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ABSTRACT Kaposi's sarcoma-associated herpesvirus (KSHV) belongs to the gamma
herpesvirus family, which can cause human malignancies including Kaposi sarcoma,
primary effusion lymphoma, and multicentric Castleman’s diseases. KSHV typically
maintains a persistent latent infection within the host. However, after exposure to
intracellular or extracellular stimuli, KSHV lytic replication can be reactivated. The
reactivation process of KSHV triggers the innate immune response to limit viral
replication. Here, we found that the transcriptional regulator RUNX3 is transcriptionally
upregulated by the NF-kB signaling pathway in KSHV-infected SLK cells and B cells
during KSHV reactivation. Notably, knockdown of RUNX3 significantly promotes viral
lytic replication as well as the gene transcription of KSHV. Consistent with this finding,
overexpression of RUNX3 impairs viral lytic replication. Mechanistically, RUNX3 binds to
the KSHV genome and limits viral replication through transcriptional repression, which is
related to its DNA- and ATP-binding ability. However, KSHV has also evolved correspond-
ing strategies to antagonize this inhibition by using the viral protein RTA to target
RUNX3 for ubiquitination and proteasomal degradation. Altogether, our study suggests
that RUNX3, a novel host-restriction factor of KSHV that represses the transcription of
viral genes, may serve as a potential target to restrict KSHV transmission and disease
development.

IMPORTANCE The reactivation of Kaposi's sarcoma-associated herpesvirus (KSHV) from
latent infection to lytic replication is important for persistent viral infection and
tumorigenicity. However, reactivation is a complex event, and the regulatory mecha-
nisms of this process are not fully elucidated. Our study revealed that the host RUNX3
is upregulated by the NF-kB signaling pathway during KSHV reactivation, which can
repress the transcription of KSHV genes. At the late stage of lytic replication, KSHV utilizes
a mechanism involving RTA to degrade RUNX3, thus evading host inhibition. This finding
helps elucidate the regulatory mechanism of the KSHV life cycle and may provide new
clues for the development of therapeutic strategies for KSHV-associated diseases.
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Kaposi’s sarcoma-associated herpesvirus (KSHV), also known as human herpesvirus
8, is a human oncogenic gamma herpesvirus that can cause Kaposi's sarcoma,
primary effusion lymphoma, and multicentric Castleman disease (1-3). Similar to other
herpesviruses, the life cycle of KSHV can be separated into two phases: latent infection
and lytic replication (4). During the initial infection, KSHV establishes a latency for
lifelong persistent infection to evade host immune surveillance. Only a few infectious
viral progenies are produced during this period. Multiple copies of the viral genome are
tethered to cellular chromosomes by KSHV latency-associated nuclear antigen (LANA) in
the form of circular episomes (5, 6). KSHV gene expression is highly restricted, except
a few genes, such as ORF71 (vFLIP), ORF72 (vCyclin), ORF73 (LANA), kaposins, and 25
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mature microRNAs (7). These gene products play important roles in regulating the
transcription of latent viral genes, inhibiting viral lytic gene expression, maintain-
ing viral episomes, evading host immune surveillance, and promoting cell proliferation
(8-11). Although the default life cycle of KSHV is latent infection, both spontaneous
reactivation and induced reactivation of the viral genome occur, causing all viral genes to
be expressed in large quantities and producing infectious viral particles. These events are
critical for KSHV-mediated tumorigenesis and cancer development (12-14). Therefore,
exploring the molecular events in the cell as well as the virus during the phase of KSHV
lytic replication is essential to fully understand the pathogenesis of KSHV.

KSHV enters the lytic replication phase in response to numerous environmental
factors or pathophysiological stimuli, such as hypoxia, oxidative stress, viral coinfection,
and induction by chemical agents (15). During viral reactivation, the replication and
transcription activator (RTA) encoded by KSHV ORF50 plays a decisive role. Overexpres-
sion of RTA is sufficient to disrupt KSHV latency and promote viral lytic replication (16).
RTA is a functionally diverse protein. In addition to functioning as a transcriptional
regulator, it can act as an E3 ubiquitin ligase to target host or viral proteins for proteaso-
mal degradation. Examples include IRF3, IRF7, MyD88, and NF-kB, which are associated
with natural immunity, repressors such as SMC5/6 and K-RBP, and the viral proteins LANA
and VFLIP (17-22). Many proteins that are targeted for degradation by RTA have not been
identified. The exploration of these proteins is important for elucidating the molecular
mechanisms of the KSHV life cycle.

In mammals, there are three members of the Runt-related (RUNX) family: RUNXT,
RUNX2, and RUNX3. They have a highly conserved “Runt” structural domain, which
is a DNA-binding and heterodimerization region of approximately 120 amino acids
that regulate transcription by binding to the core binding factor § (CBFf) (23-25).
RUNX genes show tissue-specific differential expression and often play important roles
in regulating development and differentiation. RUNX1 (also known as AML-1) has an
important role in hematopoiesis and its dysfunction leads to leukemia (26). RUNX2 (also
known as AML-3) has a critical function in the process of osteogenesis (27). Moreover,
RUNX3 (also known as AML-2) is involved in various signaling pathways, such as the
TGF-B pathway and the Wnt signaling pathway, and regulates their functions, affect-
ing cell proliferation, apoptosis, angiogenesis, cell adhesion, and tumor invasion (28).
Therefore, RUNX3 is strongly associated with the development of a variety of cancers.
There is evidence that mutations in RUNX family proteins are often found in common
human diseases. For example, RUNX1 mutations are often found in leukemia and
breast cancer (29, 30). Mutation of RUNX3 often occurs in gastric cancer (31). However,
whether these disease-associated mutations in RUNX family proteins affect their ability
to regulate viruses has not been explored.

In recent years, increasing evidence has shown that RUNX family proteins can be
involved in the viral life cycle and pathogenesis of viral infections. For instance, RUNX1
promotes influenza A virus (IAV) by inhibiting type | interferon signaling, while RUNX3
inhibits IAV by promoting apoptosis (32, 33). In addition, RUNX1 can directly bind to the
herpes simplex virus type | (HSV-1) genome to inhibit viral gene expression and lytic
infection (34). Epstein-Barr virus (EBV) can drive RUNX3 to repress RUNX1 transcription,
which is essential for EBV-mediated immortalized B-cell proliferation (35). These studies
suggest that the proteins of the RUNX family play important roles in viruses with either
positive or negative functions. However, the roles of the RUNX family in KSHV infection
have yet to be defined.

In the present study, we found that RUNX3 is transcriptionally upregulated during
the reactivation of KSHV and that this upregulation is mediated by the NF-kB signaling
pathway. Remarkably, knockdown of RUNX3 significantly enhances KSHV lytic replica-
tion, whereas overexpression of RUNX3 hinders viral lytic replication. Further studies
showed that RUNX3 can directly bind to the genome of KSHV and function as a
transcriptional repressor. This regulatory function is related to the DNA- and ATP-binding
activity of RUNX3. However, KSHV RTA can degrade RUNX3. Our study demonstrated that
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RUNX3, as a novel host restriction factor targeting KSHV, can restrain KSHV lytic gene
expression and lytic replication.

RESULTS
RUNXS3 expression is upregulated by NF-kB during KSHV lytic reactivation

Previous studies have shown that RUNX family proteins, a family of transcriptional
regulators, are involved in the life cycle of multiple herpesviruses and play various
roles in different herpesviruses (34, 36). This implies that RUNX family plays important
roles in herpesviral infections. However, the functional role of RUNX proteins in KSHV
is unknown. To investigate whether the RUNX family is involved in the life cycle of
KSHV, especially in the lytic reactivation phase, which is highly correlated with viral
transcription, we first examined the kinetics of RUNX1, RUNX2, and RUNX3 expres-
sion in KSHV-positive iSLK.RGB cells during KSHV lytic reactivation. The iSLK.RGB cell
line was stably infected by a recombinant reporter virus called red-green-blue-BAC16
(RGB-BAC16), which can be used to visualize the life cycle of KSHV by fluorescence,
with red fluorescence indicating infected cells and green fluorescence indicating KSHV
lytic replication (37). After iSLK.RGB cells were induced by doxycycline (Dox), which is
an inducer of KSHV lytic replication (38), KSHV entered a period of lytic reactivation.
Both protein and mRNA expression of RUNX3 were significantly upregulated during this
period (Fig. 1C and D). Interestingly, we observed a decrease in RUNX3 protein levels
after 72 h of lytic reactivation compared to 48 h. However, the changes in RUNX1 and
RUNX2 were not as significant as those in RUNX3 (Fig. 1A, B and D). Therefore, we focused
our research on RUNX3. To verify the reliability of this phenomenon, we repeated this
experiment in KSHV-positive BCBL1 cells. After BCBL1 cells were treated with 12-O-tetra-
decanoylphorbol-13-acetate (TPA) and sodium butyrate (NaB), which are also inducers of
KSHYV lytic replication (39), we obtained the same results as those observed in iSLK.RGB
cells (Fig. 1E and F).

Previously, it has been shown that RUNX3 expression can be induced by interferon
and NF-kB signaling pathways (33, 40). Therefore, we treated iSLK.RGB cells with the IFN
inhibitor BX795 and the NF-kB inhibitor BAY-7082, respectively. Interestingly, we found
that interferon inhibitors had almost no effect on the upregulation of RUNX3 (Fig. S1A
and B), while NF-kB inhibitors almost completely blocked the upregulation of RUNX3
(Fig. 1G and H). Moreover, we transfected two separate siRNAs targeting human NF-kB
p65 into iSLK.RGB cells to reduce p65 expression levels before Dox induction. The
designed siRNA was able to significantly reduce the mRNA and protein levels of p65 (Fig.
11 and J). Moreover, the expression of RUNX3 during KSHV lytic reactivation was also
downregulated by knocking down p65 (Fig. 11 and J). These results confirm that the NF-
KB signaling pathway plays an important role in the upregulation of RUNX3 during KSHV
lytic reactivation.

Knockdown of RUNX3 promotes the replication process of KSHV

To explore the role of RUNX3 in KSHV lytic replication, two separate siRNAs targeting
human RUNX3 were transfected into iSLK.RGB cells to reduce RUNX3 expression levels
before Dox induction. The siRNAs reduced the expression level of RUNX3 by ~40% (Fig.
2A and B). The iSLK.RGB cells that were pretransfected with nonspecific (NS) siRNAs and
RUNX3 siRNAs were treated with Dox for 48 and 72 h to induce KSHYV lytic replication.
Knockdown of RUNX3 increased the proportion of GFP-positive iSLK.RGB cells (Fig. 2C).
We next monitored KSHV virus particles in the supernatant and in iSLK.RGB cells.
Consistent with GFP expression levels, knockdown of endogenous RUNX3 expression
significantly increased KSHV replication (Fig. 2D) and KSHV virus particle production (Fig.
2E). Moreover, the transcript levels of viral genes were increased after knocking down
RUNX3 (Fig. 2G). In addition, HEK293T cells were infected with viral progeny particles in
an equal volume of cell culture supernatant, and GFP fluorescence intensity was
significantly enhanced in the two RUNX3 knockdown groups compared to the control
group (Fig. 2F).
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FIG 1T RUNX3 expression is upregulated by NF-kB during KSHV lytic reactivation. (A-D) iSLK.RGB cells were treated with or
without doxycycline (Dox). The kinetics of RUNX family expression in iSLK.RGB cells. (A) The mRNA of RUNX1 during the
induction of lytic reactivation in iSLK.RGB cells were analyzed by qPCR. (B) The mRNA of RUNX2 during the induction of

lytic reactivation in iSLK.RGB cells were analyzed by qPCR. (C) The mRNA of RUNX3 during the induction of lytic reactivation

in iSLK.RGB cells were analyzed by qPCR. (D) iSLK.RGB cells were induced with Dox for indicated times. The expression

levels of RTA and RUNX family were examined by western blotting. (E and F) BCBL1 cells were treated with or without

12-O-tetradecanoylphorbol-13-acetate (TPA) and sodium butyrate (NaB). The kinetics of RUNX3 expression in BCBL1 cells.
(E) BCBL1 cells were induced with TPA and NaB for indicated times. The mRNA of RUNX3 during the induction of lytic
reactivation in BCBL1 cells were analyzed by gPCR. (F) The expression levels of RTA and RUNX3 were examined by western

blotting. (G-J) RUNX3 induction is mediated primarily by NF-kB pathways during KSHV lytic reactivation. (G) iSLK.RGB cells

were treated with or without 10 pM BAY11-7082 for 6 h in advance and then treated with or without Dox for 24 h. The

expression of RUNX3 was detected by western blots. (H) The mRNA expression of RUNX3 was determined by qPCR analysis.

iSLK.RGB cells were transfected with control siRNA and two siRNAs specific to human NF-kB p65. Twenty-four hours after

(Continued on next page)
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FIG 1 (Continued)

transfection, cells were treated with Dox for the indicated times. The knockdown efficiency and RUNX3 expression were
determined by western blots (I) and gPCR (J). Data were shown as mean + SD (error bars) from at least three independent

experiments, and statistical analysis was done by using multiple unpaired student’s t test (A, B, C, E, and J) and unpaired

student’s t test (H). ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

Ectopic expression of RUNX3 suppresses the lytic replication of KSHV

To further confirm the effect of RUNX3 on KSHV lytic replication, iSLK.RGB cells were
transduced with a lentivirus containing Flag-tagged RUNX3 (iSLK.RGB-RUNX3) or a
control lentivirus (iSLK.RGB-Vector). RUNX3 expression in iSLK.RGB-RUNX3 cells was
determined by gPCR (Fig. 3C) and an anti-Flag antibody (Fig. 3A and B) or anti-RUNX3
antibody (Fig. S1C). After 48 and 72 h of Dox-induced RTA expression, we found that
there were significantly fewer GFP-positive cells in the iSLK.RGB-RUNX3 group compared
to the control group (Fig. 3D). Similarly, overexpression of RUNX3 significantly inhibited
replication of the KSHV genome (Fig. 3E) and the production of KSHV viral particles (Fig.
3F). As shown in Fig. 3G, the transcript levels of both lytic and latent KSHV genes were
reduced in RUNX3 stable expression cell lines. This result is in line with the fact that the
protein expression of RTA was also downregulated by the overexpression of RUNX3 (Fig.
3B). In addition, to further confirm the effect of RUNX3 on the infectivity of viral progeny,
we used viral progeny particles in an equal volume of cell supernatant to infect HEK293T
cells. The results showed that HEK293T cells infected with the supernatants from the
iSLK.RGB-RUNX3 cell group had a lower green fluorescent signal (Fig. 3H). In conclusion,
these results strongly suggest that RUNX3 can effectively inhibit the replication of KSHV.

RUNX3 binds to the promoter of the KSHV gene and represses its transcrip-
tion

RUNX3 can act as a transcription factor that directly binds to the promoter of genes to
regulate their expression (36, 41, 42). Our results suggest that RUNX3 has an inhibitory
effect on the transcription of KSHV genes (Fig. 2G and 3G). Therefore, to determine
whether RUNX3 represses KSHV gene transcription through transcriptional regulation,
we first performed a dual luciferase reporter gene assay. The results showed that RUNX3
inhibited RTA-mediated activation of ORF57, ORF59, PAN, and K8.1 promoters in a dose-
dependent manner (Fig. 4A through D). To determine whether RUNX3 binds to the KSHV
genome, we performed a chromatin immunoprecipitation (ChIP) assay. ChIP experiments
were performed in iSLK.RGB and BCBL1 cells using an anti-RUNX3 antibody or IgG
antibody and primers targeting the promoter regions of representative genes from
different periods of the KSHV life cycle. We observed that in iSLK.RGB (Fig. 4E) and BCBL1
(Fig. 4F) cell lines, the RUNX3 antibody coprecipitated the promoters of KSHV genes at
different stages with varied efficiencies. To verify the reliability of this result, we further
used BrdU to tag the newly synthesized KSHV genome (43). To ensure that BrdU was only
incorporated into the KSHV genome, cells were fixed and stained with BrdU antibody and
RUNX3 antibody after 2 h of BrdU labeling. In BCBL1 cells, RUNX3 was mainly localized in
the nucleus. In the absence of TPA treatment, KSHV underwent little lytic replication and,
therefore, BrdU could not be detected. However, BrdU-labeled viral DNA could be
observed in TPA and NaB-treated BCBL1 cells and was mostly colocalized with RUNX3 in
the nucleus (Fig. 4G).

Transcriptional repression of KSHV by RUNX3 is related to its DNA- and ATP-
binding ability

The above results indicate that RUNX3 can bind to KSHV genomic DNA to inhibit gene
transcription. To further explore the molecular mechanism by which RUNX3 represses
KSHV transcriptional replication, we constructed a series of common mutations in
different malignant tumors as follows: R122C, R143Q, G145E, T151A, and the
R143Q&G145E double mutant (DM) (Fig. 5A). R122 is frequently found in RUNX3 in
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FIG 2 Knockdown of RUNX3 promotes the replication process of KSHV. iSLK.RGB cells were transfected
with control siRNA and two siRNAs specific to human RUNX3. Twenty-four hours after transfection, cells
were treated with Dox for the indicated times. The knockdown efficiency was determined by western
blots (A) and qPCR (B). (C) GFP-positive (Lytic) cells were observed by fluorescence microscope. (D
and E) Intracellular KSHV genomic DNA and extracellular KSHV DNA were extracted from Dox-induced
iSLK.RGB cells or cell supernatants. Copy numbers of KSHV genomic DNA were determined using the
qPCR method with the K9 primer. (F) HEK293T cells were infected with supernatants from RUNX3-knock-
down cells for 48 h. Then, KSHV-infected GFP-positive cells were observed by fluorescence microscope.
(Continued on next page)
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FIG 2 (Continued)

(G) The transcriptional levels of the KSHV gene were analyzed by qPCR at 48 h after Dox induction.
Data were shown as mean + SD (error bars) from at least three independent experiments, and statistical
analysis was done by using multiple unpaired student’s t test (G) and unpaired student’s t test (B, D, and
E). ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

gastric cancer, and mutations at this site are thought to affect the DNA-binding ability of
the Runt structural domain (31). In breast cancer, the RUNX1 equivalents of R143 and
G145 are mutated. Moreover, mutations in R143 and G145 are thought to affect ATP
binding in the Runt structural domain (30). In addition, T151 is a putative site of phos-
phorylation by AKT kinase (44). This phosphorylation affects the transcriptional activity
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FIG 3 Ectopic expression of RUNX3 suppresses the lytic replication of KSHV. iSLK.RGB cells were stably transduced with lentivirus containing RUNX3-Flag
expression plasmids or Vector-Flag plasmids. The expression of RUNX3 was evaluated by western blotting (A and B) and qPCR (C). (D) GFP-positive (Lytic) cells
were observed by fluorescence microscope. (E and F) Intracellular KSHV genomic DNA and extracellular KSHV DNA were extracted from Dox-induced iSLK.RGB
cells or cell supernatants. Copy numbers of KSHV genomic DNA were determined using the gPCR method with the K9 primer. (G) The transcriptional levels of
the KSHV gene were analyzed by qPCR at 48 h after Dox induction. (H) HEK293T cells were infected with supernatants from RUNX3-overexpressing cells for 48 h.
Then, KSHV-infected GFP-positive cells were observed by fluorescence microscope. Data were shown as mean + SD (error bars) from at least three independent
experiments, and statistical analysis was done by using Multiple unpaired student’s t test (C, E, F, and G). ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001;
**¥%p < 0.0001.
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FIG 4 RUNX3 binds to the promoter of the KSHV gene and represses its transcription. (A-D) Effect of RUNX3 on RTA-mediated activation of ORF57, ORF59,
PAN, and K8.1 promoters. HEK293T cells were transfected with the indicated plasmids for 36 h. The cells were then lysed by cell lysis buffer and assayed for
luciferase activity. For these experiments, values are normalized to values for the Renilla luciferase control. (E and F) ChIP analysis of RUNX3 in iSLK.RGB and
BCBL1 cells. RUNX3 was immunoprecipitated from isolated nuclei of iSLK.RGB and BCBL1 cells and bound DNA was analyzed by CHIP-qPCR assay with primers
specific to regions (~100 to 200 bp) flanking the transcription start sites of the indicated genes. Data were calculated as the fold change in percentage of input
DNA compared with control ChIP experiment. (G) Colocalization of RUNX3 with KSHV genomic DNA. BCBL1 cells were treated with TPA (20 ng/mL) and NaB (1
mM) for 24 h and then incubated with BrdU for 2 h, followed by immunofluorescence to observe colocalization of endogenous RUNX3 and KSHV genomic DNA.
Data were shown as mean + SD (error bars) from at least three independent experiments, and statistical analysis was done by using multiple unpaired student’s t
test (E and F) and unpaired student’s t test (A, B, C, and D). ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

of RUNX3 (45). To compare the transcriptional repressor activity of wild-type RUNX3 and
mutant RUNX3, we cotransfected wild-type or mutant RUNX3 with the promoters of
ORF57, ORF59, PAN, and K8.1 and repeated the previous dual-luciferase reporter gene
assay. The results showed that mutations at the sites R122C, R143Q, G145E, and
R143Q&G145E abrogated its transcriptional inhibitory activity, whereas the T151A
mutation does not result in a significant change (Fig. 5B through E).

It has been reported that R122C, a unique mutation in RUNX3, directly affects the
activity of RUNX3, resulting in the loss of its tumor suppressor function (31). We wanted
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to further explore whether this mutation could similarly affect its viral suppression
function in cells, so we constructed an iSLK.RGB cell line with R122C overexpression
(iISLK.RGB-R122C) (Fig. 6A). Expression of the R122C mutant in iSLK.RGB-R122C cells
was verified by qPCR (Fig. 6C) and an anti-Flag antibody (Fig. 6B) or an anti-RUNX3
antibody (Fig. S1D). After 48 and 72 h of Dox-induced RTA expression, we found that
the proportion of GFP-positive cells in the iSLK.RGB-R122C group was essentially equal
to that of the control group and significantly higher than that of the RUNX3 group
(Fig. 6F). The replication of the KSHV genome (Fig. 6D) and the number of KSHV virus
particles produced (Fig. 6E) after overexpression of R122C were also higher than those in
the RUNX3 group and even in the control group. Similarly, the transcriptional repression
levels of KSHV genes at various stages in the R122C group were restored to different
degrees compared to those in the RUNX3 group (Fig. 6G). In summary, we conclude that
the transcriptional repression of the KSHV gene by RUNX3 is related to its DNA-binding
and ATP-binding capacities.

RTA targets RUNX3 for ubiquitination and proteasomal degradation

We observed that Dox treated iSLK.RGB cells showed a decrease in the expression level of
RUNX3 protein starting from 48 h post treatment, but the RNA levels were not signifi-
cantly changed (Fig. 7A and B). It is possible that KSHV has a certain strategy to prevent
transcriptional repression by RUNX3 during lytic reactivation. Previously, different groups
have shown that KSHV RTA also has ubiquitin E3 ligase activity and can target multiple
proteins for proteasome-mediated degradation (17, 19, 21, 22, 46). It is possible that
KSHV utilizes a similar strategy to reduce the expression level of RUNX3 and protect
the process of lytic reactivation. To test this hypothesis, we cotransfected increasing
amounts of RTA expression plasmid and fixed amounts of RUNX3 expression plasmid
into HEK293T cells. The results showed that RTA downregulated the protein expression
of RUNX3 in a dose-dependent manner (Fig. 7C) but did not affect the mRNA expression
of RUNX3 (Fig. 7D). To confirm this phenomenon, we further analyzed the changes of
RUNX3 expression in iSLK.Puro cells and obtained the same results (Fig. 7E and F). The
iSLK.Puro cells were selected by transferring the tetracycline-induced exogenous RTA
expression system into SLK cell lines screened with hygromycin B. iSLK.Puro cells can be
induced by Dox to produce RTA proteins but do not contain the KSHV viral genome.
In addition, HEK293T cells were transfected with or without RTA-expressing plasmids.
Then, the cells were treated with cycloheximide (CHX) 24 h after transfection. We found
that RTA significantly decreased the half-life of RUNX3 (Fig. 7G and H). To further explore
whether RTA degrades the RUNX3 complex via the proteasome pathway, we treated
cells with the proteasome inhibitor MG132. As shown in Fig. 71, the expression level of
RUNX3 decreased due to the presence of RTA. However, the expression level of RUNX3
was significantly restored with MG132 treatment. Finally, we also assessed the effect of
RTA on RUNX3 ubiquitination. The results showed that coexpression of RTA with RUNX3
caused a significant increase in the ubiquitination level of RUNX3 compared to that
of the control (Fig. 7J). Altogether, these results suggest that RTA targets RUNX3 for
ubiquitination and proteasomal degradation.

RTA interacts with RUNX3

To determine whether the degradation of RUNX3 by RTA occurs through direct protein-
protein interactions, we first performed coimmunoprecipitation experiments in HEK293T
cells. HEK293T cells were transfected with RUNX3-Flag and RTA-HA expression plasmids
separately or together. Forty-eight hours post transfection, cell lysates were immunopre-
cipitated with anti-Flag antibody. The results showed that RTA could be successfully
immunoprecipitated by RUNX3 (Fig. 8A). Similarly, the reverse coimmunoprecipitation
assay showed an association between RTA and RUNX3 (Fig. 8B). To further confirm if
whether endogenous RUNX3 also interacts with RTA, we performed a coimmunoprecipi-
tation assay using iSLK.RGB and BCBL1 cells. After treating iSLK.RGB and BCBL1 cells
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FIG 5 (Continued)

inhibitory domain, and green represents the Flag Tag. (B-E) Effect of R122C, R143Q, G145E, R143Q&G145E (DM), T151A on
RTA-mediated activation of ORF57, ORF59, PAN, and K8.1 promoters. HEK293T cells were transfected with the indicated
plasmids for 36 h. The cells were then lysed by cell lysis buffer and assayed for luciferase activity. For these experiments,
values are normalized to values for the Renilla luciferase control. Data were shown as mean + SD (error bars) from at least
three independent experiments, and statistical analysis was done by using unpaired student’s t test (B, C, D, and E). ns, not
significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

with inducers for 48 h, cell lysates were collected and immunoprecipitated with anti-RTA
antibody or IgG control. Indeed, endogenous RUNX3 also interacts with RTA in iSLK.RGB
(Fig. 8C) and BCBL1 cells (Fig. 8D) during KSHV lytic reactivation. In addition, we mapped
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FIG 6 Ectopic expression of RUNX3-R122C does not inhibit KSHV lytic replication. (A) Schematic diagram of the RUNX3-R122C mutant. Black background
represents the entire RUNX3, orange represents the “Runt” DNA-binding domain, blue represents the “ID” inhibitory domain, and green represents the Flag Tag.
iSLK.RGB cells were stably transduced with lentivirus containing RUNX3-Flag expression plasmids, R122C-Flag or Vector-Flag plasmids. The expression of RUNX3
was evaluated by western blotting (B) and qPCR (C). (D and E) Intracellular KSHV genomic DNA and extracellular KSHV DNA were extracted from Dox-induced
iSLK.RGB cells or cell supernatants. Copy numbers of KSHV genomic DNA were determined using the gPCR method with the K9 primer. (F) GFP-positive (Lytic)
cells were observed by fluorescence microscope. (G) The transcriptional levels of the KSHV gene were analyzed by gPCR at 48 h after Dox induction. Data were
shown as mean + SD (error bars) from at least three independent experiments, and statistical analysis was done by using multiple unpaired student’s t test
(G) and unpaired student’s t test (C, D, and E). ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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FIG 7 RTA targets RUNX3 for ubiquitination and proteasomal degradation. (A and B) The kinetics of RUNX3 expression in iSLK.RGB cells at the late stage of
KSHV lysis. (A) iSLK.RGB cells were induced with Dox for indicated times. The expression levels of RTA and RUNX3 were examined by western blotting. (B) RUNX3
mRNA was analyzed by qPCR during induction of late KSHV lysis in iSLK.RGB cells. (C and D) Effect of RTA on RUNX3 expression. (C) A constant amount of
RUNX3-expressing plasmid and an increasing amount of RTA-expressing plasmid were co-transfected into HEK293T cells for 48 h. The protein expression of RTA
and RUNX3 was detected by western blotting. (D) HEK293T cells were transfected with or without RTA expression plasmid for 48 h, and the mRNA of endogenous
RUNX3 was detected by gPCR. (E and F) The kinetics of RUNX3 expression in iSLK.Puro cells. (E) iSLK.Puro cells were induced with Dox for indicated times. The
expression levels of RTA and RUNX3 were examined by western blotting. (F) The mRNA of RUNX3 was analyzed by gqPCR during the induction of RTA mass
expression in iSLK.Puro cells. (G and H) RTA reduces the stability of RUNX3. (G) HEK293T cells were transfected with or without the RTA expression plasmid
for 24 h and then treated with 100 pg/mL cycloheximide (CHX) for different times. The expression of RTA and endogenous RUNX3 was analyzed by western
blotting. (H) Relative levels of RUNX3 in immunoblots (G) were quantified by signal intensity measurements and normalized to GAPDH levels. (I and J) RTA
promotes RUNX3 ubiquitination and degradation via the proteasome pathway. (I) HEK293T cells were transfected with the indicated plasmids for 36 h. Cells
were then treated with 10 uM MG132 for an additional 12 h, and RUNX3 expression was analyzed by western blotting. (J) HEK293T cells were transfected with
RUNX3-expressing plasmid alone or co-transfected with RTA-expressing plasmid for 36 h; cells were continued to be treated with 10 pM MG132 for 12 h. Cell
lysates were immunoprecipitated with anti-Flag antibody and analyzed by western blotting with the anti-ubiquitin antibodies. Data were shown as mean + SD
(error bars) from at least three independent experiments, and statistical analysis was done by using unpaired student’s t test (B, D, and F). ns, not significant; *P <
0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.

the structural domain of RTA responsible for the interaction with RUNX3, showing that
the region of RTA comprising amino acid (aa) residues 1-273 is the main region for the
interaction between RTA and RUNX3 (Fig. S1E and F). Similarly, to identify the structural
domains required for RUNX3 to interact with RTA, we constructed a series of Flag-tagged
RUNX3 truncation mutants (Fig. S1G) based on previously reported work (47). The results
showed that RUNX3 (from 1 aa to 373 aa) interacts most strongly with RTA (Fig. STH).
Finally, RTA and RUNX3 were mainly localized in the nucleus. Clear colocalization of
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FIG 8 RTA interacts with RUNX3. (A) HEK293T cells were transfected with RTA-HA alone or RUNX3-Flag alone or RTA-HA
together with RUNX3-Flag. Forty-eight hours after transfection, cell lysates were immunoprecipitated with anti-Flag antibody
and analyzed by western blotting with the indicated antibodies. (B) HEK293T cells were transfected with RUNX3-HA alone
or RTA-Flag alone or RUNX3-HA together with RTA-Flag. Forty-eight hours after transfection, cell lysates were immunoprecipi-
tated with anti-Flag antibody and analyzed by western blotting with the indicated antibodies. (C and D) Co-IP of endogenous
RTA and RUNX3 in iSLK.RGB and BCBL1 cells. After treatment of iSLK.RGB cells with Dox and BCBL1 cells with TPA and NaB
for 48 h, cell lysates were immunoprecipitated with anti-RTA antibody or IgG control and analyzed by Western blotting with
the indicated antibodies. (E) Colocalization of RUNX3 and RTA in Hela cells. Hela cells were first transfected with RTA-HA alone,
RUNX3-Flag alone, or RTA-HA together with RUNX3-Flag. Then, the cells were fixed and detected with anti-HA rabbit antibody
and anti-Flag mouse antibody. Finally, cells were incubated with Alexa Fluor 488 (green), Alexa Fluor 555 (red), and DAPI (blue).

Colocalization was viewed by a DM6000B fluorescence microscope.

RUNX3 and RTA in the nucleus was observed in the immunofluorescence experiments
(Fig. 8E). Altogether, these results confirm that RTA interacts with RUNX3.
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DISCUSSION

In malignant tumors caused by KSHV, the virus is predominantly latent in the cells.
Although this latent infection enables it to evade host immune surveillance and maintain
persistent infection, latency alone is not sufficient to sustain the onset and progression
of associated diseases (48, 49). KSHV lytic reactivation is necessary for transmission of the
virus within an individual and for the transmission of the virus to other individuals (12,
50, 51). KSHV lytic reactivation is a complex process that is regulated by the interac-
tions between host factors and viral proteins as well as multiple signaling pathways
(52, 53). Exploring the molecular events during KSHV lytic reactivation is important for
understanding the pathogenesis of KSHV and developing ways to block persistent KSHV
infection. In this study, we identified a new host factor, RUNX3, which is upregulated
by the NF-kB signaling pathway during KSHV lytic reactivation and is able to inhibit the
transcription of the KSHV genome, thus suppressing the production of viral particles. Our
work revealed for the first time that RUNX3 is involved in the KSHV life cycle, providing
novel insights into the herpesvirus lytic phase and completing the functional knowledge
of RUNX3 in the area of herpesvirus.

It is known that the transcription factor RUNX3 can play a role in the development of
cells in the nerves, thymus, stomach, and intestines (31, 54, 55). Only a few studies have
addressed the relationship between RUNX3 and viruses. Gan et al. showed that RUNX3
was able to inhibit IAV by promoting apoptosis (33). In contrast, RUNX3 expression is
necessary for the efficient proliferation of B cells immortalized by EBV (36). These studies
suggest that RUNX3 plays varying functional roles in different viral infections. We used
dual luciferase reporter gene assay, CHIP and BrdU insertion experiments to show that
RUNX3 can bind to the genome of KSHV to repress viral gene transcription. Our results
indicate that RUNX3 exhibits distinct repressive capabilities on different KSHV viral genes,
suggesting the possibility of promoter-specificity for RUNX3.

The R122C mutation in RUNX3 occurs frequently in a variety of cancers and affects
the DNA-binding ability of RUNX3 (31). In breast cancer, RUNX1-equivalent R143 and
G145 mutations are thought to affect ATP binding (30). Dual luciferase reporter assays
showed that the R122C, R143Q, and G145E mutations significantly impaired the ability of
RUNX3 to inhibit the KSHV gene promoter. This finding suggests that transcriptional
repression of KSHV by RUNX3 is related to its DNA- and ATP-binding ability. T151
is @ RUNX3 putative ATK kinase phosphorylation site, and phosphorylation promotes
sumoylation modifications that, in turn, affect the transcriptional function of RUNX3 (45).
The activation of the KSHV gene promoter was not significantly changed by the T151A
mutation, suggesting that this modification may not be required for RUNX3 to induce
transcriptional repression of KSHV. Our work is the first to apply disease-associated
mutants of RUNX3 to viral research and revealed how RUNX3 functions as a transcrip-
tional regulator in the viral genome, which provides a deeper understanding of the
function of RUNX3 and new insights for the treatment of related diseases. However,
at present, we selected only one of the mutants, R122C, to construct overexpression
cell lines to validate the experimental results. Further functional experiments with other
mutations are worth performing in the future.

Host restriction factors are a powerful impediment to viral replication. As a result
of long-term host-virus interactions, viruses have evolved corresponding mechanisms
to antagonize restriction factors. Viral antagonists often couple restriction factors to
proteasomal degradation pathways, resulting in restriction factor mislocalization or
acting as restriction factor substrate analogs to influence host restriction factor action
(56). Our studies show that RTA in KSHV acts as a corresponding antagonist of RUNX3,
interacting with and promoting RUNX3 degradation through the proteasome pathway.
Future work may also need to identify the precise ubiquitination site of RUNX3.

Most studies have demonstrated the involvement of RUNX3 as a tumor suppressor in
the development of various cancers such as gastric, pancreatic, and breast cancers (28).
Meanwhile, our work shows that transcriptional repression of RUNX3 severely hindered
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the replication of KSHV genes and the production of progeny viral particles. It implies
that RUNX3 may also act as a tumor suppressor in KSHV-induced malignancies.

In summary, our work identifies for the first time RUNX3 as a novel host restriction
factor targeting KSHV lytic replication through transcriptional repression. The dynamic
change in RUNX3 expression during KSHV reactivation reflects the mutual antagonism
between the host and the virus as they respond to each other. In addition, the fact
that RUNX3 exhibits strong antiviral capacity during the KSHV life cycle broadens our
understanding of the function of RUNX3 and provides a possible mechanism for RUNX3
to play a role in other viruses. Moreover, RUNX3 is expected to be a potential target of
therapeutic strategies for KSHV-related diseases.

MATERIALS AND METHODS
Cell culture

iSLK.RGB cells (a gift from Dr. Jae Jung) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, HyClone) supplemented with 10% FBS (Biological Industries), 1%
antibiotics (penicillin and streptomycin, Gibco), 10 pg/mL puromycin (Sigma), 250 pg/mL
G418 (Sigma), and 250 ug/mL hygromycin B (Roche). iSLK.RGB-Vector, iSLK.RGB-RUNX3,
and iSLK.RGB-R122C were generated by lentivirus-mediated transduction according to
the manufacturer’s instructions (System Bioscience, Palo Alto, USA) and were maintained
in selection media with blasticidin (50 pug/mL). BCBL1 were cultured in RPMI 1640
(HyClone) containing 10% FBS and 1% antibiotics. HEK293T and Hela cell lines were
cultured in DMEM supplemented with 10% FBS and 1% antibiotics.

Plasmid

Mammalian expression plasmids for RUNX3 and viral gene RTA were constructed by
inserting the corresponding full-length fragments into PCDNA-3.1-HA and PCDH-CMV-
SF-IRES-Blast vectors. The full-length fragments were generated by PCR amplification
using cDNA from iSLK.RGB cells. The RUNX3-associated mutant plasmid was constructed
using the PCDH-CMV-SF-RUNX3 plasmid as a template, amplified by PCR using specific
mutant primers and digested by Dpnl. Virus-associated luciferase reporter gene plasmids
were kept for our laboratory. The sequences of the PCR amplification primers used in this
study are shown in Table 1.

Antibodies and reagents

The primary antibodies were used in this study: anti-RUNX1 rabbit polyclonal anti-
body (ABclonal, A2055), anti-RUNX2 rabbit monoclonal antibody (ABclonal, A11753),
anti-RUNX3 rabbit monoclonal antibody (Abcam, ab224641), anti-DDDDK-Tag mouse
monoclonal antibody (ABclonal, AE005), anti-a-tubulin mouse monoclonal antibody
(Sigma, T6199), anti-RTA rabbit monoclonal antibody (prepared in our laboratory), HA
antibody (Sigma, H9658), anti-GAPDH mouse monoclonal antibody (ABclonal, AC033),
anti-UBC rabbit polyclonal antibody (ABclonal, A3207), anti-BrdU mouse monoclonal
antibody (ABclonal, A1482), NF-kB p65/RelA rabbit polyclonal antibody (ABclonal,
A2547), and the Phospho-NF-kB p65 rabbit monoclonal antibody (CST, #3033).

The secondary antibodies were used in this study: goat anti-rabbit immunoglobulin
(Jackson ImmunoResearch, 111-005-144), goat anti-mouse immunoglobulin (Jackson
ImmunoResearch, 115-035-174), goat anti-rabbit-conjugated 488 (green) fluorescent
antibody (Invitrogen, A 11094), goat anti-rabbit-conjugated 555 (red) fluorescent
antibody (Invitrogen, A-27017), goat anti-mouse-conjugated 488 (green) fluorescent
antibody (Invitrogen, A-11001), and goat anti-mouse-conjugated 555 (red) fluorescent
antibody (Invitrogen, A-21422).

The reagents were used in this study: restriction endonuclease (Takara), SYBR Green
Mix (Yeasen), anti-Flag M2 beads (Sigma), recombinant protein G agarose (Invitro-
gen), recombinant protein A agarose (Invitrogen), DAPI (Beyotime), RIPA lysate (weak)
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TABLE 1 Primers for PCR amplification, gqPCR, and ChIP-qPCR analysis

Primer name

Sequence of oligonucleotide (5"-3")

CMV-SF-RUNX3-F
CMV-SF-RUNX3-R
3.1-HA-RTA-F
3.1-HA-RTA-R
CMV-SF-R122C-F
CMV-SF-R122C-R
CMV-SF-R143Q-F
CMV-SF-R143Q-R
CMV-SF-G145E-F
CMV-SF-G145E-R
CMV-SF-T151A-F
CMV-SF-T151A-R
qPCR-K9-F
qPCR-K9-R
gPCR-RUNX1-F
gPCR-RUNX1-R
gPCR-RUNX2-F
qPCR-RUNX2-R
gPCR-RUNX3-F
gPCR-RUNX3-R
qPCR-Actin-F
qPCR-Actin-R
qPCR-GAPDH-F
qPCR-GAPDH-R
qPCR-RTA-F
qPCR-RTA-R
qPCR-ORF73-F
qPCR-ORF73-R
qPCR-ORF45-F
qPCR-ORF45-R
qPCR-ORF57-F
qPCR-ORF57-R
qPCR-ORF65-F
qPCR-ORF65-R
qPCR-K8.1-F
qPCR-K8.1-R
qPCR-PAN-F
qPCR-PAN-R
qPCR-P65-F
qPCR-P65-R
ChIP-qPCR-ORF73-F
ChIP-gPCR-ORF73-R
ChIP-qPCR-K8-F
ChIP-qPCR-K8-R
ChIP-qPCR-ORF50-F
ChIP-gPCR-ORF50-R
ChIP-qPCR-vIRF2-F
ChIP-gPCR-vIRF2-R
ChIP-qPCR-K7-F
ChIP-qPCR-K7-R
ChIP-qPCR-ORF59-F
ChIP-gPCR-ORF59-R

GATCTCGAGCTCAAGCTTCGAATTCATGCGTATTCCCGTAGACCCAAG
CTTCTCGAACTGAGGGTGGCTCCAGGATCCGTAGGGCCGCCACACGG
AGTCCAGTGTGGTGGAATTCATGGCGCAAGATGACAAGGGTA
ACGTCGTATGGGTATCTAGAGTCTCGGAAGTAATTACGCCAT
GACGAGAACTACTCCGCTGAGCTGTGCAATGCCTCG
CTTCATGACGGCCGAGGCATTGCACAGCTCAGC
CGACCTTCGCTTCGTGGGCCAGAGTGGGCGAGGGA
GGTCAGGGTGAAACTCTTCCCTCGCCCACTCTGGCCCACGAAG
CAACGACCTTCGCTTCGTGGGCCGCAGTGAGCGAGGG
CAGGGTGAAACTCTTCCCTCGCTCACTGCGGCCCACG
GGCCGCAGTGGGCGAGGGAAGAGTTTCGCCCTGACCATCA
GGGGTTGGTGAACACAGTGATGGTCAGGGCGAAACTCTTCCCTCG
GTCTCTGCGCCATTCAAAAC

CCGGACACGACAACTAAGAA

CTGCCCATCGCTTTCAAGGT
GCCGAGTAGTTTTCATCATTGCC
TGGTTACTGTCATGGCGGGTA
TCTCAGATCGTTGAACCTTGCTA
AGGCAATGACGAGAACTACTCC
CGAAGGTCGTTGAACCTGG

CATGTACGTTGCTATCCAGGC
CTCCTTAATGTCACGCACGAT
GGAGCGAGATCCCTCCAAAAT
GGCTGTTGTCATACTTCTCATGG
AGACCCGGCGTTTATTAGTACGT
CAGTAATCACGGCCCCTTGA

GCAGACTACACCTCCACACT

GTAGATCGGGGACTCTGTGG

GGGATGGGTTAGTCAGGATG

CCTCGTCGTCTGAAGGTGA
TGGACATTATGAAGGGCATCCTA

CGGGTTCGGACAATTGCT

ATATGTCGCAGGCCGAATAC

CCACCCATCCTCCTCAGATA
AAAGCGTCCAGGCCACCACAGA
GGCAGAAAATGGCACACGGTTAC
GCCGCTTCTGGTTTTCATTG

TTGCCAAAAGCGACGCA

ATGTGGAGATCATTGAGCAGC

CCTGGTCCTGTGTAGCCATT
CAAGGTTAAAGTGGGTTTGCTG
GGTTATTGGCCGTTTCTGTTTC
GCGTAATTACTTCCGAGACTGA
TTAACTCCACTTTGCACCAAAC
GACAGTCCGCCATACTCTTC
CTGGCTCTACCACATCTTCATAG
TGCGGAAACTTGTGGTTAGA
GCTTGTATTAGAGGGTGGACAG
CCATATTTGGTAGGAGTATGGAGTT
GACAGGTTAGCCACCCATTT
AACCGCAGTTCGTCAGGACCACCA
CCTTAGCCACTTAAGTAGGAATG
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TABLE 1 Primers for PCR amplification, gqPCR, and ChIP-qPCR analysis (Continued)

Primer name Sequence of oligonucleotide (5"-3")
ChlIP-qPCR-ORF25-F GTTAGTAGCGCGGGAAGATAC
ChlIP-qPCR-ORF25-R GACAGATAGACACCGACAACTAC
ChlIP-qPCR-ORF63-F GGGTGTTAGCAGCATATCCATAG
ChIP-qPCR-ORF63-R CCTCGTGTATTCACAGACCTTTAG

(Beyotime), Trizol (Invitrogen), nitrocellulose membranes (Pall Corporation, USA), 10 x
DNA loading buffer (Takara), ECL substrate luminescence color development kit (Mili-
pore), Tween 20 (Sigma), Opti-MEM and Lip02000 (Invitrogen), BrdU (MedChemExpress)
BAY-7082 (MedChemExpress), BX795 (MedChemExpress), Dox (Sigma-Aldrich), TPA
(Sigma-Aldrich), CHX (MedChemExpress, HY-12320), and MG132 (MedChemExpress,
HY-13259).

Western blot and Co-IP

In immunoblotting experiments, cells after 48 h of transfection were lysed in Western
and IP lysate (Beyotime) containing 1T mM PMSF and protease inhibitor cocktail. After
30 min, they were mixed with 5x SDS gel loading buffer and separated by SDS-PAGE
electrophoresis. For Co-IP, cells were lysed in Western and IP lysates for 30 min and then
centrifuged to remove cell debris. A portion of the lysate was taken as input and the
remaining lysate was incubated overnight with anti-Flag antibody or anti-RTA antibody.
After three washes of lysis buffer, the lysates were resuspended using 2x SDS gel loading
buffer, followed by SDS-PAGE electrophoretic separation and transfer to nitrocellulose
membranes, which were incubated with the indicated primary antibodies and HRP-con-
jugated secondary antibodies, and then visualized with ECL reagent (GE).

RNA isolation and quantitative real-time PCR

Cells were lysed using TRIzol reagent (Invitrogen) and total RNA was extracted according
to the reagent vendor’s instructions. Two microgram of RNA was taken for reverse
transcription with HiScript Ill RT SuperMix (Vazyme, R323-01). RT-qPCR was performed
on QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems) using a Hieff qPCR
SYBR Green Master Mix (YEASEN, 11202ES03) with cDNA as template. Transcript levels
of each gene were normalized to the GAPDH level, and the 272" method was used to
analyze gene expression in samples. Data represent fold changes compared to the level
for control groups. The primers used for RT-gPCR are shown in Table 1.

RNA interference

Two siRNA oligonucleotides targeting human RUNX3 or P65 and negative control siRNA
were ordered from GenePharma. These siRNAs were transfected into iSLK.RGB cells by
Lipofectamine 2000 following the manufacturer’s instructions. All siRNA sequences used
in the experiments are listed below:

Negative control siRNA, 5-ACGUGACACGUUCGGAGAATT-3’; siRUNX3#1, 5-AAGC-
GAAGGUCGUUGAACCTT-3’; siRUNX3#2, 5-AAUGGGUUCAGUUCCGAGGTT-3";

Negative control siRNA, 5-ACGUGACACGUUCGGAGAATT-3’ siP65#1, 5-UCAUCAUA-
GUUGAUGGUGCTT-3’; siP65#2, 5-UAUAGCCUCAGGGUACUCCTT-3".

Dual-luciferase reporter assay

HEK293T cells are grown in 12-well plates at the appropriate density (~5 x 10°). The
next day cells were transfected with the indicated luciferase reporter plasmids (25 ng
pRLTK, 1 pug PGL3-ORF57/ORF59/PAN/K8.1) and protein expression plasmids (0.3 pg
RTA-HA, increasing 0, 0.1, 0.3 pg RUNX3-Flag, 0.3 ug RUNX3/R122C/R143Q/G145E/DM/
T151A-Flag). After 48 h of transfection, cells were lysed with 200 pL of 1 x passive lysis
buffer at room temperature for 20 min, and 10 pL of the lysate was taken to detect
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luciferase activity using the Dual Luciferase Reporter Assay System (Promega) according
to the manufacturer’s instructions. In this experiment, the plasmid expressing Renilla
luciferase was used to normalize firefly luciferase activity.

KSHV virus production and infection assays

iSLK.RGB cells and their modified cell lines grown in 6-well plates (~1 x 10°) were treated
with Dox. After 48 h of induction, supernatants from each group were collected and
centrifuged to remove cellular debris. Then, 1 mL of new supernatant was then removed
and used to infect HEK293T cells grown in 12-well plates (~5 x 10°) by centrifugation
at 37°C and 2,500 rpm for 2 h. After infection, the viral supernatant was discarded and
replaced with fresh DMEM to continue the culture.

Immunofluorescence assay and BrdU

Hela cells were cultivated onto coverslips in 24-well plates and transfected with the
indicated plasmids. After 24 h of transfection, cells were washed three times with PBS
and fixed in 4% paraformaldehyde for 30 min. Cells were permeabilized with 0.1% Triton
X-100 for 20 min and blocked with 1% bovine serum albumin (BSA) for 60 min and then
incubated with specific primary antibody (1:200 dilution) overnight at 4°C. After being
washed six times with PBS, cells were incubated with fluorescent secondary antibody
(1:200 dilution) for 60 min at room temperature avoiding light. Cell nuclei were stained
with DAPI (1:1,000 dilution) for 5 min. Finally, coverslips were rinsed five times and fixed
on slides. The slides were analyzed with a DM6000B fluorescence microscope (Leica, Inc.,
Solms, Germany) for observation and photography.

For BrdU insertion experiments, we treated BCBL1 cells with TPA and NaB for 24 h
and then replaced the culture medium with DMEM containing 10 uM BrdU. Incubation at
37°°C for 2 h was followed by centrifugation, and the cells were resuspended with PBS.
Then, the cell suspension was dripped onto polylysine-adherent slides (Solarbio). After
the liquid dried naturally, the cells were fixed with 4% formaldehyde for 30 min at room
temperature and subsequently permeabilized with 0.1% Triton X-100 for 20 min at room
temperature. After removal of the permeabilization buffer, cells were incubated on ice
with T M HCl for 10 min and with 2 M HCl for 10 min at room temperature. Cells were
rinsed three times with PBS and then neutralized with 0.1 M sodium borate buffer for 30
min at room temperature. After washing with Triton X-100 permeabilization buffer, cells
were incubated overnight at 4°C with primary anti-BrdU and anti-RUNX3 antibodies. The
following steps were the same as described above.

Chromatin immunoprecipitation

BeyoChIP Enzymatic ChIP Assay Kit (Beyotime, P2083S) was used for this experiment,
and the operation was performed according to the manufacturer’s instructions. The
iSLK.RGB cells were induced by Dox, or BCBL1 cells were induced by TPA for 48 h.
Appropriate amount of formaldehyde was added to a final concentration of 1%, followed
by cross-linking by incubation at 37°C for 10 min. Crosslinking was terminated by adding
1.1 mL of Glycine Solution (10x) and left at room temperature for 5 min. After washing
the cells twice with cold PBS, the cells were resuspended in 1 mL PBS for subsequent
nucleocytoplasmic separation. The nucleus extract was added with 1 pL of MNase and
incubated at 37°C for 20 min. The MNase fragmentation reaction was terminated by
adding 10 pL of 0.5 M EDTA to the mixture placed on ice for 2 min. Chromatin was then
further fragmented using a Bioruptor Pico sonicator (10 s per sonication at 30 s intervals
for three times). A 10 uL sample was taken to reverse crosslinks and then subjected
to agarose gel electrophoresis to ensure that the fragment size was between 200 bp
and 800 bp. The remaining sample was centrifuged at 13,000xg for 5 min at 4°C. The
supernatant was added to the ChIP Buffer to a final volume of 0.5 mL, 10 pL of the
sample was removed as 2% Input, and the remaining sample was incubated with the
appropriate amount of primary antibody at 4°C overnight. The next day 30 pL of Protein
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A/G Magnetic Beads/Salmon Sperm DNA was added to the samples and mixed for 60
min at 4°C with rotation. Sequentially washed once in low salt buffer, high salt buffer,
LiCl buffer and twice in TE buffer. Finally, the complex was eluted in 300 pL of Elution
buffer and subjected to reverse crosslinks and DNA purification. ChIP-enriched DNA was
quantified by real-time quantitative PCR (qPCR) using a Hieff qPCR SYBR Green Master
Mix and the primers listed in Table 1. Protein enrichment on specific genomic regions
was calculated as fold enrichment relative to control IgG ChlP.

Protein stability assay

HEK293T cells were transfected with the indicated plasmids. After 24 h of transfection,
cells were treated with 100 ug/mL CHX to inhibit protein synthesis. Cells were collected
at the indicated time points and lysed for immunoblot analysis. The intensity of each
RUNX3 band was normalized to the GAPDH protein intensity and then compared with
RUNX3 at 0 h.

Ubiquitination assay

The indicated plasmids were co-transfected with HEK293T cells for 24 h and then
switched to DMEM containing MG132 (20 uM) or DMSO for 12 h. The cells were
then lysed and immunoprecipitated with an anti-Flag M2 affinity gel. After overnight
incubation, the cells were analyzed by immunoblotting with anti-UBC rabbit polyclonal
antibody.

Statistical analysis

The statistical analysis was performed by using the unpaired student’s t tests or student’s
multiple t tests in GraphPad Prism 8. Data were shown as mean * SD (error bars) from
at least three independent experiments and statistical significance was set as P-value <
0.05.
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