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SUMMARY

Influenza A viruses are a major cause of mortality.
Given the potential for future lethal pandemics, effec-
tive drugs are needed for the treatment of severe
influenza such as that caused by H5N1 viruses. Using
mediator lipidomics and bioactive lipid screen, we
report that the omega-3 polyunsaturated fatty acid
(PUFA)-derived lipid mediator protectin D1 (PD1)
markedly attenuated influenza virus replication via
RNA export machinery. Production of PD1 was sup-
pressed during severe influenza and PD1 levels
inversely correlated with the pathogenicity of H5N1
viruses. Suppression of PD1 was genetically mapped
to 12/15-lipoxygenase activity. Importantly, PD1
treatment improved the survival and pathology of
severe influenza in mice, even under conditions
where known antiviral drugs fail to protect from
death. These results identify the endogenous lipid
mediator PD1 as an innate suppressor of influenza
virus replication that protects against lethal influenza
virus infection.

INTRODUCTION

Despite immunization programs, influenza A viruses are a major
cause of morbidity and mortality throughout the world, especially
among individuals with high risk factors, such as diabetes,
asthma, or pregnancy (Clark and Lynch, 2011). Highly patho-
genic avian H5N1 influenza viruses continue to circulate with
mortality rates of up to 60% of infected patients (Beigel et al.,
2005). Influenza strains have also recently emerged that exhibit
resistance to antiviral drugs such as oseltamivir (Shankaran
and Bearman, 2012). Recently, a virus with its hemagglutinin
(HA) derived from H5N1 was identified that is transmissible in
ferrets, further supporting that H5N1 viruses have pandemic
potential (Imai and Kawaoka, 2012). Moreover, currently used
antiviral drugs, though beneficial if administered early in the
disease (Kumar, 2011), are not effective in critically ill patients
after influenza virus infections (Beigel et al., 2005; Clark and
Lynch, 2011; Kumar et al., 2010).

Influenza A viruses are negative-sense RNA viruses that
exploit the host cellular machinery for multiple phases of their
life cycle (Neumann et al., 2004). Recent genome-wide RNAI
screens have identified several host genes and molecular
networks crucial for influenza virus replication (Karlas et al.,
2010; Hao et al., 2008; Konig et al., 2010; Shapira et al., 2009).
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Figure 1. Identification of PUFA-Derived Products Involved in Influenza Virus Replication

(A) Lipid library screening for influenza replication. A549 cells were infected with influenza PR8 virus (MOI: 0.2) and treated with PUFA-derived compound (1 uM) or
vehicle immediately after infection. Virus NP mRNA expression was analyzed by calculating the relative ratio of the indicated AA-, DHA-, and EPA-derived
compounds to vehicle treatment. Averages from three independent screens shown.
(B) Immunocytochemistry of influenza virus nucleoprotein (NP) and virus antigen R309. PR8-virus-infected A549 cells (MOI: 0.2) were treated with the indicated
compounds (1 uM each) or vehicle. Infected cells were fixed after a 24 hr postinfection and stained for NP (green) and virus antigen R309 (red). Nuclei (blue) were
counterstained with DAPI.

(legend continued on next page)
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However, whether bioactive lipid mediators and lipid metabolic
pathways might be involved in influenza virus infections is
unknown. Omega-3 polyunsaturated fatty acids (PUFA), such
as docosahexaenoic acid (DHA) and eicosapentaenoic acid
(EPA), both of which are enriched in fish oils, serve as substrates
for the production of potent bioactive anti-inflammatory lipid
mediators, such as resolvins, protectins, maresins, and their
biosynthetic intermediates (Serhan, 2007; Serhan et al., 2012).

Here, we report that the DHA-derived protectin D1 isomer
(PD1; 10S, 17S-dihydroxydocosahexaenoic acid) markedly
attenuates influenza virus replication via interference with the
virus RNA nuclear export machinery. PD1 was identified in
self-limited resolving inflammatory exudates in vivo (Serhan
et al., 2002), where it regulates the innate local response and
stimulates resolution. Production of PD1 was downregulated
during severe influenza virus infections, e.g., with H5N1 avian
influenza viruses, and inversely correlated with the pathogenicity
of different H5N1 virus isolates. Importantly, PD1 treatment
improved the survival of influenza-virus-infected mice even at
later stages of the disease, when current antiviral therapies are
not effective (Arya et al., 2010), suggesting that PD1 could be
a novel therapeutic target for the treatment of severe influenza
virus infections.

RESULTS

The PUFA-Derived Mediator Protectin D1 Reduces
Influenza Virus Replication

To investigate the potential role of lipid metabolites in influenza
infections, we performed a screen of PUFA-derived lipids in
human lung epithelial (A549) cells infected with the influenza A
virus stain A/Puerto Rico/8/34 (H1N1) (PR8 virus) by using bioac-
tive lipid libraries that include prostaglandins (PGs), resolvins,
protectins, and other PUFA-derived metabolites (Figure 1A).
PR8-infected cells (multiplicity of infection [MOI]: 0.2) were
treated with PUFA-derived metabolites (1 ptM each) and influ-
enza virus nucleoprotein (NP) mRNA expression was quantified
at 8 hr after infection (Figure 1A). Compared with vehicle treat-
ment, the arachidonic acid (AA)-derived products 12-HETE and
15-HETE, as well as the DHA-derived 17HDoHE and PD1, in-
hibited the expression of NP mRNA by more than 30%. Of
note, some compounds, e.g., 8,9-DHET, resulted in increased
NP mRNA levels that required further analysis; here, we focus
on compounds that can inhibit virus replication because they
may represent potential therapeutic targets for influenza
virus infection. Immunohistochemistry demonstrated that PD1,
17-HDoHE, 12-HETE, and 15-HETE administration markedly
decreased the numbers of cells that were positive for the influ-
enza virus NP protein and viral antigen R309 (Figure 1B). In
addition, PR8 virus titers were markedly decreased by the treat-
ment with 12-HETE, 15-HETE, 17HDoHE, and PD1 (Figure 1C).
Consistent with the results of our screen, the DHA-derived resol-

vins RvD1 and RvD2 showed no apparent inhibition (Figures 1B
and 1C). Because PD1 treatment among all bioactive mediators
tested led to the most potent inhibition of PR8 virus replication,
we focused on PD1 for our subsequent studies. We confirmed
that PD1 treatment attenuated influenza virus replication, as
assessed by NP protein production in PR8-virus-infected A549
cells (Figure S1A available online). NP mRNA expression was
inhibited by PD1 treatment in a dose-dependent fashion (Fig-
ure S1B). Importantly, PD1 treatment also attenuated the
replication of highly pathogenic H5N1 influenza viruses, as as-
sessed by markedly reduced viral M protein mRNA expression
(Figures 1D and S1C), and decreased virus titers (Figures 1E
and S1D) in A549 and MDCK cells. Thus, our screen for PUFA-
derived metabolites identified PD1 as a suppressor of influenza
virus replication in cultured cells.

Reduction of Endogenous PD1 Production in Lungs of
Mice in Severe Influenza Virus Infection

To examine the metabolic profiles of PUFA-derived metabolites
in severe influenza infection in vivo, we conducted a mediator lip-
idomics for AA-, DHA- and EPA-derived metabolites in lung
tissues obtained from wild-type mice subjected to intratracheal
PR8-virus infections (Ichikawa et al., 2013). All PR8-infected
animals died within 8 days (Figure S2A). NP mRNA expression
(Figure S2B) and virus titers (Figure S2C) rapidly increased after
infection peaking on day 2. PR8 infections also resulted in
markedly impaired pulmonary functions as assessed by tissue
resistance and tissue elastance (Figure S2D) (Sly et al., 2003).
Histologically, numbers of inflammatory cells were slightly in-
creased in the PR8-infected lungs on day 2, and on day 5 we
observed pulmonary edema, hemorrhage, and hyaline mem-
brane formation (Figure S2E). Thus, in line with previous reports
(Smith et al., 2011; Ichikawa et al., 2013), intratracheal infection
with PR8 influenza viruses induces lung pathologies that closely
mimic the symptoms of severe influenza in humans.

To identify the endogenous lipid mediators and pathway
metabolites during PR8 infections, lung tissues were obtained
from PR8- and mock-infected mice at 6, 12, 24, and 48 hr
after infection and subjected to liquid chromatography-tandem
mass spectrometry (LC-MS/MS)-based lipidomics analysis.
This technology has been recently developed and allows
researchers to identify and quantify more than 250 PUFA-
derived endogenous lipid mediators and pathway metabolites
including prostaglandins (PGs), leukotrienes (LTs), lipoxins
(LXs), resolvins, protectins, and other AA-, EPA-, DHA-derived
products (Arita, 2012). As shown in Tables S1, S2, and S3,
several lipid mediators were detectable in noninfected lungs
under baseline control conditions. In particular, cyclooxygenase
(COX) pathway products such as PGE2 and 6-keto PGF1a and
the 12/15-lipoxygenase (12/15-LOX) pathway metabolites 12-
HETE, 15-HETE, and 14-HDoHE were present in the lung tissues
of untreated control mice (Tables S1 and S2). Next, we examined

(C) Virus titers. PR8-virus-infected A549 cells (MOI: 5) were treated with the indicated compounds (8 uM each) or vehicle. Infectious virus particles were quantified
at 24 hr after infection by focus forming unit (FFU) replication assay. **p < 0.01, *p < 0.05 compared with vehicle.

(D and E) Effects of PD1 on H5N1 virus replication. H5N1 influenza-virus-infected A549 cells (MOI: 0.02, 0.2) were treated with PD1 (8 uM) or vehicle immediately
after infection. Viral M protein mRNA expression (D) and virus titers (E) were quantified at 24 hr after infection by gRT-PCR and FFU assay. **p < 0.01 compared
with vehicle. Data in (C)-(E) are presented as means + S.E.M. See also Figure S1.
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Figure 2. Mediator Lipidomics in Severe Influenza in Mice

(A-C) Lung tissues were obtained from intratracheally PR8 virus (1 x 10* TCIDso)- or mock (PBS)-infected mice at 0, 6, 12, 24, and 48 hr after infection and
subjected to LC-MS/MS lipidomics analysis. Changes in the production of PR8-virus-infected lungs (Flu) relative to PBS-treated controls (PBS) are shown for (A)
AA-, (B) DHA-, and (C) EPA-derived metabolites at 0, 6, 12, 24, and 48 hr after infection. n = 5 per each group. See also Figure S2, Tables S1, S2, and S3.

the relative ratios of AA-derived (Figure 2A), DHA-derived (Fig-
ure 2B), and EPA-derived (Figure 2C) metabolites in PR8-in-
fected versus control lungs. Intriguingly, among all the identified

mediators and metabolites, endogenous production of AA-
derived 12-HETE and 15-HETE, as well as DHA-derived 17-
HDoHE and PD1, showed the greatest level of reduction during
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Figure 3. Mediator Lipidomics in H5N1
Influenza Virus Infection in Mice

WT mice were intranasally infected with 2009
H1N1 virus (2009 H1N1), avian H5N1 virus (H5N1),

H5N1 virus with an attenuating mutation of Glu at

the course of the PR8 influenza virus infection (Figures 2A-2C);
these are the same series of lipid mediators that showed the
largest impact on influenza replication in A549 cells (Figure 1).
Akin to its effects on viral replication in cell culture, PD1 was
one of the most reduced lipid mediator in the lungs of PR8-in-
fected mice (Figure 2B).

To extend our results to other influenza virus strains, we intra-
nasally (i.n.) infected wild-type mice with 2009 H1N1 virus, avian
H5N1 (H5N1) virus, avian H5N1 virus carrying an attenuating Glu
mutation at position 627 of PB2 (H5N1 PB2-627E), or mock in-
fected them. Virus titers were higher in the lungs of mice infected
with the avian H5N1 virus as compared to 2009 H1N1 or H5N1-
PB2-627E-virus-infected mice (Figure S2F), confirming previous
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We next tested whether the PUFA-

derived 12-HETE, 15-HETE, 17-HDoHE,
and PD1, all of which attenuated virus replication in cultured
cells (Figure 1), could also protect against severe influenza in
mice. Mice were infected intratracheally with PR8 virus (1,500
TCIDsg); lipids mediators (1 pg/mouse) or vehicle were given
intravenously (i.v.) 12 hr before and immediately after the PR8
virus infection. The lipids metabolites were given intravenously
because they are autacoids and, as such, are rapidly metabo-
lized and inactivated in vivo. Consistent with our in vitro data,
PD1 treatment improved the survival of PR8-infected mice (Fig-
ure 4A). To extend our results to a human pathogenic virus
isolate, we tested whether PD1 treatment could also affect the
survival of mice infected with the 2009 H1N1 virus. When PD1
was given i.v. 12 hr before and immediately after 2009 H1N1
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Figure 4. Protective Role of PD1 against Influenza Virus Infection In Vivo

(A) Survival of influenza-virus-infected WT mice upon treatment with PUFA-derived metabolies. n = 7 for vehicle, n = 7 for 12-HETE, n = 8 for 15-HETE, n = 8 for
17-HDoHE, and n = 8 for PD1 group. **p < 0.01 compared with vehicle.

(B) Survival of WT mice intratracheally infected with 2009 H1N1 virus upon treatment with PD1 (1 pg/mouse) (n = 6) or vehicle (n = 6). PD1 treatment improved the
survival of virus-infected mice (p = 0.03).

(C-F) Effects of PD1 on host cytokine levels and viral replication. Cytokine (IL-6, IP-10, and CXCL2) levels in lungs at 2 and 5 days postinfection are shown (C). NP
mRNA expression (D) and virus titers (E) were measured in lung 24 hr postinfection. n = 5 per each group. n.s., not significant. **p < 0.01 compared with vehicle.
(F) Lung tissues at 2 days after infection were stained with the R309 antibody to detect influenza virus antigen.

(legend continued on next page)
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virus infections, the survival of the virus-infected mice improved
(Figure 4B). We then tested whether the protective actions of
PD1 resulted from its anti-inflammatory functions in macro-
phages and neutrophils (Schwab et al., 2007). However, macro-
phage and neutrophil numbers in bronchioalveolar lavage (BAL)
fluid were seemingly unaffected by PD1 treatment in the lungs
of PR8 influenza-virus-infected mice (Figure S3A), although
the PD1-treated lungs did show slightly improved histological
changes at 2 days after infection (Figure S3B). Furthermore,
PD1 treatment did not significantly decrease the levels of the
proinflammatory cytokines IL-6, IP-10, and CXCL2 nor mRNA
expression (IL-6, IFN-B, CXCL1, and CXCL2) in the lungs on
days 2 and 5 after PR8 infection (Figures 4C and S3C). In
contrast, virus NP mRNA expression (Figure 4D), virus titers (Fig-
ure 4E), and the number of virus antigen-positive cells (Figure 4F)
were all significantly reduced in the lungs of PD1-treated mice,
indicating that PD1 acts on viral replication.

Similar to our in vitro data (Figure 1), intravenous treatment
(1 pg/mouse) with RvD1 or RvD2 at 12 hr before and immediately
after PR8 virus infection had no apparent effect on the survival of
PR8-virus-infected mice (Figure 4G). Because LXA4 showed
a mild inhibition of virus replication (Figure 1) and LXA4 produc-
tion was suppressed during the course of severe influenza (Fig-
ure 2A), we also tested the effect of LXA4 on the survival of mice
infected with PR8 influenza virus in vivo. However, treatment
(1 pg/mouse, i.v.) with LXA4 also had no apparent effect on the
survival of PR8-virus-infected mice (Figure 4G). Given that
RvD1, RvD2, and LXA4 are known to have anti-inflammatory
properties (Serhan and Levy, 2003), we next asked whether
they could decrease the inflammatory cytokine production initi-
ated in response to virus infection. However, RvD1, RvD2, or
LXA4 treatment did not decrease the proinflammatory cytokine
levels (IL-6, IP-10, CXCL2) in the lungs on days 2 and 5 after
PR8 infection (Figure S3D). In addition, virus replication, as
assessed by NP mRNA, was apparently not affected following
treatment with these lipid metabolites (Figure 4H).

We finally examined whether PD1 treatment has a therapeutic
benefit after the infection was established. Mice were infected i.t.
with PR8 virus and treated with PD1 (100 ng/mouse; i.t.) or
vehicle 2 days after the initial infection; infected mice were
then mechanically ventilated, mimicking the therapeutic setting
for critically ill influenza patients in intensive care units. We chose
the 48 hr time point because currently available anti-influenza
drugs are thought to be beneficial if administered early after
infection but ineffective if administered around 48 hr after infec-
tion (Kumar, 2011). Intriguingly, such therapeutic PD1 treatment
significantly improved the pulmonary functions of PR8-infected
mice as assessed by tissue resistance (Figure 4l) and tissue ela-

stance (Figure 4J). A similar administration regiment using RvD1
or RvD2 did not improve pulmonary functions (Figures S3E and
S3F). Importantly, when mice were treated with the antiviral
drug peramivir (Arya et al., 2010) or PD1 alone at 48 hr postinfec-
tion, 70%-75% of the animals still died within 16 days (Figure 4K).
However, PD1 plus peramivir treatment beginning 48 hr after
infection completely rescued the mice from death due to the
influenza infection (Figure 4K). Of note, if treated with peramivir
immediately after infection, all animals survived (Figure S3G).
These results show that PD1 has a marked beneficial effect on
severe influenza virus infections both prophylactically and,
most importantly, therapeutically in vivo.

PD1 Inhibits Nuclear Export of Viral Transcripts
Next, we explore the mechanisms by which PD1 inhibits influ-
enza virus replication. Consistent with our in vivo data (Figures
4C, and S3C), expression of antiviral (IFNB) or anti-inflammatory
(IL-8) cytokines was unaffected by PD1 treatment of influenza-
virus-infected A549 cells (Figure S4A), suggesting that PD1
is unlikely to attenuate influenza virus replication through its
possible antiviral or anti-inflammatory responses. Thus, we
wondered whether PD1 could affect influenza virus replication
via controlling virus life cycle. The influenza viral genome con-
sists of negative-sense RNA (VRNA) packaged in viral ribonu-
cleoprotein (VRNP) complexes. VRNA is replicated into cRNA,
which serves as the template for vVRNA neosynthesis. After the
formation of vRNPs in the nucleus, vRNAs are exported to the
cytoplasm (Neumann et al., 2004). In addition, an initial round
of transcription produces 5 capped and 3’ poly(A) viral mMRNA
that is also exported to the cytoplasm. To examine whether
PD1 affects the nuclear export of influenza virus RNA, we visual-
ized the localization of PR8 virus segment 7 mRNA and vRNA in
infected A549 cells using fluorescence in situ hybridization
(FISH). Upon PR8 virus infection, virus mRNA and vRNA were
primarily localized in the nucleus at 5 hr after infection but shifted
to the cytoplasm at 8 hr in the vehicle-treated cells (Figure 5A).
PD1 treatment markedly attenuated cytoplasmic translocation
of virus mMRNA and vRNA (Figure 5A). Of note, RvD1 treatment
did not affect the export of viral RNAs (Figure 5A). As a conse-
quence, virus mRNA and vRNA expression was significantly
reduced in the PD1-treated but not RvD1-treated cytoplasmic
fraction 8 hr after PR8 infections (Figure 5B). Thus, our data indi-
cate that PD1 inhibits nuclear export of influenza virus RNAs.
Genome-wide RNAI screens for host factors implicated in
influenza virus replication identified a critical role for the mRNA
transporter NXF1 (also known as Tap) (Karlas et al., 2010; Hao
et al, 2008), although the precise mechanisms remained
unknown. We therefore assessed a potential involvement of

(Gand H) RvD1, RvD2, LXA4, or vehicle was given i.v. 12 hr before and immediately after PR8 infection of WT mice (n = 6 for each group). Percent survival is shown
(G). NP mRNA expression was measured in lungs at 2 and 5 days postinfection (H).

(land J) Therapeutic effects of PD1 on lung function of PR8-infected mice. Two days postinfection mice were intratracheally treated with PD1 or vehicle (veh), and
then mechanically ventilated for 2.5 hr. Changes in pulmonary tissue resistance (l) and tissue elastance (J) were analyzed. n = 6 per group. **p < 0.01 for the entire

time course compared with vehicle treatment.

(K) Survival of influenza-virus-infected mice upon delayed treatment with the antiviral drug peramivir (n = 5), PD1 (n = 7), peramivir plus PD1 (n = 7), or vehicle
(n=7). WT mice were infected intratracheally with PR8 virus. In the peramivir group, 2 days postinfection, peramivir (10 mg/kg) was given i.v. In the PD1 group,
from 2 days postinfection PD1 (1 ug/mouse/day) was given i.v. for 3 consecutive days. In the peramivir plus PD1 group, peramivir (10 mg/kg) was given i.v.
at 2 days postinfection and PD1 (1 pg/mouse/day) was given i.v. for three consecutive days as indicated.

Data in (C), (D), (E), and (H)-(J) are presented as means + S.E.M. See also Figure S3.
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Figure 5. PD1 Inhibits Nuclear Export of Viral Transcripts
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(A and B) A549 cells were infected with influenza PR8 virus (MOI: 2) and treated with PD1 (2.7 uM) or vehicle immediately after infection. Infected cells were fixed at

the indicated time points, and PR8 virus mRNA and virus VRNA (A) were detected by fluorescen
Cytoplasmic and nuclear fractions were separately isolated from the cells at 8 hr after infection
*p < 0.05 compared with vehicle.

ce in situ hybridization. Nuclei were counterstained with DAPI.

, and virus mRNA and vRNA (B) were quantified by qRT-PCR.

(C and D) siRNA knockdown of RNA export genes (C) or FG-nucleoporins (D) in PR8 influenza-infected A549 cells (MOI: 0.2). NP mRNA expression was quantified

at 24 hr after infection by qRT-PCR. **p < 0.01 compared with control siRNA.
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NXF1 in the PD1-regulated nuclear export of influenza virus RNA.
Indeed, knockdown of NXF1 in A549 cells (Figure S4B), but not of
the related transporters p15/NXT1 (Herold et al., 2001), NXT2, or
CRM1/XPO1 (Stade et al., 1997), significantly attenuated PR8
influenza virus replication as assessed by NP mRNA expression
(Figure 5C), NP protein levels (Figure S4C), and virus titers (Fig-
ure S4D). Consistent with a previous report (Read and Digard,
2010), FISH analyses further confirmed that knockdown of
NXF1 inhibited the nuclear export of virus mMRNA and vRNA (Fig-
ure S4E). Of note, although knockdown of p15/NXT1 or its
homolog NXT2 (Herold et al., 2000) alone did not attenuate virus
replication, knockdown of both p15/NXT1 and NXT2 attenuated
the influenza virus replication (Figure 5C). Knockdown of CRM1/
XPO1 did not affect the nuclear export of influenza virus tran-
scripts (Figure S4F). NXF1 forms a functional heterodimer with
the p15/NXT1 protein (Griter et al., 1998; Herold et al., 2000; Ka-
tahira et al., 1999; Rodriguez-Navarro and Hurt, 2011). NXF1
proteins, via their middle (M) and C-terminal domains (Fig-
ure S4G), bind to phenylalanine-glycine (FG) repeat-containing
nucleoporins (Nups) that line the nuclear pore channel (Ho
et al., 2002; Liker et al., 2000). FG-Nups facilitate RNA transport
as their repeats provide docking sites for carriers during their
movement across the nuclear pore complex (Reed and Hurt,
2002; Stewart, 2010). Among FG-Nups, knockdown of Nup62,
but not Nup98 or Nup214, significantly attenuated virus replica-
tion assessed by NP mRNA expression (Figure 5D) and virus
titers (Figure S5A) in A549 cells, as previously reported for immu-
nodeficiency virus type 1 (HIV-1) infections (Monette et al., 2011).
FISH analyses further showed that Nup62 knockdown inhibited
the nuclear export of virus mRNA and vRNA (Figure S5B),
whereas knockdown of Nup98 nor Nup214 did not affect the
nuclear export of influenza virus transcripts (Figure S5C).
Whether influenza virus RNAs can directly bind NXF1 has been
elusive. By using a cell-free in vitro RNA gel shift assay, we found
that recombinant protein expressing full-length NXF1 1-619 and
p15/NXT1 (NXF1-p15) generated band shifts of influenza virus
mRNA and vRNA (Figure S6A), indicating that influenza virus
RNAs directly binds to NXF1-p15. In contrast, we failed to detect
a direct binding of Nup62-FG protein to virus RNAs (Figure S6B).
Interestingly, coincubation of the NXF1-p15 and Nup62-FG
proteins generated a supershift of influenza virus mRNA and
VRNA (Figure 5E), supporting the notion that NXF1-p15 and
Nup62-FG form a protein complex in vitro, which can bind virus
RNAs. Of note, immunoprecipitation experiments showed that
Nup62 indeed associated with NXF1 in noninfected and infected
cells (Figure S6C). These data indicate that influenza virus RNAs
directly bind to NXF1 and that NXF1, in cooperating with a key

docking protein Nup62, facilitates influenza virus RNAs export
and virus replication.

We next tested whether PD1 could interfere with the recruit-
ment of virus RNAs to NXF1 that can bind Nup62 using an
RNA immunoprecipitation (RIP) assays. PD1, but not RvD1,
treatment significantly reduced the amount of virus mRNA and
VRNA that immunoprecipitated with the anti-NXF1 antibody
(Ab) (Figure 5F). The Ab used was immunoprecipitated with
NXF1 (Figure S6D). To further confirm this finding, we conducted
a RIP sequencing (RIPseq) analysis. The RNAs that immunopre-
cipitated with the anti-NXF1 Ab indeed mapped to influenza virus
RNAs. PD1 treatment significantly reduced the copy number of
all influenza virus RNAs that immunoprecipitated with the anti-
NXF1 Ab (Figure 5G). Furthermore, we detected the presence
of Nup62 microclusters around the nuclear rim and a distinct
speckled cytoplasmic staining at 8 hr after infection (Figure 5H).
Importantly, upon PD1, but not RvD1, treatment, Nup62 re-
mained at the nuclear envelop in the virus-infected cells (Fig-
ure 5H). Taken together, our data indicate that PD1 inhibits the
recruitment of virus RNAs to NXF1 that can cooperate with
Nup62 for RNA export, thereby attenuating virus RNA export
and replication.

Finally, we asked whether PD1 also affects nuclear export of
host poly(A) mRNA. FISH analysis showed that PD1 treatment
had no apparent impact on the nuclear export of host bulk
poly(A) mRNA in the influenza-virus-infected cells (Figure 5I).
To confirm this finding, we isolated nuclear and cytoplasmic
RNA fractions from the cells at 8 hr after mock or PR8 virus
infection and subjected to RNA sequencing (RNAseq) analysis.
Consistent with our FISH data (Figure 5I), the distributions of
nuclear and cytoplasmic RNA sequences were largely unaf-
fected by PD1 treatment (Figure 5J), although some RNAs
appeared changed following PD1 treatment (Table S4); the
significance of these changes needs to be determined, though
none of these changed RNA have been yet implicated in virus
replication.

PD1 Production Is 12/15-LOX Dependent

12/15-LOX (the murine ortholog of human 15-LOX1) (Chanez
et al., 2002) is known to be a key enzyme in the biosynthesis of
PD1 (Yamada et al., 2011). To test whether the generation of
PD1 in the influenza-virus-infected lung was indeed dependent
on 12/15-LOX, we conducted lipidomics for PUFA-derived
metabolites in 12/15-LOX knockout (KO) (Sun and Funk, 1996)
versus control wild-type (WT) mice. Compared with WT mice,
levels of PD1 were reduced in 12/15 LOX KO mice at baseline
(Figure 6A). Upon influenza virus infection for 24 hr, production

(E) Coincubation of NXF1-p15 plus Nup62-FG proteins generated a supershift of influenza virus mRNA and vRNA. Virus RNA alone (N) served as a negative

control.

(F and G) RNA immunoprecipitaion and viral RNA sequencing. Input and immunoprecipitaed RNAs were analyzed by RT-qPCR for virus mRNA and vVRNA (F). The
immunoprecipitated RNAs were subjected to RNA sequencing. Individual graphs represent the read depth Log10 (RPM) for each segment of the virus (G).

(H) Immunocytochemistry for Nup62 (green) and NXF1 (red) expression in the PD1-, RvD1-, or vehicle treated cells at 8 hr after infection.

(I) The infected cells were fixed at the indicated time points, and Poly(A) mRNA was detected by fluorescence in situ hybridization. Nuclei were counterstained

with DAPI.

(J) Host mRNA sequencing. Nuclear and cytoplasmic fractions were isolated from the cells at 8 hr after mock or PR8 virus infection and the extracted RNAs
subjected to RNA sequencing. Individual graphs represent the pairwise relationships of the expression level (FPKM) comparing PD1 (y axis) and vehicle (x axis)
treatment in nuclear (left) and cytoplasmic (right) RNAs under noninfected and infected conditions.

Data in (B), (C), (D), and (F) are presented as means + S.E.M. See also Figures S4, S5, S6, and Table S4.
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Figure 6. 12/15 LOX-Dependent PD1 Production in Influenza Virus-Infected Lungs
(A) Lipidomics for 12/15-LOX knockout (KO) mice. WT and 12/15-LOX KO mice were infected intratracheally with PR8 virus (1 x 10* TCIDs). Lung
tissues were sampled at time point 0 (baseline) and 24 hr postinfection. The concentrations (pg/mg tissue) of the DHA-derived metabolites are shown; n = 5
per group.
(B) WT mice were intratracheally infected with mock (PBS) or PR8 virus. Lung tissues were sampled at the indicated time points postinfection and 12/15-LOX
mRNA levels measured by qRT-PCR. *p < 0.05 for the whole time course compared to PBS controls.
(C) Lung tissues were sampled from WT mice at the indicated time points postinfection, and used for western blotting using Abs to 12/15-LOX and B-actin as
a loading control. Lung tissues obtained from 12/15 LOX KO mice served as a negative control.

(legend continued on next page)
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of PD1 was markedly reduced in 12/15 LOX KO mice (Figure 6A).
In addition, the production of 17-HDoHE, the upstream product
of PD1, was also markedly reduced in 12/15 LOX KO mice at
baseline and at 24 hr postinfection (Figure 6A). Of note, produc-
tion of LXA4 was apparently not affected by the genetic inactiva-
tion of 12/15-LOX (Figure S7A). 5-lipoxygenase followed by
12-lipoxygenase action (Papayianni et al., 1995) might be
involved in the production of lipoxin A4. These data indicate
that the endogenous production of PD1 is critically dependent
on 12/15-LOX expression.

In lungs, 12/15-LOX is predominantly expressed in epithelial
cells and leukocytes (Chanez et al.,, 2002). In PR8-infected
mice, mRNA (Figure 6B) and protein levels (Figure 6C) of 12/
15-LOX were decreased in lungs. NP mRNA levels (Figure 6D)
and virus titers (Figure 6E) were significantly higher in the
lung tissues of PR8-virus-infected 12/15-LOX deficient mice at
2 days postinfection. 12/15-LOX KO mice also exhibited greater
body weight loss after PR8 virus infections (Figure 6F). Further-
more, we isolated mouse embryonic fibroblasts (MEFs) from
WT and 12/15-LOX KO mice and infected them with the PR8
viruses. NP mRNA levels (Figure 6G) and virus titers (Figure S7C)
were again markedly higher in 12/15-LOX KO MEFs. Importantly,
the elevated NP mRNA expression (Figure 6G) and virus titers
(Figure S7C) in the 12/15-LOX KO MEFs were significantly atten-
uated by the treatment with PD1, 17-HDoHE, or a combination of
both. These results show that the 12/15-LOX is the key enzyme
required for the biosynthesis of PD1 and 17-HDoHE in influenza-
virus-infected mouse lung.

DISCUSSION

Novel families of biologically active lipid mediators derived from
PUFA precursors have recently been uncovered and their com-
plete stereochemical assignments established (Schwab et al.,
2007; Serhan, 2007; Serhan et al., 2011; Isobe et al., 2012).
These lipid mediators include AA-derived lipoxin A4 (LXAy),
DHA-derived PD1 (also known neuroprotectin D1 when gener-
ated in neuronal tissues), D series resolvins (RvD1, RvD2), and
the EPA-derived E series resolvins (Serhan, 2007). These medi-
ators are known to have anti-inflammatory properties and
display potent protective actions in experimental inflammatory
diseases such as peritonitis (Schwab et al., 2007; Yamada
et al., 2011) and even Alzheimer’s disease (Lukiw et al., 2005).
Here, we used mediator lipidomics to show the metabolic
profiles and functions of these mediators in the pathology of
influenza virus infection. To examine whether such bioactive
mediators and biosynthetic intermediates are involved in influ-
enza virus replication, we screened PUFA-derived products for
their effects on influenza virus replication. Among them, PD1
markedly attenuated influenza virus replication and, most impor-

tantly, promoted survival of infected mice. Similar to PD1, RvD1
and RvD2 are DHA-derived products of the 12/15-LOX pathway
(Serhan, 2007). However, RvD1 and RvD2 were under the detec-
tion limit after PR8 or H5N1 virus infections, possibly because of
scarce infiltration with neutrophils.

The modes of interaction of NXF1 with cellular and viral RNAs
are likely to be different. Constitutive transport elements (CTE) of
retroviral RNAs can directly bind NXF1 (Braun et al., 1999; Griter
et al., 1998), and NXF1 has been shown to control ICP27-medi-
ated export of Herpes simplex virus (HSV)-1 mRNA (Yatherajam
etal., 2011). Although influenza virus infections have been shown
to downregulate the host MRNA export machinary by forming an
inhibitory complex consisting of viral NS1 and the host NXF1,
p15, and other mRNA export factors (Satterly et al., 2007), it
was unknown whether NXF1 is in fact involved in the virus RNA
export. We show that influenza virus RNAs directly bind to
NXF1 and that NXF1, in cooperating with Nup62, facilitates influ-
enza virus RNAs export from the nucleus to the cytoplasm.
However, to date it remains largely unknown the involvements
of viral proteins and/or adaptor proteins in the NXF1-mediated
influenza virus RNAs export (Schneider and Wolff, 2009). Impor-
tantly, we found that PD1 attenuates the recruitment of virus
RNAs to NXF1 that can bind Nup62 and suppresses the altered
localization of Nup62 in the virus-infected cells. The precise
mechanisms involved in this process including the PD1’s inter-
action to viral proteins such as NS1 should be clarified in the
future study. Furthermore, a yet unidentified specific receptor
for PD1 would further raise the important question of how endog-
enous PD1 controls the downstream pathways connecting to
NXF1-Nup62, although PD1 could also have many yet unex-
plored effects beyond regulation of the nuclear pores.

A key approach to treat severe influenza has been pharmaco-
logical targeting of both the virus life cycle and the subsequent
extreme pulmonary inflammation. Current anti-influenza virus
drugs are beneficial only if administered early after infection;
they are much less effective if administered 48 hr after infection
(Kumar, 2011). In this context, a key finding of our study is that
treatment of PD1 beginning around 48 hr after the initial infection,
combined with peramivir, completely rescued mice from flu
mortality, indicating that PD1 has a marked beneficial effect
on severe PR8 influenza virus infections both prophylactically
and, most importantly, therapeutically. Deep RNA sequencing
showed that PD1 exhibits only minor effects on host poly(A)
mRNA nuclear export under both noninfected as well as infected
conditions, although it has not yet identified how PD1 inhibits
the export specific for virus RNA rather than host RNA. Antiviral
cytokine IFNB expression levels were also not affected by PD1
treatment in vivo and in vitro. These results may imply that PD1
treatment is not likely to induce a harmful inhibition of host
RNA export that could possibly produce detrimental side effects

(D and E) WT and 12/15-LOX KO mice were infected intratracheally with PR8 virus (1 x 10* TCIDs0) Virus NP mRNA (D) and virus titers (E) were quantified in lung
tissues at 24 hr postinfection by qRT-PCR and focus forming unit (FFU) replication assay. n = 5 per each group. *p < 0.05 compared with WT.
(F) Body weight changes in influenza-infected 12/15-LOX KO mice. WT (n = 10) and 12/15-LOX KO (n = 11) mice were infected intratracheally with PR8 virus

(10 TCIDsg).

(G) Mouse embryonic fibroblasts (MEFs), obtained from WT or 12/15-LOX KO mice, were infected with PR8 virus (MOI: 2) and treated with PD1 (8 uM), 17-HDoHE
(8 uM), or a combination of both (4 uM each) immediately after infection. Virus NP mRNA expression was quantified in the infected cells at 24 hr postinfection.
**p < 0.01. *p < 0.05. Data in (A), (B), (D), (E), (F),and (G) are presented as means + S.E.M. See also Figure S7.
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in host cells. Given its demonstrated potency, its potent anti-
inflammatory properties in sterile and bacterial inflammation
(Serhan, 2007), and its production in healthy human airways
and reduction in disease (Levy et al., 2007), PD1 could serve
as a novel antiviral drug as well as a biomarker for severe and
lethal influenza virus infections.

EXPERIMENTAL PROCEDURES

Viruses

A/Puerto Rico/8/34 (H1N1; PR8), A/California/04/2009 H1N1 (2009 H1N1),
A/NVietnam/1203/04 H5N1 (H5N1), and a mutant H5N1 virus possessing
a single amino-acid substitution, from lysine to glutamic acid, at position 627
in PB2 (HS5N1 PB2-627E) were used. BSL3 conditions were used for experi-
ments with HSN1 and H5N1 PB2-627E viruses.

Animals

C57BL/6 mice were bred at our animal facility. 12/15-LOX deficient mice on the
C57BL/6 background were purchased from the Jackson Laboratory. Animal
experiments and housing of mice were performed in accordance with institu-
tional guidelines.

Intratracheal Influenza Virus Infection Model and Measurements of
Respiratory Function

Mice were intratracheally infected with influenza viruses as described else-
where (Ichikawa et al., 2013). For respiratory function, airway elastance and
resistance were measure as described elsewhere (Imai et al., 2005, 2008)
using the flexiVent system (SCIREQ).

Mediator Lipidomics

LC-MS/MS-based lipidomics analyses were performed using an high-perfor-
mance liquid chromatography (HPLC) system (Waters UPLC) with a linear
ion trap quadrupole mass spectrometer (QTRAP5500; AB SCIEX) equipped
with an Acquity UPLC BEH C4g column (Waters) as described (Arita, 2012).
MS/MS analyses were conducted in negative ion mode, and fatty acid metab-
olites were identified and quantified by multiple reaction monitoring (MRM).

Lipid Metabolites

The Protectin D1 isomer (PD1, 10S,17S-diHDoHE), RvD1, RvD2, and 15-
HETE-d8, LTB4-d4, and PGE,-d4 were purchased from Cayman Chemical.
To screen for PUFA-derived compounds, we also used the Bio-active screen
Lipid Il Library (Cayman Chemical).

Virus Infection of Cultured Cells

The A549 human lung epithelial cells, mouse embryonic fibroblasts and Madin-
Darby canine kidney cells (MDCK) were washed with PBS and then infected
with virus at the indicated MOls in DMEM 0.1% BSA for 1 hr at 37°C. Cells
were then washed and incubated for the indicated time periods at 37°C in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% FCS.

Immunocytochemistry

A549 cells on glass coverslips were fixed with 4% paraformaldehyde and incu-
bated with anti-NP Abs (ATCC, Hb65), anti-R309 Abs (Itoh et al., 2009), anti-
NXF1-C Abs (Katahira et al., 1999), or anti-Nup62 MAbs (BD Transduction
Laboratories), and then incubated with appropriate secondary antibodies.
Coverslips were mounted with mounting medium containing 4’,6-diamidino-
2-phenylindole (DAPI). Images were analyzed with a multiphoton laser micro-
scope (A1R MP, Nikon).

Fluorescent In Situ Hybridization

FISH for influenza virus RNAs and poly(A) mRNA was conducted as described
previously (Amorim et al., 2007). To generate a digoxigenin labeled positive- or
negative-sense RNA probe, we linearized pSPT19-PR8-M plasmid and tran-
scribed it in vitro with SP6 or T7 RNA polymerase, respectively, by using
DIG-RNA labeling kit (Roche). A Cy3-labeled oligo (dT) probe was synthesized
for poly(A) mRNA FISH. A549 cells were fixed and permeabilized. After 1 hr
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prehybridization, the cells were hybridized with the RNA probe for 16 hr at
37°C. A digoxigenin labeled probe was detected by indirect immunofluores-
cence with an antidigoxigenin fluorescein Fab fragment (Roche). Images
were analyzed using multiphoton laser microscopy (A1R MP, Nikon).

Cellular Fractionation

Cytoplasmic and nuclear fractions of the cells were segregated by use of
a subcellular protein fractionation kit (Thermo Scientific) in the presence of
protease inhibitor cocktail (Roche) and RNase inhibitor (Toyobo).

Quantitative Real-Time PCR

RNA was extracted from cells using the RNeasy Mini Kit (QIAGEN, Valencia,
CA\). First-strand cDNA was synthesized from DNA-free RNA using a Prime-
script RT reagent kit (Takara). Samples of first strand cDNA were subjected
to real-time PCR quantification (Takara) using specific primers for the indi-
cated RNAs with GAPDH or 18S as an internal control. Relative amounts of
RNAs were calculated by using the comparative Ct method.

RNA-Binding Protein Immunoprecipitation Assay and RIP
Sequencing

RIP was carried out using an immunoprecipitation kit (RIP-assay kit; MBL).
Briefly, cells were homogenized and incubated overnight with protein G
agarose beads (Thermo) preincubated with an anti-NXF1 Ab (BD Biosciences)
or control Ab. RNAs bound to the beads were purified, and gPCR analysis was
carried out. For RIP sequencing, immunoprecipitated RNAs were subjected to
RNA sequencing analysis using HiSeq2000 (lllumina). The sequencing run
yielded ~30 million reads on average for the PD1 and vehicle treatment
samples. Low-quality bases in sequencing reads were trimmed, and the
trimmed reads were mapped to the influenza genome of the strain A/Puerto
Rico/8/34(H1N1) by using Bowtie2 (Langmead and Salzberg, 2012). Read
counts were normalized to reads per million reads (RPM).

RNAseq

Nuclear and cytoplasmic fractionated RNAs were subjected to RNA
sequencing analysis using HiSeq2000 (lllumina). The sequencing run yielded
~12 million reads on average. The quality-filtered reads were aligned to the
human genome hg19 by using TopHat (Trapnell et al., 2009). The relative
expression levels (fragments per kilobase per million mapped fragments,
FPKM) were calculated using cuffdiff within the software package Cufflinks
version 2.0.2 (Trapnell et al., 2010). The software package CummeRbund
version 2.0.0 was used to analyze the output data of cuffdiff (Trapnell et al.,
2012).

In Vitro RNA-Binding Assay

To generate PR8 M positive-sense mRNA and negative-sense VRNA, linearized
pSPT19-PR8-M was in vitro transcribed with SP6 RNA polymerase and T7 RNA
polymerase, respectively, by using MEGAscript kit (Ambion), followed by bio-
tinylation using an RNA3’ end biotinylation kit (Pierce). In vitro RNA gel shift
assays were carried out using a chemiluminescent RNA electrophoretic mobility
gel shift assay (EMSA) kit (Thermo Scientific) following the manufacturer’s
instructions. RNA-protein complexes were separated by 4% native polyacryl-
amide gel, electroblotted to hybond N+ membrane, and the bands visualized
with streptavidin-horseradish peroxidase conjugate and chemiluminescence.

Statistical Analyses

Measurements at single time points were analyzed by using an unpaired t test
or analysis of variance (ANOVA). Time courses were analyzed by repeated
measurements (mixed model) of ANOVA. Log-rank tests were performed on
Kaplan-Meier survival curves. All statistical tests were calculated using the
GraphPad Prism 5.00 program. p < 0.05 was considered to indicate statistical
significance.
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SUMMARY

Epstein-Barr virus (EBV), which is associated with
multiple human tumors, persists as a minichromo-
some in the nucleus of B lymphocytes and induces
malignancies through incompletely understood
mechanisms. Here, we present a large-scale func-
tional genomic analysis of EBV. Our experimentally
generated nucleosome positioning maps and viral
protein binding data were integrated with over 700
publicly available high-throughput sequencing data
sets for human lymphoblastoid cell lines mapped to
the EBV genome. We found that viral lytic genes are
coexpressed with cellular cancer-associated path-
ways, suggesting that the lytic cycle may play an
unexpected role in virus-mediated oncogenesis.
Host regulators of viral oncogene expression and
chromosome structure were identified and validated,
revealing a role for the B cell-specific protein Pax5 in
viral gene regulation and the cohesin complex in
regulating higher order chromatin structure. Our
findings provide a deeper understanding of latent
viral persistence in oncogenesis and establish a valu-
able viral genomics resource for future exploration.

INTRODUCTION

Viruses coevolve with their hosts to establish stable and coregu-
lated genomes and gene expression programs (lyer et al., 2006).
DNA tumor viruses are distinguished by their ability to provide
a selective growth advantage to host cells and typically establish
long-term persistent intracellular infections (Moore and Chang,
2010). Among the most extensively characterized human tumor
viruses is Epstein-Barr virus (EBV), which has been implicated
as a causative agent in multiple B cell lymphomas, gastric
carcinomas, and nasopharyngeal carcinomas (Rickinson and
Kieff, 2007; Young and Rickinson, 2004). EBV is estimated to
be responsible for ~1% of all human cancers and may also con-
tribute to other disorders, including multiple sclerosis (Ascherio
and Munger, 2010; Parkin, 2006). While EBV oncogenes and
regulatory pathways have been characterized individually, there

have been few studies that examine the network of virus-host
interactions at a genomic scale.

Methods emerging from systems biology and functional geno-
mics provide powerful approaches for elucidating these viral-
host interaction networks (Aderem et al., 2011). Chronic infection
by DNA tumor viruses, such as EBV, is particularly well suited for
systems-level interrogation. EBV genomes persist as multicopy
DNA episomes in the nucleus of human B lymphocytes (Lieber-
man, 2006; Lindner and Sugden, 2007), which can be assayed
by modern high-throughput sequencing methods. EBV infection
of primary human B lymphocytes leads to the efficient establish-
ment of continuously proliferating genetically stable human lym-
phoblastoid cell lines (LCLs). Additionally, the EBV expression
program in LCLs allows for the assay of the full repertoire of viral
latency genes, which are able to drive cellular proliferation and
survival in vitro and in vivo in immunocompromised hosts (Thor-
ley-Lawson and Gross, 2004). LCLs have also been extensively
characterized by human genetic studies, including large-scale
consortium projects such as ENCODE and HapMap (Altshuler
et al., 2010; Birney et al., 2007), which have created vast reposi-
tories of genotype, gene expression, and cellular phenotype data
that can be leveraged to better understand host and viral regula-
tory networks. The contribution of EBV to LCL genome biology
and the comprehensive mapping of functional elements of the
EBV genome have not been evaluated in these prior studies.

Previous genomics studies of human viruses have been
limited in scope, exploring novel virus discovery (Feng et al.,
2008), environmental niche characterization (Breitbart et al.,
2003; Reyes et al., 2010; Tadmor et al., 2011), in vitro protein
interactions (Calderwood et al., 2007; Dyer et al., 2008; Pinney
et al., 2009), and small-scale functional genomics. Many of these
studies have been done in herpesviruses, such as an RNA-seq
analysis of a Burkitt lymphoma cell line (Lin et al., 2010; Xu et al.,
2010), a low-density quantitative PCR (gPCR) primer array for
chromatin immunoprecipitation (ChIP) on a limited set of host
factors (e.g., CTCF and a small set of histone modifications)
(Tempera et al., 2010), and ChlP of the viral factors EBNA1(Dre-
sang et al., 2009; Lu et al., 2010) and BZLF1(Bergbauer et al.,
2010). There has also been recent exploration of the KSHV epi-
genome (Glnther and Grundhoff, 2010; Stedman et al., 2008;
Toth et al., 2010), though it is unclear whether these epigenetic
controls are conserved between gammaherpesviruses.

Here, we present a large-scale functional genomic analysis of
EBV, which provides insights into viral pathogenesis and B cell
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Figure 1. Genomic Profiling of Epstein-Barr
Virus in Lymphoblastoid Cell Lines

(A) EBV-infected cell lines were subjected to
functional genomics assays coupled with high-
throughput sequencing, giving rise to reads that
map to the human host and viral genomes.

(B) Known functional elements of the 172 kbp viral
episome examined in this study. While we provide
all coordinates with respect to the 172 kbp refer-
ence, most LCLs were generated with the B95.8
strain, which contains a 12 kbp deletion (139-151
kbp). Unmappable loci have highly similar regions
in the human genome, corresponding to reads
that are of ambiguous origin.
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biology. We integrated our own experimentally generated nucle-
osome positioning maps and viral protein binding studies with
over 700 publicly available high-throughput sequencing data
sets for human LCLs that we have mapped to the EBV genome.
Many of the cell lines we examined were created by the
HapMap Project, and one of these was extensively assayed by
the ENCODE Consortium (Altshuler et al., 2010; Birney et al.,
2007). Using this massive repository of combined host and virus
data, we create a comprehensive atlas of interactions between
host factors and the EBV genome. We characterized genome-
wide binding profiles of over 60 human transcription factors,
which cluster into specific regulatory regions, suggesting combi-
natorial control of viral gene expression. We discovered host
genes that are coexpressed with viral genes and cluster into
B cell proliferation pathways. We demonstrated that the host
B cell specificity factor Pax5 plays an unexpected role in regu-
lating viral gene expression and chromatin organization. Finally,
we characterized the Cohesin-mediated spatial conformation of
the viral episome and demonstrate its relevance in gene regula-
tion through knockdown of its structural components. Our study
represents a de novo exploration of functional elements and regu-
lators of Epstein-Barr virus on alarge scale. All raw and processed
data are publicly available at http://ebv.wistar.upenn.edu.

RESULTS

Generating an Atlas of Functional Elements in the EBV
Genome

To generate a comprehensive atlas of functional elements for the
EBV genome, we analyzed many existing large-scale functional

)
» . '/
. /
—
»

protein; oriP, latent origin of replication; oriLyt, lytic
origin of replication; TR, terminal repeats; BHLF1,
viral lytic noncoding RNA, BamHI H leftward frag-
ment 1; BHRF1, viral BCL2 homolog, BamHI H right-
ward fragment 1; BZLF1, viral lytic activating gene,
BamHI Z leftward fragment 1; RPMS1, viral gene
and promoter for BART miRNAs; RPM, reads per
million. See also Figure S1, Table S1, and Table S2.

genomics data sets for EBV positive LCLs (Table S1 available
online). We examined 319 RNA-seq experiments from five
separate studies (Birney et al., 2007; Cheung et al., 2010;
Kasowski et al., 2010; Montgomery et al., 2010; Pickrell et al.,
2010), covering LCLs from 143 donors, multiple RNA size
ranges, cellular compartments and both poly(A)* and poly(A)~
transcripts. We explored DNA-binding proteins and histone
modifications and variants by incorporating more than 300
ChlP-seq experiments from the ENCODE project (Birney et al.,
2007). We also integrated cytokine peptide levels (Choy et al.,
2008) and related independent functional genomic studies
(Lee et al., 2011; Lu et al., 2010; Ramagopalan et al., 2010).

To ensure that we characterized reads of viral origin and
excluded reads from homologous human regions, we subtracted
reads mapping to the human genome prior to alignment against
the EBV genome (Figure 1). This subtraction did not affect mapp-
ability of the EBV genome since only a small number of highly
repetitive EBV elements are unmappable with reads longer than
24 nucleotides (Figures 1B and S1A-S1D). Alignments to EBV
accounted for a significant number of reads in nearly all assays
(Figure 1C and Table S2). In total, we aligned over 166 million
reads to the EBV genome, which accounted for 1.2% of all
mappable reads. As a negative control, we aligned reads from
experiments performed in uninfected cell lines and primary tissue
and found negligible alignment to EBV (Figures S1E and S1F).

Identification of Regulatory and Transcribed Elements
of Epstein-Barr Virus

To explore the overall organization of the functional EBV
genome, we summarized viral gene expression, transcription
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factor binding, histone modifications, and binding sites of the
chromatin insulator CTCF (Figure 2A). An initial overview of the
data provided several striking observations.
Viral Regulatory Elements
We identified many candidate regulatory domains of the viral
genome that were bound by transcriptional regulators and en-
riched in histone modifications. We analyzed binding profiles
for over 60 human transcription factors, including factors
involved in B cell development and viral response, such as
Pax5, Irf3, Ebf1, and NFKB. We found that at least 26 transcrip-
tion factors cumulatively have at least 109 reproducible signifi-
cant binding sites across the viral genome (Figures 2A and
S2A and Table S3). Furthermore, transcription factor binding
sites cluster into regulatory loci that are reminiscent of “hotspot”
regions identified in other model organisms (Gerstein et al., 2010;
Moorman et al., 2006; Roy et al., 2010). Example clusters
occurred at promoters for actively transcribed latent transcripts
(Cp, RPMSH1), as well as at the left lytic origin of replication
(OriLyt). The divergent promoters at OriLyt_ are partitioned
into two major clusters of binding factors (Figure 2B). The left-
ward transcript for BHLF1 has the highest RNA polymerase I
peak in the viral genome over its initiation site, which also over-
laps with known polymerase cofactors TBP and TAF1. The right-
ward promoter for BHRF1 (and the associated viral microRNAs
[miRNAs]) contains a peak enriched with several factors,
including p300, Gcn5, Bcl3, Pbx3, Egr1, Brcal, cFos, and
Chd2. We ensured that this locus did not have enrichment for
IgG or input DNA sequencing controls and that the overlap
was significant (Figures S2B and S2C). The prominent binding
of the insulator protein CTCF separates these independent
binding sites and their respective divergent promoters, consis-
tent with prior findings (Tempera et al., 2010) (Figures S2D-S2F).
Histone modifications and chromatin boundary factors, like
CTCF, are known to contribute to EBV latency regulation but
have never been assayed at high resolution (Tempera et al.,
2010). The highest measured histone modifications aggregated
to a peak at the RPMS1 promoter region, which is the transcrip-
tion initiation site for a cluster of EBV miRNAs and noncoding
RNAs (Figure 2C). CTCF binds downstream of this promoter
and appears to serve as a boundary for high-level promoter
proximal histone modifications H3K27ac and H3K4me3 (Fig-
ure 2C). We also mapped nucleosome positions in two cell lines
with different viral latency programs. Nucleosomes strongly
occupied the transcriptionally silent Cp promoter in type | Burkitt
lymphoma cell lines (which fail to express EBNA2 family genes),
while nucleosomes did not occupy the transcriptionally active
Cp in type lll LCLs (which do express EBNA2 family genes)
(Figure 2D). These findings are consistent with reports that
active genes have nucleosome-free promoter regions (Zhou
et al., 2005).
Viral Transcriptome
The EBV genome is a complex patchwork of densely packed,
overlapping, and extensively alternatively spliced genes. As
expected in LCLs, the coding and transcribed noncoding
domains of the EBV genome were strongly enriched for RNA-
seq reads mapping to the latency transcripts for the EBNA
genes, latent membrane proteins, and RPMS1, as well as the
noncoding RNAs and miRNAs (Table S4). Less expectedly, we
detected very high read counts covering the BHLF1 transcript,

which is typically associated with early stages of lytic-cycle
gene activation and is transcribed from the lytic origin of
replication (OriLyt). We also detected other immediate early
transcripts such as BZLF1 and BRLF1, though these were ex-
pressed at much lower levels. We were also able to verify a
recently reported viral-encoded small nucleolar RNA (Hutzinger
et al., 2009).

We characterized all RNA splice junctions by analysis of
paired end sequencing assays (Table S5). We found many
known isoforms and confirmed several recently reported
isoforms (Austin et al., 1988; Kelly et al., 2009; Lin et al., 2010).
Using deep sequencing from hundreds experiments across
multiple labs, we were able to detect dozens of isoforms,
including alternative splicing in BZLF1, the BART locus, and
multiple 5 sites that spliced to acceptors in BHRF1 and
BHLF1 (Figure 2E). The extensive usage of alternative donor
and acceptor splice sites is remarkable and may be relevant
for virus regulation and function.

RNA editing occurs in numerous host transcripts and was
recently shown to also occur in viral RNAs (lizasa et al., 2010;
Li et al., 2011). Analysis of the many RNA-seq experiments re-
vealed that the BHLF1 RNA transcript contains a guanine nucle-
otide that differs from the expected adenine residue encoded in
the template DNA. This is consistent with classic ADAR-medi-
ated deamination editing (lizasa et al., 2010). Specifically,
~10% of RNA-seq reads (as averaged across 170 experiments
with >10X coverage) mapping to this locus contain the alterna-
tive base, whereas only one read in one DNA sequencing exper-
iment (out of n = 26 with >5x coverage) contained this alteration
(Figures 2F, S2G, and S2H). BHLF1 RNA has been implicated in
the initiation of viral DNA replication, and RNA editing may
contribute to this process (Rennekamp and Lieberman, 2011).

Heterogeneity of Viral Gene Expression and Lytic
Reactivation in LCLs

In proliferating LCLs, the EBV genome persists predominantly as
a type lll latent infection, where a limited set of viral genes and
miRNAs are expressed and the genome is replicated exclusively
by host-cell replication machinery. However, all LCLs contain
subpopulations of cells undergoing various degrees of lytic-
cycle gene expression and replication, the extent of which varies
among cell populations and culture conditions (Davies et al.,
2010; Glaser et al., 1989).

We analyzed the EBV gene expression profiles of over 300
LCLs and, after quality filtering, we clustered 201 viral expression
profiles (Table S6 and the Supplemental Experimental Proce-
dures). The two main clusters correlated with canonical type llI
latent and lytic-cycle patterns (Figures 3A and S3). This clus-
tering pattern was stable and consistent across multiple inde-
pendent labs using independent LCL subclones (Figures 3B
and S4). The gene expression clusters correlated with the
average EBV load, as measured by the percentage of RNA-seq
reads mapping to EBV (Figure 3A, top bar, and Figure S3) and
EBV episome copy number as assayed by an independent lab
in independent subclones (Figure 3C) (Choy et al., 2008). Since
lytic reactivation results in productive replication of the EBV
episome, this correlation is an independent validation of lytic
activity. However, we also observed disproportionately lower
expression of EBV structural and packaging genes associated
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Figure 2. Transcribed and Regulatory Elements of the EBV Genome

(A) The average RNA expression profile (transformed by square root) shows unexpectedly high RNA reads of the lytic cycle-associated transcript BHLF1, in
addition to the canonical genes associated with type Il latency. Also shown are the number of transcription factor binding sites and average signal of activating
histone modifications at known and candidate regulatory regions of the episome. Furthermore, CTCF segments the genome into many more domains than
previously recognized.

(B) The lytic origin of replication is highly enriched in transcription factor occupancy. The locus acts as a divergent promoter for the lytic-associated BHLF1 and
BHRF1 transcripts separated by a central CTCF binding site.

(C) Histone modifications at the highly transcribed and multiply processed RPMS1 promoter. A peak for H3K4me3 was more proximal, while H3K4me1 was distal
to the transcription start site. The histone variant H2A.Z can be seen at the —1 and +1 nucleosomes, and downstream histones are acetylated up to the CTCF site.
(D) Nucleosome occupancy correlates with promoter silencing in different latency types. Nucleosomes have higher occupancy at Cp and Wp in type | latent cells
(Mutul), where these promoters are transcriptionally silenced, relative to type lll latent cells (LCLs).

(E) RNA-seq reveals transcript isoforms of BZLF1 (top) and EBNA-LP joined to BHRF1 (bottom). The BZLF1 transcript can be alternatively spliced to exclude the
coding region for the DNA binding domain, and multiple exons of EBNA-LP can act as donor splice sites to multiple acceptor splice sites in BHLF1. Percentages
are given as total of all BZLF1 transcripts and EBNA-LP transcripts, as estimated from reads that cross alternative and canonical splice junctions. BHRF1 is also
transcribed canonically from OriLyt.

(F) The BHLF1 RNA transcript differs from the DNA template, suggesting RNA editing by ADAR-mediated deamination. Position 40080 is templated to be an A, but
RNA-seq reveals a significant portion of reads across 170 distinct RNA-seq experiments containa G (p < 1 x 107", t test; error bars indicate the SD).

See also Figure S2, Table S3, Table S4, and Table S5.
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Figure 3. Lymphoblastoid Cell Lines Cluster by Viral Reactivation Propensity

(A) We analyzed gene expression from 201 independent profiles of across 143 lymphoblastoid cell lines and found clustering into type lll latency (upper left) or lytic
(lower right) gene expression programs. The lytic cluster has a higher percentage of reads mapping to EBV than the latent cluster (bar along top of heatmap). The
clustering of genes reveals association with latent and lytic cycle, which is quantified by the first principal component (bar to the left of the heatmap; Supplemental
Experimental Procedures). While many of the early-lytic genes are actively expressed, very few of the late-lytic genes required for virion formation are present,

suggesting that most reactivation may be abortive.

(B) Propensity for lytic reactivation persists in subclones. Forty-six cell line subclones were assayed in independent labs and have significantly similar latent and

lytic viral expression profiles (p < 0.0017, binomial test).

(C) EBV copy number, as assayed by qPCR in a separate lab from the RNA-seq experiments, correlates with lytic reactivation clustering and confirms the

heritability of expression program.
See also Figure S3 and Table S6.

with infectious virion production (Table S4). This suggests that
incomplete or abortive lytic gene reactivation occurs frequently
in LCLs.
B Cell Proliferation Pathways Are Coexpressed with
Viral Lytic Gene Expression
To better understand the dynamic intracellular environment
during viral reactivation, we examined host gene expression
and protein levels that correlate with the lytic cycle. We corre-
lated known cellular proteins, metabolic molecules, and surface
markers with the latent/lytic state. The cells lines with increased
viral lytic cycle tended to have significantly higher ATP, more
TNFa, more CCL5, less IL12, and more than double the levels
of IL10 (Figures 4A and S4) (Choy et al., 2008). While these
molecules are known B cell regulatory factors, their role in lytic
reactivation has been less well characterized.

We next used RNA-seq data to simultaneously assay host and
viral gene expression and identify cellular gene transcripts that
correlate with viral lytic phenotypes (Table S7, Table S8, and Fig-

ure S3). LCL RNA-seq was quantified using reads per kilobase of
exon per million mapped sequence reads (RPKM) to compute
a correlation between EBV lytic gene BHLF1 and human host
genes. Many viral genes were expressed at surprisingly high
levels relative to human transcripts (Figures 4B and 4C).

We found that EBV lytic gene expression correlated with many
human transcripts, for example, the WNT5B transcript (Figures
4D and S4). Searching pathway databases (Subramanian
et al., 2005), we found that several families of human genes
were significantly correlated with EBV lytic gene expression,
including pathways involved in B cell chronic lymphocytic
leukemia, interferon-alpha (INFz), WNT, and B cell receptor
signaling (Figure 4E, Supplemental Experimental Procedures,
and Table S9). An aggregate analysis of all cellular genes bound
by the viral transcription factor EBNA1, which is upregulated
during lytic reactivation (Figure S4D), revealed a statistically
significant increase in virally targeted genes during lytic viral
expression, suggesting direct viral regulation of host genes
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Figure 4. Identification of Host Factors and Genes that Correlate with Spontaneous Lytic Reactivation

(A) Intercellular host cytokine concentrations, as measured by ELISA, are correlated with viral reactivation propensity (Holm corrected p values; error bars
indicate the SD).

(B) Specific EBV lytic and latent genes are expressed at similar levels relative to highly expressed human genes (error bars indicate the SD across the
201 samples).

(C) The EBV transcriptome is expressed at similar levels to the human transcriptome.

(D) The human WNT5B gene expression is highly correlated with the EBV lytic reactivation marker BHLF1.

(E) Human genes that correlate with BHLF1 fall into distinct signaling pathways, including B cell receptor (BCR), interferon alpha (IFN-), Wnt, and B cell chronic
lymphocytic leukemia (BCLL) signaling pathways. These pathways represent an amalgamation of EBV-affected alterations and cellular antiviral response
mechanisms to increased viral load.

(F) The viral transcription factor EBNA1 (EBV-encoded nuclear antigen 1) binds to genes that are activated during lytic reactivation. Correlation between BHLF1
and ChIP-seq derived high confidence targets of transcription factors is shown.

(G) Host proteins that interact with EBV proteins have their RNA transcripts upregulated during lytic reactivation, as shown by increased correlation with BHLF1.
See also Figure S4, Table S7, Table S8, and Table S9.

(Figure 4F). We also found that cellular genes identified in two-
hybrid protein interaction assays with EBV proteins as bait (Cal-
derwood et al., 2007) were correspondingly upregulated with
increased lytic gene expression (Figure 4G). Furthermore, we
found a small subset of host genes that may be coregulated by
multiple means. For instance, the WNT5B gene is bound by
EBNA1, is a member of the WNT pathway, and is commonly

dysregulated in human cancers, including chronic lymphocytic
leukemia (Lu et al., 2004; Lu et al., 2010).

The Host B Cell Lineage Regulator Pax5 Represses Viral
Oncogenes

We found that Pax5 binds with high occupancy to the viral
terminal repeats (Figure 5), which are known to regulate LMP1
through an unknown mechanism (Repic et al., 2010). Pax5 is
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Figure 5. Pax5 Binds the Viral Terminal Repeats and Regulates Viral Oncogene Expression

(A) Pax5 and other transcriptional regulators bind the LMP control region. Pax5 binds the terminal repeats (TR) directly at two sites, as supported by ChIP-seq and
sequence motif. In the promoter, EBF1, PU.1, and SP1 were previously documented to cobind a GC-box element and regulate LMP1, while TCF12 has not been
reported previously.

(B) Pax5 binds with high occupancy at the TR locus compared with two known binding sites (EBV Wp promoter and human CD19 promoter) as determined by
ChIP-gPCR. We also confirm that Pax5 binds the TR in multiple latency types and EBV strains. MUTU presents type | latency and does not express LMP1,
whereas MUTU-LCL presents type Ill latency and expresses LMP1.

(C) Pax5 protein expression is depleted by two independent lentiviral sShRNA constructs. Western blot of LCL infected with shPax5-1 or shPax5-2 lentivirus and
assayed 5 days after infection followed by puromycin selection.

(D) Western blot of BZLF1 and actin in shPax5-1- or shPax5-2-infected LCLs.

(E) Real-time gPCR analysis of EBV genome copy number relative to cellular actin. Values are normalized to shControl infected LCLs. Error bars indicate the SD
from the mean (n = 3).

(F) PFGE analysis of Raji cells infected with shControl, shPax5-1, or shPax5-2 for 5 days after infection and then analyzed by Southern blot analysis. Circular (C),
linear (L), and sublinear (SL) forms of the viral genome are indicated.

(G) Knockdown of Pax5 induces LMP1 and LMP2 while decreasing expression of EBNA1 and EBNA2. Pax5 depletion also leads to an increase in the BZLF1 lytic
activator. All transcripts are quantified by gRT-PCR and normalized to cellular actin. Error bars indicate the SD from the mean (n = 3).

See also Figure S5.
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Figure 6. Cohesin Regulates EBV Chromosome Conformation and Latent Cycle Gene Expression

(A) ChIP-seq profiles for chromatin structure protein CTCF and cohesin components (Smc3 and Rad21) demonstrate cobinding at several loci. Chromosome
conformation capture (3C) anchor and acceptor primers (shown above) were used to determine DNA loop structures of the viral episome.

(B) Co-occupancy of CTCF, Smc3, and Rad21 at LMP1 and OriP is accompanied by additional transcription factors JUND, BATF, TCF12, and EBF1 and histone
modifications.

(C) Identification of a DNA loop between CTCF-cohesin at LMP1 (166.5 kbp) and OriP (~6-9.5 kbp). LCLs (top) subjected to 3C with Msel restriction
digestion show specific interaction between oriP and 166.5kbp (anchor). Positive control (bottom) was performed on bacmid ligation products, where all
permutations of acceptor sites and anchor are created. The assay is qualitatively specific to under 1 kbp, as shown by the multiple negative regions proximal
to OriP.
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a B cell-specific factor that plays an essential role in B cell devel-
opment and contributes to B cell tropism of EBV latency through
initial activation of the latency transcription program at Wp (Tier-
ney et al., 2000; Tierney et al., 2007). ChIP-seq analysis reveals
two major peaks of Pax5 in at least one, though possibly all, of
the viral terminal repeats (Figure 5A). Pax5 binding was validated
by real-time PCR with primers specific for terminal repeat (TR)
DNA, and a Pax5 consensus motif was identified within the
centers of the ChIP-seq peaks (Figures 5A, 5B, and S5A). We
also confirmed that Pax5 binds the TR in an alternative EBV
strain (Mutu) and in both type | (Mutul) and type Il (Mutu-LCL)
latently infected cells (Figure 5B). Surprisingly, Pax5 binding at
the TR did not overlap with RNA polymerase Il initiation factors,
suggesting that its function at the TR is more complex than prox-
imal promoter transcription repression. The Pax5 site in the TR is
distinct from the known binding sites for Pu.1 and Sp1 in the
LMP1 promoter (Sjoblom et al., 1995), which are identified by
ChIP-seq along with binding sites for Ebf1 and Tcf12 and are
the known sites of EBNA2 transactivation.

To explore the potential function of Pax5 in regulation of EBV
gene expression, we depleted Pax5 protein from LCLs using
lentivirus-delivered short hairpin RNA (shRNA). We identified
two different shRNA targeting sequences that effectively deplete
Pax5 protein at 5 days after lentivirus infection and selection (Fig-
ure 5C). We first assayed the effect of Pax5 on EBV lytic activa-
tion by monitoring BZLF1 protein expression by western blot
(Figure 5D) and EBV genome copy number by gPCR (Figure 5E).
We found that Pax5 depletion modestly (<2-fold) increased
BZLF1 protein expression (Figure 5D) and viral genome copy
number (Figure 5E). To assess the effect of Pax5 depletion on
EBV genome configuration, we assayed both LCL and Raji cells
for circularized and linear viral episomes by pulsed-field gel
electrophoresis (PFGE) (Figure 5F). PFGE analysis indicated
that Pax5 depletion had only marginal effects on EBV genome
copy number in LCL (Figure S5B). In contrast, a percentage of
viral episomes were converted to linear and sublinear genomes
in Raji cells (Figure 5F). Since Raji are defective for viral lytic
replication, these findings suggest that Pax5 may be important
for maintaining the circular episomal form of the genome during
latency.

To assess the effect of Pax5 depletion on viral transcription,
we measured EBV gene expression for LMP1, LMP2 isoform 1
(LMP2-1), LMP2 isoform 2 (LMP2-2), EBNA1, EBNA2, and the
lytic immediate early gene BZLF1. We found that Pax5 depletion
led to the activation of LMP1 and both isoforms of LMP2 while

decreasing EBNA1 and EBNA2 transcript accumulation (Fig-
ure 5G). Pax5 depletion also increased BZLF1 transcription,
consistent with western blotting results (Figure 5D). These
findings indicate that Pax5 contributes to the regulation of EBV
transcription during latent infection.

Cohesin Mediates DNA Looping of the Viral Episome

To further explore viral chromosome architecture, we analyzed
ChIP-seq binding profiles for the chromatin structural factors
CTCF, SMCS, and Rad21 and observed a pattern of colocaliza-
tion (Figures 6A and S6). Most striking was the strong ChlP signal
at the convergence of the LMP1 termination site and LMP?2 first
intron (Figure 6B). This positioning was highly reminiscent of the
CTCF-cohesin site identified within the latency transcript of the
KSHV genome (Stedman et al., 2008). Interestingly, Rad21 and
SMCS3 also colocalized at the origin of latent replication (OriP),
which is known to be a central regulatory region for episome
maintenance and has been shown to regulate LMP1 through a
long-distance enhancer mechanism (Gahn and Sugden, 1995)
(Figure 6B).

As CTCF and cohesin have been implicated in long-distance
DNA looping interactions, we used the chromatin conformation
capture (3C) method to test whether the CTCF-cohesin sites
physically linked OriP with the LMP1/LMP2 locus (Supplemental
Experimental Procedures and Table S10). Using anchor primers
at the LMP1 locus and Msel digestion of the EBV genome, we
found a strong 3C linkage formed between the anchor and
positions centered around OriP (episome coordinates 6-9 kb)
but not at several proximal control regions or other regions
across the EBV genome (Figures 6C and 6D). These findings
were corroborated by DNA sequencing of the PCR amplified
junctions and by use of different primer sets for real time gPCR.

To test whether cohesin subunits have any effect on EBV gene
expression, we depleted SMC1 and Rad21 proteins using
shRNA. LCLs were infected with lentivirus expressing Rad21 or
SMCH1 targeting shRNA and assayed by western blot for knock-
down efficiency (Figure 6F). Cohesin depletion led to a complete
loss of the 3C loop formed between the OriP and LMP1/LMP2
control regions (Figure 6E). gPCR analysis of EBV gene expres-
sion revealed that Rad21 or SMC1 depletion resulted in a general
increase of latency transcripts, including LMP1 and LMP2 (Fig-
ure 6G). Cohesin depletion also led to a modest increase in
BZLF1 expression. These results support the model that EBV
chromatin forms higher order structures that include loop forma-
tion between OriP and the LMP1/LMP2 locus and help maintain
viral latent cycle gene expression (Figure 6H).

(D) The long-range interaction is highly robust and specific. 3C-qPCR shows a highly specific quantitative interaction with the region surrounding OriP. The height
of the bars represents the qPCR signal relative to positive control bacmid ligation products. The width of the bars demonstrates the size of the Msel restriction
enzyme fragment, which is also given at the top of the plot. Error bars indicate the SD from the mean (n = 3).

(E) Depletion of cohesin components through lentiviral sShRNA results in loss of long-range interaction. 3C-gPCR was as described in (D), except LCLs were
transduced with shControl (top), shSMC1 (middle), or shRad21 (bottom).

(F) Lentiviral shRNA constructs deplete protein expression for Smc1 and Rad21.

(G) Depletion of cohesin components activates transcription of latency genes. Expression of EBNA1, EBNA2, LMP1, LMP2A, and BZLF1 messenger RNA (mMRNA)
was assayed by gRT-PCR in LCLs infected with shSmc1, shRad21, or shControl. mRNA expression is normalized to shControl. Error bars indicate the SD from
the mean (n = 3).

(H) Model depicting a DNA loop between the OriP and LMP loci, which is mediated by CTCF-cohesin binding sites and contains the Pax5 binding sites in
the terminal repeats.

OriP, latent origin of replication; FR, family repeats; DS, dyad symmetry repeats; EBER, EBV encoded RNA; Cp, BamHI C promoter. See also Figure S6
and Table S10.
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DISCUSSION

Our work integrates large genomic data sets into a comprehen-
sive atlas of functional elements of a human pathogen. We used a
strategy of large-scale computational analysis, hypothesis gen-
eration, and functional validation to dissect the complex factors
implicated in the regulation of both virus and host genes. Our
meta-analysis approach also reveals how large-scale projects
such as ENCODE and HapMap can have far-reaching scientific
impact in a field outside their original scope. We discovered
examples of coordinated mechanisms of viral gene control
through the combined analysis of nucleosome occupancy,
histone modification patterning, combinatorial transcription
factor binding, and long-range DNA looping. Several of these
mechanisms are reminiscent of those in the human genome
and illustrate the functional similarity of a virus and its host.

We provide insights into host-virus interactions through
combined genome-wide expression analyses. We aggregated
hundreds of RNA-seq experiments and observed many cell lines
displaying surprisingly high levels of early lytic-cycle genes
relative to late lytic-cycle genes. The correlation of this gene
expression program with EBV copy number suggests that abor-
tive lytic DNA replication may be an important mechanism for
viral genome maintenance and host cell population fitness.
Furthermore, analyses of virus and host transcriptomes revealed
unexpected coordination between viral lytic reactivation and
cellular pathways involved in B cell expansion and tumor promo-
tion. These findings are consistent with studies showing that viral
lytic-cycle gene expression correlates with EBV carcinogenesis
in humans (Dardari et al., 2000; Hanto et al., 1983) and con-
tributes to lymphomagenesis in a humanized mouse model
(Ma et al., 2011).

We also examine host-virus interactions at individual regula-
tory loci and provide insights into the relationship between chro-
matin organization, gene regulation, and how developmental
regulatory factors link these processes. The B cell identity factor
Pax5 was found to bind within the viral terminal repeats and
modulate transcription of viral oncogenes from within the DNA
loop connecting CTCF-cohesin peaks at LMP1 and OriP loci.
These binding sites are reminiscent of a similar coordination of
Pax5 and CTCEF sites identified within the IgG locus, which func-
tion to direct class switching during B cell maturation (Ebert
et al., 2011). Pax5 mutations have been implicated in B cell
lymphomagenesis, which may result in dysregulation of LMP
expression in certain EBV malignancies, including Hodgkins’s
disease (McCune et al., 2006; Pasqualucci et al., 2001). Addi-
tionally, downregulation of Pax5 during typical germinal center
reaction may derepress LMP1 and LMP2, providing a mecha-
nism for virus-mediated rescue from apoptosis of somatically
hypermutated B cells that harbor tumorigenic translocations so
commonly seen in EBV-associated malignancies (Bechtel
et al., 2005; Klein and Dalla-Favera, 2008; Mancao et al., 2005;
Roughan and Thorley-Lawson, 2009). These observations
suggest that breakdown of host regulatory pathways for control-
ling EBV gene expression may contribute to tumorigenesis
through dysregulation of viral oncogenes.

EBV was discovered as the first human tumor virus nearly 50
years ago and was among the first genomes sequenced. It is
thus fitting that it serves as the prototype for functional genomic
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and epigenomic elements in a human tumor virus, providing
a foundation for future work in viral genomics and the emerging
field of systems virology (Peng et al., 2009). We anticipate that
system-level and data-driven approaches will ultimately lead to
more comprehensive models of viral persistence and its role in
human cellular development and oncogenesis.

EXPERIMENTAL PROCEDURES

Aligning Reads to the Viral and Host Genomes

Data was aggregated from a variety of sources (Table S1) and aligned to the
EBV genome (GenBank accession number NC_007605, March 2010) using
the Bowtie program allowing for one mismatch. We ignore all reads that
aligned to the human genome, which ensured that all EBV reads are uniquely
EBV and not actually from similar host sequence. To subtract human reads, we
mapped all reads to hg19 (including all “Un” and “random” chromosomes),
using the same parameters as when aligning to the viral genome. The subtrac-
tion of human-aligning reads resulted in small regions of the EBV-genome
becoming unmappable (Figure S1).

Analysis of Transcription Factor Binding Sites

Transcription factor ChIP-seq peaks with significantly more reads than
IgG and input control sequencing experiments were identified. We modeled
reads in the control experiments by a Poisson distribution, and a p value of
1.72 x 1077 was used as a cutoff for peak calling, which represents
a genome-wide familywise error rate of 0.01. Validation of a subset of
ChIP-seq peaks was performed as previously described (Tempera et al.,
2010). In brief, cells were fixed in 1% formaldehyde for 30 min, and DNA
was sonicated to between 200 and 350 base pairs. ChIP DNA was amplified
on an ABI Prism 7000 using SYBR green chemistry.

Estimation of Viral and Human Gene Expression

TopHat and Cufflinks were used to align reads and quantify known transcripts
(Trapnell et al., 2010). Transcript abundances were normalized by reads
per kilobase per million (RPKM). Human transcripts were taken from RefSeq
annotations for hg19. Multimapping reads were allowed to map to 30 regions
in the transcriptome before being ignored. RPKM values were normalized to
account for multimapping reads. Gene abundance was estimated as the
sum of all transcript isoforms. The per-million normalization was done relative
only to reads mapping to EBV or human, since this ensured independence of
transcript quantification in EBV and human. Use of absolute transcript quanti-
ties (normalized to total alignable reads in both EBV and human) is used only
when noted. RNA-seq experiments with low read count (less than 1 million
alignable human reads) samples were removed, and technical replicates
were averaged. From the original 294 RNA-seq assays, we obtained 201
reliable and independent samples.

Chromatin Conformation Capture

Chromatin conformation capture was performed as previously described
(Hagége et al., 2007; Tempera et al., 2011) with minor modifications. In brief,
cells were put through a 70 um filter to obtain single cells. Ten million cells
were fixed in 1% formaldehyde for 30 min, and the reaction was quenched
with 0.125 M glycine. Cells were centrifuged, resuspended in lysis buffer,
and lysed for 10 min. Nuclei were collected and digested with 500 U Msel
restriction enzyme overnight at 37°C. The digestion was halted by incubation
at 65°Cin 1.6% SDS on a 1,200 RPM shaker. The sample was diluted 10-fold,
followed by ligation reaction containing 100 U T4 DNA ligase for 4 hr at 16°C
and 45 min at room temperature. The sample was digested by 300 pg
proteinase K at 65°C overnight, followed by RNase treatment for 1 hr at
37°C. DNA was phenol-chloroform extracted and ethanol precipitated and
analyzed with PCR, gPCR, and sequencing. As a control, the EBV bacmid
was Msel digested and ligated, thus creating all possible ligation products at
background concentrations.

Micrococcal Nuclease Digestion
Nuclei were isolated from 5 x 107 Mutu and Mutu-LCL cells with a Dounce
homogenizer in 4 ml lysis buffer (0.3 M sucrose, 2 mM magnesium acetate,
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3 mM CaCl2, 1% Triton X-100, and 10 mM HEPES [pH 7.9]). The lysate was
centrifuged through a glycerol cushion (25% glycerol, 5 mM magnesium
acetate, 0.1 mM EDTA, and 10 mM HEPES [pH 7.4]) at 1,000 g for 15 min at
4°C. The nuclei were incubated with micrococal nuclease | (500 U/ml) at
37°C for 20 min in 200 pl digestion buffer (25 mM KCI, 4 mM MgClI2, 1 mM
CaCl2, 50 mM Tris [pH 7.4], and 12.5% glycerol). The reaction was stopped
by equal volume of stop buffer (2% SDS, 0.2 M NaCl, 10 mM EDTA, 10 mM
EGTA, 50 mM Tris [pH 8.0], and proteinase K [100 pg/ml]) for 2 hr at 50°C.
Micrococcal nuclease | (MNase ) resistant DNA was extracted by phenol-
chloroform and ethanol precipitation. The ~150 bp mononucleosomal DNA
was isolated from 1.5% agarose gel and purified by the QIAquick Gel extrac-
tion kit (QIAGEN) according to the manufacturer’s protocol. Purified DNA was
then subject to Solexa sequencing according to the manufacturer’s recom-
mendations (lllumina).

Lentiviral Delivery of shRNA

Lentiviral shRNAs were obtained from the Sigma-Aldrich MISSION shRNA
library. Four million Mutu-LCL cells were passed through a 40 um filter, spun
down, and resuspended in 2 ml lentivirus suspension. Cells were spun at
500 g for 90 min at 25°C. Cell were cultured at ~500,000 cells/ml for 5 days
with media changes in 1 pg/ml puromycin. Knockdown was confirmed by
western blot and gRT-PCR.

Pulsed-Field Gel Electrophoresis

For resolution of large viral genomic DNA fragments, PFGE was performed as
described previously (Dheekollu and Lieberman, 2011). In brief, DNA migrated
for a duration of 23 hr at 14°C with the pulse ramping linearly every 60-120 s
through 120°C using a Bio-Rad CHEF Mapper.
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