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ABSTRACT Herpesviruses establish latency to ensure permanent residence in their hosts.
Upon entry into a cell, these viruses are rapidly silenced by the host, thereby limiting the
destructive viral lytic phase while allowing the virus to hide from the immune system.
Notably, although the establishment of latency by the oncogenic herpesvirus Epstein-Barr
virus (EBV) requires the expression of viral latency genes, latency can be maintained with
a negligible expression of viral genes. Indeed, in several herpesviruses, the host DNA sen-
sor IFI16 facilitated latency via H3K9me3 heterochromatinization. This silencing mark is
typically imposed by the constitutive heterochromatin machinery (HCM). The HCM, in an
antiviral role, also silences the lytic phase of EBV and other herpes viruses. We investigated
if IFI16 restricted EBV lytic activation by partnering with the HCM and found that IFI16 inter-
acted with core components of the HCM, including the KRAB-associated protein 1 (KAP1)
and the site-specific DNA binding KRAB-ZFP SZF1. This partnership silenced the EBV lytic
switch protein ZEBRA, encoded by the BZLF1 gene, thereby favoring viral latency. Indeed,
IFI16 contributed to H3K9 trimethylation at lytic genes of all kinetic classes. In defining to-
pology, we found that IFI16 coenriched with KAP1 at the BZLF1 promoter, and while IFI16
and SZF1 were each adjacent to KAP1 in latent cells, IFI16 and SZF1 were not. Importantly,
we also found that disruption of latency involved rapid downregulation of IFI16 transcrip-
tion. These findings revealed a previously unknown partnership between IFI16 and the core
HCM that supports EBV latency via antiviral heterochromatic silencing.

IMPORTANCE The interferon-gamma inducible protein 16 (IFI16) is a nuclear DNA sensor
that mediates antiviral responses by activating the inflammasome, triggering an interferon
response, and silencing lytic genes of herpesviruses. The last, which helps maintain latency
of the oncoherpesvirus Epstein-Barr virus (EBV), is accomplished via H3K9me3 heterochro-
matinization through unknown mechanisms. Here, we report that IFI16 physically partners
with the core constitutive heterochromatin machinery to silence the key EBV lytic switch pro-
tein, thereby ensuring continued viral latency in B lymphocytes. We also find that disruption
of latency involves rapid transcriptional downregulation of IFI16. These findings point to hith-
erto unknown physical and functional partnerships between a well-known antiviral mecha-
nism and the core components of the constitutive heterochromatin machinery.
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Interferon-gamma inducible protein 16 (IFI16) is a nuclear sensor of viral genomes, includ-
ing those of the human papillomavirus and herpesviruses (1–3). Upon detecting viral DNA,

IFI16 activates the inflammasome and facilitates the stimulator of interferon genes (STING)
and interferon regulatory factor (IRF3)-mediated interferon (IFN)-b response (4, 5). Aside from
triggering these innate immune responses, IFI16 also silences incoming genomes of herpesvi-
ruses, including herpes simplex virus (HSV), human cytomegalovirus (CMV), and Kaposi’s
sarcoma-associated herpesvirus (KSHV) (6–11). For the host, silencing of the productive phase
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of the virus limits pathology; while for the virus, gene silencing may allow the virus to remain
dormant, which for herpesviruses enables them to establish latency. In the case of the herpesvi-
rus Epstein-Barr virus (EBV), the Chandran lab showed that EBV lytic genes of all kinetic classes
were silenced by IFI16, and depletion of IFI16 during reactivation from latency resulted in ampli-
fication of the EBV lytic phase (12). Thus, in addition to inflammatory and IFN responses, IFI16
functions in an important antiviral capacity by silencing foreign DNA genomes.

While IFI16’s antiviral function is important to both virus and host, the mechanisms by
which IFI16 transcriptionally silences foreign/viral DNA are not well understood. That said,
studies by several labs point to some key features. One of these is the ability of IFI16 to dis-
tinguish between self and foreign genomes (4, 5, 7, 9, 13). Second, IFI16 nucleates on viral
DNA (3), which is sometimes observable as filamentous structures (14), through homotypic
interactions of its pyrin domain (15). Third, while IFI16 silences herpesviral (HSV-1) genes by
excluding RNA polymerase II and transcription factors TATA-binding protein and Oct1, it can
simultaneously activate host genes (3). Fourth, IFI16 silences herpesviral lytic genes by facili-
tating their heterochromatinization through trimethylation of histone 3 at lysine 9 (3, 10).
These last two observations suggest that IFI16 functions with other proteins to silence genes
and is supported by the fifth observation that IFI16 recruits the histone methyl transferases
SUV39H1 and GLP to silence lytic genes of KSHV (16). Thus, IFI16 may function as part of a
larger multiprotein machinery to sense and silence herpesviral genomes in the nucleus,
potentially helping to establish viral latency.

Once established, herpesviral latency must be maintained to ensure lifelong viral persist-
ence. In addressing its contribution to the maintenance of herpesvirus latency, IFI16 was found
to silence EBV lytic genes in latently infected B lymphoma cell lines (12). EBV infects.95% of
humans and is causally linked to several cancers, including endemic Burkitt lymphoma (BL) in
African children, B lymphoproliferative diseases (LPD)/lymphomas in immunocompromised
hosts, and nasopharyngeal cell carcinoma in the Far East, as well as to the autoinflammatory
and neurodegenerative disease multiple sclerosis (17–22). Although EBV infects both B and
epithelial cells, it persists in a latent state in B lymphocytes. Notably, EBV cancers harbor the vi-
rus in its latent state. In healthy individuals, latent EBV reactivates periodically into the lytic
phase to produce an infectious virus, seeding new B cells and new hosts. Indeed, the produc-
tive/lytic and dormant/latent phases are both important for EBV-related diseases and persist-
ence in the population.

The availability of convenient latent and lytic EBV cell culture models has greatly facilitated
studies of the establishment and maintenance of herpesviral latency, as well as lytic reacti-
vation. In contrast to the establishment of EBV latency, which requires both viral (latent
membrane proteins and Epstein-Barr nuclear antigens) and cellular factors, latency can be
maintained with minimal to no viral protein expression as evidenced by latency I (EBNA 1 only
expression, observed in BL) and latency 0 (no viral protein expression, observed in healthy
hosts). The host, however, plays an important role in silencing lytic genes to maintain the
latent state. In that context, the constitutive heterochromatin machinery (HCM) that tightly
regulates endogenous retroviral elements and pericentromeric repeats also silences EBV and
KSHV lytic genes to establish andmaintain latency (23–27). This machinery imposes the consti-
tutive heterochromatin mark H3K9me3 with the help of the corepressor KRAB-associated pro-
tein 1 (KAP1/TRIM28/TIF1b). A core component of this machinery, KAP1 recruits repressive
histone modifiers to silence target DNA. However, lacking a DNA binding domain, KAP1 is
directed to DNA usually by members of the Krüppel-associated box (KRAB) domain–zinc finger
protein (ZFP) family. In this way, the HCM silences lytic genes of several herpesviruses, thereby
serving as a barrier to the lytic phase and enforcing viral latency. With IFI16 found to silence
EBV lytic genes (12), IFI16-mediated herpesviral gene silencing linked to H3K9me3 marks, and
the HCM known to silence gene expression via H3K9me3, we investigated if IFI16 partnered
with the core components of the HCM to silence the EBV lytic phase.

We report here that IFI16 interacts with KAP1 to silence EBV lytic genes. In latently
infected cells, IFI16 complexes with KAP1, the KRAB-ZFP SZF1, and K9 trimethylated H3, and
these coenrich on the promoter of BZLF1 that encodes the viral lytic switch. We also defined
the spatial relationship between IFI16 and HCM components KAP1 and SZF1 in latently
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infected cells and those refractory to lytic triggers. Importantly, we find that disruption of la-
tency is also associated with rapid transcriptional downregulation of IFI16.

RESULTS
IFI16 supported EBV latency. A prior study demonstrated that IFI16 contributed to

the maintenance of EBV latency in Burkitt lymphoma cell lines (12). The mechanism of this lytic
silencing remains unclear as does whether interference with IFI16 is sufficient to disrupt la-
tency. We, therefore, focused on experimental manipulation of Burkitt lymphoma cells that
were tightly latent at baseline but in which the virus could be readily triggered to enter the
lytic phase. Consistent with the earlier report, we found that depletion of IFI16 in two distinct
BL cell lines, HH514-16 and Mutu I, resulted in enhanced expression of the viral lytic switch
protein ZEBRA (BamHI Z EBV replication activator) in response to lytic triggers NaB and tumor
growth factor (TGF)-b (Fig. 1A and C). This boost in ZEBRA expression in IFI16-depleted cells
compared to cells with unperturbed IFI16 correlated with statistically significant increases in
transcripts from EBV lytic genes of all kinetic classes (BZLF1, immediate early gene encoding
ZEBRA; BMRF1, early gene encoding EA-D; BFRF3, late gene encoding small viral capsid anti-
gen) (Fig. 1B). In contrast to Fig. 1A and C, overexpression of IFI16 resulted in blunting of the
ZEBRA response to the lytic trigger (Fig. 1D). Thus, like the earlier study, we found that IFI16
functioned in a prolatent manner.

Several additional observations resulted from these experiments. First, while IFI16 sup-
ported latency, interference with IFI16 was not sufficient to disrupt latency (Fig. 1A to C).

FIG 1 IFI16 partners with KAP1 to silence the EBV lytic state. (A and B) HH514-16 BL cells were transfected with control scrambled siRNA (Sc) or siRNA
targeting IFI16, exposed to NaB (sodium butyrate; lytic trigger) after 18 h, harvested after another 24 h, and immunoblotted with indicated antibodies (A)
or subjected to RT-qPCR analysis of EBV lytic genes of all kinetic classes (BZLF1, immediate early; BMRF1, early; and BFRF3, late) using the DDCT method
after normalization to 18S rRNA (B). Error bars, SEM of three technical replicates and two biological replicates; **, P , 0.01. (C) Mutu I BL cells were
transfected with control scrambled siRNA (Sc) or siRNA targeting IFI16, exposed to NaB (left) or TGF-b1 (middle) after 18 h, harvested after another 24 h,
and immunoblotted with indicated antibodies. (D) HH514-16 BL cells were transfected with empty vector (EV) or IFI16 plasmid, exposed to NaB after 18 h,
and harvested after another 24 h before performing immunoblotting with indicated antibodies. (E and F) HH514-16 BL cells were transfected with siRNA
targeting IFI16 (versus scrambled RNA as control) (E) or IFI16 plasmid (versus empty vector [EV] as control) (F), exposed to NaB after 20 h, and harvested
after another 36 h (F, left) or 48 h (E and F, right) for qPCR analysis of cell-associated viral genomes (left) or released viral genomes following DNase
treatment (right). (G) HH514-16 BL cells were transfected with empty vector (EV), IFI16 plasmid, control scrambled siRNA, or siRNA targeting KAP1, exposed
to NaB after 18 h, and harvested after another 24 h before immunoblotting with indicated antibodies. Numbers indicate the relative amounts of ZEBRA
protein after normalization to b-actin levels. These experiments were performed at least twice.
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Second, despite robust lytic activation in response to a strong lytic trigger, an even further
synergistic enhancement of lytic gene expression was possible by interfering with IFI16
(Fig. 1B), supporting the idea that IFI16 contributed to the previously described refractory
phenotype of latently infected B cells (28–30). Third, we observed a significant reduction in
IFI16 message and protein levels following lytic trigger exposure (Fig. 1B and D). While the
study by Pisano et al. (12) reported a loss of IFI16 protein after 48 to 72 h of exposure to lytic
triggers, we observed this loss earlier (by 24 h) in both transcript and protein levels. Fourth,
even when highly overexpressed, IFI16 was unable to abrogate the expression of ZEBRA
(Fig. 1D), suggesting that IFI16 functioned with other proteins to silence BZLF1. Lastly, deple-
tion of IFI16 also enhanced viral genome replication and release of virions while overexpres-
sion of IFI16 had the opposite effect (Fig. 1E and F).

IFI16 partnered with the constitutive heterochromatin machinery, favoring latency.
Knowing that IFI16 silenced herpesviral lytic genes via H3K9me3 marks and that the HCM is
known to silence EBV lytic genes via H3K9me3 heterochromatinization, we investigated the
relationship between IFI16 and the core HCM component KAP1. We found that, while over-
expression of IFI16 blunted ZEBRA expression, ZEBRA level recovered to baseline if KAP1
was simultaneously depleted, indicating that IFI16-mediated silencing of ZEBRA required
KAP1 (Fig. 1G). With IFI16 now functionally linked to the core HCM, we asked if IFI16 physi-
cally interacted with the HCM. Figure 2A shows that, in latently infected cells, IFI16 was com-
plexed with KAP1 and with the KRAB-ZFP SZF1 and histone H3 trimethylated at lysine 9.
Notably, upon activation of the lytic cycle, this four-way interaction was largely disrupted
and was accompanied by expected reductions in the total levels of KAP1, IFI16, and
H3K9me3 (Fig. 2A, input). We believe that the efficient pulldown of KAP1, despite a drop in
KAP1 levels after NaB treatment (input), was because KAP1’s relationship to other proteins,

FIG 2 KAP1 and IFI16 coenriched with H3K9me3 and at the BZLF1 promoter, preferentially in latent cells. (A) HH514-16 BL cells were left untreated or exposed to
NaB. After 24 h, lysates were immunoprecipitated (IP) with anti-KAP1 antibody versus control IgG and immunoblotted with indicated antibodies. Input represents 5%
of the sample. (B) HH514-16 BL cells were treated with or without NaB for 24 h followed by ChIP-re-ChIP. Chromatin was precipitated using rabbit anti-KAP1 or a
control rabbit IgG antibody (top) and subjected to the second round of ChIP using mouse anti-IFI16 or a control mouse IgG antibody (bottom). Extracted DNA was
analyzed by qPCR using primers spanning the known KAP1 enrichment site on the BZLF1 promoter and normalized to input. (C) HH514-16 BL cells were treated
with or without NaB for 6 h followed by ChIP using an anti-H3K9me3 antibody or control IgG. (D) HH514-16 BL cells were transfected with control scrambled siRNA
(Sc) or siRNA targeting IFI16 for 18 h (and harvested for immunoblotting in E) or exposed to NaB, harvested after 12 and 24 h, and chromatin was immunoprecipitated
with an anti-H3K9me3 antibody or control IgG. Primer sets targeting BZLF1, BMRF1, and BFRF3 promoters were used for qPCR in C and D. Error bars, SEM of the means
of three independent experiments; *, P , 0.05; **, P , 0.01; ***, P , 0.001.
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including those in the HCM, was likely making it more accessible to the antibody. It is indeed
fortuitous that KAP1 precipitated well after NaB treatment. If less KAP1 were to be precipi-
tated following NaB treatment, the coimmunoprecipitation would be uninterpretable.

While H3K9me3 pulldown in the co-immunoprecipitation experiment in Fig. 2A suggested
that IFI16 interacted with the HCM on DNA, we sought direct evidence for interaction on the
BZLF1 promoter by performing ChIP-re-ChIP/sequential ChIP. Here, we sequentially precipi-
tated DNA by antibodies to KAP1 and IFI16 and amplified the BZLF1 promoter, which we
know is silenced by the HCM (24, 27). As shown in Fig. 2B, KAP1 and IFI16 coenriched at the
BZLF1 promoter, but this coenrichment was significantly diminished upon lytic activation. To
confirm that heterochromatin relaxed upon lytic induction, we performed ChIP with an anti-
H3K9me3 antibody on lytically induced and uninduced BL cells. We found that, compared to
uninduced cells, H3K9me3 enrichment at representative promoters of all three kinetic classes
of EBV genes was diminished in NaB-exposed cells (Fig. 2C). BMRF1 is an early gene and BFRF3
is a late gene. To assess the contribution of IFI16 to the enrichment of H3K9me3 marks at lytic
promoters, we performed ChIP with an anti-H3K9me3 antibody on induced BL cells trans-
fected with siRNA targeting IFI16 or scrambled siRNA. We found that the knockdown of IFI16
reduced the enrichment of H3K9 trimethylated marks at lytic promoters compared to control
siRNA exposed cells (Fig. 2D). As expected, siRNA targeting IFI16 resulted in depletion of IFI16
(Fig. 2E). Collectively, these experiments indicated that IFI16 functions with the HCM to block
expression of lytic genes of all kinetic classes, including BZLF1, which encodes the lytic switch
protein, thereby promoting latency.

IFI16 was adjacent to the corepressor KAP1 preferentially in latent/refractory cells.
The HCM is recruited by the DNA binding KRAB-ZFP SZF1 to the latent EBV genome via spe-
cific binding sites on the genome (24). The association of IFI16, another DNA-binding pro-
tein, with the HCM complex raised questions about the structural arrangement of IFI16 and
SZF1 in relation to the core component KAP1, which is known to directly interact with SZF1
(27). To address if IFI16 was also adjacent to KAP1, we performed a proximity ligation assay
(PLA) followed by immunofluorescence by using EBV seropositive human reference serum
to distinguish latent and lytic cells. PLA is an in situ assay to detect closely associated pro-
teins observable as a fluorescent focus whenever two proteins of interest are within 40 nm
of each other (31). In Fig. 3A, the high number of PLA foci in each nucleus indicated that
IFI16 and KAP1 were nearby/adjacent to each other in latently infected cells. In contrast,
while latent/refractory cells continued to demonstrate IFI16-KAP1 interactions, such interac-
tions were lost in lytic ZEBRA1 cells (Fig. 3B). As expected, lack of one or both anti-IFI16 and
anti-KAP1 antibodies failed to result in PLA foci (Fig. 3C). Notably, however, while KAP1 and
SZF1 were known to be adjacent in latent/refractory cells and KAP1 and IFI16 showed adja-
cency in latent/refractory cells (Fig. 3A), IFI16 and SZF1, although part of the same complex,
were not nearby (Fig. 3D).

Lytic activation resulted in rapid depletion of steady-state levels of the IFI16
message. IFI16’s participation with the HCM to silence lytic genes during latency suggested
that this mechanism was disrupted to enhance the lytic phase. Indeed, both protein and mes-
sage levels of IFI16 declined significantly within the first 24 h of exposure to a lytic trigger (Fig.
1B and C). This prompted time course experiments within 24 h of exposure to lytic triggers. As
shown in Fig. 4A, IFI16 protein levels declined rapidly by 4 h, reaching a nadir between 8 and
12 h of exposure to a lytic trigger in EBV1 BL cells. Expression of ZEBRA followed soon thereafter,
indicating that a lytic activation-related, but ZEBRA-unrelated, mechanism likely caused depletion
of IFI16 levels. However, reduction in IFI16 following expression of doxycycline-inducible ectopic
ZEBRA also indicated a ZEBRA-dependent mechanism of IFI16 depletion (Fig. 4B).

To assess whether the ZEBRA-independent mechanism resulted from lytic cycle activation
or exposure to a histone deacetylase (HDAC) inhibitor, we tested the same HDAC inhibitor
NaB on an EBV negative B lymphoma cell line, BJAB. A lack of IFI16 depletion after exposure
of EBV2 cells to NaB (Fig. 4C) supported the idea that IFI16 loss was related to lytic cycle activa-
tion of viral genomes and was less likely to be related to the presence of an HDAC inhibitor.

Given the rapid, early loss of IFI16 protein after exposure of EBV1 BL cells to a lytic trig-
ger, we also examined steady-state levels of IFI16 transcripts and found an early decline
that corresponded to the decline in IFI16 protein levels (Fig. 4D). We observed a similar
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early decline in IFI16 transcripts after exposure to trichostatin A (TSA), another HDAC in-
hibitor known to activate the EBV lytic phase (Fig. 4E). Significantly, however, IFI16 tran-
script levels remained unchanged after exposure to a third HDAC inhibitor valproic acid
(VPA), which is known not to activate the EBV lytic phase (Fig. 4F) (32, 33). Taken to-
gether, these experiments point toward a lytic activation-related mechanism of IFI16
depletion that was unrelated to HDAC inhibition per se.

Reduced synthesis resulted in an early drop in the abundance of IFI16 transcripts. In
investigating the mechanism of the decline of the IFI16 transcript, we examined a nascent tran-
scriptomic study in EBV1 BL cells, which we had previously published (34). We found that within
24 h of exposure of cells to the same lytic trigger as in the present study, there was a decline in
IFI16 transcription. We, therefore, investigated if the decline in steady-state levels of IFI16 tran-
scripts observed in Fig. 4 indeed resulted from reduced RNA synthesis. To test synthesis, we
immune-enriched nascent transcripts following incorporation of 5-Bromouridine (BrU) and then
amplified IFI16 nascent transcripts using two different sets of primers and RT-qPCR. We found
that, compared to latently infected cells, exposure to the lytic trigger for 10 h resulted in;60%
to 70% reduction in nascent IFI16 transcripts (Fig. 5A). This suppression was consistent with the
;80% reduction in steady-state IFI16 message observed at 12 h post-exposure to lytic trigger
in Fig. 4D. As expected, lytic activation resulted in expression of BZLF1 transcripts (Fig. 5B).

Thus, IFI16 participated with the constitutive heterochromatin machinery to main-
tain EBV latency, and lytic activation was associated with a rapid decline in IFI16 tran-
scription that contributed to the disruption of latency. A model depicting the spatial
and functional relationship of IFI16 with core components of the HCM and the EBV ge-
nome in latently infected cells is shown in Fig. 6.

DISCUSSION

While IFI16-mediated silencing is associated with H3 trimethylation at lysine 9, how
IFI16 recruits the machinery that imposes such silencing marks is mostly unclear. In

FIG 3 IFI16 was adjacent to KAP1 but not SZF1 in latent cells. HH514-16 BL cells were not induced or induced with NaB for 24 h before performing a proximity
ligation assay (PLA) using antibodies targeting KAP1, IFI16, and SZF1. EBV seropositive human reference serum followed by APC-conjugated goat anti-human IgG was
used to stain lytic cells (A, B, and D). Negative-control staining in the absence of anti-KAP1, anti-IFI16, or both antibodies is shown in (C). Green foci, in situ interactions
between KAP1 and IFI16. The experiment was performed at least 3 times. Three representative fields from two independent experiments are shown in A, B, and D.
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mammalian cells, constitutive heterochromatic regions are typically marked by H3K9me3
(35) and are predominantly found in extensively and permanently silenced regions, such
as pericentromeric regions of chromosomes (36). However, the HCM that imposes
H3K9me3 marks also silences foreign/invading DNA genomes, such as those of herpesvi-
ruses (23–25, 37). This machinery includes the core corepressor KAP1 that orchestrates the
recruitment of several heterochromatin-inducing factors, including histone-lysine methyl
transferases. The five known mammalian histone-lysine methyltransferases all bind KAP1
but act differentially on their H3 substrate (38–43). In the context of KSHV, IFI16 was found
to recruit the methyltransferases SUV39H1 and GLP to trimethylate H3K9 on viral genes
(16). However, whether IFI16 partners with the core HCM to recruit methyltransferases or
functions independently of the core HCM during antiviral gene silencing is not known. In

FIG 5 Reduced transcription contributes to a drop in abundance of IFI16 messages after lytic cycle
activation. HH514-16 BL cells were left untreated or induced with NaB for 10 h, before performing
BrU-PCR. Nascent RNA was precipitated with an anti-BrdU antibody followed by RT-qPCR analysis with two
primer sets (number 1 and number 2) to determine the relative amounts of newly synthesized IFI16 message
(A) and BZLF1 message (B) after normalization to 18S rRNA. Error bars, SEM of three technical replicates and
two biological replicates; **, P , 0.01; ***, P , 0.001; NS, not significant.

FIG 4 IFI16 message and protein abundance rapidly decrease with lytic cycle activation in EBV1 BL cells. (A and B) HH514-16 (EBV1 BL; A), CLIX-FZ
(doxycycline-inducible EBV1 BL; B), and EBV2 B lymphoma (BJAB; C) cells were exposed to lytic triggers (NaB in A and C; doxycycline in B) for different
durations followed by immunoblotting with indicated antibodies. (D to F) HH514-16 cells were induced with NaB (D), TSA (E), or VPA as mock induction
control (F) for different durations followed by RT-qPCR analysis to determine the relative amounts of IFI16 message after normalization to 18S rRNA
using the DDCT method. Error bars, SEM of three technical replicates and two biological replicates; *, P , 0.05; **, P , 0.01; NS, not significant.
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the context of EBV, IFI16 also silences multiple viral lytic genes via H3K9 trimethylation
(our results and those in reference (12)), the mechanism and IFI16’s relationship with the
core HCM remains unexplored. Our findings indicated a partnership between IFI16 and
core members KAP1 and SZF1, the latter is known to recruit and specifically target KAP1
to SZF1-binding sites on EBV lytic genes. While our experiments found IFI16 complexed
with (i) KAP1 on the BZLF1 promoter and (ii) H3K9me3, as well as place IFI16 adjacent to
KAP1 and KAP1 adjacent to SZF1 (27), IFI16 was bound to the HCM at some distance from
SZF1 (Fig. 6). To our knowledge, this is the first time that IFI16 has been mechanistically
and functionally linked to the core HCM.

Although IFI16 partners with the HCM, the need for two DNA binding proteins (SZF1 and
IFI16) within/associated with the HCM is unclear. One possibility is that IFI16 recruits transcrip-
tion factors so that lytic promoters are poised to begin gene expression upon disruption of
the HCM. However, this is unlikely given the enhancement in lytic gene expression that we
observed upon depletion of IFI16. Another possibility is that IFI16 recruits other repressors not
typically recruited by the HCM to all or a subset of sites silenced by the HCM. A third possibility
is that IFI16 excludes transcription factors. Exclusion of TBP and Oct 1 was observed in HSV-1
infected cells (3). A fourth possibility is that IFI16 redirects the HCM from consensus binding
sites on the self/host genome to nonconsensus binding sites on viral genomes (24).
Conversely, the HCM (SZF1) may provide IFI16 with selectivity in recognizing viral gene targets
to discriminate from self/host DNA. Indeed, IFI16 is not known to bind specific DNA sequen-
ces, and binding to the HCM may facilitate IFI16’s recognition of foreign over self-DNA. In that
context, IFI16 may recognize self-DNA without the involvement of the core HCM.

In earlier studies, loss of IFI16 protein was observed late (.48 to 72 h) after lytic activa-
tion of both EBV and KSHV. While this loss was sensitive to inhibition of viral DNA replication
in KSHV-infected cells (44), an immediate early or early lytic gene was thought to be respon-
sible for IFI16 depletion in EBV-infected cells (12). Unlike our study, these studies did not
detect an early loss of IFI16 likely because of a difference in the timing of investigation of
the lytic phase. The early drop in the abundance of IFI16 transcripts appears to be related to
activation of the lytic cycle and not the presence of HDAC inhibition per se. That said also,
the relevance of the short-chain fatty acid butyrate in this context cannot be dismissed
because butyrate is produced by bacterial fermentation by gut microbes (45), resulting in
ample exposure of infected B cells within the gut, the largest immune organ.

Our findings raised several questions, including whether IFI16 silenced the incom-
ing EBV genome and was needed to establish EBV latency. Further, whether IFI16 part-
ners with KAP1/the core HCM in distinguishing foreign from self is not known, and
how IFI16 transcription was turned down in the prelytic phase remains to be explored.

MATERIALS ANDMETHODS
Cell lines and chemical treatment. EBV-positive Burkitt lymphoma (BL) cell lines (HH514-16, a kind

gift from George Miller, Yale University, and Mutu I, a kind gift of Erik Flemington, Tulane University) and
EBV-negative B lymphoma cell line (BJAB) were maintained in RPMI 1640 medium containing 10% fetal

FIG 6 Model of IFI16’s partnership with the constitutive heterochromatin machinery (HCM) that blocked EBV
latent-to-lytic transition. N-terminal KRAB domain of the KRAB-ZFP SZF1 interacted with the corepressor KAP1
while C-terminal zinc fingers bind viral DNA. KAP1 recruited histone-lysine methyltransferases (HMT), the
deacetylase complex NuRD-HDAC, and the heterochromatin amplification factor HP1 to silence target genes
via H3K9me3 marks. Shown also is the proposed involvement of the DNA sensor IFI16 which directly contacts
KAP1 but not SZF1.
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bovine serum and 1% penicillin/streptomycin. The CLIX-FZ (Clone-HH514-16 transfected with pLIX_402-FZ)
cell line (46), containing a stably integrated doxycycline-inducible tagged BZLF1 gene, was maintained in RPMI
1640 medium containing 10% fetal bovine serum, 1% penicillin/streptomycin, and puromycin (P8833, Sigma-
Aldrich). Cells were subcultured at 5 � 105 cells/mL, and 24 h later were induced with 3 mM (of 1 mM in Fig.
1B) sodium butyrate (NaB, 303410, Sigma-Aldrich), 10 mM valproic acid (VPA, P4543, Sigma-Aldrich), 5 mM tri-
chostatin A (TSA, T8552, Sigma-Aldrich), or 5 ng/mL TGF-b1 (7754-BH-005, R&D systems).

Plasmids, siRNAs, and transfection. Cells were transfected with 200 pmol siRNA or 10 mg plasmids
in transfection solution (MIR50117, Mirus) using an Amaxa Nucleofector II as described previously (47). siRNAs
used in this study included those targeting KAP1 (J-005046-07, Dharmacon) and IFI16 (sc-35633, Santa Cruz
Biotechnology; 107747, Thermo Fisher Scientific). Plasmids included IFI16 (a gift from Cheryl Arrowsmith,
Addgene plasmid number 35064) and pcDNA5.1/FRT/TO empty vector (a kind gift from Torben Heick Jensen,
Denmark).

Immunoblotting and antibodies. Immunoblotting was performed as previously described (24).
Briefly, cells were lysed with RIPA buffer and electrophoresed in 10% SDS-polyacrylamide gels before
performing immunostaining with indicated antibodies. Antibodies included: mouse anti-ZEBRA antibody
(clone BZ1; a kind gift from Paul Farrell, Imperial College, London), mouse anti-b-actin antibody (AC-15,
Sigma), rabbit anti-KAP1 antibody (A300-274A, Bethyl Laboratories), mouse anti-IFI16 antibody (sc-
515790, Santa Cruz Biotechnology), rabbit anti-SZF1/ZNF589 antibody (PA5-68940, Thermo Fisher
Scientific), mouse anti-H3K9me3 antibody (5327, Cell Signaling Technology), HRP-conjugated goat anti-
mouse IgG(H1L) (626520, Thermo Fisher Scientific) and HRP-conjugated goat anti-rabbit IgG(H1L)
(31460, Thermo Fisher Scientific).

Quantitative reverse transcriptase PCR (RT-qPCR). RT-qPCR was performed as previously described
(48) and data were analyzed by normalizing to 18S rRNA using the DDCT method. PCR primers included
the following: 5’GTAACCCGTTGAACCCCATT3’ (forward) and 5’CCATCCAATCGGTAGTAGCG3’ (reverse) for 18S
rRNA; 5’TTCCACAGCCTGCACCAGTG3’ (forward) and 5’GGCAGAAGCCACCTCACGGT3’ (reverse) for BZLF1; 5’AC
CTGCCGTTGGATCTTAGTG3’ (forward) and 5’GGCGTTGTTGGAGTCCTGTG3’ (reverse) for BMRF1; 5’AACCAGA
ATAATCTCCCCAATG3’ (forward) and 5’CGAGGCACCCCAAAAGTC3’ (reverse) for BFRF3; 5’ACAGACTCAGCCT
CCCTC3’ (forward) and 5’ACTATCACTGGGCGTTTT3’ (reverse) for IFI16.

Proximity ligation assay (PLA) and immunofluorescence. PLA was performed as described previously
(27, 46). Briefly, cells were fixed with Cytofix/Cytoperm solution (554722, BD Bioscience) for 15 min on ice
followed by washing with 1� BD Perm/Wash buffer (554723, BD Bioscience) two times and subjected to incuba-
tion with indicated primary antibodies for 1 h. After washing two times, the cells were incubated with the PLUS
and MINUS PLA probes (DUO92006 and DUO92002, Sigma-Aldrich) for 1 h and washed twice with buffer A
(DUO82049, Sigma-Aldrich). Cells were then incubated with ligation reaction buffer (DUO94002, Sigma-Aldrich)
for 30 min and washed twice with buffer A. Next, cells were incubated in amplification reaction for 100 min
and washed twice with buffer B (DUO82049, Sigma-Aldrich). After a final wash with 1:100 buffer B, cells were
subjected to second-round immunostaining with EBV seropositive reference serum for 1 h followed by sec-
ondary Allophycocyanin (APC) conjugated goat anti-human IgG incubation for 45 min. After two more
washes, cells were mounted on slides with DAPI (P36935, Thermo Fisher Scientific). Images were acquired
using a fluorescence microscope (OLYMPUS) and analyzed with Image Studio Lite software. Antibodies used
for PLA included: goat anti-KAP1 antibody (A300-274A, Bethyl Laboratories), rabbit anti-IFI16 antibody
(14970, Cell Signaling Technology), and rabbit anti-SZF1/ZNF589 antibody (PA5-68940, Thermo Fisher
Scientific).

Bromouridine-RT-qPCR (Bru-qPCR) analysis. Bru-PCR was performed as described previously (34).
Briefly, 10 million cells were left untreated or treated with 3 mM NaB. Cells were pulsed with 2 mM bromouridine
(BrU, 850187, Sigma-Aldrich) at 37°C for 30 min before harvesting. RNA was isolated with RNeasy plus kit (74134,
Qiagen) and then incubated with 0.1% bovine serum albumin (BSA) prewashed goat anti-mouse IgG magnetic
Dynabeads (11033; Invitrogen) and 2mg mouse anti-BrdU antibody (555627; BD Biosciences) together with 20 U
RNasin (10777019; Invitrogen) for 1 h at room temperature. Beads were washed three times with 200 mL 0.1%
BSA in DEPC-PBS containing 20 U RNasin. Samples were eluted by adding 40 mL nuclease-free water and incu-
bated at 95°C for 10 min. The eluted nascent BrU-containing RNA was removed to a new Eppendorf tube and
subjected to RT-qPCR analysis.

Primers used for Bru-qPCR included: primer set number 1, 5’TGGACCCAAAGGGAGTAAGG3’ (forward)
and 5’ATGAGGTCTTGGGAGATGGG3’ (reverse); primer set number 2, 5’GGAGAAGTTCACCCCAAAGAAG3’
(forward) and 5’GCATTCACATCAGCCACAAG3’ (reverse) for amplifying adjacent intron-exon segments of
IFI16 transcripts and 5’GACCCATACCAGGTGCCTTTTG3’ (forward) and 5’GCACACAAGGCAAAGGAGCTTG3’
(reverse) for amplifying adjacent intron-exon segments of BZLF1 transcripts.

Co-immunoprecipitation (Co-IP). Co-IP was performed as described previously (46, 47). Briefly,
1 � 107 cells were lysed with IP lysis buffer (87787, Thermo Scientific) for 15 min and spun down for 5 min at
4°C. Following this, 5% of precleared cell lysates were set aside as input. The rest was incubated with 3mg of rab-
bit anti-KAP1 antibody or rabbit anti-IgG as control together with 30 mL of dynabeads Protein G (10003D,
Thermo Scientific) at 4°C overnight. Beads were washed with lysis buffer three times before performing
immunoblotting.

ChIP and ChIP-re-ChIP. ChIP was performed as described previously (27). Briefly, 4 million cells were
left untreated or treated with NaB (with or without depletion of IFI16) for different durations before performing
ChIP. For each ChIP, cells lysates were incubated with 3.5mg of each rabbit anti-H3K9me3 antibody (13969S, Cell
Signaling Technology; Fig. 2C and D bottom), mouse anti-H3K9me3 antibody (6F12, Cell Signaling Technology;
Fig. 2D top and middle), control rabbit IgG (AB-105-C, R&D systems), or control mouse IgG (557273, BD
Pharmingen) and 25 mL Protein G Magnetic Beads (9006, Cell Signaling Technology) at 4°C overnight. For each
ChIP-re-ChIP, cell lysates were incubated with 15mg Rabbit anti-KAP1 antibody (A300-274A, Bethyl Laboratories)

IFI16 and KAP1 in EBV Latency Journal of Virology

September 2022 Volume 96 Issue 17 10.1128/jvi.01028-22 9

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01028-22


and 40mL Protein GMagnetic Beads (9006, Cell Signaling Technology) at 4°C overnight. Eluted protein-chromatin
complexes from the first round of ChIP were then subjected to a second round of ChIP with 5mg of mouse anti-
IFI16 antibody (sc-8023, Santa Cruz Biotechnology) and 40mL Protein G magnetic beads. Precipitated chro-
matin was analyzed by qPCR with the following primers: 5’TTCAGCAAAGATAGCAAAGGT3’ (forward) and
5’ACTTCTGAAAACTGCCTCCT3’ (reverse) for analyzing the promoter of BZLF1; 5’CCTAGACTACAGGCCTC
TGAGT3’ (forward) and 5’ACTCAGAGGCCTGTAGTCTAGG3’ (reverse) for analyzing the promoter of BMRF1;
5’TCCCGCCTCTTGGATGCCATCAT3’ (forward) and 5’CTGGCCTCTGTCCGCAAAGTTAAA3’ (reverse) for analyz-
ing the promoter of BFRF3.

Quantitative PCR (qPCR) to quantitate EBV load. Cell-associated EBV DNA was prepared as previ-
ously described (46) and relative amounts of viral DNA were quantified using quantitative-PCR (qPCR) by
amplifying the EBV BALF5 locus. To quantify relative amounts of released EBV particles, equal amounts of
supernatants from cell cultures were subjected to DNase treatment followed by qPCR using primers targeting
the EBV BALF5 locus as above. Relative EBV genome copy numbers were calculated using a standard curve
qPCR with BACmid p2089 serving as a template. Briefly, released EBV particles from 18 mL of culture superna-
tant were treated with 1 mL DNase in 20 mL of 1� DNase buffer followed by inactivation of DNase. Of this,
2mL was used for qPCR analysis using BALF5 primers as described previously (34).

Statistical analysis. P values were calculated by using an unpaired Student's t test to compare the
means of two groups.
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