Downloaded from https://www.pnas.org by DKFZ-HGF on November 3, 2022 from | P address 146.107.8.161.

MICROBIOLOGY

PNAS

Check for
updates

EBNA2-EBF1 complexes promote MYC expression and
metabolic processes driving S-phase progression of

Epstein-Barr virus-infected B cells

Sophie Beer®’, Lucas E. Wange®@®, Xiang Zhang?
Antonio Scialdone“®¢, and Bettina Kempkes®'

, Cornelia Kuklik-Roos?, Wolfgang Enard®, Wolfgang Hammerschmidt®®,

Edited by Patrick Moore, UPMC Hillman Cancer Center, Pittsburgh; received January 24, 2022; accepted June 2, 2022

Epstein-Barr virus (EBV) is a human tumor virus which preferentially infects resting
human B cells. Upon infection in vitro, EBV activates and immortalizes these cells. The
viral latent protein EBV nuclear antigen 2 (EBNA2) is essential for B cell activation and
immortalization; it targets and binds the cellular and ubiquitously expressed DNA-
binding protein CBF1, thereby transactivating a plethora of viral and cellular genes. In
addition, EBNA2 uses its N-terminal dimerization (END) domain to bind early B cell
factor 1 (EBF1), a pioneer transcription factor specifying the B cell lineage. We found
that EBNA2 exploits EBF1 to support key metabolic processes and to foster cell cycle
progression of infected B cells in their first cell cycles upon activation. The ol-helix
within the END domain was found to promote EBF1 binding. EBV mutants lacking
the atl-helix in EBNA2 can infect and activate B cells efficiently, but activated cells fail
to complete the early S phase of their initial cell cycle. Expression of MYC, target genes
of MYC and E2F, as well as multiple metabolic processes linked to cell cycle
progression are impaired in EBVA«1-infected B cells. Our findings indicate that EBF1
controls B cell activation via EBNA2 and, thus, has a critical role in regulating the cell
cycle of EBV-infected B cells. This is a function of EBF1 going beyond its well-known
contribution to B cell lineage specification.

Epstein-Barr virus | B cell activation | MYC expression | transcription factor | RNA sequencing

Epstein-Barr virus (EBV) is a y-herpesvirus which is associated with diverse malignan-
cies such as nasopharyngeal and gastric carcinoma, posttransplant lymphoproliferative
disease, Burkitt lymphoma, and diffuse large B cell, Hodgkin, natural killer, and T cell
lymphomas (1). In addition, EBV primary infection in adolescence frequently causes
infectious mononucleosis. There is mounting epidemiological evidence that latent EBV
infection precedes and is a prerequisite for the development of multiple sclerosis (2, 3).
Like other herpesviruses, EBV switches between lytic infection to produce infectious
virus and latent infection to maintain a lifelong persistent reservoir in the infected host.
EBV can infect epithelial and lymphoid cells, but the viral reservoir of EBV in vivo is
nonproliferating memory B cells. To reach this long-lived B cell compartment, the
virus initially infects resting human B cells, activates these, and drives their prolifera-
tion. This process is considered the essential step to initiate persistent infection in vivo.
It can be studied in short-term and long-term cell culture infection models and is
referred to as B cell immortalization (4). It requires the timely expression and collabo-
rative action of a group of nuclear viral proteins termed EBV nuclear antigens (EBNAs;
specifically, EBNAL, 2, 3A, 3B, 3C, and EBNA-LP), as well as a group of latent mem-
brane proteins (LMPs) termed LMP1 and LMP2.

EBNA?2 initiates the immortalization process by directly and immediately activating
cellular target genes, including the cellular proto-oncogene MYC (5), as well as by acti-
vating certain viral promoters. Several studies have demonstrated that mutant EBVs
devoid of EBNA2 cannot immortalize primary human B cells (6-10). Most recently, a
panel of viral mutants, deficient for the expression of single latent genes, has been stud-
ied during the early phase of the immortalization process. Apart from EBV devoid of
EBNA2, all other EBV mutants efficiently supported cell cycle activation (11). This
finding highlights the essential role of EBNA2 to initiate the complex process of B cell
immortalization.

EBNA2 is a transcription factor that uses cellular, sequence-specific DNA-binding pro-
teins as DNA anchors, since it does not bind DNA directly. EBNA2’s long-known
anchor protein is CBF1, a sequence-specific DNA-binding factor which is highly con-
served and ubiquitously expressed. EBNA2 mutants incapable of CBF1 binding fail to
immortalize B cells in vitro (12). Chromatin immunoprecipitation (ChIP) studies map
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EBNA2 binding to B cell-specific super enhancers, which are
present in primary resting B cells prior to infection (13, 14). Due
to the ubiquitous expression of CBF1 in all human cells, it does
not confer B cell specificity to EBNA2. Early B cell factor 1
(EBF1) is another DNA-binding protein associated with EBNA2
(15). Interestingly, EBF1 and CBF1 frequently co-occupy high-
affinity EBNA2-binding sites, and EBNA2 can enhance EBF1
and CBF1 signal intensities, as demonstrated by ChIP sequencing
experiments. This indicates that EBNA2 not only uses transcrip-
tion factors as DNA anchors but also influences transcription-
factor densities at enhancer and superenhancer sites in B cells
(16, 17). The EBNA2 N-terminal dimerization (END) domain
forms a dimeric globular structure (18). EBF1 promotes the
assembly of EBNA2 chromatin complexes in B cells, and the
END domain is sufficient to mediate the interaction between
EBNA2 and EBF1 (15). The binding site for CBF1 maps to
a central region encompassing residues 318 through 327 of
EBNA2 and does not involve the END domain (19). CBF1 is not
required for EBNA2-EBF1 complex formation (15). In addition,
the transcription factor PU.1 is an EBNA2-associated protein (20)
that binds to regulatory chromatin sites controlled by EBNA2.

The pioneer factor EBF1 can open chromatin and control B
cell-specific gene expression, and it triggers MYC expression and
proliferation during mouse early B cell development (21, 22). In
addition, EBF1 is required for the generation and survival of dis-
tinct mature mouse B cell populations and their proliferation in
response to activating signals (23, 24). To date, the function of
EBF1 in primary human B cells has not been studied, to our
knowledge. In human cell lines, EBF1 expression strongly corre-
lates with transcription of hallmark B cell genes, confirming that
EBF1 defines B cell identity in the human system as well.
Whether human EBF1 controls B cell proliferation could not be
studied in the respective cell-culture model systems (25, 26).

We have previously presented the three-dimensional structure
of the END domain. The 58-amino acid residue END domain
forms a compact homodimer, which is stabilized by a hydro-
phobic interface between the two monomers. While interface
mutants displayed impaired dimerization, mutagenesis of selected
amino acid residues exposed on the hydrophilic surface, H15 and
the al-helix, impaired EBNA2 transactivation without affecting
dimerization or binding of CBF1 (18). The goal of this study
was to characterize the specific functional impact of EBFI on the
activity of EBNA2 by reverse genetics. Here, we show that an
EBNA2 al-helix deletion mutant (EBNA2A«l) did not form
complexes with EBF1 but bound perfectly well to chromatin
regions known to tether EBNA2 via CBF1. EBV mutants carry-
ing the al-helix deletion in EBNA2 (EBVAal) infected and
activated primary B cells, but cell cycle progression was severely
compromised, and most cells arrested in the early S phase. Long-
term cultures of EBVAal-infected B cells could only be
expanded by continuous CD40 stimulation, indicating that
EBF1 is absolutely required to maintain B cells in their EBV-
driven immortalized state. RNA-sequencing experiments revealed
that EBVAal poorly activated MYC and gene sets known to be
targets of MYC and E2F, and failed to promote metabolic pro-
cesses linked to cell cycle progression; thus explaining the failure
of EBVAa1 to immortalize primary B cells.

RESULTS

EBNA2-EBF1 Complex Formation Requires the END Domain with
Its a1-Helix. To test if the END domain interacts with PU.1 or
CBF1, we performed GST pull-down assays using either the
END domain or a C-terminal fragment of EBNA2 as a bait
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(Fig. 1 A and B). Unlike EBF1, the transcription factor PU.1
did not bind to the END domain but bound a C-terminal frag-
ment of EBNA2 (246 through 487) (Fig. 10) as reported
before (20). The interaction of CBF1 has been mapped to
EBNA2 residues 318 through 327 (Fig. 14) (19) and could be
confirmed by GST pull down with the C-terminal fragment of
EBNA2 (246 through 487) (Fig. 1D). To identify critical
regions within the END domain, we investigated mutants of
the END domain in GST pull-down assays with EBF1 con-
taining whole-protein lysates. The single amino acid mutant
HI15A and a deletion of the al-helix (E2Aal) were analyzed
(Fig. 1E). While the H15A missense mutant retained most of
its EBF1 binding, the END domain mutant lacking the al-
helix (E2Aal) failed to bind EBF1 (Fig. 1£).

EBVAa1 Activates Primary B Cells but Does Not Cause Long-Term
Proliferation of Infected Cells. The immortalization of B cells is a
complex muldstep process. The key function of EBNA2 in the
infected B cell is the activation of a cascade of primary and sec-
ondary target genes that ultimately drive the proliferation of
infected cells. While infection of B cells does not require EBNA2,
all subsequent steps including activation and cell cycle progression
require the continuous presence of the EBNA2 protein (10). To
study the impact of EBNA2-EBF1 complex formation on B cell
immortalization, we established a recombinant EBV derivative
with a deletion of the al-helix in the END domain, termed
EBVAal, and used it to infect primary human B cells. To exam-
ine B cell activation and the expansion of the cultures, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide (MTT)
assays were performed on day 0 prior to infection and on days 2,
4, 6, and 8 postinfection (Fig. 24). On day 2 postinfection, MTT
conversion of wild-type EBV (EBVwt)- and EBVAal-infected
cell cultures was similar and modestly increased, indicating that
these B cells were activated, compared with noninfected control
cultures. Starting at day 4 postinfection, MTT conversion of
EBVwt-infected cells gradually increased, reflecting the increase of
total viable cells. In contrast, MTT conversion of EBVAal-
infected B cells remained constant at low levels, indicating that
these cells remained viable for at least 8 d, but the cultures did
not expand. To further characterize the proliferation defect of
EBVAal-infected B cells, we analyzed the cell cycle phase dis-
tribution by bromodeoxyuridine (BrdU) incorporation and
7-amino-actinomycin D staining of total DNA followed by flow
cytometry (Fig. 2B-D). Our gating strategy discriminated among
GO0/G1 (BrdU negative/DNA = 2N), early S (BrdU medium/
DNA = 2N), advanced S phase (BrdU high/DNA > 2N), and
G2/M phase (BrdU low/DNA > 2N) (Fig. 2B). BrdU incorpora-
tion was detected as early as 2 d postinfection. EBVwt-infected B
cells progressed through the S phase and G2/M within 4 d and
continued to cycle as expected (27). In contrast, EBVAal-
infected cells incorporated BrdU at low levels and maintained this
state for at least 8 d, but cells were mostly arrested in GO/G1 and
early S and barely advanced further (Fig. 2C and D). Apoptotic
cells accumulated in both EBVwt- and EBVAal-infected cultures
but were more pronounced in EBVAa1-infected cultures.

CD40 Activation Rescues Long-Term Proliferation of EBVAa1-
Infected B Cells. Primary human B cells proliferate in response
to CD40 activation in the presence of interleukin-4 (IL-4) (28).
CDA40 is a costimulatory receptor on the surface of B cells which
is triggered by CD40 ligands (CD40L) on helper T cells to acti-
vate canonical and noncanonical NFkB signaling, STAT5 phos-
phorylation, and p38, AKT, and JNK activation (29). Together,

these signals resemble, in many aspects, the constitutive signaling
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Fig. 1. The al1-helix on the surface of the END binds EBF1. (A) Schematic representation of functional EBNA2 modules: the END domain (blue) with positions
of the a1-helix (amino acid residues 35 through 39; red) and histidine 15 (H15; turquoise), N- and C-terminal transactivation domains (N-TAD and C-TAD,
respectively), two dimerization domains (DIM1 and DIM2), and an adaptor region that confers DNA binding via the CBF1 protein. The CBF1 binding region is
indicated in orange. The PU.1 binding region is indicated in green. (B) NMR structure of the END domain homodimer, H15 (turquoise), and a1-helix (red). (C
and D) GST pull-down experiments and (C) GST-END or (D) C-terminal half (amino acid residues 246 through 487) of EBNA2 (GST-E2). Whole-cell lysates of
DG75 cells were incubated with GST-EBNA2 fusion proteins purified from Escherichia coli: the C-terminal half (amino acid residues 246 through 487) of
EBNA2 (GST-E2), END domain (GST-END), or GST. (C) Western blot using PU.1-, CBF1-, or GST-specific antibodies. (D) Western blot using PU.1- or EBF1-
specific antibodies. () GST pull-down experiments with the END domain and EBF1. Whole-cell lysates of DG75 cells transfected with an EBF1 expression
plasmid (+) or an empty vector control (—) were incubated with GST-END fusion proteins purified from E. coli: wild-type END (GST-END), END-H15A missense
mutant (GST-H15A), END a1-helix deletion mutant proteins (GST-Aa1), or GST. GAPDH served as a loading control for input lysates.

of the viral LMP1 protein in EBV-infected B cells and are criti-
cal for the survival of lymphoblastoid cell lines (LCLs) evolving
from EBV-infected primary B cells in vitro (30). To study the
phenotypes of long-term EBVAal-infected B cell cultures
(LCLA«l) and to establish them for further biochemical analy-
ses, EBVwt- and EBVAal-infected B cells were cultivated in the
presence or absence of CD40L-positive murine feeder cells in
the absence of IL-4 (31). In contrast to Banchereau et al. (28),
our model did not require IL-4 stimulation. Noninfected B cells
were used as controls and cell cycle progression was analyzed by
flow cytometry of propidium iodide-stained nuclei (Fig. 34).
Like noninfected cells, EBVAal-infected B cells could not
establish long-term cultures without CD40L feeder cells (Fig.
3A). In contrast to feeder-free cultures, all CD40L-stimulated
B cells entered the S and G2/M phases rapidly (Fig. 3A).
Remarkably, EBVAal-infected cells showed a dramatic increase
in S phase already on day 2 postinfection and, overall, apoptosis
was less pronounced in CD40L-stimulated cells (S/ Appendix,
Fig. $2). For comparative studies on RNA and protein expres-
sion, established pairs of LCLwt and LCLAal derived from the
same donor were cultivated in the absence of CD40L feeder cells
for 10 d (Fig. 3B). EBVAal-infected cells gradually ceased to
proliferate but did not die, whereas proliferation of EBVwt-
infected cells was independent of CD40L stimulation as expected
(SI Appendix, Fig. S3A4). EBNA2 RNA abundance was similar in
LCLwt and LCLAal. LMP1 was significantly decreased, whereas
LMP2A was increased in LCLAal (Fig. 3C). Both EBNA2 and
HA-tag—specific antibodies detected EBNA2wt and EBNA2Aal
well (Fig. 3D and E). Protein levels of both EBNA2wt and
EBNA2Aa1 varied between individual donors (Fig. 3D). The

mean EBNA2Aal protein expression across three donors was
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slightly enriched compared with EBNA2wt (Fig. 3E). Elevated
EBNA3 expression levels were observed in two of three
LCLAals, indicating that the mutant encodes for a stable pro-
tein. EBF1 protein expression was consistently elevated in all
LCLAal samples, while MYC and, to an even stronger degree,
LMP1 expression was consistently reduced (Fig. 3D and E).

It is known that both EBNA2 (5) and LMP1 (32) induce
MYC. We hypothesized that low LMP1 levels could be rate
limiting for MYC expression, causing the observed phenotypes
in cell proliferation and survival of LCLAal cells. We
expressed LMP1 ectopically in EBVAal-infected cells but
found that LMP1 did not restore their proliferation in the
absence of CD40 stimulation (S/ Appendix, Fig. S3 C and D).
We concluded that elevated LMP1 expression levels are not suf-
ficient to restore the proliferation of EBNA2Aal-expressing
cells. These data demonstrate that permanent CD40 ligation by
feeder cells is required for the long-term survival of EBVAal-
infected B cells. Since we could not substitute CD40 stimula-
tion by LMPI1, we conclude that EBNA2-EBF1 complexes
have to provide functions beyond LMP1 induction, which
might include specific sets of EBNA2 target genes.

The a1-Helix Assists in EBF1-Dependent EBNA2 Chromatin
Binding. We have previously shown that EBNA2 can bind to
chromatin in CBF1 knock-out cell lines (15). This finding
indicates that EBF1 and CBFl may act independently to
recruit EBNA2 to chromatin, although the majority of EBNA2
binding sites encompass DNA sequence motifs that are bound
by both EBF1 and CBF1. To study how the deletion of
EBNA2’s al-helix impairs the access of EBNA2 to chromatin,
we performed ChIP followed by qPCR on selected genomic

https://doi.org/10.1073/pnas.2200512119 3 of 10


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2200512119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2200512119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2200512119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2200512119/-/DCSupplemental

Downloaded from https://www.pnas.org by DKFZ-HGF on November 3, 2022 from | P address 146.107.8.161.

A 038
o 0.6 1
& EBVwt
L 041
o
(2]
® 02
' EBVAa1
0.01
0 2 4 6 8 dpi
C day 2 day 4 day 6 day 8

BrdU

7-AAD

day 0

B
s ]
early S ]
3L G2/M 3
&l ]
e | con
Q
©
7-AAD
D EBVwt EBVAa1
ol [T L el | |
T 801 = 80
© | [0)
EBvwt o 60 9 0
S 401 = 40
g 8
20 20
0 2 4 6 8 0 2 4 6 8 dpi
EBVAGT o apoptotic - GO/l mmearlyS mmS mm G2/M

Fig. 2. EBVAual-infected B cells arrest in the early S phase. (A) MTT assay of primary B cells infected with EBVwt or EBVA«a1; the assay was performed on
days 0, 2, 4, 6, 8 postinfection. The mean of three biological replicates is plotted. Error bars indicate the SD. Day 0 refers to noninfected B cells. (B) Gating
strategy for the cell cycle analysis with BrdU and 7-amino-actinomycin D (7-AAD) and one representative FACS plot for noninfected cells (day 0). All cells
were gated on lymphocytes and single cells. (C) Results of the BrdU assays of one representative experiment. The assay was performed on days 2, 4, 6, and
8 postinfection with B cells infected with EBVwt or EBVA«1. (D) Summary of the cell cycle analysis showing the mean results of three biological replicates.

regions using either EBF1- or EBNA2-specific antibodies.
LCLs infected with EBVwt or EBVAal were cultivated on
CDA40L feeder cells and were removed from feeder-cell layers
1 d prior to chromatin isolation. During normal hematopoietic
development, EBF1 is exclusively expressed in B cells. As a pio-
neer factor, EBF1 directs the cell fate of lymphocyte precursor
into the B cell lineage and prevents the development of T cells
(33). The HESI gene, a well-characterized, canonical Notch
target gene in T cells, carries two paired CBF1 binding sites
within its promoter. They facilitate dimerization of intracellular
Notch (34) as Notch, similar to EBNA2, uses CBF1 as a DNA
anchor (35, 36). Since EBNA2 can activate HES1 expression
(37, 38), we speculated that HES1 activation by EBNA2 in
B cells might also be mediated solely by CBF1 and is indepen-
dent of EBFI. Lu et al. (17) recently reported that HESI
expression is perturbed by CBF1 knockdown in LCLs. We
show that EBF1 did not bind to the HES1 promoter, but
EBNA2wt and EBNA2Aal did, indicating that both proteins
use canonical CBF1 sites within the HES promoter to bind
chromatin (Fig. 44 and B). The results of ChIP—qPCR experi-
ments also were in good accordance with our finding that the
deletion of the al-helix in EBNA2 cannot affect CBF1 binding
(81 Appendix, Fig. S1B). CD2, a T cell marker gene, served as a
negative control. As expected, neither EBF1 nor EBNA2 bound
to the CD2 locus.

EBV superenhancer (ESE) 1 and ESE2 control MYC expression
in EBV-infected B cells (16). EBF1 and EBNA2wt were recruited
well to ESE1, but EBNA2A«1 binding was significantly impaired,
indicating that EBNA2 uses EBF1 to interact with ESE1 (Fig. 44
and B). EBNA2A«l recruitment to ESE2 was less pronounced
compared with ESE1 but also was significantly impaired compared
with EBNA2wt. CD79a is an EBF1 target gene that is well
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characterized during B cell development (39). In LCLs, EBF1
bound strongly to the CD79a promoter. EBNA2 binding to the
CD79a promoter was weak in comparison with other loci but
strictly required the al-helix within the END domain (Fig. 44
and B).

In addition, we tested the binding of EBNA2 at latent viral,
EBNA2-responsive promoters. Activation of the LMP2A and
the viral C-promoter by EBNA2 is well characterized (35) and
strictly dependent on CBF1 (40), although EBF1 can be
detected at these promoters. Both promoters C-promoter and
LMP2A bound EBNA2Aal and EBNA2wt equally well and,
thus, EBNA2 binding was independent of EBFI. These find-
ings, as well as elevated LMP2A expression levels in LCLAal
cells (Fig. 3), are consistent with those of previous reports that
have described enhanced LMP2A expression in EBF1-depleted
but diminished LMP2A expression in CBF1-depleted LCLs
(17). Thus, despite elevated EBF1 levels in LCLAal cells
(Fig. 3) and equal binding to the LMP2A promotor (Fig. 44),
regulation of LMP2A was independent of EBF1. As reported
previously (13, 41), EBF1 was recruited to the LMPI pro-
moter, but efficient EBNA2 binding was clearly impaired in
the absence of the al-helix (Fig. 4B). In summary, EBNA2Axl
is a highly specific loss-of-function mutant that selectively abol-
ishes EBF1-dependent functions of EBNA2.

EBVA«1 Fails to Efficiently Initiate the Expression of Critical
Cellular Genes upon B cell Infection. As illustrated in Fig. 2,
EBVAal-infected B cells started to enter the S phase of the cell
cycle on day 2 postinfection, but progression through the S and
G2/M phases in the following days was strongly impaired. To
characterize the defect of this mutant in detail, we analyzed the
gene expression patterns of naive resting B cells prior to
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mean of three biological replicates is plotted. See S/ Appendix, Fig. S2 for one representative experiment. (B) Experimental setup for RNA and protein prepa-
ration. LCLwt or LCLAa1 were cultured without CD40L feeder cells for 10 d prior to RNA and protein isolation. (C) Real-time qPCR of viral and cellular genes
in LCLwt or LCLAa1 generated from three donors cultivated for 10 d without CD40L stimulus, as in B. Transcript levels of viral and cellular genes were ana-
lyzed and normalized to RNA pol Il transcript levels. The mean of three biological replicates is plotted; error bars indicate the SD. See S/ Appendix, Fig. S3E
for the messenger RNA (MRNA) expression level of RNA pol Il. (D) Protein expression of latent viral and cellular proteins in LCLwt or LCLA«a1 generated from
three donors after 10 d without CD40L activation. Cell lysates of EBV-infected GM12878 or EBV-negative DG75 cells served as positive or negative controls,
respectively. The signals were normalized to the corresponding GAPDH signal and the values are indicated below each Western blot signal. (F) Relative
expression of latent viral and cellular proteins. Bar charts were generated with values in D. The mean of three biological replicates is plotted; error bars
indicate the SD. *P < 0.05; **P < 0.01; ***P < 0.001. dpi, days postinfection; wt, wild type.

infection (day 0) and on days 1, 2, 3, and 4 postinfection with
either EBVwt or EBVA«l. To this end, adenoid human B cells
were isolated and sorted for naive resting B cells (IgD+/CD38—)
by flow cytometry (Fig. 54) (27). Forward and side scatter of all
cells indicated an increase in cell size and granularity on day 2
postinfection, but these morphological changes were more pro-
nounced in EBVwt-infected B cells (Fig. 5A4).

Total cellular RNA was isolated on individual days and high-
quality complementary DNA libraries for RNA-sequencing analyses

PNAS 2022 Vol. 119 No.30 2200512119

were generated (S/ Appendix, Fig. S4) using the bulk RNA-
sequencing method prime-sEq. (42). Principal component analy-
sis of RNA-sequencing results for protein-coding genes confirmed
the considerable switch of gene-expression patterns caused by
EBVwt and EBVAa1 infection (Fig. 5B). Moreover, the princi-
pal component analysis illustrated a substantial overlap of the
samples obtained with EBVwt and EBVAa1 infection on day 1
and a stronger divergence starting from day 2 and thereafter (Fig.
5B). Overall, the regulation of gene expression in B cells was
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EBNA2's al1-helix assists in EBF1-dependent EBNA2-chromatin binding. (A and B) ChIP-gPCR for (A) EBF1 or immunoglobulin G (IgG) control and

(B) EBNA2 or IgG control in established LCLwt and LCLA«a1 at cellular and viral genomic regions. LCLwt and LCLA«1 were cultured without CD40L-expressing
feeder cells for 1 d prior to chromatin preparation. CD2 was used as a negative control. Mean of three biological replicates is plotted; error bars indicate

the SD. *P < 0.05.

affected to a greater degree upon EBVwt infection compared
with EBVAal infection on day 2 and thereafter (Fig. 5Cand D).
Surprisingly, we detected a significant loss of transcripts over time
in infected, compared with noninfected, cells, which might have
been caused by repression of specific genes or loss of transcript sta-
bility in activated cells (Fig. 5C and D). Regarding viral genes,
only 4,920 reads could be mapped to the viral genome, of which
3,095 were mapped to EBNA2. This, unfortunately, provided us
with little information about viral gene expression, and EBNA2
was the only gene with meaningful expression levels. Expression
of EBNA2 in EBVwt and EBVAa1 infections was similar during
the 4 d of the experiment (Fig. 5E). Also, no significant differen-
tial expression of CBF1 was detected between viral strains over
time (Fig. 5£). MYC induction peaked in both infection condi-
tions 1 d postinfection but was significantly less induced in
EBVAal-infected cells (Fig. 5E). In contrast, EBF1 transcript lev-
els were significantly higher than in EBVwt-infected cells on days
2, 3, and 4 (Fig. 5F). Taken together, the data show that gene
expression was altered upon infection of B cells with EBVwt or
EBVAal. However, the degree of gene regulation was strongly
impaired in EBVAal-infected B cells, although EBNA2 expres-

sion levels were comparable to those of EBVwt-infected B cells.

EBVAa1 Fails to Initiate Important Processes Required for
Cell Cycle Progression in Infected B Cells. We performed gene
clustering with subsequent gene ontology (GO) term analysis
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on differentially expressed (DE) genes with a false discovery
rate (FDR) < 0.1 and a fold change of >2 (27) to study the
dynamics of gene regulation and their functions. We could
identify dynamic gene clusters with associated GO terms in
EBVwt-infected (SI Appendix, Fig. S5 B—F) and EBVAal-
infected (87 Appendix, Fig. S5 G-)) cells. The gene cluster asso-
ciated with the cell cycle and division had a similar dynamic
(81 Appendix, Fig. S5 B and G), but it was larger in the
EBVwt-infected (2 = 1,033 genes) than in EBVAal-infected
(n = 732 genes) cells. Another interesting observation was that
genes associated with RNA metabolism (“wt dark blue” and
“Aal light blue” in ST Appendix, Fig. S5 C and H) peaked on
day 1 postinfection but tended to decrease more markedly in
EBVAal-infected cells toward levels seen in noninfected cells
(day 0). Importantly, the “wt dark red cluster” in SI Appendix,
Fig. S5D, strongly associated with biosynthesis and mitochon-
drial processes, did not show up in EBVAal-infected cells. In
fact, most of the genes in this cluster were either not DE in the
mutant (74.6%) or they tended to be only transiently activated
(i.e., 17.4% of those genes are in the “Aal light blue” cluster
in ST Appendix, Fig. S5H).

Next, we performed a gene set enrichment analysis (GSEA)
with DE, protein-coding genes (FDR < 0.01) to identify cellu-
lar processes affected in EBVAal-infected B cells at each time
point. We included the molecular signature—database hallmark
gene sets for the GSEA, which encompassed two clusters for
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Fig. 5. Dynamic changes of gene expression patterns in B cells infected with EBVwt or EBVA«1. (A) Workflow for cell preparation and infection. Naive resting B cells
(IgD+/CD38-) were isolated from adenoids and infected with EBVwt or EBVAa1. A total of 10,000 noninfected, naive, resting B cells were collected to serve as the day
0 sample. On days 1, 2, 3, and 4 after infection, 10,000 viable cells were isolated by flow cytometry sorting and collected for RNA sequencing. Flow cytometry plots of
one representative experiment are shown. (B) Principal component analysis of all protein-coding genes. The percentage of variance explained by the first and second
principal components (PCs; PC1 and PC2, respectively) are shown in parentheses. (C and D) Volcano plots of DE protein-coding genes comparing (C) EBVwt- or
(D) EBVAa1-infected B cells on days 1, 2, 3, and 4 postinfection with noninfected samples (day 0). Dotted lines indicate log2 fold change = 1 and FDR = 0.01. Gene
names of the top five up- and down-regulated genes according to the FDR are indicated. € Mean normalized expression of EBNA2, CBF1, MYC, and EBF1 in EBVwt- and
EBVAaTl-infected B cells on days O, 1, 2, 3, and 4 postinfection. Error bars indicate SD, and asterisks indicate FDR < 0.001 calculated by DESeq2. dpi, days postinfection.

PNAS 2022 Vol.119 No.30 2200512119 https://doi.org/10.1073/pnas.2200512119 7 of 10



Downloaded from https://www.pnas.org by DKFZ-HGF on November 3, 2022 from | P address 146.107.8.161.

MYC-regulated genes (MYC targets V1 and V2) (43). MYC tar-
gets V1 defines a broad set of downstream targets, whereas MYC
targets V2 is more stringently defined. Notably, several gene sets
were exclusively enriched in EBVwt infections and included the
MYC targets V2 as well as cellular and metabolic gene sets such
as DNA repair, fatty acid metabolism, glycolysis, or reactive oxy-
gen species pathways (SI Appendix, Fig. S5K). Gene sets signifi-
cantly enriched in cells infected with either virus on at least 1 d
postinfection included MYC targets V1, E2F targets, oxidative
phosphorylation (OXPHOS), the G2M checkpoint, and
mTORCI signaling (Fig. 64-F). Interestingly, the enrichment
for MYC V1 was comparable in EBVwt- or EBVAal-infected
cells on day 1, but the normalized enrichment scores declined in
EBVAal-infected B cells afterward. The E2F targets, OXPHOS,
and G2M gene sets were only enriched in the EBVAal infection
at later time points, indicating a delayed induction of these gene
sets. mMTORCI is an important sensor for nutrients, redox state,
and energy supply. Interestingly, mTORCI signaling was
enriched on day 1 postinfection but lost in the following days in
EBVAal infections. This indicates that an important signal acti-
vating messenger RNA transcription and protein translation was
initiated in cells infected with both viruses but not maintained
in cells infected with EBVAal. GSEA with DE genes identified
by comparing EBVAal and EBVwt infections revealed that fur-
ther important processes required for a successful establishment of
latency were more strongly enriched in EBVwt- than in EBVA«l-
infected cells (Fig. 6/). MYC is an important target gene of
EBNA2 (5), and a stronger correlation of MYC targets V1/V2
with EBVwt infection could indicate insufficient levels of MYC in
EBVAal-infected cells. E2F targets and the G2M checkpoint
include genes that are important for the cell cycle, which has been
reported to be initiated between days 3 and 4 postinfection (27),
but we could detect an earlier cell cycle onset. Metabolic processes
such as glycolysis, OXPHOS, fatty acid metabolism, reactive
oxygen species pathways, and mTORCI signaling are pathways
up-regulated upon B cell activation (44, 45). Overall, RNA
sequencing revealed that changes in gene expression, especially
starting on day 2 and onward, were less pronounced in EBVAa1-
than in EBVwt-infected B cells and partially reminiscent of non-
infected cells. Additionally, important target genes and metabolic
pathways were not induced or delayed in EBVAa1-infected cells.

DISCUSSION

EBVAa1 Can Activate Primary Human B Cells but Cell Cycle
Progression Is Aborted in the Early S Phase. Upon infection of
primary resting B cells, EBV establishes a complex, specific, cellu-
lar and viral gene expression program. Eventually, a limited num-
ber of viral latent nuclear antigens (e.g., EBNAs) and LMPs
cooperate to establish the long-term proliferation of infected
B cell cultures. EBV devoid of EBNA2 (11) or EBV mutants
with EBNA?2 alleles incapable of interacting with CBF1 (12) can-
not activate infected B cells, demonstrating the importance of
EBNA2 and its association with CBF1 for the immortalization
process. EBNA2 is a multifunctional viral oncogene that is associ-
ated with a plethora of cellular proteins (11). While the core of
the EBNA2 binding site of CBF1 has been carefully mapped to a
central double-tryptophan motif (47), information on the exact
binding motif of further EBNA2-binding partners is limited and
recombinant viral mutants, which lack specific binding sites, have
not been reported, to our knowledge.

We have shown previously that EBNA2 requires its END to
build stable complexes with EBF1, a candidate factor to confer
B cell specificity to EBNA2 (15). Here, we characterize an
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EBNA2 mutant (EBNA2Aal) lacking the al-helix, which con-
sists of five amino acids, within the END domain, and show that
EBNA2A«l is deficient for EBF1 binding. To study the impact
of the association of EBF1 with EBNA2 on B cell immortaliza-
tion, we generated viral mutants and found that a mutant EBV
encoding EBNA2Aal (EBVAal) failed to immortalize primary
human B cells. B cells infected with EBVAal became activated
and entered the S phase but failed to complete the cell cycle
(Fig. 2). The growth arrest was rescued by CD40 stimulation
(Fig. 34). The phenotype of EBVAal-infected B cells differs dra-
matically from B cells infected with an EBNA2 knockout EBV.
B cells infected with EBNA2 knockout EBV do not survive
beyond 3 d postinfection and fail to synthesize cellular DNA.

EBNA2A«1 Selectively Impairs EBF1-Related Functions of EBNA2.
In EBV-infected B cells, EBNA2 directly drives the expression of
LMP1 (5, 20, 48-50). In LCLs, roughly 50% of LMP1 promoter
activation by EBNA2 depends on CBF1 (12). Multiple studies
(13, 17, 41) have demonstrated that EBF1 is critical for EBNA2-
dependent LMP1 activation. Using the EBF1-binding—deficient
EBVAa1 mutant virus, we demonstrate that the activation of
LMP1 by EBNA2 requires the interaction with EBF1 via the
ol-helix of the END domain. Recruitment of EBNA2A«1 to the
LMP1 promotor was reduced (Fig. 4), leading to reduced LMP1
expression levels in cells infected with the EBNA2Aol-mutant
EBV (Fig. 3). In contrast, EBNA2Aal bound equally well to the
CBF1-dependent viral C-, LMP2A, and cellular HES1 promoters,
compared with EBNA2wt. Thus, EBVAa1 carries a specific loss-
of-function mutation in EBNA2 that does not affect functions
related to the CBF1 interaction but selectively affects EBNA2’s
transactivation capacity linked to EBF1 (Fig. 4).

Expression of MYC and Basic Cellular Processes Are Impaired in
EBVAa1-Infected B Cells. EBNA2 directly activates MYC expres-
sion and thus is involved in multiple events triggering B cell acti-
vation, proliferation, and survival (5). The central role of MYC in
LCLs is well documented, as ectopic expression of MYC can drive
the proliferation of latently infected B cells even when EBNA2 is
inactivated (51). EBNA2 regulates MYC by inducing chromatin
loops that bridge two enhancers located at —556kb (ESE1) and
—428kb (ESE2) upstream of the MYC transcriptional start site to
the MYC promoter (13, 14, 52, 53). EBF1 is recruited to both
enhancers, although ESE1 is more active than ESE2 (16). Here,
we confirm this differential binding pattern of EBF1 (Fig. 4).
Importantly, EBNA2Aal binding was significantly impaired at
ESEl and ESE2, demonstrating that the atl-helix, consisting of
five amino acid residues, substantially contributes to EBNA2
binding to both B cell-specific MYC enhancers. This nicely
explains significantly reduced MYC levels 1 d postinfection in pri-
mary B cells and in established LCLA«1.

In LCLs, LMP1 enhances MYC expression in the presence of
EBNA2 (32) and thereby contributes to the proliferation of
LCLs. We tested if ectopic expression of LMP1 in long-term
LCLA«1 cultures (Fig. 3 and ST Appendix, Fig. S3) could substi-
tute for CD40 stimulation (SI Appendix, Fig. S3) but found that
ectopic LMP1 expression was not sufficient to promote the pro-
liferation of LCLA«l cultures. We conclude that cellular path-
ways downstream of CD40 signaling, which are not provided by
LMP1, are important to maintain continuous proliferation of
these cultures. Since we know that high levels of MYC protein
will certainly rescue any EBNA2 deficiency in LCLs (51), we
could not test if ectopic expression of MYC might rescue the pro-
liferation of LCLAa1. Such experiments would not provide new
mechanistic insights into the specific function of EBNA2-EBF1
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complexes. In summary, we conclude that full MYC activation
by EBNA2 is achieved through the interaction with EBF1 allow-
ing EBNA2 the access to specific MYC enhancers early after
infection of naive B cells as well as in established LCLs. Since
EBNA2 (52, 54) and EBF1 (55, 56) interact with the chromatin
remodeler Brgl, we speculate that this interaction might contrib-
ute to the regulaton of the EBV-specific MYC enhancers and,
thereby, might enhance MYC activation.

To characterize the defects of EBVAal-infected B cells in
detail, a time-course RNA-sequencing experiment was per-
formed surveying noninfected cells and the subsequent early
phase until day 4 postinfection. Similar patterns of gene expres-
sion changes were grouped into clusters for EBNA2wt- and
EBNA2A«l-expressing cells and a GO term analysis was per-
formed for each cluster (S Appendix, Fig. S5 B—j). Cell cycle
and RNA processing functions as well as multiple biosynthetic
pathways were attenuated in EBVAal-infected cells. According
to the GSEA, several enriched gene sets were exclusively found
in EBVwt- but not in EBVAal-infected B cells (57 Appendix,
Fig. S5K). Induction of MYC and E2F target genes, both criti-
cal for G1 phase cell cycle progression, was severely impaired in
EBVAal-infected B cells already at 1 d postinfection. Also, gly-
colysis, OXPHOS, and fatty acid metabolism, which are
known to be closely linked to distinct phases of the cell cycle
(57), were attenuated in these cells. In summary, the phenotype
of EBVAal-infected B cells revealed a broad spectrum of alter-
ations in gene expression that can be well explained by low lev-
els of MYC in these cells. MYC is a pleiotropic transcription
factor that not only directly activates target gene expression by
binding to specific DNA sequences of regulatory genomic sites
but, in addition, accumulates at active promoter sites and
amplifies the transcriptional activity of a global spectrum of tar-
get genes (58). In cancer cells, oncogenic MYC levels are impli-
cated in many metabolic pathways to regulate and fulfill the
increased demand for energy and compounds for cell growth
and proliferation (59). Since hyperactivation of MYC is absent
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in EBVAal-infected B cells (Fig. 5E), the metabolic defects in
these cells are most likely caused by the inefficient activation of
MYC. We have characterized global temporal changes in gene
expression by GSEA and cluster analyses and inferred functional
physiological changes based on GO terms. To pinpoint the quan-
titative contribution of single genes or gene sets to the EBVAal
phenotype, it will be important to elaborate technologies that
allow the timely expression of RNA interference and messenger
RNA libraries during the course of infection of highly purified
and, thus, size-limited B cell populations for further studies.
During development, EBF1 acts as a pioneer factor that
alters the chromatin signature of lymphocyte precursors, direct-
ing them into the B cell linage (60). In murine pro-B cells,
EBF1 activates MYC and promotes proliferation of these cells
(61). Our study highlights how EBF1, in cooperation with
EBNA2, supports the activation of basic metabolic processes in
human peripheral mature B cells. In conclusion, the protruding
al-helix on the surface of the EBNA2 N-terminal dimerization
domain is a key structural element of EBNA2 that confers
B cell proliferation at a critical first step toward establishment
of latency by hijacking developmental signaling cues. Life-long
persistence of EBV is a risk factor that contributes to the patho-
genesis of malignant, nonmalignant, and autoimmune diseases.
The results of our study can help develop new strategies to
interfere with the etiology of EBNA2-driven disease by target-
ing a specific time window of the EBV immortalization process
postactivation but prior to the establishment of latency.

Material and Methods

Human primary B cells were isolated from adenoids and infected with viral super-
natants to generate lymphoblastoid cell lines. EBV mutants were generated by
viral mutagenesis, and viral titers were determined by infection of Raji cells with
subsequent fluorescence activated cell sorting analysis of reporter gene expres-
sion. Protein biochemical analysis of the EBNA2-EBF1 complex was performed by
affinity capture assays with recombinant GST-tagged protein, sodium dodecyl
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sulfate-polyacrylamide gel electrophoresis, and Western blot. Functional analysis
of the EBNA2-EBF1 complex was performed by infection of primary B cells with
wild-type or mutant EBV, with subsequent cell cycle analysis, ChIP, gene expres-
sion analysis via qPCR, and transcriptome analysis via RNA sequencing. Detailed
description of all applied methods is provided in the SI Methods.

Data Availability. All study data are included in the article and/or supporting infor-
mation. RNA sequencing data have been deposited in ArayExpress (E-MTAB-
11350) (62).
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