t(8;14) generation. Modelling the role of EBV in the 

BL is challenging, since the translocation formation results from the combination of very rare 

events in B cells: DSBs formation at MYC and IGH loci, their proximity and erroneous repair. 

Moreover, only a minority of primary B cells from blood are EBV positive (1-50 out of 106 

during latency(24)). That is why we used  an experimental system for specific induction of 

t(8;14) in EBV-transformed B cells, and we provided the first direct evidence that EBV 

reactivation led to an increased rate of the MYC-IGH colocalization which promoted a higher 

rate of the t(8;14). This newly acquired MYC-IGH proximity was triggered by a specific DNA 

damage at MYC locus and driven by the subsequent MRE11-dependent DNA repair. Our 

findings were confirmed in vivo in B-cells of patients with EBV-related lymphoproliferative 

disorders.  

https://www.zotero.org/google-docs/?4dZamw
https://www.zotero.org/google-docs/?bFgWbr
https://www.zotero.org/google-docs/?QYNnqA
https://www.zotero.org/google-docs/?uY9IMG
https://www.zotero.org/google-docs/?ibKz9T
https://www.zotero.org/google-docs/?CdGk2d
https://www.zotero.org/google-docs/?l5gHrz
https://www.zotero.org/google-docs/?IGM1M1
https://www.zotero.org/google-docs/?j1AeYm
https://www.zotero.org/google-docs/?2Nf3SS
https://www.zotero.org/google-docs/?DALJEE
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Results  

1. EBV reactivation leads to MYC-IGH colocalization in 

lymphoblastoid cell lines 

Chromosomal translocations are induced by the NHEJ, a proximity-based mechanism(25), 

but in human naive B cells, MYC and IGH loci are separated in the nuclear space(26,27).  

As EBV infection and reactivation are accompanied by large-scale modifications in the 

nuclear architecture(28–30), we hypothesised that this could affect the nuclear localization of 

the MYC and IGH loci.   

To study the effect of EBV reactivation on MYC and IGH spatial localization within the 

nuclear space, we first determined the optimal virus reactivation conditions in RPMI8866 and 

PRIESS lymphoblastoid cell lines (LCLs) (see Supplementary Fig. 1). We observed a high 

level of  virus reactivation in RPMI8866 cells treated with sodium butyrate (NaB) or Zebra 

protein (Supplementary Fig. 1a,b,f). Thus, for the following experiments, we used Zebra 

protein and NaB to induce the lytic cycle in RPMI8866 cells. 

We next analysed the localization of the MYC and IGH loci in the tridimensional nuclear 

space of primary B cells,  RPMI8866 and PRIESS cell lines (treated or not with EBV lytic 

cycle inducers) using 3D-fluorescence in situ hybridization (FISH). MYC and IGH loci were 

considered as colocalized  when the centres of their fluorescent foci were 1 µm or less from 

each other (Fig 1a). In naive B cells from healthy donors, MYC and IGH loci were 

colocalized in 5.80%±0.57 cells (n=180 cells); in latent non-treated RPMI8866 and PRIESS 

cells, MYC and IGH loci colocalization was also low (4.55%±0.88 and 2.78%±0.78, 

respectively; n≥100 cells; Fig. 1a and Supplementary Fig. 1d). EBV lytic cycle induction in 

RPMI8866 cells increased the MYC-IGH colocalization twofold (8.7%±0.56 in NaB treated 

cells and 9.52%±0.25 in Zebra-treated cells vs 4.55%±0.88 in latent RPMI8866 cells; 

p<0.001; n≥100 cells; Fig. 1a,b). Lytic cycle activation in PRIESS cells also increased 

twofold the colocalization between the MYC and IGH loci (Supplementary Fig. 1d). Thus, 

EBV reactivation led to a significant increase in MYC-IGH colocalization rate in LCLs. 

Importantly, EBV reactivation did not cause cell cycle arrest in our model (Supplementary 

Fig. 2a,b). 

We next tested whether the MYC-IGH colocalization observed upon EBV reactivation could 

be directly induced by the Zebra protein. Indeed, Zebra interacts with host genes and may 

thus affect their expression and, consequently, spatial localization (reviewed in(10)). We 

treated B lymphocytes from healthy donors with the recombinant Zebra protein for various 

times. Zebra was detectable in B cells 6h after treatment, peaked at 24h and remained in the 

cells at 48h (Fig. 1c). No difference in MYC-IGH colocalization rate was detected in Zebra-

treated naive or activated B cells as compared to the untreated controls (Fig. 1d,e). Zebra 

treatment did not affect B cell cycle (Supplementary Fig. 2c). The increase in MYC-IGH 

colocalization rate in activated B cells relative to non-activated B cells is consistent with 

previous reports(31). Zebra alone is therefore not sufficient to induce MYC-IGH proximity in 

EBV-negative B cells. 

https://www.zotero.org/google-docs/?1tV2dM
https://www.zotero.org/google-docs/?KjR0q9
https://www.zotero.org/google-docs/?ewAOcH
https://www.zotero.org/google-docs/?rM3QuE
https://www.zotero.org/google-docs/?PVeaY5
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2. LCLs with spontaneous EBV lytic cycle show an increased spatial 

proximity between the MYC and IGH loci 

To confirm that EBV lytic cycle affects the proximity of the MYC and IGH loci, we used two 

additional LCLs, M81 and rMSHJ, with a high spontaneous lytic activity (32,33). Their 

spontaneous lytic activity was confirmed by expression of EBV immediate early (BZLF1 and 

BRLF1) and late (BDRF1 and BLLF1) genes and BMRF1 protein (Fig. 1f,g; Supplementary 

Fig. 1e,g;3a,b). 

Both M81 and rMSHJ cells presented a significantly higher MYC-IGH colocalization rate than 

non-stimulated RPMI8866 (14.98%±1.59 in M81 cells and 15.54%±1.77 in rMSHJ cells vs 

4.56%±0.62 in RPMI8866; p<0.05; n≥200 cells Fig. 1h). Moreover, using immunofluorescent 

staining for EBV early protein BMRF1 (whose transcription is activated by the Zebra) in M81 

cells, we found that MYC-IGH colocalization was significantly higher in BMRF1-positive cells 

as compared to BMRF1-negative ones (43.89±3.70 vs 7.77%±3.30, p<0.0001; OR 6.376 

[2.396-15.96], χ2=16.79, p<0.0001; n≥60 cells, Fig. 1i,j). These results reinforce our 

conclusion that EBV reactivation induces the proximity between the MYC and IGH loci in the 

nuclear space. 

3. B cells from individuals with EBV-related lymphoproliferative 

disorders and immune suppression present an increased spatial 

proximity between the MYC and IGH loci 

We next assessed the proximity of the MYC and IGH loci in B cells from three patients (P1-

P3) with EBV-related lymphoproliferative disorders (Table 1). Case history can be found in 

the Supplementary Materials. B cells from P1 and P2 with EBV-related lymphoproliferative 

disorders and immune suppression had a significantly elevated MYC-IGH colocalization rate 

compared to B cells isolated from healthy donors (Table 1). A trend to increased MYC-IGH 

colocalization rate was observed in P3 with a severe infectious mononucleosis, although 

very few circulating B cells in P3 blood did not allow larger sampling to obtain statistical 

significance. 

To confirm that MYC-IGH colocalization can be driven by EBV reactivation, we focused on a 

unique case of primary EBV infection on the background of immune suppression caused by 

kidney transplant from EBV+ donor into an EBV- recipient (P1). PBMCs obtained from P1 

were spontaneously transformed in culture (Supplementary Fig. 4). As mentioned above, B 

cells from P1 presented a significantly higher MYC-IGH colocalization rate than B cells from 

healthy donors (Table 1). Moreover, EBV-infected B cells were undergoing a lytic cycle as 

observed by BMRF1 staining (Fig. 2a). We found that MYC-IGH colocalization was 

significantly higher in BMRF1-positive cells as compared to all B cells from P1 

(34.60%±2.203 vs 21.46%±2.363; n≥50 cells; p<0.01; Fig. 2b,2c). These results 

demonstrate that EBV reactivation is associated with the increased proximity between the 

MYC and IGH loci in vivo. 

https://www.zotero.org/google-docs/?HfZa0D
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4. Development and characterization of the MYCIGHC9 cell line to 

induce and detect the MYC-IGH translocation 

In B cells from healthy individuals, spontaneous translocations are exceedingly rare, 

occurring in approximately 1x10-6 cells(34), and thus undetectable by standard cytogenetic 

techniques. In addition, endemic BL translocations occur over large chromosomal regions, 

making these translocations impossible to analyse by standard PCR techniques. To 

experimentally prove that MYC-IGH spatial proximity favours generation of a translocation 

between the two loci, we created an experimental system for targeted generation of double 

strand breaks (DSBs) in the MYC and IGH loci: an RPMI8866-derived MYCIGHC9 cell line 

containing the Cas9 gene and gRNAs targeting the MYC and IGH loci under the control of a 

Doxycycline (Dox)-inducible promoter (see Materials and Methods). In the presence of Dox, 

DSBs are specifically generated in the MYC and IGH loci. In some cells, erroneous repair of 

these DSBs by NHEJ generates the t(8;14) translocation. This translocation can then be 

detected and quantified by qPCR using a forward MYC primer and a reverse IGH primer, 

surrounding the chromosomal break(35) (Supplementary Fig. 5).  

Cas9 expression started 3h after Dox treatment (Fig. 3a). Specific induction of DSBs was 

confirmed by colocalization between MYC and IGH loci and �H2AX foci (3D-FISH followed 

by �H2AX immunostaining). The damage in both loci peaked at 6h post-Dox treatment (Fig. 

3b and c). We detected t(8;14) translocations by end-point PCR starting from 24h after Dox 

treatment (Fig. 3d). The more sensitive quantitative PCR was then applied to quantify the 

translocation rate. t(8;14) appeared already at 12h after Dox treatment (0.8±0.24x10-3 cells), 

then the translocation rate increased at 24h (7.2±0.54x10-3 cells; Fig. 3e) and peaked at 48h 

(1.08±0.03x10-2 cells; Fig. 3e).  

To get insight into the mechanism of the translocation generation in our system, we next 

used classical and alternative NHEJ (cNHEJ and aNHEJ, respectively) inhibitors. 

MYCIGHC9 cells treated with Dox were simultaneously incubated with either Mirin, an 

inhibitor of MRE11 (HR and NHEJ pathways) or NU7026 DNA-PK inhibitor  (cNHEJ 

pathway) or L67 DNA ligase I and III inhibitor  (aNHEJ pathway) and the t(8;14) translocation 

rate was measured by qPCR. Treatment with Mirin or L67 significantly decreased the t(8;14) 

translocation rate (fold change 0.60±0.02; p<0.05 for Mirin and 0.28±0.10; p<0.01 for L67; 

Fig. 3f) whereas treatment with NU7026 significantly increased the translocation frequency 

(fold change 3.68±0.13; p<0.0001; Fig. 3f). These results indicate that only inhibition of the 

aNHEJ pathway negatively impacts the t(8;14) translocation process and therefore suggests 

that, in our model, aNHEJ is a major pathway favouring the occurrence of translocations; this 

is consistent with previous results(36,37).  

5. EBV reactivation-induced MYC-IGH spatial proximity increases the 

probability of t(8;14)  

Using the MYCIGHC9 cell line, we next investigated whether an increased MYC-IGH 

proximity resulted in a higher t(8;14) translocation frequency. To this aim, MYCIGHC9 cells 

were first treated with either the recombinant Zebra protein or NaB for 48h to increase MYC-

IGH proximity via EBV reactivation and then Cas9 and gRNAs expression was induced by 

addition of Dox. After additional 24 hours, cells were collected for t(8;14) quantification by 

qPCR (Fig. 4a). EBV reactivation with Zebra and NaB leads to the spatial proximity between 

the MYC and IGH, followed by a 2.07±0.28 and 3.72±0.56 fold increase in the translocation 

rate, respectively (p<0.01 and p<0.001; Fig. 4b). These data provide the first experimental 

https://www.zotero.org/google-docs/?EUFOre
https://www.zotero.org/google-docs/?Svt4be
https://www.zotero.org/google-docs/?6rxawd
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proof that gene proximity increases the probability of a chromosome translocation upon DSB 

induction. 

6. Specific DNA damage within the MYC locus and MRE11 protein 

are involved in EBV-induced MYC-IGH spatial proximity  

The increase in the colocalization rate between the MYC and IGH loci observed after EBV 

reactivation (Fig. 1b) could be a consequence of a displacement of one or both of these loci. 

Since DNA damage induction is one of the factors that can lead to loci movement within the 

nuclear space(20), we next analysed the proximity between the IGH and MYC loci in 

different conditions using several experimental systems. 

We first used the MYCIGHC9 line to study MYC and IGH relative positioning following 

specific DSBs. We observed a significantly increased colocalization between these loci 48h 

after the DSB induction by Dox treatment (10.20%±1.67 in Dox treated cells vs 4.65%±0.34 

in the control; p<0.05; OR 2.672 [1.063-7.052], χ2=4.862, p=0.0275; n≥120 cells, Fig. 4c). To 

test whether this MYC-IGH colocalization occurring after the introduction of DSBs within the 

MYC and IGH loci was specific, we analysed the IGH colocalization with another of its 

known translocation partners, CCND1(38) located on chromosome 11. Although a slight 

increase in the colocalization rate between the CCND1 and IGH was observed 48h after Dox 

treatment of the MYCIGHC9 line, it was not statistically significant (9.23%±1.7 in Dox treated 

cells vs 6.54%±0.76 in the control; p<0.05;  OR 1.319 [0.5525-3.082], χ2=0.3739, p=0.5409; 

n≥120 cells, Fig. 4d).  

We next tested whether induction of a single DSB in either MYC or IGH locus would affect 

the proximity between the two genes by using the IGHC9 or MYCC9 cell lines where DSBs 

are induced only within the IGH or MYC loci, respectively. In Dox-treated IGHC9 cells we did 

not observe any increase in the MYC-IGH colocalization rate (3.86%±1.32 vs 4.28%±0.49 in 

the control; OR 1.129 [0.3778-3.330], χ2=0.04843, p=0.8258; n≥160 cells, Fig. 4e) whereas 

in MYCC9 cells, a significant increase in the MYC-IGH colocalization rate was detected 

(5.90%±0.11 vs 3.60%±0.06; p<0.01; OR 2.701 [1.161-6.514], χ2=5.099, p=0.0239; n≥85 

cells Fig. 4f) suggesting that the DBS induction in the MYC locus triggers the colocalization.  

In order to test whether DSB induction outside the target loci would affect the proximity 

between MYC and IGH, we have used the AMLETOC9 cell line with inducible expression of 

Cas9 and gRNA targeting the ETO and AML loci located on chromosomes 8 and 21, 

respectively. Induction of DSBs in these loci led to a slight decrease in the colocalization 

between the MYC and IGH loci (2.76%±0.92 in Dox treated cells vs 5.04%±0.39 in the 

control;  OR 0.4449 [0.1229-1.661], χ2=1.391, p=0.2383; n≥100 cells, Fig. 4g).  

Taken together, all these results suggest that in our experimental system, specific DNA 

damage within MYC locus, rather than within IGH locus is required for the MYC-IGH 

proximity to occur and as a consequence, it is quite likely that MYC, when damaged, moves 

toward the IGH locus.  

Since the induction of EBV lytic cycle triggers DNA damage response in B cells (reviewed in 

(39)), and DNA damage within the MYC loci is an important factor for inducing MYC-IGH 

proximity, we next wanted to understand whether lytic cycle induction in RPMI8866 cells 

https://www.zotero.org/google-docs/?ykkJVB
https://www.zotero.org/google-docs/?9DAxmX
https://www.zotero.org/google-docs/?YvuWnR
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caused DNA damage within the MYC locus. We induced EBV lytic cycle by treating cells 

with the recombinant Zebra protein and quantified the percentage of cells showing specific 

DNA damage within at least one MYC locus by measuring the colocalization between MYC 

loci and γH2AX foci using immuno-3D FISH. DNA damage within the MYC loci was also 

analysed in the M81 and rMSHJ cell lines that present spontaneous EBV reactivation. Both 

induced and spontaneous EBV reactivation were associated with an increased level of DNA 

damage within the MYC locus (27.48%±4.01 in Zebra-treated RPMI8866 cells; 23.99%±2.30 

in M81 cells; 19.00%±1.37 in rMSHJ cells vs 9.41%±2.23 in RPMI8866 unstimulated cells; 

p<0.01; p<0.001; p<0.01 respectively; n≥380 cells Fig. 5a,5b). As simultaneous DNA 

damage in the MYC and IGH loci is required to generate the t(8;14) translocation, we also 

checked for the presence of DNA damage within the IGH locus in the same cells. After EBV 

reactivation, we observed a higher rate of DNA damage within the IGH locus as compared to 

the control RPMI8866 (data not shown). Simultaneous DNA damage within the MYC and 

IGH loci when they are located close to each other was also detected and even if this 

observation is not statistically significant, it illustrates the fact that DSBs can occur 

simultaneously within both loci when they are in close proximity. This may increase the risk 

of chromosomal translocations. Representative images of simultaneous DNA damage within 

the MYC and IGH loci following EBV reactivation are shown in Supplementary Fig. 6.  

MRE11, one of the components of the DNA repair machinery, was shown to be involved in 

the movement of chromatin loci(26,40). We next explored a potential role of MRE11 in loci 

displacement in our model. First, we showed that EBV reactivation was accompanied by an 

increase in MRE11 gene expression measured by qRT-PCR (fold change 1.68±0.11 in 

Zebra-treated RPMI8866 cells; 1.57±0.11 in M81 cells and 2.40±0.16 in rMSHJ cells vs 

unstimulated RPMI 8866 cells; p<0.001; p<0.01 and p<0.0001 respectively; Fig. 5c). We 

also observed that MRE11 inhibition by Mirin blocked the increase in MYC-IGH proximity 

induced by EBV reactivation (6.93%±1.08 in Zebra+Mirin treated cells vs 10.49%±1.16 in 

Zebra treated cells) (Fig. 5d). In contrast, inhibition of DNA-PK (involved in the cNHEJ) by 

NU7026, of Rad51 (involved in homologous recombination) by B02 or of Ligase III (involved 

in aNHEJ) by L67 did not affect the MYC-IGH colocalization (10.2%±2.6 in Zebra+NU7026 

treated cells; 13.16%±1.79 in Zebra+B02-treated cells; 16.28%±2.16 in Zebra+L67-treated 

cells vs 10.49%±1.16 in Zebra-treated cells, n≥100 cells) (Fig. 5d). We also demonstrated 

that Mirin reduced the MYC-IGH colocalization rate in the MYCIGHC9 cells upon DNA 

damage induction in the MYC and IGH loci (5.42%±0,92 in Dox+Mirin treated cells vs 

8.87%±0.89 in Dox treated cells, n≥90 cells) (Supplementary Fig. 7). Taken together, these 

data suggest that MRE11 could drive MYC displacement towards IGH following lytic cycle 

induction.  

Discussion 

The productive EBV lytic cycle increases the pool of infected B cells, but its intrinsic 

oncogenic effect is hardly conceivable due to the ensuing cell death(41); however an 

abortive (incomplete) lytic cycle which does not lead to the cell lysis(13,42–45) may be 

involved in EBV-associated cancers (reviewed in(10,45)). During latency, EBV latent 

proteins induce MYC expression through a reconfiguration of the DNA loop domains formed 

by MYC and its specific enhancers(46,47). Upon reactivation, the Zebra lytic protein blocks 

MYC expression(48) and the level of MYC protein controls the switch from latency to lytic 

cycle by negatively regulating BZLF1(49). Therefore, MYC downregulation required for lytic 

https://www.zotero.org/google-docs/?HicVye
https://www.zotero.org/google-docs/?KU5oZ1
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https://www.zotero.org/google-docs/?GVYF5O
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cycle activation might involve suppression of the DNA loops between MYC locus and its 

enhancers and could explain the MYC locus movement suggested in our study. However, 

the reason why specific DNA damage within the MYC locus occurs during EBV reactivation 

remains an open question. 

BL is one of the most common EBV-related diseases. Here we provide the first direct 

evidence that EBV lytic cycle predisposes to the appearance of the BL-specific t(8;14) 

chromosomal translocation. We found that both spontaneous and induced EBV reactivation 

led to a significant increase in the proportion of B cells showing the proximity between the 

MYC and IGH loci, otherwise located distantly in the nuclear space (Fig. 1b, Supplementary 

Fig. 1d, Fig. 1g). We also characterised here a rare case of primary EBV infection in an 

elderly patient caused by a kidney transplant from an  EBV+ donor into the EBV- recipient 

(P1, Table 1). In this patient, B cells undergoing EBV lytic cycle had a prominent increase in 

MYC-IGH colocalization (Fig. 2). The development of BL is a possible scenario in post-

transplant settings; these BLs have a high frequency of EBV positivity and a high mortality 

rate (50–53).   

MYC and IGH spatial proximity and simultaneous DSBs on the two loci are prerequisites for 

t(8;14) generation; however it has never been experimentally shown that their proximity 

leads to translocation. We developed a cell line where simultaneous breaks within the MYC 

and the IGH loci can be induced, leading to t(8;14) detectable and measurable by qPCR. In 

this model, by inducing MYC-IGH proximity through EBV reactivation prior to DSBs, we were 

able to provide the first direct experimental proof that increased MYC-IGH proximity leads to 

an increased t(8;14) rate (Fig. 4).  

We next demonstrated that specific DNA damage within the MYC locus could be a driving 

factor for the MYC-IGH proximity (Fig. 5). Consistently, we showed that EBV reactivation 

significantly increased the rate of DNA damage within the MYC locus. (Fig. 6a). Finally, our 

results point to a role for the DNA repair protein MRE11 in the MYC locus displacement. The 

MRE11 gene is overexpressed upon EBV reactivation (Fig. 6c) and MRE11 inhibition after 

EBV reactivation or induced-DSB on MYC locus almost halved the MYC-IGH proximity (Fig. 

6d and Supplementary Fig. 7). These results are in agreement with data from other studies 

implicating MRE11 in the relocation of damaged DNA loci(26,40,54,55). 

We have previously demonstrated that HIV-1 transactivator protein Tat induced MYC-IGH 

proximity in primary B cells in vitro and in vivo(26). Unlike Zebra, the presence of Tat alone 

is able to promote MYC-IGH proximity; but despite this difference, the generation of DNA 

damage within the MYC locus and its MRE11-dependent relocalization in the nucleus  are 

observed in both cases. Consistently, DNA DSBs have already been linked to chromatin 

movement(20,56,57), either for the search of a recombination partner(58,59) or to join the 

DNA repair centers(54,60). The increased chromatin movement following DSBs may lead to 

translocations(55).  

In our system, DSBs were artificially generated by CRISPR/Cas9. In B cells, the main source 

of DSBs in the MYC and IGH loci is the activation-induced deaminase (AID)(61) involved in 

somatic hypermutation and class switch recombination(62,63). Although AID has a specific  

affinity for immunoglobulin genes, it is also able to target a large number of other genes 

(~25% of all expressed genes in B-cells)(64). AID was observed to associate with the  MYC 

and IGH loci and to produce DSBs(65–67). Importantly, AID is localized in B cells in a 

discrete “recombination compartment” where it colocalizes with the IGH locus(68). Thus, 

colocalization of the MYC and IGH loci that we observed upon EBV reactivation might 

increase the probability of simultaneous AID-induced DSBs and thus t(8;14). 
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The important role played by EBV lytic cycle in BL development described in this work can 

be correlated with the fact that African children with an EBV-reactivated serological profile 

are more likely to develop endemic BL(69). Moreover, endemic EBV cofactors (Plasmodium 

falciparum, Euphorbia tirucalli and aflatoxin B1) induce EBV reactivation(70–72). Children 

living in EBV endemic areas and exposed to these cofactors, undergo repeated EBV 

reactivation with a subsequent increased MYC-IGH proximity in their B cells. The oncogenic 

t(8;14) could then occur upon simultaneous DNA damage, e.g. by AID(73–75).  

Conclusions 

In summary, we provide the first evidence that EBV reactivation triggered MYC and IGH 

spatial proximity in vitro and in patients; this proximity increased the t(8;14) rate after DSB 

induction in the MYC and IGH loci. Finally, we suggested a role for the MRE11 protein in the 

MYC locus displacement next to the IGH locus.  

Methods  

Cells 

RPMI8866, PRIESS, M81 and rMSHJ human EBV-transformed lymphoblastoid cell lines 

(LCLs) were used in this study. M81 and rMSHJ are LCLs generated with recombinant M81 

and MSHJ EBV strains respectively isolated from a Chinese Nasopharyngeal Carcinoma 

and a German Stem Cell Transplant recipient (32). We also created RPMI8866-derived cell 

lines that inducibly expressed CRISPR/Cas9 and guide RNAs (gRNAs), targeting both MYC 

and IGH; MYC only; IGH only or both AML and ETO loci. These RMPI8866-derived cell lines 

were named MYCIGHC9, MYCC9, IGHC9 and AMLETOC9, respectively. Cells were 

transfected and gRNAs efficiency was tested exploiting techniques and protocols developed 

in the laboratory (35,76). The sequences of gRNAs are listed in Supplementary table 1. 

Primary human B cells were isolated from blood of healthy donors by negative selection from 

total PBMCs. Cells were treated as described in Supplementary Table 2. See supplementary 

Materials and Methods for details. 

Patients 

Three patients were included in the study after obtaining an informed consent and a review 

by the local ethic committee (IMMUNOLYMPH protocol, CLEA-2020-113). All patients were 

diagnosed with HIV-negative EBV-related lymphoproliferative disorders. Detailed information 

on patients' history can be found in Table 1 and Supplementary Material and Methods 

Section. 

Western blot 

Cell pellets were resuspended in the NETN buffer and sonicated. Proteins (30 µg) were 

resolved on 4-12% SDS-PAGE gels, transferred onto a PVDF membrane and probed with 

the following primary antibodies: mouse anti-Cas9; mouse anti-Zebra; rabbit anti-�-tubulin 

and mouse anti-�-actin. Secondary HRP-conjugated antibodies were used to reveal bands. 

Western blot band intensity quantification was performed using the ImageJ software. The 

band intensity of a target protein was normalized to the band intensity of the indicated 

loading control protein.  
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Quantitative PCR and RT-PCR 

Total DNA was extracted using Nucleospin® Tissue DNA purification kit (Macherey‑ Nagel) 

according to the manufacturer’s protocol. Five hundred ng genomic DNA was amplified 

using primers specific for the t(8;14) translocation and control primers designed ~6.5 kbp 

downstream of the breakpoint sequence in the MYC gene locus. For RT-PCR, total RNA 

was extracted using Nucleospin® RNA II purification kit (Macherey‑ Nagel) according to the 

manufacturer’s protocol. cDNA synthesis was performed as previously described(77). PCR 

amplification was performed using the PowerUp SYBR Green Master Mix (Thermo 

Scientific) following the manufacturer’s protocol. The 2-ΔΔCt method was used for 

quantification. Primer sequences are listed in Supplementary Table 3. 

3D-FISH, Immuno-3D FISH, microscope image acquisition and analysis 

Cells were processed for 3D-FISH or immuno-3D-FISH as previously described(26). Nuclei 

were counterstained with DAPI. Images were acquired using a multiphoton SP8 confocal 

microscope (Leica Microsystems, Berlin, Germany). Imaris software (Bitplane) was used to 

analyze gene localization. The LEICA Application Suite X (Leica Microsystems) software 

was used to evaluate the percentage of cells that have γH2AX foci colocalized with MYC 

and/or IGH. Mean BMRF1 nuclear intensity was analysed in ImageJ (see Supplementary 

methods). 

Statistics 

All statistical tests were performed using the Graphpad Prism 5 software (GraphPad 

software Inc., La Jolla, CA). One‐ way analysis of variance (ANOVA) test followed by 

Bonferroni's post-test or Student’s t-test was used to compare averages between different 

groups. For binary comparisons of colocalization rate χ2 test was also used, odds ratio (OR) 

[95% confidence interval], χ2 value and p-value are provided. Two-way ANOVA followed by 

Bonferroni's post-test was used to compare averages for multiple-group comparisons with 

two factors (cell cycle and proliferation data). Data are presented as mean ± standard error 

of mean (SEM). 
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DSB: Double strand break 

EBV: Epstein‐ Barr Virus 
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HIV: human immunodeficiency virus 

HR: homologous recombination 
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targeting both IGH locus 
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LCL: lymphoblastoid cell line 

MYCIGHC9: RPMI8866-derived cell line that inducibly express CRISPR/Cas9 and gRNAs, 

targeting both MYC and IGH loci 

MYCC9: RPMI8866-derived cell line that inducibly express CRISPR/Cas9 and gRNA, 

targeting both MYC locus 

NaB: sodium butyrate 

NHEJ: non-homologous end-joining 
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Tables 

Table 1. Patients’ characteristics. All patients were diagnosed with HIV-negative EBV-related 

lymphoproliferative disorders. 

Patient  Diagnosis Treatment Age Gender 

Log 

PCR 

EBV in 

whole 

blood 

% of B cells 

with MYC-IGH 

loci 

colocalization 

(n of cells 

analyzed) 

P value 

compared to 

healthy 

donor B 

cells 

P1 

Severe post-transplant 

primary EBV infection 

Steroids, 

rituximab, 

etoposide 74 M  6 21.46 (n=460) <0.0001 **** 

P2 

Cerebral EBV+ polymorphic 

lymphoproliferative disorder 

related to prolonged 

iatrogenic 

immunosuppression 

(systemic lupus 

erythematosus) 

Rituximab, 

cytarabine 43 F  3 16.67 (n=132) 0.0012 ** 

P3 

Severe infectious 

mononucleosis with 

hemophagocytic lympho-

histiocytosis 

Steroids, 

etoposide, 

cyclosporin 23 F  8 11.63 (n=86) ns 
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Table legends 

Table 1. Patients’ characteristics. All patients were diagnosed with HIV-negative EBV-related 

lymphoproliferative disorders. 

Figure legends 

Fig. 1. EBV reactivation in RPMI8866 induces MYC-IGH colocalization.  

 

(a) The percentage of cells with colocalized MYC-IGH signals (i.e. cells where the distance 

between the centers of corresponding 3D-FISH signals was equal or less than 1 µm) in B 

cells purified from healthy donors (B cells), latent EBV-positive RPMI8866 untreated or 

treated with sodium butyrate (NaB) or Zebra recombinant protein to induce lytic cycle. 3D-

FISH was performed 48h after treatment. A minimum of 100 cells from at least two different 

experiments and two technical replicates were analysed. (b) Representative optic section of 

a 3D-FISH image of RPMI8866 cells treated with the EBV lytic cycle inducer Zebra for 48h. 

Nuclei stained with DAPI are represented in blue, MYC and IGH gene loci stained with 

specific fluorescent probes are represented in red and green, respectively. Colocalization 

between the MYC and IGH loci is highlighted by the yellow arrow. Scale bar = 5 µm. The 

right panel shows MYC (red curve) and IGH (green curve) signal intensities along the white 

bar drawn in the MERGE picture. (c) Western blot analysis of Zebra protein cell entry into 

primary B cells purified from healthy donors and treated with 1 µg/ml recombinant Zebra for 

the indicated time. Control, untreated B cells. (d) MYC-IGH colocalization rate in B cells 

purified from healthy donors and treated with the recombinant Zebra protein for the indicated 

times. 3D-FISH was performed 24h and 48h after treatment. A minimum of 180 cells from at 

least two different experiments and two technical replicates were analysed. (e) MYC-IGH 

colocalization in primary B cells purified from healthy donors, activated with a cocktail of 

reagents (recombinant human IL4+ human CD40 monoclonal antibody+ anti-human IgM 

monoclonal antibody) and treated or not with the recombinant Zebra protein for 48h. A 

minimum of 60 cells were analysed. (f,g) Analysis of the expression of BZLF1 (f) and BRLF1 

(g) by qRT-PCR in M81 and rMSHJ cell lines with spontaneous EBV lytic activity. Expression 

is presented, after normalization with GAPDH expression, as fold change in comparison to 

the unstimulated RPMI8866, set as 1. Data are from three experiments and two technical 

replicates. (h) MYC-IGH colocalization rate in M81 and rMSHJ cells with spontaneous lytic 

activity, in comparison to RPMI8866. A minimum of 200 cells from at least two different 

experiments and two technical replicates were analysed. (i) MYC-IGH colocalization in 

BMRF1 positive and BMRF1 negative M81 cells. M81 cells were processed for 3D-FISH 

targeting MYC and IGH loci and cells undergoing lytic cycle were identified by 

immunofluorescence staining of the EBV early lytic protein BMRF1. n>70 cells analysed per 

condition. (j) A representative immuno-3DFISH image of MYC-IGH colocalization occuring in 

a BMRF1 positive M81 cell.  All data are plotted as mean±SEM. *p<0.05; ** p<0.01; 

***p<0.001 as compared by ANOVA, Bonferroni's post-test for more than two groups or t-test 

for two groups.  

Fig. 2. EBV reactivation in a patient with severe post-transplant primary EBV infection is 

associated with MYC-IGH colocalization.  

(a) Representative image of immunofluorescent staining of the EBV early lytic protein 

BMRF1 in patient #1 B cells (P1). Nuclei stained with DAPI are represented in grey, BMRF1 
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in blue. Scale bar = 30 µm. (b) The percentage of cells with colocalized MYC-IGH signals 

(i.e. cells where the distance between the centres of corresponding 3D-FISH signals was 

equal or less than 1 µm) in B cells purified from healthy donors, in B cells purified from 

patient #1 with severe post-transplant primary EBV infection (P1) and in among BMRF1 

positive (BMRF1+) B cells from patient #1. n>50 cells analysed per condition. Data are 

plotted as mean±SEM. ** p<0.01; ****p<0.0001 as compared by ANOVA, Bonferroni's post-

test. (c) A representative immuno-3DFISH image of MYC-IGH colocalization occuring in a 

BMRF1 positive B cell.   

Fig. 3. Induction of the t(8;14) in the MYCIGHC9 cell line.  

(a) Representative image of western blot kinetic analysis of Dox-induced Cas9 expression. 

Alpha-tubulin was used as a protein loading control. (b, c) Induction of DNA damage within 

the MYC and IGH loci after Cas9 and gRNAs expression. Cells were treated with Dox for the 

indicated times and 3D-FISH was performed with MYC and IGH probes followed by γH2AX 

immunofluorescence staining. Percentage of cells with γH2AX foci colocalized with the MYC 

(b) or IGH loci (c) were obtained from at least two independent experiments where at least 

150 cells were examined for each condition. (d, e) Kinetics of MYC-IGH translocation 

formation after Dox treatment. Cells were treated with Dox for the indicated times and 

collected for DNA extraction. End-point PCR followed by electrophoresis on agarose gel (d) 

or quantitative PCR (e) were performed. t(8;14) rates in (e) are calculated according to the 

following formula: translocation rate=2x2-ΔCt of MYC-IGH and MYC amplicon translocations per cell. The 

data represent results from three independent experiments and two technical replicates for 

each. (f) Effect of DNA repair inhibitors on the MYC-IGH translocation rate. Cells were 

simultaneously treated with Dox and the indicated inhibitor or left untreated for 24h and 

translocations were detected by qPCR. t(8;14) rate fold changes are calculated after 

normalization to the MYC gene in comparison to t(8;14) level in Dox-treated cells, set as 1. 

The data represent results from three independent experiments with two technical replicates 

for each. All data are plotted as mean±SEM. ns, non-significant; *p<0.05; **p<0.01; 

***p<0.001; ****p<0.0001 as compared by ANOVA, Bonferroni's post-test. 

Fig. 4. EBV reactivation-induced MYC-IGH spatial proximity is favored by specific DNA 

damage in the MYC locus and increases the t(8;14) rate upon DSB induction within the MYC 

and IGH loci  

(a) Experimental design. MYCIGHC9 line cells were treated or not with recombinant Zebra 

protein or sodium butyrate (NaB) for 48h to induce EBV reactivation and the consequent 

MYC-IGH proximity followed by Dox treatment for 24h and qPCR for MYC-IGH translocation 

detection. (b) qPCR for MYC-IGH translocation in Dox-treated cells after Zebra or NaB 

treatment. Fold changes in t(8;14) levels are calculated after normalization to the MYC gene 

in comparison to translocation rate in cells treated only with Dox, set as 1. The data 

represent results from three independent experiments with two technical replicates for each. 

(c) MYC-IGH colocalization rate in the MYCIGHC9 cell line. Cells were treated by Dox for 

48h to induce the expression of Cas9 and gRNA targeting MYC and IGH. 3D-FISH was 

performed to evaluate the MYC-IGH spatial proximity. (d) CCND1-IGH colocalization rate in 

the MYCIGHC9 line after Cas9-induced DSBs in the MYC and IGH loci. The same cells as in 

(c) were used to evaluate the IGH proximity with the CCND1 locus by 3D-FISH. (e) MYC-

IGH colocalization rate in IGHC9 line after Cas9 induced DSB on IGH locus. (f) MYC-IGH 

colocalization rate in the MYCC9 line after Cas9 induced DSB on MYC locus. (g) MYC-IGH 

colocalization in the AMLETOC9 line after simultaneous Cas9 induced DSB within the AML 

and ETO loci. A minimum of 85 cells from at least one experiment and at least three 

technical replicates were analysed for each 3D FISH experiment. All data are plotted as 
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mean ± SEM. ns, non-significant; *p<0.05; **p<0.01 as compared by ANOVA, Bonferroni's 

post-test (b) or by t-test (c-g).  

Fig. 5. EBV reactivation induces DNA damage within the MYC locus and MRE11 is involved 

in MYC relocalization next to IGH.  

(a) Representative slice-section of an immuno-3D-FISH image with colocalized γH2AX foci 

(represented in blue) and the MYC locus (in red). Scale bar = 5µm. The right panel illustrates 

MYC (red curve) and γH2AX (blue curve) colocalization (x-axis) along the white bar drawn in 

the MERGE picture, with the respective peak intensities (y-axis), Scale bar = 5µm. (b) DNA 

damage within the MYC locus in LCLs with the induced (RPMI8866+Zebra) or spontaneous 

(M81 and rMSHJ) lytic activity. Cells were processed for 3D-FISH followed by 

immunostaining for γH2AX. Y axis, percentage of cells with γH2AX foci colocalized with the 

MYC locus. A minimum of 380 cells from two experiments and at least three technical 

replicates were analysed. (c) MRE11 expression analysed by qRT-PCR in LCLs with 

induced (RPMI8866+Zebra) or spontaneous (M81 and rMSHJ) lytic activity. MRE11 

expression fold changes upon EBV reactivation are calculated after normalization with 

GAPDH expression in comparison with MRE11 expression in RPMI8866, set as 1. (d) MYC-

IGH colocalization in RPMI8866 treated or not with recombinant Zebra protein for 48h, in 

association or not with the MRE11 inhibitor Mirin or the DNA-PK inhibitor NU7026 or the 

Rad51 inhibitor B02 or the DNA LigaseIII inhibitor L67. A minimum of 100 cells from two 

experiments and at least three technical replicates were analysed. All data are plotted as 

mean ± SEM. ns, non-significant; *p<0.05; **p<0.01; ***p<0.001; as compared by ANOVA, 

Bonferroni's post-test. 
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Fig. 4 
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