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Abstract
Epstein–Barr virus (EBV), which is ubiquitous in the adult population, is causally associated with human malignancies. Like
many infectious agents, EBV has evolved strategies to block host cell death, including through expression of viral
homologues of cellular BCL-2 pro-survival proteins (vBCL-2s), such as BHRF1. Small molecule inhibitors of the cellular
pro-survival BCL-2 family proteins, termed ‘BH3-mimetics’, have entered clinical trials for blood cancers with the BCL-2
inhibitor venetoclax already approved for treatment of therapy refractory chronic lymphocytic leukaemia and acute myeloid
leukaemia in the elderly. The generation of BH3-mimetics that could specifically target vBCL-2 proteins may be an
attractive therapeutic option for virus-associated cancers, since these drugs would be expected to only kill virally infected
cells with only minimal side effects on normal healthy tissues. To achieve this, a better understanding of the contribution of
vBCL-2 proteins to tumorigenesis and insights into their biochemical functions is needed. In the context of
Burkitt lymphoma (BL), BHRF1 expression conferred strong resistance to diverse apoptotic stimuli. Furthermore, BHRF1
expression in mouse haematopoietic stem and progenitor cells accelerated MYC-induced lymphoma development in a model
of BL. BHRF1 interacts with the cellular pro-apoptotic BCL-2 proteins, BIM, BID, PUMA and BAK, but its capability to
inhibit apoptosis could not be mapped solely to one of these interactions, suggesting plasticity is a key feature of BHRF1.
Site-directed mutagenesis revealed a site in BHRF1 that was critical for its interaction with PUMA and blocking DNA-
damage-induced apoptosis, identifying a potentially therapeutically targetable vulnerability in BHRF1.

Introduction

The intrinsic/mitochondrial apoptotic pathway is governed
by interactions between pro-apoptotic and pro-survival
members of the BCL-2 family of proteins. This pathway
culminates in permeabilisation of the mitochondrial outer
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membrane leading to caspase activation and subsequent
cellular demolition. Pro-apoptotic BCL-2 family members
are subdivided into the BH3-only proteins (BIM, PUMA,
NOXA, BID, BMF, BIK, BAD, HRK) and the multi-BH
domain apoptosis effectors (BAX, BAK and BOK). The
pro-survival BCL-2 proteins include BCL-2, BCL-XL,
BCL-W, MCL-1 and A1/BFL1. The relative expression and
interactions of pro-survival with pro-apoptotic BCL-2
family proteins determines the fate of the cell [1].

Viruses have evolved mechanisms to manipulate cell
death to alter the fate of infected host cells, which is par-
ticularly relevant for oncogenic viruses, including the
Epstein–Barr virus (EBV) [2]. EBV is a human gamma
herpesvirus that establishes a life-long asymptomatic
infection in B lymphocytes of >90% of adult humans [3],
but it is also associated with >200,000 cancers annually.
EBV-associated tumours are frequently of B lymphoid
origin, reflecting the natural reservoir for EBV, but may also
be of epithelial or T/NK cell origin [4].

EBV-associated Burkitt lymphoma (BL) is a frequent
childhood B lymphoid cancer in sub-Saharan Africa [4].
Its defining characteristic is deregulated expression of c-
MYC due to a reciprocal chromosomal translocation
between the c-MYC gene and an immunoglobulin (Ig)
locus [5]. The association of EBV with BL varies geo-
graphically; in areas of high incidence (i.e. endemic dis-
ease) almost all tumours are EBV-positive, whereas in
sporadic cases of BL the presence of EBV varies geo-
graphically (~15–85% of tumours) [3]. Viral gene
expression in BL is restricted and the role of viral genes in
BL is not fully resolved, although the consensus is that
they contribute to overcoming the pro-apoptotic effects of
deregulated c-MYC expression [6].

EBV can growth-transform resting B cells in vitro. Such
EBV-transformed B cell lines express nine viral proteins
(EBNAs1, 2, LP, 3A, 3B, 3C and LMPs 1, 2A, 2B) and
various non-coding RNAs (EBERs, BARTs); a program
termed Latency III. Initiation of transformation appears to
additionally require transient expression of two vBCL-2 pro-
teins [7], termed BHRF1 and BALF1, that share sequence and
structural homology with cellular BCL-2 proteins [8–10].
BHRF1 is widely reported to inhibit apoptosis [11–14] but the
role of BALF1 is unclear, with contradictory reports of pro-
survival or, conversely, pro-death functions [9, 10, 15].

In most EBV-associated BLs, the virus assumes a
Latency I pattern of infection that involves expression of
EBNA1, the EBERs and BARTs only [16]. Latency I
infection provides low level protection from apoptosis by
blocking upregulation of BIM and PUMA [6, 17, 18]. In up
to 15% of BLs, EBV exhibits a Wp-restricted latency
characterised by selective expression of EBNA1, EBNA-
LP, EBNA3A, 3B, 3C, together with BHRF1 and the non-
coding EBERs and BARTs [19, 20]. Wp-restricted latency

confers stronger protection from apoptosis, likely through
modulation of pro-apoptotic BIM expression by the EBNA3
proteins [21] and also potently through expression of
BHRF1 [20]. Whilst the chemoresistance conferred by
BHRF1 is likely mediated through engagement with cel-
lular BCL-2 family proteins, the key specific interactions
are not established [20]. Furthermore, the implications of
these interactions for the early pathogenesis of EBV-
associated MYC-driven lymphomas are unknown.

BH3-mimetic drugs that bind to cellular pro-survival
BCL-2 proteins and trigger tumour cells to undergo apop-
tosis have recently been developed as cancer therapeutics
[22–25]. The most clinically advanced BH3-mimetic,
venetoclax that binds specifically to BCL-2, has shown
significant efficacy and tolerability in treatment refractory
chronic lymphocytic leukaemia patients [26]. BH3-
mimetics targeting vBCL-2 proteins would be anticipated
to be well-tolerated since only virus-infected cells would be
killed. To develop a BH3-mimetic targeting BHRF1, a
clearer understanding is needed of the impact of BHRF1
expression in early pre-malignant cells and of the interac-
tions of BHRF1 with the cellular apoptotic machinery that
confer chemoresistance. We have addressed these progress-
limiting issues in the context of MYC-driven lymphomas.

Methods and materials

Animal work

All work involving mice was conducted according to the
guidelines of The Walter and Eliza Hall Institute of Medical
Research Animal Ethics Committee. Mice were housed in a
pathogen-free facility, cared for by trained animal techni-
cians. The Eµ-Myc, PumaKO, BimKO and BakKO mice are
maintained on a C57BL/6-Ly5.2+ background [27–32]. The
impact of BHRF1 (mutated and wild-type (WT)) expression
on MYC-induced tumorigenesis was examined using a
haematopoietic stem and progenitor cells (HSPCs) recon-
stitution model as described before [33] and in the Sup-
plementary Information. A sample size of seven (three male
and four female) 7.5–8.5-week-old C57BL/6-Ly5.1+ mice
for each condition/mutant was used and mice were rando-
mised to the groups. The animal technicians assessing the
welfare of the mice were blinded to the expected outcomes.

Cell lines

Human BL and mouse Eµ-Myc lymphoma-derived cell lines
were cultured as described [6, 20, 29, 34]. HEK293T and
293T cells were cultured in DMEM with 10% HI FCS in a
humidified incubator at 37 °C, 5% CO2. All cell lines were
routinely tested for mycoplasma.
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Retroviruses, lentiviruses and infection protocols

Schematics of pMIG retroviral and dox-inducible F-UTG
lentiviral vectors [35] encoding WT or mutant BHRF1 are
depicted in Supplementary Fig. 1. Virus-containing super-
natants were produced by transient transfection of
HEK293T or 293T cells with the expression constructs of
interest alongside packaging plasmids; VSV-G, PAX2 (for
lentiviral constructs) and ENV, GAG or VSV-G (for the
retroviral constructs), using Lipofectamine 2000 or the
standard CaPO4 method [35]. Lymphoma-derived cell lines
were spin infected [33].

TP53 gene sequencing

DNA was extracted from suspensions of lymphoma cells
using the DNEasy Tissue kit (Qiagen) according to
the manufacturer’s instructions. Exons 4–11 encoding the
DNA-binding domain of the mouse TP53 gene were
amplified using GoTaq (Promega) as described in Sup-
plementary Information with the primers detailed in Sup-
plementary Table 1 and were sequenced on a MiSEQ
analyser.

Co-immunoprecipitation (Co-IP)

Cells were lysed in 1% Triton X-100 ONYX buffer (20 mM
Tris-HCl pH 7.4, 135 mM NaCl, 1.5 mM MgCl2, 1 mM
EDTA, 10% glycerol) or 1% CHAPS ONYX buffer with
complete protease inhibitor cocktail (Roche) on ice and
anti-FLAG immunoprecipitation performed as described
[36] and detailed in Supplementary Information.

Western blotting

RIPA buffer containing complete protease inhibitor
cocktail (Roche) was used to extract proteins from lym-
phoma cells. Proteins were separated by SDS-PAGE
using MES buffer and transferred to nitrocellulose mem-
branes. Size markers were Precision Plus Protein Stan-
dards (Bio-Rad). Membranes were blocked in phosphate
buffered saline containing 0.1% Tween 20 and 5%
skimmed milk, and protein detected using the enhanced
chemiluminescence reagent (Luminata Forte Western blot
HRP substrate, Millipore WBLUF0500) with the Bio-Rad
Chemidoc XRS+ using ImageLab v5.2 software (Bio-
Rad, Hercules, CA).

Cell death assays

Lymphoma cells were plated at 3 × 104 cells per well of flat-
bottomed 96-well plates. Etoposide (Sigma), ionomycin
(Sigma), anti-IgM Fab2 antibody fragments (MP

Biomedicals), Roscovitine and Staurosporine (both Cell
Signalling Technologies) were added at the concentrations
indicated in the figures. Cells were harvested and dead cells
stained with 2.5 µg/mL propidium iodide (PI) (Sigma). GFP
and PI were detected using a FACS Calibur. Relative
cell viability was determined by comparison of drug treated
to DMSO treated cells. Assays were performed in
technical triplicates and the experiments carried out three to
five times. The results shown are the mean and standard
deviations of at least three independent experiments.
Experiments with mouse cells were deemed suitable
for inclusion if >70% death was induced in control
pMIG cells.

Cell surface phenotyping

Lymphoma cells were stained with fluorochrome-
conjugated antibodies as detailed in the Supplementary
information. Cells were analysed in a LSRIIW FACS
machine using PI, Ly5.2 staining and forward/side scatter to
identify live lymphoma cells.

Statistical analysis

GraphPad Prism 7.0 software was used for statistical ana-
lyses. An unpaired two-tailed Student’s t test was carried
out to compare the death induced in Wp-restricted BLs to
Latency I BLs in Fig. 1. Unpaired two-tailed Student’s
t tests were carried out to compare the viability of cells
expressing mutant BHRF1 proteins or empty control virus
to cells expressing WT BHRF1 (Figs. 3–5). For these data
sets, we applied the Bonferroni adjustment to account for
the multiple comparisons being performed where each of
the cell lines expressing mutant BHRF1 or carrying the
empty control virus were compared with cells expressing
WT BHRF1 (this equated to a factor of 6 for each of the
bars presented in the graphs in Figs. 3–5). Survival com-
parisons of mouse cohorts were calculated using log-rank
(Mantel–Cox) analysis. Differences were considered sig-
nificant where the p value fell below 0.05 and were clas-
sified as follows: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001,
****p ≤ 0.0001, p > 0.05 ns (not significant).

Recombinant protein expression and isometric
thermal calorimetry

Mutants of BHRF1ΔC31 were generated by strand-overlap
PCR and cloned into pET DUET using BamHI and EcoRI.
WT and mutant BHRF1ΔC31 proteins were expressed,
purified and examined using isothermal titration calorimetry
with human BH3 domain peptides as previously described
[37, 38] and detailed further in the Supplementary
information.
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Results

BLs expressing BHRF1 are resistant to cytotoxic
stimuli that induce apoptosis

Different associations with EBV are observed in the setting
of BL. The majority of EBV-associated BLs display a

Latency I gene expression pattern, characterised by EBNA1
protein expression (Fig. 1a) and the EBER and BART
transcripts [16]. Some BLs, called Wp-restricted BLs,
express a broader panel of latent proteins, including
EBNA1, EBNA3A, 3B, 3C and BHRF1 in the absence of
the oncoproteins EBNA2 and LMP1 because they carry an
EBNA2-deleted virus. Latent BHRF1 is expressed at
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comparatively low levels in Wp-restricted BLs compared
with the levels observed in cells undergoing lytic replica-
tion, which additionally co-express the lytic antigen BZLF1
(demonstrated using induced Akata-BL in Fig. 1a)
[19, 20, 39]. The low levels of BHRF1 found in Wp-
restricted BLs are sufficient to confer significant protection
from apoptotic stimuli [20]. As shown in Fig. 1b, less cell
death was induced in two representative Wp-restricted BL
cell lines compared with two Latency I BL cell lines fol-
lowing exposure to the calcium ionophore, ionomycin and
surface Ig cross linking.

Structural insights into BHRF1

Previously, the binding affinity of C-terminally truncated
BHRF1 for BH3 domains of human cellular pro-apoptotic
BCL-2 family proteins was examined by ITC [37]. BIM-
BH3 was the strongest BHRF1 interactor (18 nM), followed
by the BH3 domains from PUMA, BID and BAK (70, 109
and 150 nM, respectively) and a weak interaction with the
BAX-BH3 domain (1400 nM) was also observed. Using the
crystal structure of the BHRF1:BAK-BH3 peptide complex
[37], key amino acid (aa) residues located in the hydro-
phobic binding groove of BHRF1 that mediate binding to
BH3 domains were mutated to generate a panel of 5 mutants
(F72W, R93D, G99A, R100D and L102I, Fig. 2) (denoted
as WT aa-position-MUT aa). The aim was to generate
BHRF1 mutants with more restricted interaction profiles

than WT BHRF1 for functional analyses in whole cells. The
affinities of the mutant BHRF1 proteins to BH3 domains
from human BIM, PUMA, BID, BAK and BAX were
quantitated by ITC (Supplementary Fig. 2). Compared with
WT BHRF1, the G99A, R100D and F72W BHRF1 mutants
had reduced binding, whereas others had increased binding
to specific cellular pro-apoptotic proteins (e.g. R93D to
BIM, L102I to BIM, PUMA and BID). For some BHRF1
mutants, no binding (denoted NB in Supplementary Fig. 2)
to certain cellular BH3 domains was detectable.

Identifying loss-of-function BHRF1 mutants

To determine the impact of these mutations on BHRF1
function, epitope-tagged WT and mutant forms of BHRF1
were cloned into dox-inducible lentiviral vectors (FTrex-
UTG or FT-UTG) (HA-tagged) and constitutively active
retroviral vectors (pMIG) (FLAG-tagged) (Supplementary
Fig. 1), both of which constitutively co-express GFP. EBV-
negative human BL41 cells were infected with the lentiviral
expression constructs or a control empty vector and cell
lines generated in which the WT or mutant BHRF1 proteins
were expressed at comparable levels (see Fig. 3a for HA-
BHRF1 protein and Supplementary Fig. 3 for GFP levels).

Virus-transduced BL41 cells were treated with diverse
apoptosis-inducing agents and their viability measured.
Representative FACS plots are shown in Fig. 3b. WT
BHRF1-expressing BL41 cells remained highly viable
(>90% GFP-positive/PI-negative), whereas the viability of
cells expressing the G99A mutant BHRF1 protein dropped
to <20% following exposure to ionomycin for 48 h
(Fig. 3b). Results from BL41 cells with all of the mutant
BHRF1 proteins following treatment with etoposide and
ionomycin are summarised in Fig. 3c. Similar results were
obtained for treatment with other cytotoxic stimuli,
including roscovitine and staurosporine (Supplementary
Fig. 4). These experiments revealed that the G99A and
R100D BHRF1 mutants had significantly reduced ability to
protect cells from diverse apoptotic stimuli, whereas the
R93D and L102I BHRF1 mutants protected BL41 cells
from all apoptotic stimuli to levels comparable to or more
than WT BHRF1. Interestingly, the F72W BHRF1 mutant
protected BL41 cells from ionomycin, which acts primarily
through BIM [30], but not from etoposide which kills
through activation of TP53 and concomitant upregulation of
PUMA and NOXA [28].

To independently verify and extend these results, we
utilised cell lines derived from lymphomas of Eµ-Myc
transgenic mice, a model of MYC-driven aggressive B-cell
lymphomas, like BL [27, 40]. Eµ-Myc mice carry a c-MYC
transgene under the control of the Ig heavy chain enhancer,
Eµ, leading to the development of pre-B or sIg+ B-cell
lymphomas. This transgene recapitulates the c-MYC;Ig

Fig. 1 A subset of human BLs harbour EBV in a form of viral latency
that involves expression of BHRF1 and these BLs are protected from
diverse apoptotic stimuli. a Western blotting for EBV latent proteins
EBNA1, EBNA2, LMP1, BHRF1, lytic protein BZLF1 and the cel-
lular protein ACTIN (loading control) in a panel of representative BL
derived cell lines that have different associations with EBV. Included
are EBV-negative BLs (BL41 and BL2), Latency I BLs (Eze-BL and
Sav-BL) that express EBNA1 protein only, and Wp-restricted BLs
(Oku-BL and Sal-BL) that express EBNA1 and BHRF1 (and
EBNA3A, 3B, 3C and truncated EBNA-LP, data not shown). As a
control for western blotting, an LCL (X50-7) was included that
expresses a Latency III pattern of infection, involving expression of
EBNA1, EBNA2, low BHRF1 and LMP1 (plus additionally EBNAs
3A, 3B, 3C and -LP and LMP2s, data not shown). Lytic cycle-induced
Akata-BL (lytic Akata-BL) cells were included as a control for cells
undergoing viral replication and expressing high levels of the
immediate early lytic antigen, BZLF1, and the early antigen BHRF1.
b BL cell lines, Oku-BL and Sal-BL cells, that carry EBV in a Wp-
restricted latency, involving expression of BHRF1, were significantly
more protected from death induced by ionomycin (1 µg/mL) and anti-
IgM Fab2 antibody fragments (5 µg/mL), both analysed after 48 h of
treatment, compared with the Latency I BL cells, Eze-BL and Sav-BL.
Cell death was determined by flow cytometry after staining with
Annexin V and propidium iodide (PI) and cell death induction was
calculated by comparing to control, untreated cells. Data are shown as
the mean and standard deviation of three independent experiments.
Unpaired two-tailed t-tests were performed to assess the significance of
the differences between cells carrying EBV in Wp-restricted latency
and Latency I patterns of infection (****p ≤ 0.0001)
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chromosomal translocation found in human BL patients that
present with later stage germinal centre B-cell-derived
lymphomas. FLAG-tagged WT and mutant BHRF1 pro-
teins were expressed from a retrovirus in an Eµ-Myc
lymphoma-derived cell line (Supplementary Fig. 3). The
statistically significant reductions in viability observed with
certain BHRF1 mutants in the BL41 cells were also
apparent when these BHRF1 mutants were expressed in the
mouse Eµ-Myc lymphoma-derived cell lines (Fig. 3d).

Binding to cellular BIM is not the sole interaction
critical for BHRF1 function

It was reported that the ability of BHRF1 to protect cells
from apoptosis is due solely to its capacity to bind cellular
BIM [41]. To investigate this, we expressed HA-tagged WT
and mutant BHRF1 proteins in the EBV-negative human
BL cell line, BL2, that cannot express BIM due to bi-allelic
deletion of the BIM locus [42] (Fig. 4a). BL2 cell viability
was assessed following treatment with etoposide (50 µM for
24 h) or ionomycin (1 µg/mL for 48 h) (Fig. 4b). Due to the
absence of pro-apoptotic BIM, the overall amount of killing
was reduced in BL2 cells when treated with etoposide or
ionomycin. Nevertheless, BL2 cells expressing WT BHRF1
were significantly more protected from the cytotoxic insults
applied than BL2 cells carrying the control lentivirus

(Fig. 4b). These results were independently verified in
mouse Eµ-Myc;BimKO lymphoma-derived cell lines
expressing FLAG-tagged WT BHRF1 (Fig. 4c). Here, the
protection conferred by WT BHRF1 to etoposide and
ionomycin was highly statistically significant compared to
cells carrying the control retrovirus.

In these BIM-deficient human and mouse cell lines, the
BHRF1 mutants gave a trend of protection that was similar
to that observed in the BL41 and wt Eµ-Myc lymphoma-
derived cell lines but which just missed statistical sig-
nificance for some BHRF1 mutants (Fig. 4b, c). This is
likely because of the reduced amount of induced cell death
in BIM-deficient cells and also the stringency of the Bon-
ferroni adjustment that was used to correct for multiple
comparisons. These results using multiple drugs in two
independent cell systems indicate that BHRF1 does not
function solely through binding and inhibiting pro-apoptotic
BIM and that the loss-of-function observed for some
BHRF1 mutants is not solely a reflection of their inability to
bind and inhibit BIM.

BHRF1 protects from apoptotic stimuli in the
absence of key cellular pro-apoptotic proteins

To determine whether interaction with a different cellular
pro-apoptotic protein was essential for BHRF1 pro-survival
function, the WT and mutant BHRF1 proteins were
expressed in Eµ-Myc;BakKO and Eµ-Myc;PumaKO mouse
lymphoma-derived cell lines. WT BHRF1 significantly
protected cells from both drugs in the absence of either
BAK or PUMA (Fig. 5a, b).

The overall pattern of protection afforded by the BHRF1
mutants was the same in the Eµ-Myc;BakKO lymphoma cells
as in the BL41 cells and the WT Eµ-Myc lymphoma cells
(Fig. 5a). In the Eµ-Myc;PumaKO lymphoma cells the
R93D, L102I, G99A and R100D mutant BHRF1 proteins
behaved in a similar manner to previously, although the
ionomycin treatment results for G99A and R100D BHRF1
proteins were trends that just missed statistical significance,
p= 0.07 for both mutants (Fig. 5b). Interestingly, in the
absence of PUMA the F72W BHRF1 mutant protected from
both ionomycin- and etoposide-induced apoptosis. This
suggests this mutant cannot bind sufficient PUMA, and so
can only protect from DNA-damaging drugs when this
major TP53 driven initiator of apoptosis is absent and
instead apoptosis must be mediated by NOXA and/or, in a
TP53-independent manner, through BIM [30]. This finding
identifies aa72 in BHRF1 as essential to protect from DNA-
damage induced, PUMA-mediated apoptosis.

To directly examine the ability of the BHRF1 mutants to
interact with cellular pro-apoptotic BCL-2 family proteins,
we performed Co-IP experiments in the mouse Eµ-Myc
lymphoma cells under unstressed conditions using two

Fig. 2 Structural insights into BHRF1. Structure of BHRF1 protein
bound to the BH3 peptide of human BIM as determined by X-ray
diffraction (Protein Data Bank Accession number 2WH6). Amino acid
residues selected for mutation are highlighted in colour on the grey
protein surface and labelled in black
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different lysis buffers containing either Triton X-100 (Fig. 5
and Supplementary Fig. 5) or CHAPS (Supplementary
Fig. 6), to account for detergent-induced conformational

changes that may affect the results [43]. Consistent with the
ITC data, interactions were observed between WT BHRF1
and murine BIM, tBID and PUMA (Fig. 5c and in an

Fig. 3 Analysis of mutant
BHRF1 proteins in human BL
cells and mouse Eµ-Myc
lymphoma cell lines. a Western
blots showing expression of
HA-tagged WT or mutant
BHRF1 proteins expressed from
a dox-inducible lentiviral vector
in EBV-negative BL41 cells.
Probing for ACTIN was used as
a loading control.
b Representative FACS plots
showing staining for GFP
(expressed from the lentiviral
vector that also encodes the WT
or mutant BHRF1 proteins) and
PI in BL41 cells expressing
either HA-tagged WT BHRF1 or
the loss-of-function mutant
G99A BHRF1 protein, before
and after treatment with
ionomycin (1 µg/mL, analysed at
48 h). c Viability of BL41 cells
expressing HA-tagged WT or
mutant BHRF1 proteins
following treatment with
etoposide (50 µM) for 24 h or
ionomycin (1 µg/mL) for 48 h.
Results are expressed relative to
untreated cells and represent the
mean and standard deviation of
triplicate experiments.
d Viability of murine Eµ-Myc
lymphoma cell lines expressing
FLAG-tagged WT or mutant
BHRF1 proteins constitutively
from a retrovirus following 24 h
treatment with etoposide (0.2 µg/
mL) or ionomycin (2.5 µg/mL).
Results are expressed relative to
untreated cells and represent the
mean and standard deviation of
triplicate experiments. For c and
d, unpaired two-tailed t-tests
were performed and a
Bonferroni adjustment of 6
applied to calculate the
significance of the observed
differences between cells
expressing mutant forms of
BHRF1 or negative controls
(empty vector transduced cells)
compared with those expressing
WT BHRF1 protein; *p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001
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independent cell line in Supplementary Fig. 5) when the
cells were lysed with buffer containing Triton X-100. With
this buffer, we were unable to detect an interaction between

BHRF1 and BAK, even when the cells were treated with
apoptotic stimuli in the presence of the pan-caspase inhi-
bitor, QVD-OPh (data not shown). However, when the

Fig. 4 Analysis of mutant
BHRF1 proteins in BIM-
deficient human BL cells and
mouse Eµ-Myc lymphoma cell
lines. a Western blots showing
expression of HA-tagged WT or
mutant BHRF1 proteins
expressed from a dox-inducible
lentiviral vector in the EBV-
negative BL2 cells that naturally
do not express the BH3-only
protein BIM. BL41 and Sav-BL
cells act as positive controls for
BIM expression. Probing for
ACTIN was used as a loading
control. b Viability of BL2 cells
expressing WT or mutant
BHRF1 proteins after treatment
with etoposide (50 µM) for 24 h
or ionomycin (1 µg/mL) for 48
h. Results are expressed relative
to untreated cells and represent
the mean and standard deviation
of triplicate experiments
c Viability of murine Eµ-Myc;
BimKO lymphoma cells
expressing FLAG-tagged WT or
mutant BHRF1 proteins from a
constitutively active retrovirus
after treatment with etoposide
(0.2 µg/mL) or ionomycin
(2.5 µg/mL) for 24 h. Results are
expressed relative to untreated
cells and represent the mean and
standard deviation of triplicate
experiments, or five experiments
for ionomycin treatment of Eµ-
Myc;BimKO variants. For b and
c, unpaired two-tailed t-tests
were performed and a
Bonferroni adjustment of 6
applied to calculate the
significance of the observed
differences between cells
expressing mutant BHRF1
proteins or negative control
(empty vector transduced cells)
compared with cells expressing
WT BHRF1 protein; *p ≤ 0.05,
**p ≤ 0.01, ***p ≤ 0.001
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Co-IPs were performed with a buffer containing 1%
CHAPS, WT and all mutant BHRF1 proteins showed
similar binding to BAK (Supplementary Fig. 6).

In terms of differential binding to cellular BCL-2 family
proteins by the BHRF1 mutants, the potent apoptosis pro-
tector, R93D mutant BHRF1, displayed equivalent or
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greater binding to murine BIM, PUMA and tBID than WT
BHRF1. For the loss-of-function BHRF1 mutants, G99A
and R100D, very little binding to BIM (although slightly
more BIM binding was seen with the R100D than the G99A
BHRF1 mutant; Supplementary Fig. 5), and no binding to
PUMA or tBID was detected. For the L102I BHRF1
mutant, binding to BIM, PUMA and tBID was evident, but
there was evidence that the binding to BIM was reduced
compared with WT BHRF1 when buffers containing Triton
X-100 were used (Fig. 5 and Supplementary Fig. 5).
Interestingly, for the F72W BHRF1 mutant, binding to BIM
was observed (relatively more binding of F72W mutant
BHRF1 to BIM was observed with CHAPS buffer than with
Triton X-100 buffer (Supplementary Fig. 6)), but no bind-
ing to PUMA or tBID was detected (Fig. 5). The lack of
binding to PUMA is consistent with the finding that the
F72W BHRF1 mutant cannot protect from DNA-damage-
induced apoptosis.

Discrepancies were observed between the interactions
predicted by ITC (Supplementary Fig. 2) and the results
seen by Co-IP (Fig. 5 and Supplementary Figs. 5 and 6).
This is likely due to the fundamental differences in the
approaches. ITC relies on using exogenously titrated BH3
peptides (rather than proteins), whereas Co-IP studies
examine interactions with endogenous BCL-2 family
members in whole cell lysates, where at least some of these
proteins may be localised on the mitochondrial outer
membrane. In addition, some proteins, e.g. BAK, must
undergo significant structural changes to bind to pro-
survival BCL-2 proteins [44]. Finally, ITC measurements

examine particular interactions in isolation, whereas inter-
actions interrogated by Co-IP in a cellular context are
subject to competition, with multiple BH3-only proteins as
well as primed BAX and BAK available for binding.

Impact of BHRF1 mutations on MYC-induced
lymphoma development

To investigate the impact of WT and mutant forms of
BHRF1 on MYC-driven lymphoma development, Eµ-Myc
transgenic HSPCs were infected in vitro with the retro-
viruses described above and injected into lethally irradiated
congenic mice (Fig. 6a). These mice were monitored for
signs of lymphoma by visual examination and elevated
white blood cell counts in the peripheral blood (Supple-
mentary Fig. 7A), and Kaplan–Meier survival curves plot-
ted (Fig. 6b). As for cellular pro-survival BCL-2 proteins
[45], enforced expression of WT BHRF1 in Eµ-Myc HSPCs
substantially accelerated lymphoma development compared
with control mice injected with Eµ-Myc HSPCs infected
with a control retrovirus (median latency 52 days (WT
BHRF1) compared with 206 days (pMIG), **p= 0.006).
Interestingly, the R93D BHRF1 mutant accelerated lym-
phoma development to an even greater extent than
WT BHRF1 (median latency of 31 days, R93D versus WT
***p= 0.0003). Only the G99A BHRF1 mutant did not
significantly accelerate MYC-driven lymphoma develop-
ment. Unexpectedly, the R100D BHRF1 mutant did
accelerate MYC-driven lymphoma development (median
survival 67 days) compared with pMIG controls, despite its
inability to protect cells from apoptotic stimuli in vitro. In
addition, the F72W BHRF1 mutant also accelerated lym-
phoma development (median survival 49 days, pMIG ver-
sus F72W BHRF1 **p= 0.007) to a similar extent as WT
BHRF1, despite being unable to protect cells from DNA-
damage-induced apoptosis in vitro and having only poor
binding to PUMA.

The lymphoma immunophenotypes were determined by
staining with antibodies to the B-cell markers CD19, B220,
IgM and IgD and flow cytometric analysis (Fig. 6c).
Lymphomas from mice injected with Eµ-Myc HSPCs
infected with control pMIG retrovirus or retroviruses
expressing the functionally inactive G99A and R100D
BHRF1 mutants were mostly of B-cell origin (B220+,
CD19+and either IgM+ or IgM−) (Fig. 6c). Interestingly,
lymphomas that arose from the Eµ-Myc HSPCs expressing
WT BHRF1 or the BHRF1 mutants that could fully protect
against ionomycin (R93D, F72W, L102I) instead exhibited
a progenitor cell phenotype (B220+, CD19−). This shift to
immature progenitor cell lymphomas was previously
observed when Eµ-Myc-induced lymphomagenesis was
accelerated by the expression of cellular pro-survival pro-
teins (e.g. BCL-2, MCL-1) [45–47]. Western blotting

Fig. 5 Analysis of WT and mutant BHRF1 proteins in mouse Eµ-Myc
lymphoma cell lines deficient in key interacting pro-apoptotic BCL-2
family proteins. a Viability of mouse Eµ-Myc;BakKO lymphoma cells
expressing FLAG-tagged WT or mutant BHRF1 proteins from a con-
stitutively active retrovirus after treatment with etoposide (0.2 µg/mL)
or ionomycin (2.5 µg/mL) for 24 h. Results are expressed relative to
untreated cells and represent the mean and standard deviation of tri-
plicate experiments or four experiments for ionomycin treatment of
Eµ-Myc;BakKO variants. b Viability of mouse Eµ-Myc;PumaKO lym-
phoma cells expressing FLAG-tagged WT or mutant BHRF1 proteins
from a constitutively active retrovirus after treatment with etoposide
(0.2 µg/mL) or ionomycin (2.5 µg/mL) for 24 h. Results are expressed
relative to untreated cells and represent the mean and standard
deviation of triplicate experiments. Unpaired two-tailed t-tests were
performed and a Bonferroni adjustment of 6 applied to calculate
the significance of the observed differences in a and b data sets
between cells expressing mutant BHRF1 proteins or empty vector
(pMIG) compared with cells expressing WT BHRF1; *p ≤ 0.05, **p ≤
0.01, ***p ≤ 0.001. c Western blots showing expression of the
cellular pro-apoptotic BH3-only proteins BIM, BID and PUMA in co-
immunoprecipitations with FLAG-tagged WT or mutant BHRF1
proteins (left panels) and whole cell inputs (right panels). Probing
for FLAG-tagged BHRF1 served as a control for the co-
immunoprecipitation samples (left) and probing for FLAG-tag-
ged BHRF1 and HSP70 served as loading controls for the input
samples (right)
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revealed that the expression levels of the mutant BHRF1
proteins in the lymphoma cells inversely correlated with
their ability to protect from DNA-damage-induced cell

death in vitro; BHRF1 R93D was expressed at the lowest
levels, and BHRF1 R100D, G99A and F72W at the highest
levels (Fig. 6d).
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The results generated with the R100D BHRF1 mutant
were intriguing. This mutant could not significantly protect
lymphoma cells from apoptosis in vitro, but could sig-
nificantly accelerate MYC-driven lymphoma development
in vivo, and yet the lymphomas retained the B-cell pheno-
type characteristic of control lymphomas carrying pMIG.
Some mice transplanted with Eµ-Myc HSPCs expressing
R100D mutant BHRF1 presented with unusually large
lymph nodes (Supplementary Fig. 7B), however, the sig-
nificance of this remains unclear.

Since Trp53 mutations are potently selected for in Eµ-
Myc lymphomas (~20–30%) and loss of WT TRP53 func-
tion dramatically accelerates MYC-driven lymphoma
development [48, 49], we investigated the incidence of
Trp53 mutations in the lymphomas by western blotting for
expression of a stabilised mutant TRP53 protein and/or high
levels of p19ARF, indicative of Tp53 mutation/loss [50, 51]
(Fig. 6d and Supplementary Fig. 7C). Two from four pMIG
control lymphomas showed evidence of Trp53 mutation,
whereas lymphomas expressing functional BHRF1 protein
(WT, R93D, L102I and F72W BHRF1) showed no evi-
dence of Trp53 mutations. Interestingly, many of the lym-
phomas expressing R100D BHRF1 showed relatively high
expression of TRP53 and/or p19ARF proteins, but sequen-
cing of exons 4-11 of Trp53 did not reveal mutations.
Human BL cell lines have high rates (up to 70%) of TP53
mutations [52, 53] but, strikingly we found that TP53 was

not mutated in the BL cell lines we examined, Sal-, Oku-
and Ava-BL, that naturally express BHRF1 (Fig. 6e). Col-
lectively, these findings indicate that expression of BHRF1
relieves the pressure to mutate TP53 during MYC-driven
lymphomagenesis.

Discussion

Although BL is regarded as highly curable, survival for
patients in resource-poor settings, those of older age or with
higher stage or refractory disease can be extremely poor
[54–56], prompting efforts to discover novel vulnerabilities
in these tumours to exploit therapeutically. In this regard, a
subset of aggressive BLs encode the EBV protein BHRF1, a
vBCL-2 protein, which in in vitro experiments confers
broad spectrum chemoresistance [20]. That BHRF1 is a
bone fide therapeutic target for this subset of aggressive
BLs was indicated by a previous study reporting a peptide,
called BINDI, which specifically targeted BHRF1 and
inhibited lymphoma growth in a xenograft model of BL
[57]. Therefore, a BH3-mimetic targeting viral
BHRF1 should be therapeutically beneficial for some BLs
and is predicted to be well tolerated since it should only kill
virally infected cells, thereby circumventing the on-target
toxicities associated with the BH3-mimetic drugs that target
cellular pro-survival BCL-2 proteins, such as navitoclax
(ABT-263) [24, 25, 58].

Whilst there is compelling evidence supporting the need
for a vBCL-2-specific BH3-mimetic drug, progress has
been limited by a lack of clear understanding of how
BHRF1 interacts with the cellular apoptotic machinery to
achieve potent protection from cell killing. It has been
reported that BHRF1 protects from apoptosis solely through
inhibition of the cellular pro-apoptotic BH3-only protein
BIM [41]. However, our data show that BHRF1 protects
BIM-deficient human and murine lymphoma-derived cell
lines and mouse lymphoma-derived cell lines deficient for
PUMA, BID or BAK, from diverse cytotoxic insults. These
findings indicate that a key feature of how BHRF1 functions
to protect from apoptosis is its ability to bind multiple pro-
apoptotic proteins, and that all of these interactions play a
role. The observation that the R100D BHRF1 mutant can
accelerate MYC-driven lymphomagenesis despite con-
ferring minimal protection from apoptosis in vitro may
indicate that only a low threshold level of interaction with
cellular BH3-only proteins is required for BHRF1 to
counter cell death in vivo and thereby promote lympho-
magenesis. In BLs that express BHRF1, the virally encoded
EBNA3 proteins are reported to repress BIM expression
[19], and therefore BHRF1 could further contribute to
chemoresistance by inhibiting other cellular initiators and
mediators of apoptosis. This likely indicates that all of these

Fig. 6 Comparing the ability of WT BHRF1 versus mutant forms of
BHRF1 to accelerate Eµ-Myc-driven lymphoma development and
analysis of the lymphomas that arise in the mice. a Schematic of the
experimental procedure. Foetal liver cells, a rich source of HSPCs,
from embryonic day 14.5 (E14.5) Eµ-Myc transgenic C57BL/6-Ly5.2+

mice were infected with a control pMIG retrovirus or retroviruses
expressing FLAG-tagged WT or mutant forms of BHRF1. These
infected HSPCs were cultured in medium supplemented with cytokines
and then injected into the tail vein of lethally irradiated (2 × 5.5 Gy, 3 h
apart) C57BL/6-Ly5.1+ recipient mice. b Kaplan–Meier survival
curves of C57BL/6-Ly5.1+ mice injected with the Eµ-Myc HSPCs
infected with retroviruses expressing pMIG, WT BHRF1 or mutant
forms of BHRF1; n= 7 mice in each cohort. The median latencies of
lymphoma development for the different BHRF1 expression vectors are
listed in the table. The survival curves of the mice transplanted with Eµ-
Myc HSPCs expressing mutant BHRF1 proteins were statistically
compared with the control pMIG and WT BHRF1 cohort survival
curves using a Mantel–Cox test. WT BHRF1 and all BHRF1 mutants,
with the exception of G99A mutant BHRF1, statistically significantly
accelerated Eµ-Myc-driven lymphoma development compared with
mice injected with Eµ-Myc HSPCs expressing pMIG alone. The mice
injected with the Eµ-Myc HSPCs expressing the BHRF1 mutants R93D
and L102I displayed significantly accelerated lymphoma development
compared with mice injected with the Eµ-Myc HSPCs expressing WT
BHRF1 (R93D BHRF1*** and L102I BHRF1*). c Immunopheno-
typing of the Eµ-Myc lymphomas arising in the different recipient mice,
as described in a and b. d Western blotting to measure expression of
FLAG-tagged BHRF1, TRP53 and P19ARF in lymphomas from the
spleens or lymph nodes of the recipient mice. Probing for ACTIN was
used as a loading control. e Summary of TP53 status in Wp-restricted
human BL cell lines that express latent BHRF1
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interactions need to be inhibited to suppress the function of
BHRF1 in a therapeutic setting. This should be feasible
given that BH3-mimetic drugs targeting BCL-2, BCL-XL
or MCL-1 inhibit all their interactions with pro-apoptotic
BH3-only proteins, as well as the apoptosis effectors BAX
and BAK [59–61]. However, a different interpretation of the
results observed with the R100D BHRF1 mutant is that
BHRF1 may interact with other, yet to be identified, cellular
proteins involved in cell fates and that these interactions are
more important in an in vivo setting. This could impact the
potential effectiveness of a BH3-mimetic drug that specifi-
cally targets the BH3-binding groove of BHRF1.

We identified a mutant form of BHRF1 with enhanced
capability to accelerate MYC-driven lymphoma develop-
ment. In addition, we identified two amino acids (G99 and
R100) in BHRF1 that are critical for its anti-apoptotic
function following diverse cytotoxic stimuli. These residues
are highly conserved in cellular pro-survival BCL-2 family
proteins and are therefore likely to be poor areas of the
protein to target when designing a BHRF1-selective drug
[62]. More attractive from a drug design perspective is the
phenylalanine (F) residue at aa72 of BHRF1, which is not
conserved in other pro-survival BCL-2 proteins [63, 64].
Mutating this residue to tryptophan abolished the ability of
BHRF1 to protect lymphoma cells from DNA-damaging
agents that kill through TP53-mediated transcriptional
upregulation of PUMA and NOXA [65]. Importantly, pro-
tection from ionomycin, which primarily kills through
induction of BIM [30], was retained, proving that the F72W
mutant BHRF1 protein is folded and active. Experiments in
PUMA-deficient cells confirmed that the F72 residue in
BHRF1 is critical for its interaction with this cellular pro-
apoptotic BH3-only protein. Consequently, the region sur-
rounding F72 within BHRF1 could be targeted specifically
with novel BH3-mimetics to sensitise lymphoma cells to
DNA-damaging chemotherapeutics.

Having characterised the key cellular interactions
important for BHRF1 to confer protection from che-
motherapeutic drugs in established lymphomas, we inves-
tigated if BHRF1 expression could contribute to the early
stages of malignant transformation. Using a HSPC recon-
stitution model of MYC-driven lymphomagenesis we found
that BHRF1, like the cellular anti-apoptotic BCL-2 proteins,
potently synergises with MYC to drive lymphoma devel-
opment. Interestingly, the resulting lymphomas had a pro-
genitor cell phenotype (B220pos, CD19/IgM/IgDneg) rather
than the classical pre-B or B-cell phenotype [45–47], sug-
gesting that BHRF1 can potently block cell death associated
with aberrant c-MYC expression, permitting uncontrolled
proliferation of nascent neoplastic cells driving rapid lym-
phoma development.

These in vivo experiments using BHRF1 mutants pro-
vided interesting insights into the complementing cellular

drivers of MYC-driven lymphoma development. It is
reported that two pathways, one regulated by BIM and the
other by TP53-mediated induction of PUMA and NOXA,
can suppress MYC-induced lymphomagenesis [48, 66, 67].
The data generated using the different BHRF1 mutants
support this notion. BHRF1 mutants that could potently
bind BIM (e.g. R93D BHRF1) led to the most accelerated
lymphoma development. MYC-driven lymphomas fre-
quently harbour mutations in TP53; ~20% of mouse Eµ-
Myc lymphomas [48], ~70% of human BL cell lines and
~20% of BL biopsies [52, 53]. Interestingly, BLs that
naturally express BHRF1 retain a WT TP53 gene and all
Eµ-Myc lymphomas that arose from the HSPCs expressing
WT or fully functional BHRF1 mutants expressed WT
TRP53. This suggests that BHRF1 expression relieves the
selection pressure for MYC-driven lymphoma cells to
acquire mutations in Tp53 (and potentially other genes)
possibly through binding and inhibiting the pro-apoptotic
proteins PUMA and BIM. This supports the proposition that
therapeutic targeting of BHRF1 using novel BH3-mimetics
alongside conventional chemotherapeutic drugs that act (in
part) through TP53 by inducing the expression of PUMA,
NOXA and indirectly also BIM, may be a promising ther-
apeutic approach for these lymphomas.
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