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ABSTRACT The immediate early viral protein replication and transcription activator
(RTA) of Kaposi's sarcoma-associated herpesvirus (KSHV) is essential for activating the lytic
cycle of KSHV. RTA induces the KSHV lytic cycle by several mechanisms, acting as a viral
transcription factor that directly induces viral and host genes and acting as a viral E3 ubig-
uitin ligase by degrading host proteins that block viral lytic replication. Recently, we have
characterized the global gene expression changes in primary effusion lymphoma (PEL)
upon lytic reactivation of KSHV, which also led to the identification of rapidly downregu-
lated genes such as ID2, an inhibitor of basic helix-loop-helix transcription factors. Here,
we demonstrate that ID2 overexpression in PEL ablates KSHV lytic reactivation, indicating
that ID2 inhibits the KSHV lytic cycle. Furthermore, we show that while ID2 is highly
expressed during latency, its protein level is rapidly reduced by 4 h postinduction during
lytic reactivation. Our results indicate that RTA binds to ID2 and induces its degradation
during the KSHYV lytic cycle by N-terminal ubiquitination through the ubiquitin-proteasome
pathway. Importantly, we found that not only KSHV RTA but also its Epstein-Barr virus
(EBV) and murine gammaherpesvirus 68 (MHV68) homologs interact with ID2, and they
can induce the degradation of all four members of the ID protein family, suggesting an
evolutionarily conserved interplay between gammaherpesvirus RTAs and ID proteins.
Taken together, we propose that ID2 acts as a repressor of the KSHV lytic cycle, which is
counteracted by its RTA-mediated degradation. We also predict that ID proteins may act
as restriction factors of the lytic phase of the other gammaherpesviruses as well.

IMPORTANCE In addition to its transcription regulatory role, RTA is also known to
have an E3 ubiquitin ligase activity, which RTA utilizes for inducing protein degrada-
tion. However, it is still largely unknown what host factors are downregulated during
KSHYV lytic reactivation by RTA-mediated protein degradation and what the biological
significance of the degradation of these host factors is. In this study, we discovered
that RTA employs N-terminal ubiquitination to induce degradation of ID2, a potent
transcription repressor of host genes, via the ubiquitin-proteasome pathway to pro-
mote KSHV lytic reactivation in PEL cells. Furthermore, we found that not only KSHV
RTA but also RTA of EBV and MHV68 gammaherpesviruses can induce the degrada-
tion of all four human ID proteins, indicating that the interplay between gammaher-
pesvirus RTAs and ID proteins is evolutionarily conserved.

KEYWORDS ID proteins, ID2, Kaposi's sarcoma-associated herpesvirus, PEL, RTA, lytic
cycle, reactivation, ubiquitination

aposi’'s sarcoma-associated herpesvirus (KSHV), also known as human herpesvirus
8 (HHV-8), is the etiological agent of the endothelial neoplasm Kaposi’'s sarcoma,
which is frequently found in AIDS patients (1). KSHV also causes KSHV-associated
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inflammatory syndrome (KICS) and two lymphoproliferative diseases, primary effusion
lymphoma (PEL) and multicentric Castleman'’s disease (2, 3). Analogous to other herpesvi-
ruses, KSHV has a biphasic life cycle, including a lytic and a latent phase (4). During la-
tency, the majority of lytic genes are repressed, and there is no virus production. The lytic
cycle can be triggered in latently infected cells by various environmental and physiologi-
cal stimuli (5). Of the KSHV-encoded viral factors, the replication and transcription activa-
tor (RTA) is the essential viral transcription factor that is responsible for inducing KSHV
from latency to lytic replication (6, 7). RTA initiates the cascade-like expression of lytic
genes categorized as immediate early (IE), early (E), and late (L) genes, which allows the
replication of viral genome and, eventually, virus production (8). Although it is well estab-
lished that the transcriptional activity of RTA is essential for viral gene regulation and virus
production, RTA has also been shown to be capable of inducing protein degradation,
preferentially of sumoylated proteins, which can contribute to RTA-induced lytic reactiva-
tion (9, 10). Previous studies demonstrated that RTA possesses an E3 ubiquitin ligase ac-
tivity whereby RTA can polyubiquitinate and induce protein degradation, or RTA hijacks
host E3 ubiquitin ligases for targeted protein degradation (10-16). However, so far, only a
few host targets have been identified for RTA-induced protein degradation that affects
the progress of the KSHV lytic cycle and viral transmission. By identifying the key host fac-
tors targeted by RTA for degradation and revealing their biological importance in infected
cells, we can better understand the RTA-driven mechanisms responsible for KSHV replica-
tion, transmission, and viral pathogenesis.

Recently, our lab has determined the global host gene expression changes during the
Iytic cycle of KSHV in PEL cells, which revealed a gradual reprogramming of the host tran-
scriptome upon RTA-induced lytic reactivation (17). One of the host genes rapidly down-
regulated during KSHV lytic reactivation was the inhibitor of DNA binding protein 2 (ID2).
ID2 is a helix-loop-helix (HLH) cellular protein that is one of the four members of the ID
protein family (18). The ID proteins have no DNA binding properties but are able to inter-
act with basic HLH (bHLH) transcription factors and prevent them from binding to pro-
moters, thereby inhibiting their transactivation function (19). The expression of the ID
protein family is tightly regulated due to their potent dominant negative effect on bHLH
proteins, as well as other transcription factors that are crucial for embryonic develop-
ment, cell cycle progression, and immune system development (20, 21). The ID genes
are expressed well in tissues undergoing proliferation such as in early development,
while their expression is usually restricted in mature, differentiated tissues (22). A previ-
ous study revealed that the expression levels of ID1, ID2, and ID3 are upregulated upon
KSHV latent infection, and, in addition, they can contribute to KSHV-induced tumorigen-
esis (23). However, the impact of ID proteins on the KSHV lytic cycle has not been investi-
gated. Because ID2 is expressed during latency while it is downregulated during KSHV
lytic cycle, we hypothesized that ID2 may function as a repressor of lytic reactivation and
the downregulation of ID2 possibly benefits the lytic cycle of KSHV.

Here, we have discovered that RTA can induce the swift degradation of ID2 through
N-terminal ubiquitination during lytic reactivation of KSHV in PEL cells. We found that
if ID2 is overexpressed during KSHV reactivation in PEL, every step of the lytic cycle is
repressed, from lytic gene induction to virus replication and virus production. In addi-
tion, we also show that not only KSHV RTA but also RTA proteins from Epstein-Barr vi-
rus (EBV) and murine gammaherpesvirus 68 (MHV68) can induce the degradation of all
four ID proteins, indicating an evolutionarily conserved interplay between gammaher-
pesvirus RTAs and ID proteins. Taken together, we propose that ID2 acts as a repressor
of the KSHV lytic cycle; however, RTA can overcome this barrier by inducing ID2 degra-
dation. This function of RTA may be evolutionarily conserved among a subset of gam-
maherpesviruses and ID proteins.

RESULTS
ID2 is rapidly downregulated during KSHV lytic reactivation. Analysis of our
published transcriptome data derived from iBCBL1-3xFLAG-RTA cells indicates that, of
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FIG 1 ID2 is rapidly downregulated during KSHV lytic reactivation. (A) Transcriptome sequencing (RNA-seq) analysis of the
expression of ID genes during KSHV lytic reactivation at various time points in iBCBL1-3xFLAG-RTA cells. The average of
three biological replicates is shown. (B) ID2 gene expression was measured by RT-qPCR in iBCBL1-3xFLAG-RTA during
latency and at various time points of lytic reactivation. (C) Immunoblot analysis of ID2 and lytic viral protein expression
during KSHV lytic reactivation in iBCBL1-3xFLAG-RTA cells. (D) RT-qPCR analysis of ID2 gene expression during KSHV
latency (0 hpi) up to 6 hpi in iBCBL1-3xFLAG-RTA cells. (E) Western blot analysis of FLAG-RTA and ID2 expression in
reactivated iBCBL1-3xFLAG-RTA cells. (F) Immunoblot analysis of 3xFLAG-RTA and ID2 protein expression during MG132 or
DMSO (vehicle control) treatment of reactivated iBCBL1-3xF-RTA cells at 0 (latency) and 6 hpi. (G) Immunoblot analysis of
lytic viral proteins and ID2 expression at 24 hpi in BCBL1 in which lytic reactivation was induced with TPA or NaB. (H) RT-
gPCR testing of ID2 gene expression during TPA- and NaB-mediated KSHV reactivation in BCBL1 cells at 24 hpi. t tests were
performed between GFP-OE and ID2-OE (sample of n = 3), and degree of statistical significance is indicated as *, P = 0.05;
** P = 0.01; **, P = 0.001; and ns, not significant.

the four ID genes, ID2 expression is the highest in BCBL1 during KSHV latency, which is
greatly reduced during KSHV lytic reactivation triggered by doxycycline (Dox)-inducible
3xFLAG-RTA (Fig. 1A) (17). Independent reverse transcriptase quantitative PCR (RT-qPCR)
and immunoblot analyses further confirmed that ID2 is significantly downregulated in
iBCBL1-3xFLAG-RTA by 6 h postinduction (hpi) (Fig. 1B and C). To determine when ID2
expression was reduced at the mRNA and protein levels within the first 6 h of KSHV lytic
reactivation, we sampled at each hour from 0 hpi (latency) to 6 hpi (Fig. 1D and E). We
found that by 2 hpi, the mRNA abundance of ID2 was dramatically decreased, and by
4 hpi, ID2 protein was nearly undetectable (Fig. 1D and E). Like all ID proteins, the
half-life of ID2 is very short, around 15 to 20 min (24, 25). It has been suggested that
the half-life of ID proteins can extend when they are actively bound to another factor
(26, 27). Since the reduction of ID2 at the protein level was delayed by 2 h relative to
its transcript level, we hypothesized that ID2 may be bound to a factor during KSHV
latency, thus extending its half-life, but it gets degraded after 4 hpi. In fact, protea-
some inhibitor MG132 treatment of iBCBL1-3xFLAG-RTA restored ID2 protein level,
indicating that ID2 does undergo proteasomal degradation during KSHV lytic reacti-
vation (Fig. 1F). We speculate that the reduction of the ID2 mRNA level prior to pro-
tein reduction in iBCBL1-3xFLAG-RTA is caused by RTA overexpression, which may
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deregulate host factors involved in ID2 transcription. We also tested how the mRNA
and protein levels of ID2 change if KSHV lytic reactivation is induced in BCBL1, using
different drugs that are known KSHV inducers. We treated BCBL1 cells for 24 h with
either the protein kinase C activator 12-O-tetradecanoylphorbol-13-acetate (TPA) or
the histone deacetylase inhibitor sodium butyrate (NaB). We found that ID2 was
reduced at the protein level but not at the RNA level in the reactivated cells (Fig. 1G
and H). These data show that regardless of how KSHV lytic reactivation is induced,
the ID2 protein level is always reduced, while its mRNA level can remain unchanged.
Altogether, these results suggest that ID2 can be actively degraded during KSHV lytic
cycle.

KSHV RTA induces polyubiquitination and degradation of ID2 through the
ubiquitin-proteasome pathway. In addition to being a potent gene transcription ac-
tivator, RTA has also been shown to have intrinsic E3 ubiquitin ligase activity that
allows it to induce the degradation of cellular and viral proteins (10, 12-14, 16). We
hypothesized that since the downregulation of ID2 occurred within the first few hours
of KSHV reactivation, the immediate early viral factor RTA could be causing the rapid
degradation of ID2. To test this, we analyzed ID2 expression in a KSHV-free transgenic
B cell lymphoma cell line encoding a Dox-inducible 3xFLAG-RTA (iBJAB-3xFLAG-RTA).
We found that upon RTA expression, ID2 was reduced at the protein level but not at
the mRNA level (Fig. 2A and B). We also confirmed RTA-mediated downregulation of
ID2 in three different epithelial cell lines (Fig. 2C to F). Since iSLK, HelLa, and 293T cell
lines have a barely detectable amount of ID2, we expressed ID2 using lentiviral trans-
duction in iSLK and plasmid transfection in HeLa and 293T cells. We found that the
Dox-inducible RTA dramatically reduced the ID2 protein level in iSLK (Fig. 2C). To inves-
tigate if ID2 was downregulated by RTA in a dose-dependent manner, we cotrans-
fected Hela and 293T cells with ID2 and an increasing amount of RTA (Fig. 2D and E).
ID2 immunoblot analysis showed an RTA-mediated dose-dependent reduction of D2
in Hela cells (Fig. 2D), while we could observe robust ID2 downregulation even at the
lowest concentration of RTA in 293T cells (Fig. 2E). To check that ID2 downregulation
was not due to RTA repressing its transcription, we performed RT-qPCR and detected
no reduction of ID2 mRNA level (Fig. 2F).

Next, we investigated whether RTA was inducing ID2 degradation through the
ubiquitin-proteasome pathway. For this, we cotransfected 293T cells with ID2 and RTA
in the presence of either dimethyl sulfoxide (DMSO) (control) or the proteasome inhibi-
tor MG132. We observed an increase in ID2 level with MG132 treatment alone, which is
in line with previous studies showing that ID2 degradation, which is normally mediated
by the anaphase-promoting complex (APC/C<h) in cells, can be blocked by MG132
(26). Importantly, we also observed a complete rescue of ID2 protein expression in the
presence of RTA with MG132 (Fig. 2G). Ubiquitin immunoblot of immunoprecipitated
ID2-3xFLAG showed increased ubiquitination of ID2 in the presence of Myc/His-tagged
RTA (M/H-RTA) during MG132 treatment indicating that RTA induces polyubiquitina-
tion of ID2, which can ultimately lead to its degradation (Fig. 2H and I). Furthermore,
using an in vitro glutathione S-transferase (GST) pulldown and a proximity ligation
assay (PLA), we found that RTA directly binds to ID2 (Fig. 3), which is in agreement
with other studies showing that RTA interacts with its substrate proteins targeted for
degradation (12, 13). Taken together, these data demonstrate that RTA interacts with
ID2 and induces polyubiquitination and subsequent degradation of ID2 through the
ubiquitin-proteasome pathway.

RTA induces ID2 degradation through its N-terminal ubiquitination. Lasorella
and her colleagues have shown that the ID2 protein level is tightly controlled by
APC/C%4, which binds to ID2 through its C-terminal D-box motif that leads to polyu-
biquitination and degradation of ID2 (25). To determine whether RTA was also using
the ID2’s D-box to target it for degradation, we cotransfected 293T cells with 3xFLAG-
RTA and wild-type (WT) ID2 or ID2 mutants, such as a D-box point mutant (DBm), where
the arginine and leucine were mutated to a glycine and valine (depicted in Fig. 4A) or a
D-box deletion (ADB) mutant. We note that mutation of D-box causes an abnormal
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FIG 2 KSHV RTA induces the polyubiquitination and degradation of ID2 through the ubiquitin-proteasome pathway. (A) Immunoblot detection of 3xFLAG-
RTA and ID2 in Dox-induced iBJAB-3xFLAG-RTA cells. (B) RT-qPCR analysis of ID2 transcript abundance in iBJAB-3xFLAG-RTA cells. t tests were performed
between 0 h postinduction (hpi) and 24 or 48 hpi (ns, not significant). (C) Immunoblot analysis of lenti-GFP and lenti-ID2-transduced iSLK cells expressing
Dox-inducible RTA. (D) Western blot analysis of HelLa cells cotransfected with ID2 and either vector control or an increasing amount of 3xFLAG-RTA. (E)
Immunoblot detection of 3xFLAG-RTA and ID2 in 293T cells that were cotransfected with ID2 and either vector control or increasing amounts of 3xFLAG-
RTA. (F) RT-gPCR analysis of ID2 in the experiment performed in panel E when control vector or the largest amount of RTA was cotransfected with ID2. (G)
Western blot analysis of 293T cells that were cotransfected with ID2 and vector or 3xFLAG-RTA, and treated with DMSO (control) or 40 uM MG132. (H)
FLAG immunoprecipitation was performed using 293T cells that were cotransfected with ID2-3xFLAG and either a vector control or Myc/His-tagged RTA
(M/H-RTA). FLAG IP was subjected to ubiquitin Western blotting. (I) 293T cells were cotransfected with HA-ubiquitin, ID2-3xFLAG, and Myc/His-RTA (M/H-
RTA). After FLAG immunoprecipitation (IP) was performed, the IP samples were subjected to immunoblot analysis.

mobility shift of ID2 in protein gel electrophoresis (Fig. 4B), which has also been observed
in previous studies (25). We found that RTA targets ID2 for protein degradation through a
D-box-independent mechanism (Fig. 4B).

Most E3 ubiquitin ligases add polyubiquitin chains to their substrate proteins via an
internal lysine residue (28). This led us to test whether RTA was using this mechanism
to induce ID2 degradation by mutating all 9 lysine residues of ID2 to alanine to make a
lysine-less (K-less) ID2 mutant (Fig. 4A). We cotransfected 293T cells with 3xFLAG-RTA
and either the WT or K-less ID2 and discovered that RTA mediates ID2 degradation in a
lysine-independent manner, which could be rescued by MG132 treatment (Fig. 4C). In
addition to internal lysine residues, polyubiquitination of a subset of short-lived cellular
and viral proteins can also occur by N-terminal ubiquitination, which means that the
ubiquitin chain is attached to the free N-terminal residue of the substrate protein (29-
33). Importantly, the N-terminal epitope tagging of these proteins can prevent them
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FIG 3 KSHV RTA and ID2 interact. (A) Coomassie blue staining of GST (control) and GST-ID2 protein
purified from E. coli. (B) Immunoblot analysis of in vitro GST pulldown (GST-PD) using GST (control)
and GST-ID2 with cell extracts of 293T expressing 3xFLAG-RTA. (C) iBCBL1-3xFLAG-RTA cells were
reactivated and treated with MG132 for 6 h and then fixed and permeabilized before the proximity
ligation assay was performed. Cells were probed with anti-FLAG and anti-IgG control (top) or with
anti-FLAG and anti-ID2 antibodies (bottom).

from degradation by the ubiquitin-proteasome pathway (30, 32). To test if RTA medi-
ates N-terminal ubiquitination of ID2, we epitope tagged either the N or C terminus of
ID2 with 3xFLAG. We cotransfected 293T cells with M/H-RTA and the 3xFLAG epitope-
tagged ID2 clones (Fig. 4D). We observed that the N-terminal-tagged ID2 was stabilized in
the presence of RTA, while ID2-3xFLAG was still undergoing degradation by RTA (Fig. 4D).

To further support that RTA can mediate N-terminal ubiquitination of ID2, we com-
pared the abundance of differentially epitope tagged ID2 in ubiquitin (Ub) immuno-
precipitation (IP) in the absence and in the presence of RTA (Fig. 4E). 3xFLAG-ID2 or
ID2-3xFLAG was expressed alone or coexpressed with Myc/His-RTA in 293T cells. After
MG132 treatment, Ub IP was performed, which was followed by FLAG Western blotting
for the tagged ID2 proteins. When 3xFLAG-ID2 was used, we found a comparable
amount of ID2 in the Ub IPs without and with RTA. In contrast, there was more ID2 in
the Ub IP when ID2-3xFLAG was coexpressed with RTA than ID2-3xFLAG expression
alone. Our interpretation is that while ID2 can undergo ubiquitination likely via its ly-
sine residues regardless of how ID2 was epitope tagged, RTA can increase the ubiquiti-
nation of ID2-3xFLAG via its N-terminal ubiquitination but not that of 3xFLAG-ID2. That
is why more ID2 can be detected in the Ub IP with ID2-3xFLAG in the presence of RTA
than in the absence of RTA.

Previous studies have shown that the deletion of a portion of the N terminus of pro-
teins undergoing N-terminal ubiquitination can prevent them from degradation (30,
32, 34). To further confirm that RTA targets ID2 for degradation in an N-terminal-de-
pendent manner, we made two N-terminal truncation mutants of ID2-3xFLAG that were
missing the first 8 or 15 amino acids (d8 or d15) (Fig. 4F). We found that the N-terminal
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FIG 4 KSHV RTA induces ID2 degradation through the ubiquitin-proteasome pathway by N-terminal
ubiquitination. (A) Domain map of the full-length (WT) ID2. (B) Immunoblot analysis of ID2 WT, D-box point
mutant (DBm), or D-box deletion mutant (ADB) cotransfected with a vector control or 3xFLAG-tagged RTA. (C)
Western blot analysis of WT or lysine less mutant (K-less) of ID2 cotransfected with a vector control or 3xFLAG-
RTA for 2 days before being treated with DMSO (vehicle control) or MG132 (40 uM) for 12 h. (D) Immunoblot
detection of N- and C-terminal 3xFLAG-tagged ID2 cotransfected with vector control or Myc/His-tagged RTA in
293T cells. (E) Ubiquitin immunoprecipitation was performed using 293T cells cotransfected with Myc/His-RTA
(M/H-RTA) and 3xFLAG-ID2 or ID2-3xFLAG. After ubiquitin immunoprecipitation was performed, the samples
were subjected to FLAG immunoblot analysis. (F) Immunoblot analysis of 293T cells that were cotransfected
with Myc/His-RTA (M/H-RTA) and WT ID2-3xFLAG or its N-terminal truncation mutants. Band intensities of 1D2-
3xFLAG were quantified relative to tubulin (loading control) and presented as a ratio relative to the vector
control of each condition in panel F.

truncation mutants of ID2 were indeed stabilized to some degree in the presence of
RTA in comparison to WT ID2 (Fig. 4F). Since the protein level of the d15 mutant was
not completely restored, we hypothesize that a larger part of the N terminus or other
parts of ID2 are also involved in its RTA-mediated degradation. Taken together, these
results indicate that RTA induces ID2 degradation through its N-terminal ubiquitination.
This is a novel finding since KSHV RTA has not yet been shown to utilize N-terminal
ubiquitination to induce degradation of any other substrate proteins.

The host E3 ubiquitin ligases ITCH and RAUL are not needed, but the first 530
amino acids of RTA are required for RTA-meditated degradation of ID2. RTA has
been demonstrated to induce degradation of its substrate proteins either through
chaperoning a host E3 ubiquitin ligase to polyubiquitinate and degrade its substrate,
or RTA itself ubiquitinates its substrate using its RING-like domain. Previous studies
showed that RTA can utilize the host E3 ligases ITCH or RAUL (aka UBE3C) for RTA-
mediated protein degradation (11, 15). To assess the role of ITCH and RAUL in RTA-
mediated degradation of ID2, we treated iSLK cells with a lentivirus expressing D2
along with lentiviral ITCH or RAUL short hairpin RNA (shRNA) for 2 days before induc-
ing RTA expression with Dox (Fig. 5A and B). We found that neither ITCH nor RAUL is
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FIG 5 RTA-mediated degradation of ID2 does not require host E3 ubiquitin ligases ITCH or RAUL. (A)
Immunoblot analysis of iSLK cells that were transduced with lenti-ID2 and lenti-shControl or lenti-
shITCH for 3 days and then treated with 1 wg/mL of Dox to induce RTA expression for 24 h. (B)
Western blot analysis of iSLK cells that were treated with lenti-ID2 and lenti-shControl or lenti-shRAUL
for 3 days and then induced with 1 ug/mL of Dox to express RTA for 24 h. Band intensities of ID2
were quantified relative to tubulin (loading control) and presented as a ratio relative to the Dox-
negative control of each condition in panel B.

involved in RTA-mediated degradation of ID2 (Fig. 5A and B). We note that although
shRNA with RAUL (shRAUL) affected the viability of iSLK cells as seen by the reduced
tubulin expression, we could determine that shRAUL did not abrogate RTA-mediated
ID2 degradation (Fig. 5B).

Next, we tested what region of RTA was necessary to induce ID2 degradation by
using different RTA truncation mutants (Fig. 6A). We cotransfected 293T cells with ID2
along with full-length (FL) RTA or an RTA mutant such as the transactivation domain
deletion mutant (amino acids [aa] 1 to 530 or ATAD), aa 1 to 280, or aa 281 to 540 (Fig.
6B). We identified that the first 530 amino acids of RTA are sufficient to induce ID2 deg-
radation, although they are less efficient than full-length RTA (Fig. 6B). Since the RING-
like domain (RLD) of RTA, which contains its E3 ubiquitin ligase activity, is in aa 1 to
530, we also tested if the E3 ubiquitin ligase activity of RTA is necessary for ID2 degra-
dation (10). Previous studies showed that a point mutation in RLD at aa 145, changing
histidine to leucine (H145L) and/or changing cysteine to serine at aa141 (C1415), is suf-
ficient to abrogate the E3 ligase activity of RTA (10, 12, 13). After cotransfecting 293T
cells with ID2-HA along with either WT or the H145L or C141S/H145L mutant of RTA,
we found that the RTA mutants were not able to reduce the ID2 protein level as effi-
ciently as WT RTA (Fig. 6C). Altogether, these results show that the first 530 amino acids
of RTA, which involves its RING-like domain, are required but not sufficient for the ro-
bust ID2 degradation, but it is likely that other parts of RTA are also required for the ef-
ficient downregulation of ID2.

ID2 represses the lytic cycle of KSHV. Because of how quickly ID2 is degraded dur-
ing the KSHV lytic cycle, it prompted us to test whether ID2 acts as a suppressor of the
viral lytic phase. To address this question, we overexpressed ID2 (ID2-OE) in iBCBL1-
3xFLAG-RTA cells using lentiviral transduction, while lytic reactivation was induced
by Dox-induced 3xFLAG-RTA. Lenti-GFP (GFP-OE) was used as a control (Fig. 7).
Immunoblot analysis in Fig. 7A shows that while the expression of the lytic cycle in-
ducer 3xFLAG-RTA was not affected by ID2-OE, we observed slight reduction of early
viral protein expression (ORF45) and strong abrogation of late viral protein expression
(K8.1). Viral gene expression analysis by RT-gPCR showed that ID2-OE could reduce
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FIG 6 The first 530 amino acids of RTA are sufficient to target ID2 for degradation. (A) Model representation of
the full-length (FL) KSHV RTA and its truncation mutants. (B) Immunoblot detection of ID2 and 3xFLAG-tagged
RTA FL and mutants following a 2-day 293T cotransfection experiment. Band intensities of ID2 were quantified
relative to tubulin (loading control) and presented as a ratio relative to ID2 cotransfected with vector. (C) 293T
was cotransfected with ID2 and 3xFLAG-tagged WT, H145L mutant of RTA, or the C141S/H145L double mutant
of RTA, and immunoblot analysis was performed 2 days after transfection. (D) Band intensities of ID2 in three
independent experiments, which were done exactly as in panel C, were quantified relative to tubulin (loading
control) and presented as a ratio relative to ID2 cotransfected with vector. The degree of statistical significance
calculated by t tests is indicated as *, P = 0.001 (sample of n = 3).

early and late lytic gene expression as early as 8 hpi, but the repression of viral gene
expression was more pronounced and significant at 48 hpi (Fig. 7B). We also found
diminished viral DNA replication and virus production upon ID2-OE (Fig. 7C and D).

Because lytic reactivation in the iBCBL1-3xFLAG-RTA cells is triggered by Dox-induc-
ible 3xFLAG-RTA, it is not possible to determine if ID2 can also block the viral lytic cycle
by downregulating the activation of KSHV-encoded RTA gene itself. To determine
whether ID2 can inhibit RTA gene expression, thereby impeding the KSHV lytic cycle,
untagged ID2 or 3xFLAG-ID2 was overexpressed in BCBL1 by lentiviral transduction,
and lytic reactivation was triggered by TPA, which initiates the lytic cycle through
inducing RTA gene expression (Fig. 8). Immunoblot analysis in Fig. 8A shows that in
lenti-GFP (control) BCBL1 cells, endogenous ID2 was rapidly downregulated, while the
expression of lytic viral proteins (RTA, ORF45, ORF6, and K8.1) was increased, but in
ID2-OE and 3xFLAG-ID2-OE BCBL1 cells, ID2 expression remained high, and the expres-
sion of lytic viral proteins, including RTA, was greatly reduced. RT-qPCR analysis con-
firmed that ID2 overexpression significantly reduced lytic viral gene expression (Fig.
8B), while qPCR test of viral DNA level showed that viral DNA replication was abolished
(Fig. 8C). In agreement with ID2 being a repressor of the KSHV lytic cycle, we found
that shRNA knockdown of ID2 in BCBL1 increased KSHV lytic gene expression (Fig. 8D
and E). Taken together, these results indicate that ID2 is a repressor of the KSHV lytic
cycle, and we hypothesize that is why ID2 expression must be downregulated to allow
robust lytic gene expression during lytic reactivation.

KSHV, EBV, and MHV68 RTAs can induce degradation of ID proteins. RTA in the
gammaherpesvirus subfamily is highly conserved in its transactivation function, while less
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FIG 7 ID2 negatively regulates KSHV lytic cycle in iBCBL1-3xFLAG-RTA cells. (A) Immunoblot analysis of ID2 and viral
protein expression in lenti-GFP and lenti-ID2-transduced iBCBL13xFLAG-RTA cells during KSHV reactivation. Band intensities
of ID2 were quantified relative to tubulin (loading control) and presented as a ratio relative to ID2 at 0 hpi with lenti-GFP
transduction. (B) RTA-qPCR of viral gene expression at 8 hpi and 48 hpi in samples shown in panel A. (C) Viral DNA
replication was measured by qPCR during KSHV reactivation in samples shown in panel A. (D) Quantification of virus
production at 72 hpi by qPCR based on virion-associated KSHV DNA in supernatants of iBCBL13xFLAG-RTA cells treated
with lenti-GFP or lenti-ID2. t tests were performed between GFP-OE and ID2-OE, and degree of statistical significance is
indicated as *, P = 0.05; **, P = 0.01; and ***, P = 0.001 (sample of n = 3).

is known about their protein degradation activities and whether they have evolutionary
conserved host targets (35). It is also known that the four ID proteins are very similar to
each other in humans, and furthermore, they are also highly conserved across species (36).
Therefore, we aimed to determine whether gammaherpesvirus RTAs from KSHV, Epstein-
Barr virus (EBV), rhesus murine gammaherpesvirus 68 (MHV68), and macaque rhadinovirus
(RRV) can modulate the expression of any of the ID proteins (Fig. 9). To test this, 293T cells
were cotransfected with C-terminally HA-tagged ID1, ID2, ID3, or ID4 in conjunction with a
KSHV, EBV, MHV68, or RRV RTA, and then, we analyzed ID protein expression (Fig. 9A).
Interestingly, the expression of each of the ID proteins could be downregulated by KSHV,
EBV, and MHV68 RTAs, but not by RRV RTA, despite it being robustly expressed (Fig. 9A). In
addition, in vitro GST pulldown revealed that both EBV and MHV68 RTAs interact with GST-
ID2 similarly to KSHV RTA. These results indicate that the modulation of the abundance of
ID proteins by gammaherpesvirus RTAs is evolutionarily conserved among gammaherpes-
viruses, which can be critical in the regulation of gammaherpesvirus lytic replication.

DISCUSSION

ID2 is a well-known dominant negative regulator of bHLH and other non-HLH tran-
scription factors, thereby acting as a potent modulator of cellular gene expression (37).
In this study, we discovered that ID2 acts as a repressor of KSHV viral lytic gene
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expression, diminishing viral DNA replication and virus production in PEL cells. We
found that RTA mediates N-terminal ubiquitination and the rapid degradation of ID2
during KSHV reactivation, which favors robust lytic gene expression. We also discov-
ered that in addition to KSHV RTA, its EBV and MHV68 homologs can also interact with
ID2 and can block the expression of each of the ID proteins. Our findings suggest that
ID proteins may play a repressive role in the lytic cycle of gammaherpesviruses, which
is counteracted by gammaherpesviral RTAs to facilitate the lytic replication of viruses.
While the transactivation function of KSHV RTA is known to be essential to drive
lytic viral gene expression, we still have limited knowledge about the biological signifi-
cance of its protein degradation function during the KSHV lytic cycle. RTA has been
shown to mediate the degradation of a few cellular and viral factors that affect the pro-
gress of the KSHV lytic cycle. RTA can polyubiquitinate and induce degradation of its
substrate proteins through two different mechanisms. RTA either uses its own RING-
like domain for ubiquitination and degradation of proteins such as MyD88 and Hey1,
or it hijacks a host E3 ubiquitin ligase for targeted protein degradation, like in the case
of IRF3, IRF7, and KSHV vFLIP (10-15). Since RTA interacts with the host E3 ubiquitin
ligases ITCH and RAUL, we first tested if they play a role in RTA-mediated ID2 degrada-
tion. Even though we did not find any evidence for ITCH or RAUL being involved in
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FIG 8 ID2 diminishes TPA-induced lytic reactivation of KSHV in BCBL1 cells. (A) Immunoblot analysis of ID2 and viral proteins in lenti-GFP-, lenti-ID2-, and
lenti-3xFLAG-ID2-transduced BCBL1 cells during TPA-induced KSHV reactivation. (B) RT-qPCR measurement of viral gene expression at 24 hpi and 48 hpi in
samples shown in panel A. (C) Viral DNA replication measured by gPCR during KSHV reactivation in samples described in panel A. (D) Immunoblot
detection of lytic viral proteins and ID2 in ID2 lenti-shRNA-transduced BCBL1 cells at 3 days postransduction. (E) RT-gPCR analysis of lytic viral gene
expression in samples shown in panel D. t tests were performed between GFP-OE and ID2-OE or shControl and shiD2, and degree of statistical significance
is indicated as *, P = 0.05; **, P = 0.01; and ***, P = 0.001 (sample of n = 3).
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FIG 9 Degradation of ID proteins by gammaherpesviral RTAs. (A) Immunoblot analysis of 293T cells
after being cotransfected for 2 days with C-terminally HA-tagged ID1-ID4 and either a vector control
or a 3xFLAG-tagged RTA derived from KSHV, EBV, MHV68 or RRV. (B) 293T cells were transfected with
a vector control or 3xFLAG-tagged RTA from KSHV, EBV, and MHV68 for 2 days. Immunoblot
detection of input fraction of cell lysates that were used for in vitro GST pulldown (GST-PD) in panel
C. (O) Immunoblot analysis of in vitro GST-PD samples.

degrading ID2, it is possible that RTA can be chaperoning, stabilizing, or upregulating
the expression of another host E3 ligase to target ID2 for degradation. Since mutating
the D-box of ID2 did not cause its stabilization in the presence of RTA, we also
excluded that the anaphase-promoting complex (APC/C%") is involved in the RTA-
mediated degradation of ID2 (25). Next, we tested if RTA utilizes its own E3 ubiquitin
ligase function in ID2 degradation. We found that the H145L and C141S mutations in
the RING-like domain of RTA, which were demonstrated by others to fully abrogate its
E3 ubiquitin ligase function (10, 12), reduced, but did not fully abolish, RTA’s protein
degradation function. It is possible that the function of RING-like domain of RTA was
not fully abrogated by the point mutations, which allowed for partial degradation of
ID2. Interestingly, the RTA mutant lacking the C-terminal transactivation domain (aa 1
to 530) can still downregulate ID2 protein expression but less efficiently than the full-
length RTA. This indicates that the first 530 residues of RTA are required but not suffi-
cient for robust ID2 degradation. It is possible that the complete degradation of diverse
substrates of RTA requires different E3 ubiquitin ligase activity from RTA or other parts
of RTA than the RING-like domain. Nevertheless, based on our findings that RTA
directly interacts with ID2 and RTA alone can induce polyubiquitination and degrada-
tion of ID2, which requires the N terminus of RTA, and MG132 treatment can block
RTA-mediated ID2 degradation, we concluded that RTA induces ID2 degradation
through the ubiquitin-proteasome pathway.

In general, proteins destined to be degraded through the proteasome pathway get
polyubiquitinated via internal lysine residues located between the amino and carboxyl
termini of proteins. Surprisingly, we found that RTA can induce the degradation of a ly-
sine-less mutant of ID2. However, the N-terminal epitope tagging of ID2 prevented its
RTA-mediated degradation. These results indicate that ID2 degradation by RTA does
not need any lysine residues within ID2, but it does require the free N terminus of 1D2.
Importantly, several studies have shown that a subset of short-lived cellular and viral
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proteins, such as p21, MyoD, and human papillomavirus 16 E7 oncoprotein, can be tar-
geted for protein degradation by an alternative mechanism of polyubiquitination,
which is called N-terminal ubiquitination (29-33). This differs from the N-end rule of
ubiquitination where the E3 ubiquitin ligase binds to a degron motif in the N terminus
of a substrate protein to polymerize a ubiquitin chain from an internal lysine residue
(38). N-terminal ubiquitination does not require a protein to contain internal lysine resi-
dues. Instead, the initial ubiquitin moiety is attached to the free N-terminal residue of
the substrate protein, resulting in the subsequent polymerization of a Lys-48 ubiquitin
chain (33). Although an earlier study has identified the type of polyubiquitin chain
polymerized on the substrate protein of RTA, it has not been shown where in the sub-
strate protein the ubiquitin chain is anchored (11). To the best of our knowledge, this
is the first study demonstrating that RTA uses N-terminal ubiquitination to target a
host protein for degradation. Further studies are required to determine whether RTA
utilizes N-terminal ubiquitination for all its substrate proteins or just a small subset to
target them for 26S proteasome-mediated degradation.

Based on the biological functions of proteins that are currently known to be
degraded by RTA, they have one of the three following characteristics: (i) they possess
the ability to induce antiviral immune responses (10, 11, 13), (ii) they dampen RTA
gene expression, or (iii) they reduce the transcriptional activity of RTA (12, 14, 16, 39).
Therefore, degradation of any of these host factors by RTA can evidently facilitate lytic
viral gene expression. We identified ID2 as a novel suppressor of the KSHV lytic cycle,
which can inhibit lytic replication through downregulating RTA expression or reducing
lytic viral gene induction and viral DNA replication downstream of RTA. However, the
question remains of how ID2 represses the viral lytic cycle. The primary target of ID
proteins is the E protein family of bHLH transcription factors that have diverse func-
tions in the regulation of development, cell growth, and cell survival (18). However, in
addition to bHLH proteins, ID2 can also interact with other classes of transcription fac-
tors such as Rb, Pax, and the ternary complex factor (TCF) subfamily of ETS domain
transcription factors (22, 40, 41). Importantly, TCF is a major activator of gene expres-
sion of c-Fos, which is one of the subunits of the AP-1 transcription complex (42, 43).
TPA was shown to activate the KSHV lytic cycle by upregulating the expression of RTA
and other lytic genes by inducing AP-1 activity (44). Since we found that ID2 overex-
pression in BCBL1 inhibits TPA-mediated induction of RTA expression, it is possible
that ID2 may exert its repressive function through inhibiting TCF and TCF-mediated
AP-1 expression. Further studies will be required to establish the specific mechanism
of how ID2 suppresses RTA and RTA-mediated lytic gene expression.

While there is abundant information about the functions of ID proteins in develop-
ment and cell cycle regulation, we still know very little about the role of ID proteins in
the regulation of viral infections. Recent studies identified ID2 as an antiviral restriction
factor of dengue virus, while ID1 and ID3 can repress the replication of foot-and-mouth
disease virus, but the mechanism of how these ID proteins inhibit viral replication is
still unknown (45, 46). In addition, ID1 and ID3 have been shown to be upregulated by
viral factors of oncogenic viruses such as the EBV latent membrane protein 1 (LMP-1)
and E6 of several different human papillomavirus (HPV) types, while KSHV latent pro-
tein LANA upregulates ID1, ID2, and ID3 in latently infected endothelial cells (23, 47—
49). In the case of KSHV, upregulation of ID1-3 has been implicated to play a role in
KSHV-induced oncogenesis, which is associated with latently infected cells, while their
role in the lytic cycle was not addressed (23). Importantly, our study revealed that ID2
can also function in the repression of the lytic cycle, which promotes the maintenance
of the pool of latently infected cells whose hyperproliferation can contribute to KSHV-
associated tumorigenesis.

Furthermore, we also discovered that in addition to KSHV RTA, EBV and MHV68
RTAs can also bind to ID2, and they can downregulate the expression of all four ID pro-
teins. These data indicate that not only the promoter transactivation role but also the
protein degradation activity of gammaherpesvirus RTAs are evolutionarily conserved.
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In line with our observation, MHV68 RTA has also been shown to possess E3 ubiquitin
ligase activity that is associated with its protein degradation function, while EBV RTA
can induce protein degradation but without having its own E3 ubiquitin ligase activity
(50, 51). Future studies are warranted to test how individual ID proteins affect the lytic
cycle of different gammaherpesviruses to delineate their role in regulating latent-lytic
switch of gammaherpesviruses.

MATERIALS AND METHODS

Cell lines. 293T (ATCC), HeLa (NIH AIDS Reagent Program), and iSLK cells (obtained from Jae Jung at
the University of Southern California) were maintained in Dulbecco’s modified Eagle medium (DMEM)
(Gibco) supplemented with 10% fetal bovine serum (FBS) and penicillin/streptomycin (P/S). BCBL1 (NIH
AIDS Reagent program) and iBCBL1-3xFLAG-RTA (also known as TREx-BCBL1-3xFLAG-RTA; see reference
17) are KSHV-positive PEL cell lines, while iBJAB-3xFLAG-RTA (also known as TREx-BJAB-3xFLAG-RTA; see
reference 17) is a KSHV-free B cell lymphoma cell line. BCBL1 was maintained in RPMI supplemented
with 10% FBS and P/S. The iBCBL1-3xFLAG-RTA and iBJAB-3xFLAG-RTA cell lines were cultured in RPMI
containing 10% Tet system-approved FBS (TaKaRa), P/S, and 20 ug/mL hygromycin B.

Antibodies, inducers, and inhibitors. The following primary antibodies were used in the study:
anti-RTA (a gift from Yoshihiro Izumiya, UC Davis), anti-ORF6 (gift from Gary S. Hayward, Johns Hopkins
University), anti-ORF45 (Santa Cruz; catalog no. sc-53883), anti-K8 (Santa Cruz; catalog no. sc-57889),
anti-K8.1 (Santa Cruz; catalog no. sc-65446), anti-ID2 (Santa Cruz; catalog no. sc-489; Cell Signaling; cata-
log no. 3431S), anti-UBE3C/RAUL (Bethyl Lab; catalog no. A304-122A-T), anti-ltch (Bethyl Laboratories;
catalog no. A301-992A-T), anti-ubiquitin (Cell Signaling; catalog no. 3933S), anti-tubulin (Sigma; catalog
no. T5326), anti-HA (BioLegend; catalog no. 901501), anti-FLAG (Sigma; catalog no. F1804), anti-GST
(Santa Cruz; catalog no. sc-138), and anti-Myc (BioLegend; catalog no. 626802). To induce the KSHV lytic
cycle in BCBL1, TPA (12-O-tetradecanoylphorbol-13-acetate) and NaB (sodium butyrate) from Sigma
were used at 20 ng/mL and 1 mM concentration, respectively. For inhibiting protein synthesis, cells
were treated with 40 uM MG132 (https://www.selleckchem.com/) for 12 h before harvesting the cells for
immunoblot analysis.

Plasmids and DNA transfection. We used pCDH-CMV-MCS-EF1-puro vector to express RTA and ID2
in cells such as 3xFLAG-RTA of KSHV, EBV, MHV68, and RRV; mutants of KSHV RTA; untagged wild-type
ID2 or its mutants; N- or C-terminal 3xFLAG-tagged ID2; and C-terminal HA-tagged ID1 to ID4. RTA and
ID2 mutants were generated by PCR and In-Fusion cloning. For ID2 shRNA expression, the pLKO.1 lenti-
viral vector was used. GST and GST-ID2, which are expressed from a pGEX-2T plasmid, were gifts from
Antonio lavarone (Columbia University). To clone 3xFLAG-tagged EBV, MHV68, and RRV RTAs into pCDH-
CMV-3xFLAG-MCS-EF1-puro vector, they were PCR amplified from different plasmids that were received
from Sumita Bhaduri-McIntosh and Scott Tibbetts (University of Florida) and Dirk Dittmer (University of
North Carolina at Chapel Hill), respectively. Plasmid transfection of 293T and HelLa cells was performed
with polyethyleneimine (PEl; Polysciences) and Lipofectamine 2000 (Thermo Fisher Scientific) transfec-
tion reagents, respectively.

Lentivirus production and lentiviral transduction. To produce lentivirus, the ID2-, shID2-, shITCH-,
and shRAUL-expressing lentiviral vectors were cotransfected with the third-generation lentivirus packaging
plasmids pmDC gag/pol, pRSV rev, and pmDK VSVg into 293T cells. Sixty hours after DNA transfection, the
cell culture media were harvested, passed through 0.45-um syringe filters, and concentrated by ultracentri-
fugation (24,000 rpm, 2 h, 10°C). PEL cells and iSLK cells were transduced by lentiviruses in the presence of
8 ug/mL polybrene by using spinning infection (2,000 rpm, 20 min, 30°C). Cells were infected with lentivi-
ruses for 2 days before inducing the KSHV lytic cycle or RTA expression. The target sequences of shRNAs are
the following: shiD2-1, GCCTACTGAATGCTGTGTATA; shiD2-2, GAGCCTGCTATACAACATGAA; shITCH-1,
GCCGACAAATACAAATACAAA; shITCH-2, CCCAAGAATCAGAGGTTATAT,; shRAUL-1, CCAGACATTACTACT
TCCTA; and shRAUL-2, GCAGATAAGCAAGAAGTTCAA.

Total RNA isolation and RT-qPCR analysis. Total RNA was purified from cells using TRIzol reagent
(Invitrogen), and cDNA synthesis was performed with iScript cDNA synthesis kit (Bio-Rad) by using 1 ug
of total RNA, which was followed by qPCR analysis as previously published (52). The qPCR was per-
formed using SYBR green supermix (Bio-Rad) in a CFX96 real-time PCR machine. Gene expression
changes were calculated either by using the threshold cycle (272¢7) method, where gene expression was
determined relative to the expression level of 18S rRNA, or using 2724<", which calculates fold change
relative to a control sample. The gene expression graphs are based on three biological replicates. The
sequences of RT-qPCR primers are shown in 5’ to 3’ orientation in Table 1. The primers were designed
based on the BAC16 DNA sequence (GenBank accession no. GQ994935). Significance was determined
through a two-tailed Student's t test, and the degree of significance was signified as ns, not significant;
*, P =< 0.05 ** P=0.01;and ***, P < 0.001.

Quantification of KSHV replication and virus production. Total DNA was purified from latent
uninduced and lytic-induced PELs by lysing cells in radioimmunoprecipitation assay (RIPA) buffer
(10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0, 140 mM Nacl, 0.1% SDS, 0.1% sodium deoxycholate, 1%
Triton X-100, T mM phenylmethylsulfonyl fluoride [PMSF], and 1x protease inhibitor cocktail) followed
by sonication and then phenol-chloroform extraction. Viral DNA replication was measured by gqPCR
using ORF11 (viral DNA)- and HS1 (host DNA)-specific primers and calculated by the 272" method as
described previously (52). To quantify virus production, virion-associated viral DNA was purified from
supernatants of induced PEL cells at 72 hpi. Supernatants were first treated with DNase | (Sigma), which
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TABLE 1 List of primers used in this study

Gene Forward sequence (5'-3’) Reverse sequence (5'-3’)

AMP TCGGTCCTCCGATCGTTGTCA GTTGAGTACTCACCAGTCACA
HS1 TTCCTATTTGCCAAGGCAGT CTCTTCAGCCATCCCAAGAC

ID1 ACGAGCAGCAGGTAAACGTGC TCTCCACCTTGCTCACCTTGCGGT
ID2 CACGGATATCAGCATCCTGTC CACACAGTGCTTTGCTGTCAT
ID3 ACTACATTCTCGACCTGCAGGTAG GTTGGAGATGACAAGTTCCGGAGT
ID4 TGCCTGCAGTGCGATATGAACGAC TAACGTGCTGCAGGATCTCCACTT
18S TTCGAACGTCTGCCCTATCAA GATGTGGTAGCCGTTTCTCAGG
RTA CAAGGTGTGCCGTGTAGAGAT GGTCAAAGCCTTACGCTTCTT
ORF6 GTTCAAGATACCCTTGTATGACGA CTTAGAGCCTGTGCTATTCCAGT
ORF9 TGCCTAAACATAGCGGAGACCGT GTCTACTGGCCTCCGCAGGAGA
ORF11 GGCACCCATACAGCTTCTACGA CGTTTACTACTGCACACTGCA
ORF18 TGTGGAAGCTCGTGTACGAT TATCGTTCAAGTGCATCCAG
ORF23 GCACGCTCCATGATGGTAAC CGTGTCACTTAACACAGACA
ORF25 ACAGTTTATGGCACGCATAGTG GGTTCTCTGAATCTCGTCGTGT
ORF33 ATCATGTACGTCGTAAGCCA GAAATCTCAGTCCGGATGCT
ORF36 ATTGCCAACGACCTGATGCA ACTCCAGTCCAGCTGCAGCA
ORF43 GAGGACTCGTATGTCCTCCAGTC GTCAGAGGTCAGACTCTACACTG
ORF45 CCATACAGCGACCCTGATGA CCGATTCTCTGACTCAATACT
ORF56 CACAGATTCCCGTCAATACAAA GTATCTTCAGTAGGCGGCAGAG
ORF59 AACCGCAGTTCGTCAGGACCACCA CCTTAGCCACTTAAGTAGGAATG
ORF64 CTTCCTCGAGGGCATCATATAC TATACGGTGATGGACTTGATGG
K2 TCACTGCGGGTTAATAGGATTT CATGACGTCCACGTTTATCACT
K8.1 ATCTCCGTCGAGTGAGTATCCAA GTGTCATAAAAGTCACGTGGGAG
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was followed by proteinase K (Invitrogen) treatment at 60°C for 1 h. Afterward, the supernatants were
spiked with 1 pg of plasmid DNA carrying an ampicillin (AMP) gene, and DNA was purified from superna-
tants with phenol-chloroform extraction. ORF11- and AMP-specific primers were used to quantify viral
DNA and plasmid DNA, respectively. AMP qPCR was used for normalization. Viral DNA copies per millili-
ter were calculated by using a standard curve based on serial dilution of purified KSHV BAC16 DNA. The
qPCR graphs show the average of three biological replicates.

In vitro GST pulldown assay. GST and GST-ID2 were expressed in Escherichia coli BL21(DE) strain for
the GST pulldown assay. Overnight bacterial cultures were diluted 1:5 in LB medium supplemented with
100 wg/mL ampicillin and grown until an optical density at 600 nm (ODy,,) was between 0.4 and 0.6.
Overexpression of GST and GST-ID2 was induced with 1 mM IPTG (isopropyl- B-p-thiogalactopyranoside)
for 4 h at 37°C. Afterward, the cells were collected, washed with cold Dulbecco's phosphate-buffered sa-
line (DPBS), and lysed in lysis buffer (10 mM Tris-HCl, pH 8.0, 120 mM NaCl, T mM EDTA, 1 mM PMSF,
and 500 ug/mL lysozyme) for 15 min on ice, which was followed by sonication. After centrifugation of
the lysates, supernatants were precleared with protein A Sepharose for 1 h at 4°C and then incubated
with glutathione agarose (Thermo Scientific) for 2 h at 4°C. The pelleted glutathione agarose was washed
with immunoprecipitation buffer (50 mM Tris, pH 7.5, 150 mM NaCl, and 0.5% NP-40) three times and then
incubated with 293T lysates for 2 h at 4°C. After centrifugation, the GST pulldown assays were washed with
IP buffer three times, resuspended in 2x Laemmli buffer (Bio-Rad) supplemented with 2-mercaptoethanol,
and boiled for 5 min at 95°C, and the samples were analyzed by immunoblotting.

Immunoprecipitation. 293T cells were cotransfected with 3xFLAG-tagged ID2 and Myc/His-RTA
expression plasmids, and after 24 h, the cells were treated with 40 uM MG132 for 12 additional hours.
Cells were harvested, washed with cold dPBS, and lysed in NP-40 lysis buffer (50 mM Tris, pH 7.5,
150 mM NaCl, and 0.5% NP-40) containing 1 mM PMSF and 1x protease inhibitor cocktail. The lysates
were passed through a 23-gauge needle 8 to 10 times, and then, they were incubated on ice for 30 min.
After centrifugation of the lysates, supernatants were precleared with protein A Sepharose at 4°C over-
night. The following day, the precleared lysate was incubated with primary antibodies for 3 h at 4°C and
then protein A/G Plus-agarose (Santa Cruz) was added to the lysates and incubated for 2 h at 4°C. The
immunoprecipitants (IPs) were washed three times for 10 min with rotating at 4°C before being resus-
pended in 2x Laemmli buffer. The IPs and inputs were analyzed by immunoblotting.

Proximity ligation assay. The iBCBL1-3xFLAG-RTA cell line was induced with 1 wg/mL of Dox and
treated with 40 uM MG132 immediately before being plated onto poly-L-lysine (Sigma)-coated cover-
slips at a density of 2.5 x 10° cells through centrifugation at 2,000 rpm for 20 min at 30°C. The cells were
then left to incubate for 6 h at 37°C before being fixed with 4% paraformaldehyde for 10 min at room
temperature (RT), permeabilized with 0.5% Triton-X for 5 min at RT, and washed 3 times with PBS con-
taining 0.2% Tween 20. PLA was performed on the cells according to the manufacturer’s protocol
(Sigma-Aldrich; catalog no. DU092101). The primary antibodies used were all diluted 1:500 in antibody
diluent provided by the PLA kit. Cells were either incubated with anti-IlgG rabbit polyclonal antibody
(Cell Signaling Technology; catalog no. 2729S) and anti-FLAG (Sigma; catalog no. F1804) as a negative
control or with anti-ID2 (Santa Cruz Biotechnology; catalog no. sc-489) and anti-FLAG for 1 h at 37°C.
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