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Abstract: Epstein-Barr virus (EBV) can infect the majority of the human population with no obvious symptoms and 
is associated with tumor development, although the mechanism is still largely unknown. In this study, we investi-
gated the role and the underlying mechanism of EBV nuclear antigen 2 (EBNA2) in tumorigenesis. We found that 
the infection of EBNA2 in human B lymphocytes (HBL) upregulated the expression of activating transcription factor 
4 (ATF4). Furthermore, we used gene expression or knockdown approach to demonstrate the effect of EBNA2 on 
redox balance, mitochondrial function, lipid metabolism, and cell proliferation in both HBL and EBV-transformed 
lymphocyte cell line (LCL). More importantly, we applied in vivo xenograft tumor mouse model to explore the contri-
bution of EBNA2 and ATF4 in tumor growth and mouse survival. Mechanistically, we revealed that EBNA2 exposure 
caused persistent expression of ATF4 via EBNA2-mediated epigenetic changes, which increased the binding ability 
of upstream stimulating factor 1 (USF1) on the ATF4 promoter. ATF4 activation in HBL cells modulated the expres-
sion of lipid metabolism-related genes and potentiated fatty acid oxidation and lipogenesis. Conversely, knockdown 
of either EBNA2 or ATF4 in LCL suppressed lipid metabolism, modulated redox balance and mitochondrial function, 
as well as inhibited tumor cell proliferation. In consistent with these findings from in vitro study, an in vivo xenograft 
model confirmed that knockdown of either EBNA2 or ATF4 inhibited the gene expression of SREBP1, ChREBP, and 
FAS, as well as suppressed tumor growth and prolonged animal survival. Collectively, this study demonstrates that 
EBNA2 mediates tumorigenesis through ATF4 activation and the modulation of lipid metabolism; therefore, our find-
ings provide a novel avenue for the clinical treatment of EBV-mediated cancer.
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Introduction

Epstein-Barr virus (EBV) has been reported to 
be associated with a variety of tumors, includ-
ing nasopharyngeal carcinoma and nasal 
Nature/Killer/T-cell lymphoma NKTCL [1, 2]. 
Most of the human population has latent EBV 
infection but usually shows no obvious symp-
toms [3]. It has been reported that EBV infec-
tion may cause tumorigenesis through EBV-
encoded oncogenic proteins such as EBV 
nuclear antigen 2 (EBNA2) 1 [4, 5]. As a tran-
scription factor, EBNA2 plays a critical role in 
EBV-mediated cell transformation and tumori-
genesis [6-8] by activating multiple latent viral 
and cellular genes, including Latent Membrane 
Protein 1 (LMP1) and Myc [9-11]. Intriguingly, 
recent studies have also shown that EBNA2 
regulates gene expression through epigenetic 
changes [12-15] with metabolic rearrangement 
toward aerobic glycolysis, thereby contributing 

to tumorigenesis [16], although the detailed 
mechanism is largely unknown.

Activating transcription factor 4 (ATF4) is a 
stress-mediated transcription factor that is 
highly expressed in tumors [17-19]. ATF4 upreg-
ulation results in a poor prognosis [20-22], and 
ATF4 is involved in many metabolic processes 
during tumor development, including glucose 
metabolism, protein synthase, redox balance, 
and mitochondrial modulation [23-25]. In addi-
tion, ATF4 is involved in mitochondrial fat oxida-
tion [26] and lipid metabolism through the 
upregulation of fatty acid synthase (FAS), carbo-
hydrate-responsive element-binding protein 
(ChREBP), and sterol regulatory element-bind-
ing protein 1 (SREBP1) [27], although its regula-
tor mechanism remains to be determined.

It has been known that LMP1 plays a central 
role in EBV modulated lipid metabolism and the 
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subsequent tumorigenesis [16, 28]. LMP1 reg-
ulates lipogenesis through the upregulation of 
FAS [29] and SREBP1, contributing to cell prolif-
eration and nasopharyngeal carcinoma pro-
gression [30]. In addition, EBV and LMP2A 
affect lipid accumulation and increase the 
migration of cancer cells [28, 31]. Similarly, 
EBNA2 and SREBP1 play important roles in the 
fatty acid pathway to promote B-cell prolifera-
tion and survival [32]. However, there are few 
studies regarding EBV-mediated lipogenesis 
through ChREBP [33, 34]. Hence, the mecha-
nism of EBV-mediated lipogenesis and its con-
tribution to tumorigenesis require further 
characterization.

In this study, we investigated the effects as  
well as the underlying mechanism of EBNA2-
mediated lipid metabolism in tumorigenesis. 
Specifically, we explored the mechanism of 
transient EBV/EBNA2 exposure-mediated per-
sistent ATF4 activation through in vitro study  
in human B lymphocytes (HBL) via luciferase 
reporter assay and chromatin immunoprecipi-
tation techniques. Furthermore, the mecha-
nism of ATF4 activation-induced cell growth 
was investigated through analyzing fatty acid 
oxidation (FAO) and lipogenesis as well as its 
target genes such as SREBP1, ChREBP, and 
FAS. Moreover, the potential modulatory effects 
on redox balance and mitochondrial function 
were also determined. Simultaneously, EBV-
transformed lymphoblastoid cell lines were 
employed to evaluate the influence of EBNA2/
ATF4 on cancer cell proliferation in vitro and 
xenograft tumor growth in vivo as well as ani-
mal survival in a mouse model.

Materials and methods

The full section of the Experimental Procedures 
can be found in Supplementary Materials, and 
all primers used for gene knockdown and quan-
titative PCR were summarized in Table S1.

Reagents and cell lines 

Antibodies against ATF4 (sc-390063), ChREBP 
(sc-515922), FAS (sc-48357), Smad4 (sc-
7966), Sp1 (sc-17824), SREBP1 (sc-13551), 
USF1 (sc-390027), Zic3 (sc-101201) were pur-
chased from SCBT (Beijing, China). Antibodies 
against EBNA2 (ab90543), HNF3 (ab108422), 
and SPZ1 (ab235302) were purchased from 
Abcam. The EBNA2 adenovirus and shEBNA2 

lentivirus, as well as the corresponding empty 
controls, were kindly provided by Dr. Haimou 
Zhang (Hubei University). shRNA lentivirus par-
ticles targeting human ATF4 (sc-35112-V) and 
USF1 (sc-36783-V) were purchased from SCBT. 
HBL cells were isolated from healthy human 
peripheral blood using the EasySep™ Human B 
Cell Isolation Kit (#17954), while lymphoblas-
toid cell line 1 (LCL1) was generated by trans-
forming HBL cells with EBV virus infection as 
described previously [35].

Construction of ATF4 luciferase reporter plas-
mids 

The human ATF4 promoter was identified by 
Ensembl #: ENST00000337304.2 ATF4-201, 
amplified (2 kb upstream + 1st exon) by PCR 
using human B lymphocytes genomic DNA as 
template, and inserted into pGL3-basic plas-
mid. The PCR primer sequences were: ATF4 for-
ward primer: 5’-atat-ggtacc-ggg ctc aag caa tcc 
tcc cac-3’ (KpnI) and ATF4 reverse primer: 
5’-atat-agatct-cct tgc tgt tgt tgg agg gac-3’ (Bgl 
II). ATF4 promoter deletion/mutation plasmids 
were also produced by PCR and confirmed by 
DNA sequencing. 

Construction of ATF4/USF1 lentivirus plasmids 

The cDNA plasmids expressing human ATF4 
and USF1 were obtained from Open Biosystems. 
Then, the coding sequences of ATF4 and USF1 
were amplified using the following primers: 
ATF4 forward: 5’-atat-gaattc (EcoR1) - agc cat 
ttc tac ttt gcc cgc-3’, ATF4 reverse: 5’-atat-
ggatcc (BamH1) - ttt ttt ttt ttt ttt act ttc cct aca-
3’; USF1 forward: 5’-atat-gaattc (EcoR1) - gcc 
cct cac caa cat ggc cgc-3’, USF1 forward: 
5’-atat-ggatcc (BamH1) - aga taa aat tgt tca aag 
cca-3’. The amplified cDNA fragments were 
cloned into the pLVX-Puro vector for lentivirus 
production. 

Methods: Total RNA was extracted by Trizol 
reagent; mRNA expression was determined by 
quantitative PCR, and protein levels were deter-
mined by western blotting following standard 
protocols. To investigate EBAN2-regulated ATF4 
transcriptional activation, the activity of wild 
type and mutant ATF4 promoter was measured 
by luciferase reporter assay. The binding ability 
of EBAN2 to ATF4 promoter was determined by 
chromatin immunoprecipitation. To evaluate 
the redox balance, reactive oxygen species 
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(ROS) formation was determined using 
CM-H2DCFDA-based fluorescence. Mitochon- 
drial function was determined through mito-
chondrial replication, ATP generation, mito-
chondrial membrane potential (ΔΨm) and 
apoptosis rate. EBV DNA copy numbers were 
determined by qPCR of the extracted genomic 
DNA [36]. The colony formation assay and 
Ki-67 immunostaining were performed to mea-
sure cell growth in vitro using standard proto-
col. Fatty acid oxidation (FAO) was determined 
by calculating the oxidation of [14C] palmitate 
using a previously described method [37]. The 
redox balance of the tumor tissues was evalu-
ated using the superoxide anion (O2

.-) release 
through the DMSO/TBAC-based chemilumines-
cence method, as described previously [38]. 

De novo lipogenesis: Briefly, cells were incubat-
ed in serum-free medium with 100 nM insulin 
at 37°C overnight followed by incubatiion in 
lipogenesis medium (DMEM medium with 100 
nM insulin, 10 μM cold acetate and 0.5 μCi 
3H-acetate) at 37°C for 2 h. Cells were then 
lysed in 120 μl of 0.1 N HCl, and 100 µl of 
lysates were transferred to a 1.5 ml centrifuge 
tube for further analysis. An aliquot of 10 μl 
lysates was used for protein quantification with 
the Pierce™ BCA Protein Assay Kit according to 
the manufacturer’s instruction. The lipids were 
extracted by adding 500 μl of 2:1 chloroform-
methanol (v/v) followed by 5 min incubation at 
room temperature (RT). After a brief vortex, 
250 μl of water was added to the cell lysates, 
which was mixed again by vortexing and was 
incubated at RT for another 5 min. After cen-
trifugation at 3000×g for 10 min at RT, the 
lower phase was transferred to vial containing 
4 ml of liquid scintillation fluid, and 3H activity 
was determined by the scintillation counter and 
expressed as counts per minute (cpm) [39]. 

In vivo mouse experiments: Balb/c athymic 
nude male mice (6 weeks old) were purchased 
from Guangdong Medical Animal Center. To 
generate xenograft tumors, mice were injected 
via tail vein with 2×106 (in 0.1 ml PBS) of 5 dif-
ferent treated LCL1 cells (n=9) as 5 treatment 
groups: Group 1 (CTL): Cells infected by control 
(CTL) lentivirus; Group 2 (shEBNA2): Cells 
infected by shEBNA2 lentivirus; Group 3 
(shATF4): Cells infected by shATF4 lentivirus; 
Group 4 (shUSF1): Cells infected with shUSF1 
lentivirus; and Group 5 (shEBNA2/↑ATF4): Cells 
infected with shEBNA2 and ATF4 lentivirus in 

the presence of 10 µg/ml puromycin. The 
experimental mice were monitored daily and 
euthanized by cervical dislocation when their 
body weight was reduced by 20% of their initial 
weight. Tumor tissues were dissected from lung 
and used for gene expression analysis and in 
vivo superoxide anions (O2

.-) release assay [38], 
as well as were fixed and examined for the num-
ber of metastases per lung under a micro-
scope. The tumor spots were imaged by H&E 
staining and quantified using the 3DHISTECH 
Pannoramic Viewer. 

Results

Overexpression of EBNA2 induced ATF4 up-
regulation and modulated lipid metabolism

To investigate the effects of EBV/EBNA2 on cel-
lular functions, we first infected hTERT-immor-
talized HBL cells with EBV or EBNA2 adenovirus 
and found that EBNA2 mRNA expression was 
induced from passage 0 and diminished quick-
ly following continuous culture and completely 
disappeared at passage 6 (Figure 1A). Notably, 
ATF4 mRNA level was significantly increased 
upon EBV/EBNA2 exposure and remained high 
until passage 6 (Figure 1B). In addition, west-
ern blot analysis indicated the ATF4 protein 
level was consistent with its mRNA level (Figure 
1C, 1D). Furthermore, we determined EBV 
genomic copy number following EBV infection 
and found that EBV virus diminished quickly fol-
lowing cell culture and disappeared completely 
at passage 6 (Figure S1A, S1B). After confirm-
ing the expression of EBV/EBNA2 in HBL cells, 
we analyzed the effect of EBV/EBNA2 on lipo-
genesis-related genes and found that EBV/
EBNA2 overexpression significantly increased 
the protein levels of SREBP1, ChREBP, and FAS 
(Figures 1E, 1F, S2A) compared with that in the 
vector infected cells. We also evaluated the 
effect of EBV/EBNA2 on lipid metabolism and 
found a significantly increased palmitate oxida-
tion (Figure 1G) and de novo lipogenesis (Figure 
1H). Together, these data suggested that 
EBNA2 exposure induced ATF4 expression and 
modulated lipid metabolism in HBL cells.

EBNA2 activated ATF4 through epigenetic 
modification and subsequently increased 
USF1 binding on ATF4 promoter 

We further explored how EBNA2 activated ATF4 
transcription in HBL cells by using luciferase 
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reporter assay. We generated a series of ATF4 
reporter plasmids with 5’-promoter deletion 
and infected these mutant constructs individu-
ally in HBL cells in the presence of EBNA2 ade-
novirus infection. Our results showed that ATF4 
promoter deletion at -2000, -1600, -1200, 
-800, -600, -400, -300, -200, and -100 had no 
effect on EBNA2 activity. However, the reporter 
activation was completely diminished in the 
p-ATF4-0 construct containing -100~0 dele-
tion, suggesting that the EBNA2-responsive 
element on the ATF4 promoter is located in the 
region of -100~0 (Figure 2A). Furthermore, to 
reveal the binding motif of EBNA2 in ATF4, we 
performed sequence analysis and identified 
the following potential binding motifs in this 
region: USF1 (-89), SPZ1 (-76), Zic3 (-53), HNF3 
(-36), Sp1 (-26) and Smad4 (-18) (Figure 2B). 
Then, we generated mutation constructs for 
each binding motif in the ATF4 full-length 
reporter plasmid and used luciferase activity 
assay to examine the activity of these mutants. 
The results showed that only mutation in USF1 

motif (from red to green, Figure 2B) completely 
diminished EBNA2-mediated ATF4 activation, 
suggesting that EBNA2 activated ATF4 expres-
sion through the USF1 binding element (Figure 
2C). Moreover, we assessed the potential epi-
genetic modifications in HBL cells and found 
that EBV and EBNA2 infection significantly 
decreased H3K9me2 and H3K27me3 modifi-
cations compared with that in the control cells, 
but had no effect on H3K9me3 and H3K27me2 
modification (Figure 2D). Interestingly, expo-
sure to EBV and EBNA2 did not affect DNA 
methylation (Figure S3). Importantly, we per-
formed ChIP analysis using the corresponding 
antibodies to confirm the binding abilities of 
these motifs and found that treatment with EBV 
and EBNA2 infection significantly increased 
USF1 binding, but had no effect on other motifs 
(Figure 2E), consistent with the results of lucif-
erase reporter assay. To determine the func-
tional significance of USF1 on EBNA2 activation 
of ATF4, we knocked down EBNA2 and USF1 by 
shEBNA2 and shUSF1, respectively, and found 

Figure 1. EBNA2 expression induces persistent ATF4 upregulation and modulates lipid metabolism. HBL cells were 
infected with control (CTL), EBV virus (↑EBV) or EBNA2 adenovirus (↑EBNA2) and analyzed. (A) mRNA levels of 
EBNA2, n=4. (B) mRNA levels of ATF4, n=4. (C-H) EBV/EBNA2-infected HBL cells were analyzed in passage 6. (C) 
Quantification of ATF4 protein levels, n=5. (D) Representative western blot of ATF4 for (C). (E) Representative west-
ern blots. (F) Quantification of protein levels for (E), n=5. (G) Palmitate oxidation, n=5. (H) De novo lipogenesis, n=5. 
*, P<0.05, vs CTL group; ¶, P<0.05, vs EBV group. 
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that shEBNA2 and shUSF1 in LCL1 cells signifi-
cantly decreased ATF4 protein levels compared 
to those in the CTL cells (Figures 2F, 2G, S2B), 
suggesting that ATF4 expression was activated 
by EBNA2-mediated H3 demethylation and 
subsequently increased USF1 binding to the 
ATF4 promoter. 

EBNA2 regulated lipid metabolism through 
ATF4 activation

Since ATF4 is a central regulator of cellular 
stress response, we investigated the effects of 

EBNA2 on lipid metabolism. LCL1 cells were 
infected with control (CTL), shEBNA2, shATF4, 
shUSF1, or shEBNA2 plus ATF4 expressing len-
tivirus (shEBNA2/↑ATF4). The efficient knock-
down of gene expression by shRNA and ATF 
overexpression were confirmed by qPCR. We 
found that shEBNA2 reduced ATF4 mRNA level 
but had no effect on USF1 mRNA level, while 
shATF4 had no effect on the expression of 
USF1. Meanwhile, shUSF1 significantly reduced 
ATF4 levels (Figure 3A). We further examined 
ATF4 protein levels by western blot, and the 
results were consistent with the mRNA levels 

Figure 2. EBNA2 activates ATF4 through epigenetic modification and subsequently increased USF1 binding to the 
ATF4 promoter. (A-E) The hTERT-immortalized HBL cells were used for promoter mapping and activity assays. (A) 
Luciferase reporter activities of ATF4 promoter deletion mutants in hTERT-immortalized HBL cells, n=5. *, P<0.05, 
vs pATF4-2000 group. (B) A schematic diagram of binding motifs in the range of -100~0 on the ATF4 promoter. (C) 
Luciferase activity of ATF4 promoter mutation reporters, n=5. *, P<0.05, vs pATF4-2000 group. (D, E) ChIP analysis 
on ATF4 promoter for H3 methylation (D) and different transcription factors (E), n=4. *, P<0.05, vs CTL group. (F, G) 
EBNA2 or USF1 knockdown in LCL1 cells by either shEBNA2 or shUSF1, as determined by western blot analysis. (F) 
Representative blots. (G) Quantification for (F), n=5. *, P<0.05, vs CTL group.
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(Figure 3B, 3C). We then determined the effect 
of these shRNAs on the expression of genes 
involved in lipid metabolism and found that 
treatment with shEBNA2, shATF4, and shUSF1 
significantly reduced the protein levels of 
SREBP1, ChREBP, and FAS, but shEBNA2/↑ATF4 
completely reversed the shEBNA2-induced 
effect (Figures 3D, 3E, S2C). Consistently, 
treatment with shEBNA2, shATF4, and shUSF1 
affected lipid metabolism in these cells as pal-
mitate oxidation (Figure 3F) and de novo lipo-
genesis was significantly reduced (Figure 3G), 
while shEBNA2/↑ATF4 reversed this effect. 
Taken together, these results suggested that 
EBNA2 regulated lipid metabolism by activating 
the ATF4 pathway. 

EBNA2 modulated redox balance and mito-
chondrial function through ATF4 activation

We also examined the effect of EBNA2 on redox 
balance and revealed that shEBNA2 treatment 
significantly increased both ROS (Figure 4A) 
and 8-oxo-dG generation (Figure 4B, 4C). 

Treatment with shATF4 and shUSF1 partly, 
while shEBNA2/↑ATF4 completely reversed 
these effects. Furthermore, treatment with 
shEBNA2, shATF4, and shUSF1 significantly 
reduced mitochondrial replication (Figure 4D), 
ATP generation (Figure 4E), and mitochondrial 
membrane potential (ΔΨm, Figure 4F), but sig-
nificantly increased the apoptosis rate (Figure 
4G). In contrast, treatment with shEBNA2/↑ATF4 
showed little effect (except for ATP generation) 
compared with the shEBNA2 group. Collectively, 
these results suggested that EBNA2 modulat-
ed redox balance and mitochondrial function 
partly through ATF4 activation.

EBNA2 regulated cell proliferation in vitro 
through ATF4 activation 

The effect of EBNA2 expression on cell trans-
formation and cell proliferation was investigat-
ed, and our results showed that shEBNA2 sig-
nificantly reduced colony formation (Figure 5A, 
5B) and Ki-67 positive cell rate (Figure 5C, 5D), 
compared with those in the CTL group, while 

Figure 3. EBNA2 regulates lipid metabolism through ATF4 activation. LCL1 cells were infected with control (CTL), 
shEBNA2, shATF4, shUSF1 or shEBNA2 plus ATF4 expression (↑ATF4) lentivirus (shEBNA2/↑ATF4) and were exam-
ined. (A) mRNA level, n=4. (B) ATF4 quantitation, n=5. (C) Representative immunostaining (green) for ATF4 with 
nuclei staining by DAPI (blue) for (B). (D) Protein quantitation, n=5. (E) Representative western blots for (D). (F) 
Palmitate oxidation, n=5. (G) De novo lipogenesis, n=5. *, P<0.05, vs CTL group. 
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shATF4, shUSF1, and shEBNA2/↑ATF4 partly 
reversed this effect, suggesting that EBNA2 
promoted cell proliferation partly through ATF4 
activation.

EBNA2 regulated tumor growth in vivo through 
ATF4-mediated lipogenesis

More importantly, to confirm our in vitro cell 
line-based findings, we investigated the role of 
EBNA2 expression in tumor growth by using 
mouse xenograft tumor model. LCL1 cells were 
injected into mice through tail vein, and the 
tumor growth as well as the survival of the 
injected mice were monitored. We first mea-
sured the mRNA levels of EBNA2, shATF4, and 
shUSF1 in tumors and confirmed that shRNA 
lentivirus significantly knocked down the corre-
sponding genes, while ATF4 lentivirus (↑ATF4) 
infection significantly increased ATF4 mRNA 
expression, indicating a successful lentivirus 
infection-mediated gene manipulation (Figure 

6A). We then determined the expression of 
genes involved in lipid metabolism in tumors 
and found that treatment with shEBNA2, 
shATF4, and shUSF1 significantly reduced the 
protein levels of SREBP1, CHREBP, and FAS 
compared with the CTL group; shEBNA2/↑ATF4 
treatment partly reversed this effect (Figures 
6B, 6C, S2D). In addition, the redox balance of 
tumor tissues was determined, and the data 
showed that shEBNA2 treatment significantly 
potentiated O2

.- release compared with the CTL 
group and that treatment with shATF4, shUSF1 
and shEBNA2/↑ATF4 ameliorated this effect 
(Figure 6D). When examining the tumor growth 
in lung, we found that shEBNA2 treatment sig-
nificantly increased lung metastatic nodules 
(Figure 6E) and lung tumor spots (Figure  
6F, 6G) compared with the CTL group, and simi-
larly, treatments with shATF4, shUSF1, and 
shEBNA2/↑ATF4 partly reversed this effect. 
Finally, mouse survival was evaluated, and the 
data indicated that shEBNA2 treatment signifi-

Figure 4. EBNA2 modulates redox balance and mitochondrial function through ATF4 activation. LCL1 cells were 
infected with control (CTL), shEBNA2, shATF4, shUSF1 or shEBNA2 plus ATF4 expression (↑ATF4) lentivirus 
(shEBNA2/↑ATF4) and examined. (A) ROS generation, n=5. (B) Quantitation of 8-oxo-dG staining, n=5. (C) Repre-
sentative immunostaining (green) with nuclei staining by DAPI (blue) for (B). (D) Mitochondrial DNA copy number, 
n=4. (E) Intracellular ATP generation, n=5. (F) Mitochondrial membrane potential (ΔΨm), n=5. (G) Apoptosis, n=5. 
*, P<0.05, vs CTL group. 
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cantly increased mouse survival compared 
with the CTL group, whereas treatment with 
shATF4, shUSF1 and shEBNA2/↑ATF4 had 
smaller effects compared to shEBNA2 (Figure 
6H). These results suggest that EBNA2 modu-
lates tumor growth in vivo partly through ATF4 
activation and the subsequently enhanced 
lipogenesis.

Schematic model for EBNA2-mediated ATF4 
activation and tumorigenesis 

Based on the results above, we proposed a 
working model for the mechanism underlying 
the regulation of ATF4 by EBNA2 and the subse-
quent increased tumorigenesis. In normal situ-
ations, ATF4 expression is suppressed by H3 
methylation of the ATF4 promoter (Figure 7A); 
however, in the presence of EBV/EBNA2 expo-
sure, ATF4 expression is upregulated by EBNA2-
mediated demethylation of the ATF4 promoter 
(Figure 7B). ATF4 activation then modulates the 
expression of SREBP1, ChREBP, FAS, FAO, and 
lipogenesis (Figure 7C), and together with ATF4 
activation-mediated modulation of oxidative 
stress and mitochondrial function, EBNA2-

mediated ATF4 activation potentiates tumori-
genesis (Figure 7D).

Discussion

In this study, we demonstrate that EBNA2 expo-
sure causes persistent ATF4 expression and 
that ATF4 is regulated through EBNA2-mediated 
epigenetic changes, which subsequently in- 
creases the USF1 binding ability to the ATF4 
promoter. Furthermore, EBNA2-mediated ATF4 
activation modulates lipid metabolism and the 
expression of SREBP1, ChREBP and FAS, by 
which, together with ATF4-mediated redox bal-
ance and modulation of mitochondrial function, 
EBNA2 potentiates tumorigenesis through 
ATF4 activation.

Our findings are novel. First, we revealed that 
transient EBV/EBNA2 exposure induced per- 
sistent ATF4 expression through decreased 
H3K9me2 and H3K27me3 levels on the ATF4 
promoter. In consistent with our findings, it has 
been reported that EBNA2 mediates epigenetic 
changes through DNA methylation [13], chro-
matin rearrangement [12] and phase separa-

Figure 5. EBNA2 regulates cell proliferation in vitro through ATF4 activation. LCL1 cells were infected with control 
(CTL), shEBNA2, shATF4, shUSF1 or shEBNA2 plus ATF4 lentivirus (shEBNA2/↑ATF4) and examined. (A) Colony for-
mation, n=5. (B) Representative images for (A). (C) Quantitation of Ki-67 staining, n=5. (D) Representative pictures 
for (C). *, P<0.05, vs CTL group; ¶, P<0.05, vs shEBNA2 group.
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Figure 6. EBNA2 regulates tumor growth in vivo through ATF4-mediated effect. Treated LCL1 cells were injected through tail vein, and the tumor growth and the sur-
vival of mice were monitored. (A-C) Tumor tissues were isolated from the lung and analyzed. (A) mRNA levels, n=4. (B) Protein quantitation, n=5. (C) Representative 
western blots for (B). (D) Superoxide anion release from tissues, n=5. (E-G) Tumor colonies from lung were counted and used for H&E staining, n=9. (E) Metastatic 
nodules. (F) Quantitation of tumor spots. (G) Representative H&E staining for (F). (H) Kaplan-Meier analysis for mouse survival, P value represents log-rank Mantel-
Cox test result, n=9. *, P<0.05, vs CTL group; ¶, P<0.05, vs shEBNA2 group. 
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tion [10], indicating that EBNA2 expression  
triggers epigenetic changes. Nevertheless, 
whether the epigenetic modifications on the 
ATF4 promoter is a direct effect of EBNA2 
needs further investigation. EBNA2-mediated 
epigenetic changes and persistent gene regula-
tion of ATF4 may play important roles in cell 
transformation and tumorigenesis [6]. Although 
ATF4 activation is usually regulated at the 
translational level due to the phosphorylation 
of eIF2α as part of the integrated stress 
response [40], our study showed ATF4 regula-
tion at the transcriptional level by epigenetic 
changes, indicating that EBNA2-mediated gene 
expression is relatively persistent, which is 
favorable for tumorigenesis. Interestingly, our 
study demonstrated that EBNA2-mediated epi-
genetic changes increased USF1 binding to the 
ATF4 promoter and subsequently activated 
ATF4 expression. Furthermore, EBNA2 expres-
sion increased USF1 binding to the ATF4 pro-
moter with ATF4 upregulation, whereas USF1 
knockdown suppressed ATF4 expression. 
Hence, our data indicated that EBNA2 regulat-

ed ATF4 activation and lipid metabolism 
through USF1, which subsequently modulated 
lipogenesis via SREBP1, ChREBP, and FAS [34, 
41, 42]. 

Our data also showed that ATF4 activation 
increased the expression of SREBP1, ChREBP, 
and FAS as well as potentiated FAO and lipo-
genesis, while ATF4 knockdown suppressed 
the gene expression and lipid metabolism, indi-
cating that ATF4 may modulate lipid metabo-
lism [27, 43]. It has been reported that ATF4 
does not directly upregulate mitochondrial FAO 
but may modulate mitochondrial function and 
upregulate antioxidant machinery to mitigate 
the presence of defective mitochondria [44, 
45]. As a transcription factor, ATF4 may regu-
late the expression of SREBP1, ChREBP, and 
FAS either directly or indirectly and subse-
quently modulate lipid metabolism, although 
the mechanism remains unclear.

Moreover, we observed that knockdown of 
either EBNA2 or ATF4 increased oxidative 

Figure 7. Schematic model for EBNA2-mediated ATF4 activation and tumorigenesis. A. ATF4 expression is sup-
pressed by H3 methylation on the ATF4 promoter. B. ATF4 expression is up-regulated by EBNA2-mediated demeth-
ylation on the ATF4 promoter in the presence of EBV or EBNA2. C. ATF4 activation modulates the expression of 
SREBP1, ChREBP and FAS as well as FAO and lipogenesis. D. ATF4 activation-mediated modulation of lipid metabo-
lism, and ROS generation and mitochondrial function promotes tumorigenesis. Abbreviations: ATF4: activates tran-
scription factor-4; ChREBP: carbohydrate-responsive element-binding protein; EBNA2: Epstein-Barr virus nuclear 
antigen 2; EBV: Epstein-Barr virus; FAS: fatty acid synthase; FAO: fatty acid oxidation; H3: histone 3; ROS: reactive 
oxygen species; SREBP1: sterol regulatory element-binding protein 1; USF1: upstream stimulating factor 1.
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stress, while ATF4 overexpression partly revers-
es this effect, indicating that ATF4 is involved in 
the redox balance in tumor cells [17, 24]. In 
addition, knockdown of either EBNA2 or ATF4 
modulated mitochondrial function [25], includ-
ing decreased mitochondrial DNA copies, intra-
cellular ATP formation, ΔΨm, and potentiated 
apoptosis rate, indicating that EBNA2-mediated 
ATF4 activation plays an important role in sus-
taining mitochondrial function in tumor cells. It 
has been proposed that ATF4 may modulate 
redox balance and mitochondrial function 
through mitochondrial fat oxidation and lipo-
genesis [26, 27, 46]. In this study, we showed 
that ATF4 overexpression could rescue ROS 
generation, mitochondrial function, and lipid 
metabolism in the absence of EBNA2, and 
EBNA2 triggers this effect in an ATF4-dependent 
manner, indicating that EBNA2 transient expo-
sure may cause persistent changes during 
tumorigenesis, which can explain why many 
forms of lymphoma show the absence of EBV.

More significantly, using in vivo mouse model, 
we confirmed that EBNA2-mediated ATF4 acti-
vation increased the gene expression of 
SREBP1, ChREBP, and FAS [16], subsequently 
potentiating FAO and lipogenesis as well as 
modulating redox balance and mitochondrial 
function. In addition, knockdown of EBNA2/
ATF4 significantly increased mouse survival in 
the in vivo mouse model. Therefore, we specu-
late that the major function of ATF4 in promot-
ing tumorigenesis is to increase the antioxidant 
activity and regulate ROS production; however, 
the precise mechanisms of ATF4 function 
remain to be fully elucidated [44, 45]. Although 
our data suggest that EBNA2 mediates tumori-
genesis through ATF4 activation and altered 
lipid metabolism [19], EBNA2 may also contrib-
ute to tumorigenesis through other pathways, 
such as Myc activation, Notch signaling, and 
PD-L1 expression [6-8, 28]. 

Conclusions 

In summary, EBNA2 expression causes persis-
tent ATF4 activation through EBNA2-mediated 
epigenetic changes and enhances USF1 bind-
ing to the ATF4 promoter. Furthermore, EBNA2-
mediated ATF4 activation increases the expres-
sion of SREBP1, ChREBP, and FAS, as well as 
modulates lipid metabolism, redox balance, 
and mitochondrial function, which subsequent-

ly contributes to tumorigenesis. Given our find-
ings that EBNA2 mediates tumorigenesis 
through ATF4 activation and modulation of lipid 
metabolism, our study may reveal novel poten-
tial targets for the clinical treatment of EBV-
mediated tumors. 
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Supplementary Materials

Materials and methods

Reagents and materials

Written consent was obtained from participants and peripheral blood mononuclear cells (PBMC) from 
healthy patients were isolated from peripheral blood using LymphoprepTM reagents (#07861). Human B 
lymphocytes (HBL) were isolated from healthy PBMC cells using EasySep™ Human B Cell Isolation Kit 
(#17954). Some of healthy B lymphocytes were conditionally immortalized using hTERT lentivirus vector 
with an extended life span to achieve a higher transfection efficiency and experimental stability [1, 2], 
or they were transformed by EBV virus infection to obtain lymphoblastoid cell line 1 (LCL1) as described 
previously in our lab [3]. Tumor cell lines B95-8 (CVCL_1953) and Namalwa (CVCL_0067) were pur-
chased from ATCC and cultured in RPMI 1640 medium containing 2 mmol/l glutamine supplemented 
with 100 U/ml penicillin, 100 μg/ml streptomycin, 10% human serum and 1000 U/ml recombinant 
human IL-2. The B95-8 cell line was used for EBV viral production and subsequent concentration for the 
infection of human B lymphocytes according to the previous protocol [4]. The Namalwa cell line was 
used for the detection of EBV copy number. All cells were maintained in a humidified incubator with 5% 
CO2 at 37°C. All the cell lines were authenticated in the past three years and they were derived from the 
correct species and donor, and contamination-free, and all experiments were performed with mycoplas-
ma-free cells.

Cell line authentication process. Cell lines were cultured and harvested, and the genomic DNA was 
extracted from cells using a QIAamp DNA Mini Kit (Qiagen). DNA concentration was determined by 
NanoDrop 2000c system, and DNA was amplified by ABI9700 PCR System, the electrophoresis and 
fragment isolation were conducted by ABI3 730XL system, and gene analysis was conducted by soft-
ware GeneMapper® ID-X 1.5. Human cell lines (Namalwa and LCL1) were submitted for STR (Short 
Tandem Repeat) Identification, while B95-8 cell line was submitted for Species Identification, which 
conducted by Applied Biosystems, China. The cell line was identified to be acceptable when it had >80% 
matching with US National Standard ASN-0002-2011.  

Antibodies for ATF4 (sc-390063), β-actin (sc-47778), ChREBP (sc-515922), FAS (sc-48357), Ki-67 (sc-
101861), Smad4 (sc-7966), Sp1 (sc-17824), SREBP1 (sc-13551), USF1 (sc-390027), Zic3 (sc-101201) 
were obtained from Santa Cruz Biotechnology. Antibodies for H3K9me2 (ab1220), H3K9me3 (ab8898), 
H3K27me2 (ab24684), H3K27me3 (ab6002), EBNA2 (ab90543), HNF3 (ab108422) and SPZ1 
(ab235302) were obtained from Abcam. The EBNA2 adenovirus and related empty control for EBNA2 
transient infection as well as shEBNA2 lentivirus were kindly provided by Dr. Haimou Zhang from Hubei 
University. The antibody for 8-oxo-dG (4354-MC-050) was obtained from Novus Biologicals. 

Construction of human ATF4 reporter plasmid

In order to construct ATF4 reporter plasmids, the ATF4 gene promoter (2 kb upstream of the transcrip-
tion start site plus first exon) was amplified from Ensembl gene ID: ENST00000337304.2 ATF4-201 (for 
ATF4) by PCR from human genomic DNA and subcloned into the pGL3-basic vector (#E1751, Promega) 
using the restriction sites of KpnI and Bgl II with the following primers: ATF4 forward: 5’-gcgc-ggtacc-ggg 
ctc aag caa tcc tcc cac-3’ (KpnI) and ATF4 reverse: 5’-atcg-agatct-cct tgc tgt tgt tgg agg gac-3’ (Bgl II). In 
order to map ATF4 promoter activity, the related deletion promoter constructs were generated by PCR 
methods and subcloned into the pGL3-basic vector. 

Preparation of ATF4/USF1 expression lentivirus

The cDNA for human ATF4 and USF1 (obtained from Open Biosystems) was subcloned into the pLVX-
Puro vector (from Clontech) with the restriction sites of EcoR1 and BamH1 using the following primers: 
ATF4 forward primer: 5’-gtac-gaattc (EcoR1) - agc cat ttc tac ttt gcc cgc-3’ and ATF4 reverse primer: 
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5’-gtac-ggatcc (BamH1) - ttt ttt ttt ttt ttt act ttc cct aca-3’; USF1 forward primer: 5’-gtac-gaattc (EcoR1) 
- gcc cct cac caa cat ggc cgc-3’ and USF1 reverse primer: 5’-gtac-ggatcc (BamH1) - aga taa aat tgt tca 
aag cca-3’. The lentivirus for either ATF4, USF1 or empty control (CTL) was expressed through Lenti-X™ 
Lentiviral Expression Systems (from Clontech) per manufacturers’ instructions.

Preparation of gene knockdown lentivirus

The shRNA lentivirus particles for human ATF4 (sc-35112-V), USF1 (sc-36783-V) or non-target control 
(sc-108080) were obtained from Santa Cruz Biotech, and the shRNA lentivirus for EBNA2 was obtained 
from Dr. Haimou Zhang (Hubei University, China); these lentiviruses were used for infection of LCL1 
cells. The positive knockdown cells were selected using 10 μg/ml of puromycin and the stable knock-
down cell line was confirmed by real time PCR based on an mRNA decrease of more than 65% compared 
to the control group (see primers in Table S1). 

RT reaction and real-time quantitative PCR

Total RNA from treated cells was extracted using the RNeasy Micro Kit (Qiagen), and the RNA was 
reverse transcribed using an Omniscript RT kit (Qiagen). All the primers were designed using Primer 3 
Plus software with the Tm at 60°C, primer size of 21 bp, and product length in the range of 140-160 bp 
(see Table S1). The primers were validated with an amplification efficiency in the range of 1.9-2.1 and 
the amplified products were confirmed with agarose gel. Real-time quantitative PCR was run on iCycler 
iQ (Bio-Rad) using the Quantitect SYBR green PCR kit (Qiagen). The PCR was performed by denaturing 
at 95°C for 8 min followed by 45 cycles of denaturation at 95°C, annealing at 60°C, and extension at 
72°C for 10 s, respectively. 1 µl of each

 
cDNA was used to measure target genes. β-actin was used as 

the housekeeping gene for transcript normalization, and the mean values were used to calculate rela-
tive transcript levels with the ΔΔCT method per instructions from Qiagen. In brief, the amplified tran-
scripts were quantified by the comparative threshold cycle method using β-actin as a normalizer. Fold 
changes in gene mRNA expression were calculated as 2-ΔΔCT with CT = threshold cycle, ΔCT = CT (target 
gene) - CT (β-actin), and the ΔΔCT = ΔCT (experimental) - ΔCT (reference). 

Luciferase reporter assay

1.0×105 of cells were seeded in a 6-well plate with complete medium to grow until they reached 80% 
confluence. Cells were then co-transfected using 3 µg of reporter constructs, together with 0.2 µg of 
pRL-CMV-Luc Renilla plasmid (from Promega). The treated cells were then harvested and the luciferase 
activity assays were carried out using the Dual-LuciferaseTM Assay System (Promega). The transfection 
efficiencies were normalized using a co-transfected Renilla plasmid according to manufacturers’ instruc-
tions and the reporter activities for PGC1β and OGG1 were calculated.

Chromatin immunoprecipitation (ChIP)

Cells were washed and crosslinked using 1% formaldehyde for 20 min and terminated by 0.1 M glycine. 
Cell lysates were sonicated and centrifuged. 500 µg of protein were pre-cleared by BSA/salmon sperm 
DNA with preimmune IgG and a slurry of Protein A Agarose beads. Immunoprecipitations were per-
formed with the indicated antibodies, BSA/salmon sperm DNA and a 50% slurry of Protein A agarose 
beads. Input and immunoprecipitates were washed and eluted before then being incubated with 0.2 
mg/ml Proteinase K for 2 h at 42°C, followed by 6 h at 65°C to reverse the formaldehyde crosslinking. 
DNA fragments were recovered through phenol/chloroform extraction and ethanol precipitation. A ~150 
bp fragment on the related promoter was amplified by real-time PCR (qPCR) using the primers provided 
in Table S1. 

Western blotting

Cells were lysed in an ice-cold lysis buffer (0.137 M NaCl, 2 mM EDTA, 10% glycerol, 1% NP-40, 20 mM 
Tris base, pH 8.0) with protease inhibitor cocktail (Sigma). The proteins were separated in 10% SDS-
PAGE and transferred to the PVDF membrane, which was then blotted using primary antibodies (1:1000) 
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and then simultaneously incubated with the differentially labeled species-specific secondary antibod-
ies, anti-RABBIT IRDye™ 800CW (green) and anti-MOUSE (or goat) ALEXA680 (red). Membranes were 
scanned and quantitated using the ODYSSEY Infrared Imaging System (LI-COR, NE) [5]. 

Immunostaining

The treated LCL1 cells were transferred to cover slips coated with 0.1% gelatin, fixed by 3.7% formalde-
hyde at 37°C for 15 min, permeabilized by 1% BSA + 0.2% Triton X-100 in PBS for 1 hour, and then blot-
ted with 40 μg/ml (dilute 1:50) of related antibody for either 8-oxo-dG or Ki-67 for 2 hours. The cells 
were then washed three times and the FITC/Texas Red labeled anti-mouse/rabbit secondary antibody 
(1:100) was added for blotting for another 1 hour. After thorough washing, the slides were visualized and 
photographed; cell nuclei were stained with 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI, 
#D9542, from Sigma) and the staining was quantitated by Image J. 

Measurement of oxidative stress

Treated cells were seeded in a 96-well plate and incubated with 10 μM CM-H2DCFDA (Invitrogen) for 45 
min at 37°C. Then, the intracellular formation of reactive oxygen species was measured at excitation/
emission wavelengths of 485/530 nm using a FLx800 microplate fluorescence reader (Bio-Tek), and 
the data was normalized as arbitrary units [6]. 

Measurement of mitochondrial function

Mitochondrial DNA copies: Genomic DNA was extracted from treated MM.1R cells using a QIAamp DNA 
Mini Kit (Qiagen) and the mitochondrial DNA was extracted using the REPLI-g Mitochondrial DNA Kit 
(Qiagen). The purified DNA was used for the analysis of genomic β-actin (marker of the nuclear gene) and 
ATP6 (ATP synthase F0 subunit 6, marker of the mitochondrial gene) respectively using the qPCR meth-
od as mentioned above. The primers for genomic β-actin are as follows: forward 5’-ctg gac ttc gag caa 
gag atg-3’ and reverse: 5’-agg aag gaa ggc tgg aag agt-3’. Primers for ATP6: forward 5’-cat tta cac caa 
cca ccc aac-3’ and reverse 5’-tat ggg gat aag ggg tgt agg-3’. The mitochondrial DNA copies were obtained 
from relative ATP6 copies that were normalized by β-actin copies using the ΔΔCT method [6-8].

Intracellular ATP level: The intracellular ATP level was determined using the luciferin/luciferase-induced 
bioluminescence system. An ATP standard curve was generated at concentrations of 10-12-10-3 M. 
Intracellular ATP levels were calculated and expressed as nmol/mg protein [6-8]. 

Mitochondria membrane potential: Mitochondrial membrane potential (MMP, Δψm) was measured 
using TMRE (from Molecular Probes T-669) staining. A 600 μM T-669 stock solution was prepared using 
DMSO. Cells were grown on coverslips and immersed in 600 nM TMRE for 20 min at 37°C to load them 
with dye. The labeling medium was then aspirated and the cells were immersed in 150 nM TMRE to 
maintain the equilibrium distribution of the fluorophore. The coverslips were mounted with live cells onto 
confocal microscopes to image the cells using 548 nm excitation/573 nm emission filters. The intensity 
of TMRE fluorescence was measured using Image J software. Data from 10-20 cells were collected for 
each experimental condition and mean values of fluorescence intensity ± SEM were calculated [8, 9].

Measurement of apoptosis: Apoptosis was evaluated by TUNEL assay using the In Situ Cell Death 
Detection Kit™ (Roche). Cells were fixed in 4% paraformaldehyde and labeled by TUNEL reagents. 
Stained cells were photographed by a fluorescence microscope and further quantified by FACS analysis 
[6]. 

Analysis of fatty acid oxidation (FAO)

The fatty acid oxidation (FAO) rate was evaluated by palmitate oxidation based on previously published 
methods with minor modifications [10, 11]. In brief, the cells were treated and sub-cultured in T25 flask 
until 80% confluent, then the cells were then starved in serum free DMEM medium for 2 hrs, then the 
medium was replaced with DMEM containing 0.5% of BSA, 0.2 mM of cold palmitate and 0.5 μCi/mL of 
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1-14C-palmitate for another 2 hrs. The flasks were sealed at the beginning of the incubation with a stop-
per containing a filter (Whatman GF/B paper) pre-soaked in 5% NaOH. The incubation was stopped by 
the injection of 0.2 ml of 40% perchloric acid into each flask via a needle through the cap to acidify the 
medium and liberate the CO2. After overnight isotopic equilibration at room temperature, filters were 
removed, and the trapped 14CO2 and 14C acid-soluble products generated by the oxidation of [14C] palmi-
tate were counted to calculate total palmitate oxidation. The protein concentrations were determined 
and the results were expressed as nmol per mg proteins per hour (nmol/mg/hr) [12]. 

De novo lipogenesis

The procedure was based on previously established method with minor modifications [13]. Treated cells 
were washed and incubated in serum free medium with 100 nM insulin at 37°C overnight. Incubate 
cells in lipogenesis medium, which including DMEM medium with 100 nM insulin, 10 μM cold acetate 
and 0.5 μCi 3H-acetate, for 2 hours at 37°C. Cells were then washed and lysed in 120 μl of 0.1 N HCl, 
and 100 µl of lysates were transferred to 1.5 ml centrifuge tube, and 10 μl of lysates were used for 
protein assay using Pierce™ BCA Protein Assay Kit (Pierce Biotechnology) per manufacturers’ instruc-
tions. The lipids were extracted by addition of 500 μl of 2:1 chloroform-methanol (v/v) followed with 5 
min incubation at room temperature (RT) after brief vortex. Incubate another 5 min at RT after addition 
of 250 μl of water with brief vortex. The samples were centrifuged at 3000×g for 10 min at RT. The lower 
phase was transferred to 4 ml of liquid scintillation fluid, and the 3H activity was determined in scintilla-
tion vial and expressed as count per min (cpm). 

DNA methylation on ATF4 promoter

The DNA methylation on the ATF4 promoter was evaluated using methylation-specific PCR after bisulfite 
modification using the below primers. Methylated primer: forward 5’-ttt ttc gtt tat tgc gtt gat atc-3’, 
reverse 5’-taa act tct ata atc aaa atc cgt t-3’; unmethylated primer: forward 5’-ttt ttg ttt att gtg ttg ata ttg 
g-3’, reverse 5’-act aaa ctt cta taa tca aaa tcc att-3’. The product sizes were as follows: 101 bp (methyl-
ated) with Tm: 57.2°C & 102 bp (unmethylated) with Tm: 56.0°C; CpG island size: 144 bp; The final 
methylation results was calculated by normalizing unmethylated input results [7]. 

Detection of EBV copy number

Genomic DNA was extracted from treated tumor cell lines using a QIAamp DNA Mini Kit (Qiagen). The 
EBV DNA copy number was measured through qPCR using 50 ng of total DNA with EBV BMRF1 primers 
(see Table S1), and the results were normalized using cellular β-actin (primers see Table S1) as an inter-
nal control [14, 15]. The Namalwa (CVCL_0067) cell line, which contains 2 EBV viral genome copies, 
was used as a standard to prepare calibration curves for both EBV BMRF1 and β-actin genes, and the 
EBV viral load was presented as the number of viral genomes per cell [16, 17]. 

Colony formation in soft agar

This assay is a method for evaluating the ability of individual cell lines to grow in an anchorage-indepen-
dent manner. Cells were resuspended in DMEM containing 5% FBS with 0.3% agarose and layered on 
top of 0.5% agarose in DMEM on 60-mm plates. 1000 cells were seeded in 60 mm soft agar dishes for 
30 days. The dishes were examined twice per week, and colonies that grew beyond 50 mm in diameter 
were scored as positive. Each experiment was done in quadruplicate.

In vivo mouse experiments

Balb/c athymic nude male mice (6 weeks old) were obtained from the Guangdong Medical Animal 
Center. 2×106 of viable treated LCL1 cells were washed, harvested in PBS, and then injected into the 
lateral tail vein in a volume of 0.1 ml. The mice receiving tail vein injections were separated into the fol-
lowing 5 groups (n=9). Group 1 (CTL): cells with empty control (CTL) lentivirus infection; Group 2 (shEB-
NA2): cells were infected by shEBNA2 lentivirus; Group 3 (shATF4): Cells were infected by shATF4 lenti-
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virus; Group 4 (shUSF1): cells were infected by shUSF1 lentivirus; Group 5 (shEBNA2/↑ATF4): cells were 
infected by shEBNA2 and ATF4 lentivirus in the presence of 10 µg/ml puromycin.

Mice were monitored for changes in body weight and sacrificed when values fell below 20% of their ini-
tial weight. The survival curve was calculated and the final tumor tissues were isolated for biological 
assays. The lungs of sacrificed mice were isolated and fixed in 10% formalin and the number of surface 
metastases per lung was determined under a dissecting microscope. Parts of the tumor tissues were 
fixed in 4% buffered formaldehyde, paraffin embedded, and sectioned to 4 mm thickness before they 
were then processed for H&E staining. Images were taken using a Carl Zeiss MIRAX MIDI slide scanner 
and analyses were performed using a 3DHISTECH Pannoramic Viewer. Parts of the tumor tissues were 
isolated for in vivo monitoring of superoxide anion release; gene expression, including mRNA and pro-
tein levels were determined.  

In vivo superoxide anion (O2
.-) release

Superoxide anion release in amygdala tissues were extracted by dimethyl sulfoxide-tetrabutylammoni-
um chloride (DMSO-TBAC) solution and the TBAC-O2

.- complex was then further detected by use of the 
luminol-EDTA-Fe enhanced chemiluminescence system [18]. Briefly, the biological tissues were isolated 
and purged continuously by N2 gas to remove traces of oxygen, and O2

.- from tissues was extracted by 
DMSO-TBAC, then the chemiluminescent reagents and O2

.- extract solutions were pumped into a glass 
scintillation vial which was placed in the luminometer, and the chemiluminescence intensity was con-
tinuously monitored for 2 min and calculated. Superoxide levels were calculated from the standard 
curve generated by the xanthine/xanthine oxidase reaction [6]. 

Statistical analysis

The data was given as mean ± SD (standard deviation); all of the experiments were performed at least 
in quadruplicate unless otherwise indicated. One-way analysis of variance (ANOVA) followed by the 
Turkey-Kramer test was used to determine statistical significance of different groups. The mouse sur-
vival curve was determined through Kaplan-Meier survival analysis using SPSS 22 software, and a P 
value <0.05 was considered significant.
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Table S1. Sequences of primers for the real time quantitative PCR (qPCR)
Gene Species Analysis Forward primer (5’→3’) Reverse primer (5’→3’)
EBNA2 EBV mRNA ggagtcccataatagcccaga actgggtccctccacataatc
β-actin Human Genome ctggacttcgagcaagagatg aggaaggaaggctggaagagt
BMRF1 EBV Genome ccgtcctgtccaagtgctat gggagacctcgaagctgatta
β-actin Human mRNA gatgcagaaggagatcactgc atactcctgcttgctgatcca
ATF4 Human mRNA ccccttcaccttcttacaacc gatcatggcaacgtaagcagt
USF1 Human mRNA gcagcagaaaacagctgaaac tcggaagacgtacttgacgtt
SREBP1 Human mRNA ccacattgagctcctctcttg tggcactgactcttccttgat
ChREBP Human mRNA agacagcaacaagaccgagaa gtggtagctttgctcaccttg
FAS Human mRNA acagggacaacctggagttct ctgtggtcccacttgatgagt
ATF4 Human ChIP ccttttctcgtcacagctacg cggccctttatagacttcgtc

Figure S1. EBV virus diminished quickly after virus infection in HBL cells. A. Curves of EBV genomic copies from 
passage 0 to 6. *, P<0.05, vs Passage 0; ¶, P<0.05, vs Passage 1. B. EBV genomic copies at passage 0 and 6. *, 
P<0.05, vs CTL group. 
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Figure S2. Representative full blots for Western Blotting. A. Representative full blots for Figure 1E. B. Representative 
full blots for Figure 2F. C. Representative full blots for Figure 3E. D. Representative full blots for Figure 6C.

Figure S3. Exposure of EBV or EBNA2 does not change the DNA methylation on the ATF4 promoter. HBL were in-
fected by either control (CTL), EBV virus (↑EBV) or EBNA2 lentivirus (↑EBNA2) for DNA methylation assay on the ATF4 
promoter. 


