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ABSTRACT Kaposi’s sarcoma-associated herpesvirus (KSHV) is an oncogenic gam-
maherpesvirus that can replicate in oral epithelial cells to promote viral transmission
via saliva. To identify novel regulators of KSHV oral infection, we performed a tran-
scriptome analysis of KSHV-infected primary human gingival epithelial (HGEP)
cells, which identified the gene coding for the host transcription factor FOXQ1 as
the top induced host gene. FOXQ1 is nearly undetectable in uninfected HGEP and
telomerase-immortalized gingival keratinocytes (TIGK) cells but is highly expressed
within hours of KSHV infection. We found that while the FOXQ1 promoter lacks
activating histone acetylation marks in uninfected oral epithelial cells, these marks
accumulate in the FOXQ1 promoter in infected cells, revealing a rapid epigenetic
reprogramming event. To evaluate FOXQ1 function, we depleted FOXQ1 in KSHV-
infected TIGK cells, which resulted in reduced accumulation of KSHV lytic proteins and
viral DNA over the course of 4 days of infection, uncovering a novel lytic cycle-sustain-
ing role of FOXQ1. A screen of KSHV lytic proteins demonstrated that the immediate
early proteins ORF45 and replication and transcription activator (RTA) were both suffi-
cient for FOXQ1 induction in oral epithelial cells, indicating active involvement of
incoming and rapidly expressed factors in altering host gene expression. ORF45 is
known to sustain extracellular signal-regulated kinase (ERK) p90 ribosomal s6 kinase
(RSK) pathway activity to promote lytic infection. We found that an ORF45 mutant
lacking RSK activation function failed to induce FOXQ1 in TIGK cells, revealing that
ORF45 uses a shared mechanism to rapidly induce both host and viral genes to sus-
tain lytic infection in oral epithelial cells.

IMPORTANCE The oral cavity is a primary site of initial contact and entry for many
viruses. Viral replication in the oral epithelium promotes viral shedding in saliva,
allowing interpersonal transmission, as well as spread to other cell types, where
chronic infection can be established. Understanding the regulation of KSHV infec-
tion in the oral epithelium would allow for the design of universal strategies to tar-
get the first stage of viral infection, thereby halting systemic viral pathogenesis.
Overall, we uncover a novel positive feedback loop in which immediate early KSHV
factors drive rapid host reprogramming of oral epithelial cells to sustain the lytic
cycle in the oral cavity.
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The oral cavity is the initial site of contact and entry for many human viruses. Viral
replication in the oral epithelium allows for spread to other cell types, where

chronic infection can be established (1). Additionally, viral shed in saliva promotes
transmission between individuals, and the detection of high viral titers in saliva, gingi-
val crevicular fluid, and throat wash samples underlines the clinical significance of oral
viral infection (2–5).

Kaposi’s sarcoma-associated herpesvirus (KSHV) is the etiologic agent of the endo-
thelial malignancy Kaposi’s sarcoma, the lymphoproliferative diseases primary effusion
lymphoma and multicentric Castleman’s disease, and KSHV inflammatory cytokine syn-
drome (KICS) (6–9). Importantly, epidemiologic studies indicate that the primary route
of KSHV transmission is the oral route, via saliva. KSHV DNA has been detected in the
oral cavities of infected individuals, and these individuals can exhibit recurrent viral
shedding in saliva (10–14). Enhanced KSHV lytic infection in more differentiated layers
of the oral epithelium provides further evidence that the oral cavity is a reservoir for in-
fectious virus (15–17). The oral cavity is also a route of spread to other cell types, such
as tonsillar B cells, which can promote KSHV spread throughout the body (18–20).
Despite the biological and epidemiologic relevance of oral KSHV infection as a first
step in chronic infection and pathogenesis, little is known about the key mechanisms
regulating KSHV infection in the oral epithelium (reviewed in reference 21).

Similar to all herpesviruses, KSHV exhibits a biphasic lytic and latent life cycle. Upon
entry into the host cell, viral recruitment of host epigenetic machinery leads to the
temporally and spatially regulated heterochromatinization of the viral episome and
the subsequent silencing of the KSHV lytic program (22, 23). The virus can be induced
to reactivate in response to environmental stimuli such as hypoxia or secondary infec-
tions, leading to the temporally ordered expression of the full cascade of immediate
early (IE), early (E), and late (L) viral genes driven by the viral replication and transcrip-
tion activator (RTA), a potent activator of host and viral genes (24–27). During primary
infection of most cell types in vitro, KSHV establishes a latent infection (28). In contrast,
oral epithelial cells support productive KSHV infection, with efficient expression of
KSHV lytic genes (12). Additionally, as opposed to the heterochromatin establishment
on the KSHV genome that is observed in most cell types, reduced deposition of repres-
sive chromatin marks with high levels of activating chromatin marks (e.g., histone H3
lysine 4 trimethylation [H3K4me3] and lysine 27 acetylation [H3K27ac]) were observed
on the KSHV genome in infected E6/E7-immortalized oral epithelial cells (23). However,
the key viral or host mechanisms that promote a permissive cellular environment sup-
porting the KSHV lytic cycle in oral epithelial cells remain to be characterized.

In order to successfully infect host cells, KSHV hijacks host signaling pathways.
During de novo infection, binding of KSHV envelope glycoprotein B (gB) to the host
cell activates the MEK (mitogen-activated protein kinase [MAPK]/extracellular signal-
regulated kinase [ERK] kinase)/ERK cascade, a MAPK pathway that is exploited by sev-
eral viruses (29–31). Activation of the MEK/ERK axis during de novo KSHV infection and
viral reactivation leads to the phosphorylation of the downstream p90 ribosomal s6 ki-
nase (RSK) family, a group of kinases involved in regulation of cell growth, proliferation,
and differentiation (32, 33). While initial KSHV infection triggers MEK/ERK/RSK activa-
tion, this activation is sustained by KSHV immediate early protein ORF45, which binds
to activated ERK and RSK and prevents their dephosphorylation (34). ORF45-mediated
sustained ERK/RSK activity leads to the activation of host transcriptional and transla-
tional machinery, including the c-Fos AP-1 family transcription factor and eIF4B (eu-
karyotic initiation factor 4B) translation initiation factor, which are critical to the viral
life cycle (35–37). In addition to being classified as an immediate early gene, ORF45 is
also a part of the viral tegument, which is located between the viral envelope and nu-
cleocapsid. ORF45 is thus directly delivered into host cells during primary infection,
allowing for rapid inhibition of the host antiviral interferon response (38–40). Although
ORF45 plays key roles during different phases of the KSHV life cycle (reviewed in refer-
ence 41), the role of ORF45 during oral infection is still unknown.
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While the modulation of host gene expression is essential for efficient KSHV infec-
tion and reactivation, much less is understood about host-pathogen interactions dur-
ing the first hours of infection that might support the sustained KSHV lytic cycle in
infected oral epithelial cells. To fill this knowledge gap, we performed a genome-wide
gene expression analysis in KSHV-infected oral epithelial cells, which led to the sub-
sequent identification of the rapid induction of a novel lytic cycle-sustaining host
transcription factor called FOXQ1. Our study demonstrates the epigenetic reprogram-
ming of the FOXQ1 promoter in KSHV-infected oral epithelial cells and identifies the
KSHV-encoded immediate early factors RTA and ORF45 as activators of FOXQ1 gene
expression, revealing a novel positive feedback loop that can support the lytic cycle
in infected oral epithelial cells.

RESULTS
Primary KSHV infection of oral epithelial cells results in sustained lytic viral

gene expression.While KSHV has a broad tropism, de novo infection of most cell types
leads to the establishment of a latent infection (28). However, infectious KSHV particles
have been isolated from oral samples from KSHV-infected individuals, suggesting an
ability for oral epithelial cells to support lytic viral infection (12). To perform a detailed
characterization of KSHV infection of oral epithelial cells in vitro, we infected primary
human gingival epithelial (HGEP) cells as well as telomerase-immortalized gingival ke-
ratinocytes (TIGKs) with KSHV BAC16. The KSHV BAC16 clone expresses a green fluores-
cent protein (GFP) marker under a constitutively active host promoter, allowing for vis-
ual identification of infected cells (42). We used our previously published transgenic
KSHV clone modified to carry a triple FLAG-tagged RTA gene (3�F-RTA KSHV) to aid in
detection of RTA using FLAG antibody. We found a nearly 100% primary infection rate
of HGEP and TIGK cells that led to sustained, gradually increasing levels of viral imme-
diate early, early, and late genes during the 3 days following infection (HGEP data
shown in Fig. 1A to C and TIGK data shown in Fig. 1D to F). A gradual increase in
ORF64 late viral gene expression (Fig. 1C and F) was observed, and KSHV late protein
K8.1 was detectable only after 48 hours post-infection in infected HGEP (Fig. 1B) and
TIGK (Fig. 1E) cells. To block lytic viral DNA replication, KSHV-infected TIGK cells were
treated with phosphonoacetic acid (PAA), an inhibitor of viral DNA synthesis, starting
at 2 hpi. PAA treatment reduced viral DNA copy numbers at 72 hpi (Fig. 1G) and was
accompanied by marked reduction in expression in the KSHV ORF18 and ORF33 late
genes and reduced levels of late protein K8.1 (Fig. 1H and I), indicating that sustained
lytic viral gene expression and DNA replication can occur during de novo infection of
immortalized oral epithelial cells.

Characterization of host gene expression changes in primary oral epithelial
cells following KSHV infection. Since KSHV encodes potent rapidly expressed viral
transcription factors, we hypothesized it might be capable of reprogramming oral epi-
thelial cells immediately after infection to promote sustained lytic infection. To identify
rapidly dysregulated host genes, we characterized the global host gene expression
changes in HGEP cells at 8 h following KSHV infection. To this end, total RNA was pre-
pared from three replicates of mock-infected and KSHV-infected HGEP cells at 8 hpi.
Transcriptome sequencing (RNA-seq) analysis identified 1,339 differentially expressed
genes based on criteria satisfying a minimum of 2-fold differential expression and
false-discovery rate (FDR) of less than 0.05 (Fig. 2A and B; Table S1). Specifically, we
identified 340 host genes that were upregulated and 999 host genes that were down-
regulated in infected cells (Fig. 2A and B and Table S1). The group of differentially
expressed genes was further analyzed to reveal enriched biological processes using
Gene Ontology (GO) analysis (Tables S1 and S2). The top six biological processes identi-
fied among all of the upregulated and the downregulated genes are shown in Fig. 2C
and D, while Table S2 shows the full list of identified biological process terms with
associated genes in each group. The upregulated genes were enriched in key biologi-
cal processes related to keratinization and cell migration (see the full list in Table S2).
Interestingly, many of the upregulated genes are members of the epidermal differentiation
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complex (EDC) genes (e.g., genes coding for late cornified envelope proteins 3D and
3E [LCE3D and LCE3E]). Among the most induced genes, we also identified genes cod-
ing for transcription factors involved in regulation of development, such as PRDM1,
FOXQ1, and FOXF2 (Fig. 2C and Table S1 and S2). We also found that several of the
induced genes encode proteins that are negative regulators of cell proliferation (Fig.
2C and Table S1 and S2). In accordance with this, regulation of DNA replication initia-
tion was found to be the most enriched biological process in the group of downregu-
lated genes, a group of genes that includes cell cycle regulators such as cyclins and
DNA replication factors (Fig. 2D and Table S1 and S2). Altogether, these findings high-
light a rapid alteration of the host transcriptome related to cell cycle regulation in oral
epithelial cells during KSHV infection whose significance in oral KSHV infection needs
to be evaluated in future studies. Importantly, our results are consistent with another
transcriptome study, which found that several differentiation-related genes, such as
the EDC genes (e.g., the LCE3D gene) and genes encoding master regulatory factors
(e.g., PRDM1), were among the induced host genes in human immortalized oral kerati-
nocytes (HOK16B) exposed to KSHV-derived virus-like vesicles (VLVs), which lack viral
genomes (43). Furthermore, our findings are also consistent with a recent state-of-the-
art single-cell RNA-seq study describing dysregulated EDC genes in KSHV-infected oral
epithelial 3D cultures (16).

Notably, we identified the FOXQ1 gene and the related FOXF2 gene among the top
induced human genes in HGEP cells upon KSHV infection (Fig. 2B). Importantly, FOXQ1
is a critical regulator of cellular differentiation (44–49), and FOXQ1 is known to be

FIG 1 Sustained lytic viral gene expression during primary infection of oral epithelial cells (A) HGEP cells were infected with KSHV expressing a triple FLAG-
tagged RTA gene (3�F-RTA KSHV) and collected at the indicated time points. Cells were visualized with a fluorescence microscope to identify GFP-positive
(KSHV-positive) cells. (B) Immunoblot analysis of KSHV early (E) and late (L) viral proteins in KSHV-infected HGEP cells. Tubulin was used as a loading
control. (C) RT-qPCR analysis of expression of representative immediate early (IE), early (E), and late (L) viral genes in KSHV-infected HGEP cells. (D) TIGK
cells were infected with 3�F-RTA KSHV, and KSHV-infected cells were visualized with a fluorescence microscope. (E) Immunoblot analysis of IE, E, and L
viral proteins in KSHV-infected TIGK cells. FLAG antibody was used to detect 3�FLAG-tagged RTA. (F) RT-qPCR analysis of representative IE, E, and L viral
genes in KSHV-infected TIGK cells. (G) TIGK cells were infected with wild-type KSHV BAC16 and treated with 100 mM PAA, starting at 2 hpi, for 72 h. Viral
DNA was purified, and viral copy number was measured by qPCR and compared to that in the nontreated (PAA2) infected cells. (H) RT-qPCR analysis of
KSHV late gene expression upon PAA treatment at 72 hpi; (I) immunoblot analysis of KSHV early and late genes in PAA-treated cells versus control (PAA2)
cells. *, P , 0.05.
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induced under skin differentiation-promoting conditions (50). However, the function of
FOXQ1 in viral infections is still unknown. To confirm the findings of our RNA-seq anal-
ysis in HGEP cells and to determine the stage-specific kinetics of FOXQ1 gene expres-
sion following KSHV infection, we collected mock- and KSHV-infected HGEP and TIGK
cells at several time points. We found that while FOXQ1 levels remained almost unde-
tectable in uninfected HGEP and TIGK cells, FOXQ1 was rapidly induced upon KSHV
infection by 4 hpi and peaked at 8 hpi, followed by a gradual decline in both HGEP

FIG 2 Characterization of host gene expression changes in primary oral epithelial cells following KSHV infection. (A) Hierarchical clustering of 1339
differentially expressed host genes in primary oral epithelial cells following KSHV infection at 8 hpi compared to mock-infected cells, including the genes
expressed at least 2-fold differentially, with an FDR cutoff of ,0.05 and Z-score values indicated below. (B) Volcano plot depicting host genes, with the x
axis showing fold change between KSHV-infected and mock-infected HGEP cells and the y axis depicting the corresponding FDR values. Genes at least 2-
fold differentially expressed, with an FDR cutoff of ,0.05, were examined to identify up- and downregulated genes. The 340 upregulated host genes in
infected cells are colored in red. FOXQ1 and FOXF2 genes are indicated. The 999 downregulated host genes in infected cells are colored in blue. (C and D)
Gene Ontology analysis of the 340 upregulated genes (C) and the 999 downregulated genes (D), with a graph depicting the top identified biological
processes as a highlight of the full Gene Ontology result, which is provided in the supplemental material.
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(Fig. 3A) and TIGK (Fig. 3B) cells. In accordance with the increased FOXQ1 transcript
level, we observed greater abundance of FOXQ1 protein at 1 day postinfection in TIGK
cells (Fig. 3C). As FOXQ1 has relevant biological functions in cellular differentiation, and
the gene encoding it was also the most robustly induced host gene during KSHV infec-
tion in oral epithelial cells, we primarily focused on FOXQ1 in our following analyses.

FOXQ1 expression positively correlates with viral titer and viral gene expres-
sion in HGEP cells. To further establish the link between FOXQ1 expression levels and
KSHV infection, we infected HGEP cells with decreasing amount of KSHV virus and ana-
lyzed viral and FOXQ1 gene expression at 24 hpi. As anticipated, infection of HGEP cells
with smaller amounts of KSHV led to a commensurate decrease in GFP-positive cells
(Fig. 3D), viral DNA copy (Fig. 3E), and early (ORF56) and late (ORF33) viral gene expres-
sion (Fig. 3F). Notably, the FOXQ1 transcript level was more than 200-fold higher in
HGEP cells following infection with our standard KSHV infection condition (1�) than

FIG 3 FOXQ1 expression kinetics in KSHV-infected oral epithelial cells (A and B) RT-qPCR analyses of FOXQ1 expression in mock-
infected or KSHV-infected cells at the indicated time points in (A) HGEP cells and (B) TIGK cells. (C) Immunoblot analysis of FOXQ1
protein in mock-infected or KSHV-infected TIGK cells at 24 hpi. (D) HGEP cells were infected with 2-fold serial dilutions of KSHV
BAC16 virus stock (where 1� refers to our standard KSHV titer, with a nearly 100% infection rate in oral epithelial cells), and
fluorescence microscopy was used to visualize KSHV-infected (GFP-positive) HGEP cells at 24 hpi. (E) qPCR analysis of intracellular
viral DNA; (F) RT-qPCR analysis of representative early (ORF56) and late (ORF33) viral genes at the indicated viral titers. (G) RT-qPCR
analysis of FOXQ1 levels at the corresponding viral titers calculated as a fold change from uninfected cells. *, P , 0.05; **, P , 0.01;
ns, not significant.
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that in mock-infected HGEP cells, and a gradual decrease in FOXQ1 level was observed
with a lower KSHV infection rate (Fig. 3G). FOXQ1 was still clearly induced even at the
8� dilution condition, when there was a very low KSHV infection rate as shown by GFP
positivity. FOXQ1 was not significantly induced compared to mock-infected cells at the
point at which viral gene expression became undetectable, suggesting a tight link
between high KSHV infection level and a high FOXQ1 expression level in oral epithelial
cells.

FOXQ1 promoter accumulates activating acetylation marks in KSHV-infected
oral epithelial cells. Given the rapid induction of FOXQ1, we hypothesized that a pre-
existing permissive epigenetic landscape on its regulatory region might allow for rapid
induction following KSHV infection. To characterize the chromatin state of the FOXQ1
regulatory region, we performed chromatin immunoprecipitation followed by quanti-
tative real-time PCR analysis (ChIP-qPCR) in mock-infected and KSHV-infected oral epi-
thelial cells at 4 hpi (Fig. 4A and B) and 24 hpi (Fig. 4C to F) and tested for the presence
of activating H3K4me3 and H3K27ac histone marks in the proximal promoter region of
the FOXQ1 gene. Since key gene regulatory elements are often found in close proxim-
ity to the transcription start sites (TSSs) of genes, we focused on the region directly
2 kb upstream of the FOXQ1 TSS and 0.2 kb immediately downstream in the beginning
of the FOXQ1 gene body. We found that several areas of the tested FOXQ1 regulatory
region were already enriched in activating H3K4me3 marks in uninfected cells and remained
enriched in KSHV-infected TIGK cells at 4 hpi (Fig. 4A) and 24 hpi (Fig. 4C) and in HGEP cells
at 24 hpi (Fig. 4E). KSHV infection led to a slight decrease in H3K4me3 in the regions tested.
Additionally, while the entire region surrounding the FOXQ1 TSS lacked detectable activat-
ing H3K27ac marks in uninfected HGEP and TIGK cells compared to the negative-control
intergenic region, H3K27ac marks began to accumulate specifically at the TSS area in KSHV-
infected TIGK cells as early as 4 hpi (Fig. 4B). The entire FOXQ1 promoter region displayed

FIG 4 KSHV infection triggers accumulation of activating H3K27ac marks on the FOXQ1 promoter Chromatin immunoprecipitation (ChIP) was performed
with anti-H3K4me3 antibody at 4 hpi (A) and 24 hpi (C) and anti-H3K27ac antibody at 4 hpi (B) and 24 hpi (D) in mock- and KSHV-infected TIGK cells. ChIP
was performed in HGEP cells at 24 hpi with anti-H3K4me3 antibody (E) and anti-H3K27ac (F). qPCR was used to quantify histone mark enrichment at the
indicated distances from the FOXQ1 transcription start site (TSS). The actin gene is a constitutively expressed host gene, while the intergenic region is a
region without gene expression. Enrichment of each histone mark was calculated as a percentage of the total chromatin input. *, P , 0.05; **, P , 0.01;
***, P , 0.001; ****, P , 0.0001; ns, not significant.
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high H3K27ac enrichment at 24 hpi in both cell types, with some regions exhibiting levels
close to the constitutively expressed actin gene promoter (Fig. 4D and F). These results dem-
onstrate that while the FOXQ1 promoter is enriched with the H3K4me3 euchromatin mark,
it is largely devoid of the H3K27ac chromatin opening mark in uninfected oral epithelial
cells, in accordance with its almost undetectable expression. Importantly, we showed that
KSHV infection triggers a rapid epigenetic reprogramming of the entire FOXQ1 promoter
region in oral epithelial cells into classical hallmarks of highly active promoter/proximal
enhancer regions, with a dually enriched activating H3K4me3 and hyperacetylated H3K27ac
euchromatin signature.

FOXQ1 is required for sustaining lytic KSHV infection in oral epithelial cells.
Though specific Forkhead factors are known to regulate viral infections in a context-
specific manner (51–54), the function of FOXQ1 in viral infections remains unknown.
The rapid epigenetic reprogramming and robust induction of FOXQ1 upon KSHV infec-
tion of oral epithelial cells prompted us to investigate the potential role of FOXQ1 in
the viral lytic cycle. We used two independent pools of small interfering RNAs (siRNAs)
targeting FOXQ1, which we confirmed to efficiently deplete FOXQ1 protein expression
in HEK293T kidney epithelial cells transfected with FLAG-FOXQ1 plasmid (Fig. 5A). We
treated TIGK cells with siFOXQ1 1 starting at 2 h after KSHV infection, which did not
affect the KSHV-infected oral epithelial cells morphologically and resulted in similar num-
bers of GFP-positive cells at 24 and 72 hpi (Fig. 5B). FOXQ1 mRNA levels were reduced
by siFOXQ1 1 at 72 hpi (Fig. 5C). Strikingly, FOXQ1 depletion resulted in decreased KSHV
immediate early (RTA and ORF45), early (ORF6), and late (K8.1) protein levels at 72 hpi
(Fig. 5D) as well as viral DNA level at 72 hpi (Fig. 5E). A similar reduction in viral gene
expression (Fig. 5F) and viral DNA copy (Fig. 5G) was observed at 96 hpi. In addition,
depletion of FOXQ1 with an independent siRNA (siFOXQ1 2) also led to similarly reduced
lytic viral protein levels at 72 hpi (Fig. 5H and I) These results indicate that FOXQ1 con-
tributes to sustaining high levels of KSHV lytic proteins in oral epithelial cells.

FIG 5 FOXQ1 sustains the KSHV lytic cycle in oral epithelial cells (A) FLAG-tagged FOXQ1 or empty vector was transfected in 293T cells for 24 h, and then
cells were treated with control siRNAs targeting a nonmammalian luciferase gene (referred to as siControl) or two independent FOXQ1 siRNAs (siFOXQ1 1
or 2), and FOXQ1 levels were analyzed by immunoblotting with FLAG and FOXQ1 antibodies. (B) TIGK cells were infected with KSHV and treated with
siControl or siFOXQ1 1 at 2 hpi. KSHV-infected cells (GFP positive) were visualized using fluorescence microscopy at 24 and 72 hpi. (C) RT-qPCR and immunoblot
analysis of FOXQ1 levels in siRNA-treated, KSHV-infected TIGK cells at 72 hpi; (D and E) immunoblot analysis of viral protein levels (D) and qPCR analysis of
combined intracellular and extracellular viral DNA levels (E) at 72 hpi. (F and G) Immunoblot analysis of viral protein levels (F) and qPCR analysis of viral DNA
levels (G) at 96 hpi. (H and I) TIGK cells were infected with KSHV and then treated with an independent siRNA (siFOXQ1 2) at 2 hpi and collected at 72 hpi. (H
and I) RT-qPCR analysis of FOXQ1 expression (H) and immunoblot of viral proteins (I) at 72 hpi. **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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Identification of viral factors regulating FOXQ1 expression. We predicted that
incoming and/or immediate early (IE) or early (E) viral factors might be activators of the
KSHV-induced host gene coding for FOXQ1, given its rapid induction in oral epithelial
cells upon KSHV infection. To test this hypothesis, we set out to identify lytic viral fac-
tors which are sufficient to induce FOXQ1 in primary human oral epithelial cells. To this
end, we performed a lentiviral screen with a library of 18 KSHV factors that are involved
in regulation of immune response, signaling pathways, and gene transcription and meas-
ured the expression of FOXQ1 (Fig. 6A). We identified several lytic viral factors, including
the immediate early proteins ORF45 and replication and transcription activator (RTA), that
were able to induce FOXQ1 (Fig. 6A).

Notably, all tested KSHV tegument proteins (ORF45, ORF52, and ORF63) induced
FOXQ1 expression to some extent (Fig. 6A). ORF45, ORF52, and ORF63 all exert func-
tions that allow viral evasion of the host immune response (38, 55, 56), but their roles
in oral viral infection are largely unknown. Importantly, ORF45 was the strongest in-
ducer of FOXQ1 in HGEP cells. We confirmed that both lentiviral expression of ORF45
(Fig. 6B) and ORF45 expression plasmid transfection (Fig. 6C) induced FOXQ1 expres-
sion in TIGK cells.

We were also particularly interested in the novel role of RTA as a FOXQ1 inducer as
the host gene activation role of RTA is consistent with its well-established transcription
activator function, and we and others have previously demonstrated the role of RTA in
inducing key host genes during lytic reactivation (25, 57, 58). We repeated the experi-
mental condition used for the screen to confirm the novel role of RTA as a FOXQ1 in-
ducer both in HGEP cells (Fig. 6D) and in TIGK cells (Fig. 6E). Since both ORF45 and RTA
are immediate early proteins, and ORF45 is also a tegument protein, ORF45 and RTA
would be present shortly after primary infection and able to rapidly trigger FOXQ1
expression in oral epithelial cells.

RTA is not essential for FOXQ1 induction during KSHV infection of oral epithe-
lial cells. As RTA was among the viral factors capable of inducing FOXQ1 expression in
HGEP and TIGK cells and also drives expression of KSHV lytic genes, we wanted to
determine if RTA is essential for FOXQ1 induction in the context of KSHV infection. In
order to analyze the requirement for RTA in FOXQ1 induction, we used 3�FLAG-tagged
RTA knockout (3�F-RTAKO) KSHV as well as the control 3�FLAG-tagged RTA-expressing
(3�F-RTA) KSHV for infection (59). TIGK cells were infected with equal titers of 3�F-RTA
KSHV and 3�F-RTAKO KSHV, as demonstrated by comparable viral DNA copies at 2 hpi
(Fig. 7A). As expected, primary infection with 3�F-RTAKO KSHV led to defective lytic
gene expression in TIGK cells compared to 3�F-RTA KSHV (Fig. 7B and C) as RTA is essen-
tial to induce KSHV lytic cycle. However, FOXQ1 was induced at similar levels upon infec-
tion with either the 3�FLAG-RTA or the RTAKO KSHV at 24 hpi (Fig. 7D) suggesting that

FIG 6 Screen identifies viral factors regulating FOXQ1 in oral epithelial cells. (A) HGEP cells were transduced with a lentiviral library of 18 KSHV lytic factors
or GFP control lentivirus, and mRNA levels of FOXQ1 were measured at 48 h postransduction. (B) TIGK cells were transduced with GFP lentivirus or an
ORF45-expressing lentivirus and collected at 48 hpi. Results from immunoblot analysis of ORF45 levels and RT-qPCR analysis of FOXQ1 are shown (C) TIGK
cells were transfected with GFP or ORF45 and collected at 30 hpi. ORF45 protein levels are shown by immunoblotting, and FOXQ1 levels are shown by RT-
qPCR. (D and E) HGEP cells (D) and TIGK cells (E) were transduced with either a lentivirus expressing GFP or 3�FLAG-tagged RTA. Results from immunoblot
analysis of RTA expression levels and RT-qPCR analysis of FOXQ1 expression levels are shown. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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RTA is not essential for the induction of FOXQ1 in KSHV-infected oral epithelial cells.
Furthermore, since RTA drives the expression of lytic viral genes, our result demonstrates
that RTA-dependent downstream viral gene expression is not required for FOXQ1 induc-
tion and provides additional evidence for the role of virion-associated tegument proteins
in FOXQ1 induction.

FOXQ1 induction by KSHV lytic factors is cell-type specific. Next, we tested
whether FOXQ1 induction by KSHV infection is unique to oral epithelial cells or is cell
type independent. First, we infected 293T cells with KSHV (Fig. 8A) which resulted in
the expression of the latent (LANA) gene, and detectable expression of the lytic
(ORF56) gene (Fig. 8B). The detection of lytic genes following infection of 293T cells is
in line with previous studies showing limited amount of lytic gene expression in this
cell type (60). We found that in contrast to primary infection of oral epithelial cells,
KSHV infection of 293T cells did not lead to an induction of FOXQ1 at 4 hpi or 24 hpi
(Fig. 8C). Since ORF45 was the strongest inducer of FOXQ1 among the tested lytic fac-
tors in oral epithelial cells, we expressed ORF45 in 293T cells and 293TBAC16 cells,
which harbor a latent KSHV genome. Unlike in oral epithelial cells, lentivirus-mediated
ORF45 expression was unable to induce FOXQ1 expression in 293T cells (Fig. 8D) or in
293TBAC16 cells (Fig. 8E), revealing cell type specificity of ORF45-mediated FOXQ1
induction. Since ORF45 is highly expressed during lytic reactivation, we also reactivated
293TBAC16 cells with sodium butyrate (NaB), a histone deacetylase (HDAC) inhibitor,
which led to increased viral gene expression, as expected (Fig. 8F), and a clear but
moderate increase in FOXQ1 levels (Fig. 8G). Since HDAC inhibition can lead to accu-
mulation of acetylation marks and chromatin opening, we also tested the effect of NaB
treatment alone on the KSHV-free 293T cell line. Indeed, a similar increase in FOXQ1
levels was seen in KSHV-free 293T cells (Fig. 8H), revealing that histone deacetylase

FIG 7 RTA is not essential for FOXQ1 induction following KSHV infection. TIGK cells were infected with either
3�F-RTA or 3�F-RTAKO KSHV or mock infected. (A) qPCR analysis of intracellular viral DNA at 2 hpi; (B and C)
immunoblot analysis of viral proteins (B) and RT-qPCR analysis of viral gene expression (C) at 24 hpi; (D) RT-
qPCR analysis of FOXQ1 expression at 24 hpi. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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inhibition likely directly led to increased FOXQ1 gene expression. These results support
the notion that the induction of FOXQ1 by ORF45 is cell type specific. We envision that
the chromatin of FOXQ1 is largely cell type specific and highly regulated by unique epi-
genetic mechanisms, which can affect the ability of ORF45 to induce FOXQ1 expression.

ORF45-mediated sustained activation of the ERK/RSK pathway is necessary for
FOXQ1 induction. Since ORF45 is a tegument protein and we demonstrated that
ORF45 was the strongest inducer of FOXQ1 in oral epithelial cells (Fig. 6A), we pre-
dicted that ORF45 itself might be the essential trigger for FOXQ1 induction in KSHV-
infected oral epithelial cells and RTA could be dispensable due to its redundancy with
the incoming ORF45 protein. A well-characterized role of ORF45 is the sustained activa-
tion of the downstream MEK/ERK signaling mediator, the p90 ribosomal s6 kinase
(RSK), through prevention of ERK and RSK dephosphorylation (32, 34). Following KSHV

FIG 8 FOXQ1 induction by KSHV lytic factors is cell type specific. (A to C) 293T cells were infected with KSHV and collected at 4
and 24 hpi. (A) Infected cells were visualized at 24 hpi using fluorescence microscopy. (B) RT-qPCR analysis of latent (LANA) and lytic
(ORF56) KSHV gene expression at 4 hpi and 24 hpi. (C) RT-qPCR analysis of FOXQ1 levels calculated as a fold change from mock-infected
cells. (D and E) 293T cells (D) or 293TBAC16 cells (E) were transduced with GFP or ORF45 lentivirus and collected at 48 hpi. ORF45
protein levels are shown by immunoblotting, and FOXQ1 levels were measured by RT-qPCR. (F) 293TBAC16 cells were treated with
3 mM sodium butyrate (NaB) for 2 days to induce reactivation. (F and G) Expression of viral genes (F) and FOXQ1 levels (G) as measured
by RT-qPCR. (H) 293T cells were treated with 3 mM sodium butyrate for 2 days, and FOXQ1 levels were measured by RT-qPCR.
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primary infection or reactivation, ORF45-mediated sustained ERK/RSK signaling pro-
motes viral lytic gene expression and virion production (32, 61) (Fig. 9A) First, we
tested whether KSHV infection of oral epithelial cells also engages the ERK/RSK path-
way, as has been shown in other cell types. We observed high expression of ORF45 as
well as elevated levels of phosphorylated ERK and RSK in KSHV-infected TIGK cells at 8
hpi, which indicates that KSHV infection also sustains activation of the ERK/RSK path-
way in oral epithelial cells (Fig. 9B). Immunofluorescence analysis of KSHV-infected
TIGK cells revealed that ORF45 protein is mainly nuclear at 4 hpi and that KSHV infec-
tion results in nuclear accumulation of RSK1, which strongly colocalized with ORF45 in
the nucleus (Fig. 9C).

To determine whether ORF45-driven FOXQ1 induction was dependent on RSK acti-
vation, we cloned an ORF45 mutant with a point mutation (F66A) abolishing its ERK/
RSK binding and activation (62). Elevated p-ERK was observed in both the wild-type
ORF45 and the F66A mutant lentivirus-transduced TIGK cells, but only the wild-type
ORF45 was able to trigger an elevated p-RSK level (Fig. 9D). Moreover, while ORF45
induced FOXQ1 expression in TIGK cells, the F66A mutation abrogated the ability of
ORF45 to induce FOXQ1 (Fig. 9E). While both wild-type and F66A mutant ORF45
accumulated in both the nucleus and the cytoplasm of TIGK cells, only wild-type
ORF45 and not the F66A mutant triggered RSK1 nuclear accumulation in TIGK cells

FIG 9 ORF45-mediated sustained activation of the ERK/RSK pathway is necessary for FOXQ1 induction (A) Schematic demonstrating the known mechanism
of ORF45-sustained activation of the MEK/ERK/RSK cascade during KSHV infection (B) TIGK cells were infected with KSHV, and viral protein levels and
markers of ERK pathway activation (p-ERK and p-RSK) were analyzed by immunoblotting at 8 hpi. (C) Immunofluorescence analysis of mock- versus KSHV-
infected TIGK cells at 4 hpi. ORF45 (teal) and RSK1 (red) were detected with ORF45 and RSK1 antibodies, and anti-mouse/anti-rabbit IgGs were used as a
control. DAPI was used to visualize nuclei (blue). (D to F) TIGK cells were transduced with GFP, ORF45, or ORF45-F66A mutant lentiviruses and collected at
24 h postransduction. (D) Immunoblot analysis of ORF45 and ERK/RSK markers. (E) Immunoblotting (left) and RT-qPCR analysis (right) of FOXQ1 levels; (F)
immunofluorescence analysis of lentivirus-transduced TIGK cells. The same immunofluorescence staining conditions and magnification were used as in
panel C.
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(Fig. 9F). These results suggest that FOXQ1 activation is downstream of the ORF45-
mediated sustained RSK activations in oral epithelial cells.

Previous studies have shown that treatment with a small molecule inhibitor of
MEK1/2 (U0126) resulted in decreased viral and host gene expression during KSHV
infection of human foreskin fibroblast cells and during lytic reactivation of latently
infected primary effusion lymphoma cells (30, 63, 64). To evaluate the effect of U0126
on downstream ERK/RSK signaling, we treated uninfected TIGK cells for 10 min and 30
min with U0126 and observed reduced p-ERK/p-RSK levels (Fig. 10A). Next, we tested
whether U0126 treatment during KSHV infection affects lytic gene expression and
FOXQ1 activation in oral epithelial cells. U0126 treatment did not lead to differences in
the cellular morphology or in the number of KSHV-infected cells as visualized by GFP

FIG 10 FOXQ1 is not induced during KSHV infection if the ERK/RSK cascade is inhibited. (A) Uninfected TIGK cells were treated with 10 mM MEK inhibitor
U0126 or an equivalent volume of DMSO vehicle control for 10 min and 30 min. The effect on ERK and RSK activation was analyzed by immunoblotting.
(B to F) TIGK cells were infected with KSHV in the presence of either 10 mM U0126 or the DMSO control and collected at 4 and 24 hpi as indicated. (B)
Representative fluorescence image of KSHV-infected TIGK cells at 24 hpi; (C) qPCR analysis of intracellular viral DNA copy in DMSO control- or U0126-
treated cells at 4 and 24 hpi; (D) immunoblot analysis of ORF45 and ERK/RSK markers at 4 hpi; (E) RT-qPCR analysis of representative viral genes at 24 hpi;
(F) RT-qPCR analysis of FOXQ1 levels in DMSO control- versus U0126-treated cells at 4 and 24 hpi. (G to J) TIGK cells were infected with KSHV in the
presence of either 10 mM BI-D1870 or the DMSO control and collected at 4 hpi. (G) Immunoblot analysis of ORF45 and ERK/RSK markers at 4 hpi; (H)
qPCR analysis of intracellular viral DNA copy in DMSO-treated or BI-D1870-treated cells at 4 hpi; (I) RT-qPCR analysis of lytic viral ORF6 gene at 4 hpi; (J)
RT-qPCR analysis of FOXQ1 levels in DMSO control- versus BI-D1870-treated cells at 4 hpi. *, P , 0.05; **, P , 0.01; ***, P , 0.001; ****, P , 0.0001.
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(Fig. 10B) or viral DNA level (Fig. 10C). While a reduced level of p-RSK was observed in
U0126-treated KSHV-infected TIGK cells at 4 hpi, p-ERK levels were unaffected by
U0126 treatment (Fig. 10D), which could be due to potential engagement of feedback
loops that masked the effects of longer U0126 treatments (reviewed in reference 65). It
has also been shown that U0126 is less efficient at inhibiting p-ERK activation at 5 h
postreactivation than p-RSK, possibly due to the higher overall cellular levels of ERK
(32). In line with previous studies in other cell types (30, 63, 64), we observed a
reduction of viral gene expression following U0126 treatment (Fig. 10E), indicating
that the ERK cascade drives lytic gene expression in infected TIGK cells. Notably,
U0126 treatment only slightly reduced ORF45 protein levels at 4 hpi (Fig. 10D), likely
due to abundance of incoming ORF45 tegument protein. Importantly, U0126 treat-
ment significantly reduced FOXQ1 expression in KSHV-infected TIGK cells compared
to the dimethyl sulfoxide (DMSO) control at both 4 hpi and 24 hpi (Fig. 10F). To
more specifically identify the role of RSK, which is downstream of MEK/ERK, we
treated cells with small molecule inhibitor BI-D1870, which is specific for RSK and
has been shown previously to inhibit KSHV lytic reactivation (32). BI-D1870 treat-
ment during KSHV infection of TIGK cells lead to a decrease in phosphorylated RSK,
but not phosphorylated ERK, as expected due to the specificity of the inhibitor for
RSK (Fig. 10G). While BI-D1870 treatment did not lead to a significance difference in
viral entry as measured by DNA copy at 4 hpi (Fig. 10H), lytic gene expression was
defective following RSK inhibition (Fig. 10I). Finally, KSHV-mediated FOXQ1 induc-
tion was significantly reduced by BI-D1870 treatment (Fig. 10J). These findings indi-
cate that ORF45-mediated sustained activation of the ERK/RSK pathway is critical for
induction of FOXQ1 in oral epithelial cells.

ORF45 is necessary to engage in the ERK/RSK/FOXQ1 lytic cycle-promoting axis
in KSHV-infected oral epithelial cells. Finally, we evaluated whether ORF45 was nec-
essary for FOXQ1 induction during primary KSHV infection of oral epithelial cells. While
RTA itself was capable of modest induction of FOXQ1 expression in oral epithelial cells,
it was not necessary for FOXQ1 induction in the context of KSHV infection, likely due
to its redundancy with incoming tegument proteins, mainly ORF45. To test the contri-
bution of ORF45 to FOXQ1 induction, we created a series of KSHV BAC16 clones: (i) a vi-
rus encoding a 3�FLAG-tagged ORF45 (3�F-ORF45 KSHV), (ii) an ORF45/RTA double
knockout KSHV (3�F-ORF45/RTA dKO) in which stop codons were inserted both in the
ORF45 and RTA genes of the 3�F-ORF45 KSHV bacmid, and (iii) a 3�FLAG-tagged
ORF45 knockout (3�F-ORF45KO) KSHV in which the additional stop codon in the RTA
gene in the 3�F-ORF45/RTA dKO KSHV bacmid was removed (Fig. 11A). First, we
infected TIGK cells with 3�F-ORF45 KSHV or 3�F-ORF45/RTA dKO KSHV, which
resulted in comparable infection as shown by GFP1 cells at 24 hpi (Fig. 11B) and by vi-
ral copy quantification at 2 hpi and 24 hpi (Fig. 11C). The titer used for this set of mu-
tant viruses was also comparable to the titer used for wild-type virus in previous
experiments. As expected, the dKO virus was not only deficient in ERK and RSK activa-
tion (Fig. 11D) but also deficient in lytic gene expression at both the mRNA and protein
levels (Fig. 11D and E). Strikingly, while FOXQ1 was still induced following infection
with 3�F-RTAKO KSHV (Fig. 7D), induction was severely abrogated in dKO-infected
TIGK cells (Fig. 11F), highlighting the essential function of ORF45 during infection of
oral epithelial cells. To further demonstrate the essential role of ORF45, we infected
TIGK cells with equal titers of either 3�F-ORF45 KSHV, 3�F-ORF45/RTA dKO KSHV, and
3�F-ORF45KO KSHV (Fig. 11G). Of note, the titers of viruses used for this experiment
were ;10-fold lower than the titer used in previous experiments, due to challenges in
creating a high titer of the 3�F-ORF45KO KSHV. We found that 3�F-ORF45KO KSHV
was as deficient in lytic viral gene expression as the dKO virus (Fig. 11H) and also failed
to induce FOXQ1 (Fig. 11I). In conclusion, these results demonstrate that ORF45 and its
ERK/RSK-sustaining activity is an essential trigger for the increased expression of the
lytic cycle-promoting FOXQ1 in oral epithelial cells during KSHV infection (Fig. 12).
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DISCUSSION

Epidemiologic studies indicate the oral route as a primary mode of KSHV transmis-
sion, and several groups have demonstrated high rates of viral shedding in saliva in
infected individuals (10, 13). The clinical relevance of the oral cavity in KSHV infection
prompted us to characterize how KSHV infection progresses in oral epithelial cells. We
found that KSHV infection rapidly induced the expression of the host transcription fac-
tor FOXQ1 both in primary oral epithelial cells as well as in telomerase-immortalized
gingival keratinocytes and that the increase in FOXQ1 expression was accompanied by
an accumulation of activating H3K27ac histone marks in the FOXQ1 regulatory region.
We also provided evidence that rapid accumulation of FOXQ1 is needed for sustained
KSHV lytic protein and viral DNA accumulation up to 4 days following primary infection
in oral epithelial cells. Finally, we showed that FOXQ1 induction requires the ORF45-
mediated sustained activation of the ERK/RSK signaling pathway, revealing a novel
positive feedback loop during KSHV infection in which a viral factor manipulates a host
signaling pathway not only to drive lytic gene expression but also to drive rapid host
reprogramming to sustain the KSHV lytic cycle.

We identified FOXQ1 as the top induced human gene in primary oral epithelial cells
upon KSHV infection at 8 hpi. Interestingly, FOXF2, which is adjacent to FOXQ1 in the
human genome, was also among the most induced host genes, which could be due to
shared regulatory regions. The FOXQ1 and FOXF2 genes encode members of the
Forkhead transcription factor family, which share a conserved winged-helix DNA-bind-
ing domain (called the Forkhead domain) and play a role in cellular differentiation,
aging, development and disease (66). Several Forkhead factors have been studied in
the context of viral infections (51–54), but their function is still largely uncharacterized
in the KSHV life cycle. In the context of KSHV, the Forkhead factor FOXO1 has been
shown to be critical for maintenance of KSHV latency by regulating the cellular redox

FIG 11 ORF45 is necessary to engage the ERK/RSK/FOXQ1 axis in oral epithelial cells (A) Schematic detailing the N-terminally triple FLAG-tagged ORF45
(3�F-ORF45), 3�F-ORF45/RTA double knockout (dKO), and 3�F-ORF45KO single knockout KSHV bacmids with stop codons in the ORF45 or RTA genes as
indicated. (B to F) TIGK cells were infected with equal titers of 3�F-ORF45 KSHV or 3�F-ORF/RTA dKO KSHV and collected at 24 hpi. (B) Representative
fluorescence images of KSHV-infected TIGK cells at 24 hpi; (C) qPCR analysis of intracellular viral DNA copy at 2 hpi and 24 hpi; (D) immunoblot of viral
genes and ERK/RSK markers at 24 hpi; (E and F) RT-qPCR analysis of viral gene ORF56 expression (E) and RT-qPCR analysis of FOXQ1 levels (F) at 24 hpi. (G
to I) TIGK cells were infected with equal titers of 3�F-ORF45 KSHV, 3�F-ORF45/RTA dKO KSHV, or 3�F-ORF45KO KSHV. (G) qPCR analysis of intracellular
viral DNA levels at 24 hpi; (H) RT-qPCR analysis of viral gene ORF56 expression; (I) RT-qPCR analysis of FOXQ1 levels at 24 hpi. **, P , 0.01; ***, P , 0.001;
****, P , 0.0001; ns, not significant.
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balance (53). Here, we demonstrated that FOXQ1 is induced by KSHV infection and
subsequently promotes the KSHV lytic cycle in oral epithelial cells, as siRNA-mediated
depletion of FOXQ1 in TIGK cells shortly after KSHV infection resulted in reduced viral
copy number and lytic protein levels, both of which were observed up to 4 days follow-
ing primary infection. Thus, our findings uncover a novel role for FOXQ1 in promoting
KSHV lytic infection in oral epithelial cells. This FOXQ1 function is in direct contrast to
the lytic cycle-suppressing function of FOXO1 (53) and could be related to the known
functional diversity of Forkhead factors. While FOXQ1 has not been studied in the con-
text of gammaherpesvirus infections, it has been associated with various diseases.
FOXQ1 is most studied in the context of cancer, and it regulates genes associated with
delayed cellular senescence, antiapoptotic activity, and the epithelial-mesenchymal tran-
sition (67–69). Future studies are warranted to identify the genome-wide targets of
FOXQ1 in oral epithelial cells and to reveal the mechanism by which FOXQ1 promotes
the KSHV lytic cycle.

In line with the known role of FOXQ1 in regulating cellular identity, a previous

FIG 12 Working model (A) In uninfected oral epithelial cells, ERK/RSK pathway activity is at the basal
level, while FOXQ1 gene expression is very low and its promoter lacks substantial levels of activating
H3K27ac marks. (B) In the first hours of KSHV infection, the viral genome and virion-associated
tegument proteins, including ORF45, are deposited. ORF45 binding to ERK/RSK sustains ERK/RSK
phosphorylation levels, driving activation of KSHV lytic gene expression and high FOXQ1 expression
in parallel. There is increased H3K27ac mark in the direct vicinity of the transcription start site of the
FOXQ1 gene in KSHV-infected cells at 4 hpi. (C) At the end of the first day of infection, a high level of
H3K27ac mark accumulation is detected across the entire FOXQ1 promoter region. Increased FOXQ1
protein accumulation is observed in infected cells, and subsequently FOXQ1 contributes to sustaining
the KSHV lytic cycle up to 4 days postinfection.
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bioinformatics study also listed FOXQ1 and epidermal differentiation complex (EDC)
genes among the genes that are induced during epithelial differentiation-promoting
conditions in the skin (50). The epidermal differentiation complex (EDC) is a set of over
50 genes involved in the terminal differentiation of keratinocytes (70). Our transcrip-
tome analysis revealed that only a specific subset of EDC genes (e.g., the LCE3D and
LCE3E genes) were rapidly induced during primary KSHV infection of oral epithelial
cells. In accordance, we also found enrichment of keratinization and skin differentiation
as enriched biological processes among the most induced host genes during KSHV
infection. While the functional link between FOXQ1 and the EDC proteins in KSHV
infections remains to be investigated, it is known that KSHV infection is enhanced by
epithelial differentiation, with augmented lytic gene expression in more terminally dif-
ferentiated layers of the epithelium (15–17). A recent comprehensive elegant single-
cell RNA-seq study with an oral epithelial organoid culture model further highlighted
that KSHV infection dysregulates epithelial differentiation and uniquely alters cellular
pathways at each epithelial layer, which in turn can support viral lytic replication (16).
In this regard, treatment of oral keratinocytes with KSHV-derived virus-like vesicles
(VLVs) that lack viral DNA in the virion has also been shown to induce a largely similar
set of EDC genes and differentiation-promoting signaling events (43), which aligns
with our finding regarding the involvement of tegument proteins such as ORF45. We
propose that KSHV infection brings in tegument proteins such as ORF45 which can
promote rapid alteration of oral epithelial cells to create a sustained lytic infection-pro-
moting cellular environment. The potential role of Forkhead factors such as FOXQ1 in
KSHV infection-induced host alterations remains to be determined. Future studies are
warranted to dissect the role of cell-type-specific interplays between incoming viral
factors and their host targets in their unique chromatin environments.

While the basal expression of FOXQ1 is very low in uninfected oral epithelial cells,
KSHV infection leads to its robust induction within hours of infection. The rapid induc-
tion of FOXQ1 expression suggests that the FOXQ1 promoter has a chromatin structure
that is poised for rapid activation. In accordance with this, we were able to demon-
strate that the FOXQ1 regulatory region carries the H3K4me3 mark, which is present
on promoters of either poised or active genes (71). While the H3K4me3 mark was pres-
ent on the FOXQ1 promoter under both uninfected and infected conditions, the
FOXQ1 promoter is largely devoid of the activating H3K27ac mark in uninfected cells.
While KSHV infection did not result in widespread alteration of H3K4me3 levels on the
FOXQ1 promoter consistently in both HGEP and TIGK cells, it triggered a rapid accu-
mulation of H3K27ac on the FOXQ1 promoter, which began as early as 4 hpi, uncov-
ering a novel KSHV-driven epigenetic reprogramming event that can contribute to
the induction of FOXQ1 gene expression.

To identify KSHV factors driving FOXQ1 expression in oral epithelial cells, we eval-
uated 18 KSHV factors and found that immediate early proteins ORF45 and RTA were
capable of upregulating FOXQ1 in HGEP and TIGK cells. ORF45 is both an immediate
early protein and part of the viral tegument (39, 72). ORF45 is critical for the production
of infectious virions, as ORF45-null KSHV is defective in lytic viral gene expression and
virus production (61). The RTA gene is an immediate early gene and is necessary for
the KSHV lytic cycle (24, 26, 27). Importantly, although FOXQ1 expression in KSHV-
infected oral epithelial cells was tightly tied to viral titer, the RTAKO virus, which was
deficient in lytic gene expression, was still able to induce FOXQ1. Our data suggest
that FOXQ1 expression could be triggered during RTAKO KSHV infection by incoming
virion proteins, such as the tegument protein ORF45. To test this hypothesis and to dis-
tinguish the role of RTA and the tegument protein ORF45, we generated ORF45 and
RTA double knockout as well as single ORF45 knockout KSHV mutants. We found that
RTAKO, RTA/ORF45 dKO, and ORF45KO mutants were all deficient in lytic viral gene
expression, yet only the RTA/ORF45 dKO and the ORF45KO mutants were deficient in
FOXQ1 induction, indicating ORF45 as the primary inducer of FOXQ1 in oral epithelial
cells during KSHV infection. We hypothesize that while RTA by itself can modestly
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increase expression of FOXQ1, abundant tegument proteins such as ORF45 might
mask any contribution of RTA to FOXQ1 induction during primary infection with KSHV.

ORF45 has several functions during primary infection, including blunting the host
interferon response, activating the cellular inflammasome, and modulating host signal-
ing pathways to promote the viral life cycle (32, 38, 73, 74). ORF45 has a nuclear localiza-
tion signal and nuclear export signal, providing an ability to shuttle between the nucleus
and cytoplasm (75), which can be critical for its functionality. In 293T cells, ORF45 has
been shown to localize to the cytoplasm, which allows for its IRF7 inhibitory function
(38), and is also primarily localized in the cytoplasm of reactivated B-cell lymphoma
cells (32). In contrast, we demonstrated that ORF45 has a predominantly nuclear
localization in oral epithelial cells at 4 hpi. Since nuclear translocation of ERK/RSK
occurs during MAPK activation (76), the predominance of ORF45 and RSK in the nu-
cleus of oral epithelial cells may allow enhanced interactions with nuclear host tran-
scriptional machinery to induce host gene expression. Manipulation of ERK signaling
is a common strategy used by DNA viruses to promote cell differentiation, prolifera-
tion, and survival (31). While it is known that ORF45-mediated activation of the RSK
pathway is essential for infectious virus production (32, 62), here we demonstrated
that activation of the ORF45/ERK/RSK axis is also critical for the induction of expres-
sion of the lytic cycle-promoting FOXQ1 host gene during KSHV infection of oral epi-
thelial cells. Specifically, we found that mutation of the ORF45 ERK/RSK-interaction
domain or inhibition of the MEK/ERK/RSK pathway abrogated FOXQ1 induction. We
envision that ORF45-driven sustained activation of ERK/RSK signaling in oral epithe-
lial cells might lead to globally altered cellular gene expression to create a permissive
cellular environment that promotes accumulation of lytic viral factors and viral repli-
cation. In fact, dynamic ERK signaling is known to be tightly linked to cellular differ-
entiation and proliferation in response to environmental cues (77, 78), and EDC gene
expression is also tied to ERK activation (79, 80). It remains to be tested if ORF45 has
similar key roles in other cell types as well, as neither KSHV infection nor ORF45 itself
was able to induce FOXQ1 expression in the other tested cell types. We envision that
the chromatin of the FOXQ1 promoter might be poised for rapid ORF45-triggered
induction only in oral epithelial cells but inaccessible in other cell types. Thus, we
predict that ORF45 would engage these cellular pathways to fulfill its host gene regula-
tory function in a highly cell-type-specific manner as guided by the different cellular chro-
matin environments. Thus, unbiased identification of ORF45 host targets could reveal novel
ORF45 and ORF45/ERK/RSK pathway-driven reprogramming events that uniquely support
lytic viral infections in the oral epithelium and beyond. Identification and characterization of
key ORF45 targets could direct future therapeutic interventions to reduce virus transmission.

MATERIALS ANDMETHODS
Cell culture, viruses, de novo infections. Human gingival epithelial (HGEP) cells (Zen-Bio) were

maintained in CnT Prime epithelial culture medium (Zen-Bio) according to the manufacturer’s instruc-
tions. Telomerase-immortalized gingival keratinocyte (TIGK) cells (ATCC) were maintained in dermal ba-
sal cell medium with keratinocyte growth supplement (ATCC). Penicillin-streptomycin (P/S) was only
added to HGEP and TIGK culture medium for the final experimental treatments but not during routine
culture of oral epithelial cells. HEK293T cells (ATCC) were maintained in Dulbecco’s modified Eagle me-
dium (DMEM) containing 10% fetal bovine serum (FBS) and P/S, and 293T cells carrying the KSHV BAC16
clone (293TBAC16) were grown under the same conditions as 293T cells, with the addition of 200 mg/
mL hygromycin. iSLK cells were obtained from Jae U Jung, and the origin and generation of iSLK cells
were described previously (81). iSLKBAC16 cells were cultured in DMEM with 10% FBS and P/S with
1 mg/mL hygromycin. The procedure for culturing BAC16-3�FLAG-RTA and BAC16-3�FLAG-RTA-KO
KSHV was published and described previously (59). The construction of recombinant KSHV BAC16
viruses, establishment of iSLK-BAC16 new recombinant cell lines was done as previously described (42).
Bacterial artificial chromosome (BAC)-based recombination was used to generate the 3�FLAG-tagged
ORF45, 3�FLAG-tagged ORF45KO/RTAKO, and 3�FLAG-tagged ORF45KO KSHV genomes in Escherichia
coli strain GS1783. Briefly, we created a KSHV BAC16 clone by epitope tagging the 59 end of the ORF45
gene with three copies of FLAG epitope tag. The 3�FLAG-tagged ORF45KO/RTAKO double knockout
KSHV BAC16 bacmid, which lacks both ORF45 and RTA protein expression, was created by introducing a
STOP codon both in the FLAG-tagged ORF45 and RTA gene open reading frames. The RTA knockout was
created as previously published (82). The ORF45 knockout was generated by inserting a T nucleotide af-
ter nucleotide 26 in the ORF45 open reading frame, resulting in a frameshift and a stop codon. Finally,
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the 3�FLAG-tagged ORF45KO KSHV bacmid was created from the 3�FLAG-ORF45KO/RTAKO KSHV
BAC16 bacmid by eliminating the STOP codon from the RTA coding region, restoring the intact RTA cod-
ing frame. Bacmid DNA was transfected into iSLK cells which were selected and induced for virus pro-
duction as previously detailed (83). Briefly, iSLK cells containing the BAC16 mutant bacmids were
selected with 1 mg/mL hygromycin for several weeks to allow for stable cell line expansion, and all were
confirmed to homogenously express green fluorescent protein (GFP) due to the BAC16-encoded consti-
tutively expressed GFP gene marker. KSHV stock was produced by treating iSLKBAC16 with 1 mg/mL
doxycycline and 1 mM sodium butyrate (NaB) for 5 days. Virus stocks were rigorously titrated to the cor-
responding reference control KSHV as described previously (84). For infections, medium for mock- and
KSHV-infected cells was changed at 2 hpi and cells were harvested at the indicated time points.
293TBAC16 cells were reactivated using 3 mM NaB. All experiments were performed with a minimum of
three biological replicates, and two independent experiments and representative data are shown.

Transfection. For expression of FLAG-tagged FOXQ1, pCMV6-FOXQ1-MYC-FLAG mammalian expres-
sion plasmid and pCMV6 control plasmids (both from Origene) were transfected into 293T cells. TIGK
cells were infected with KSHV for 2 h and then transfected with siRNAs targeting either FOXQ1 (inde-
pendent siRNAs against FOXQ1 referred to as siFOXQ1 1 [Dharmacon] or siFOXQ1 2 [Santa Cruz]) or non-
targeting negative-control siRNA (siGENOME Dharmacon D-001210-02, targeting firefly luciferase). siRNA
transfections were performed with Lipofectamine RNAiMAX reagent (Invitrogen) following the manufac-
turer’s instructions. Transfection reagent was removed after 4 h. Knockdown efficiency of FOXQ1 was
assessed using reverse transcription-quantitative PCR (RT-qPCR). For ORF45 expression, TIGK cells were
transfected with pCDH-CMV-ORF45 plasmid or the GFP control using Lipofectamine 3000 transfection rea-
gent (Invitrogen). Lipofectamine reagent was removed after 4 h, and fresh medium with penicillin-strepto-
mycin was added. Cells were collected at 30 h post transfection.

Lentiviruses. Lentivirus generation was performed with pCDH-CMV-MCS-EF1puro lentiviral vectors
encoding ORF45, the ORF45-F66A mutant, the 3�FLAG-tagged RTA, the indicated viral ORFs, or the GFP
control. The ORF45-F66A mutation was previously described and extensively characterized by the labo-
ratory of Fanxiu Zhu (62). Lentiviruses were produced, concentrated, and transduced as previously
described (85). Briefly, TIGK or HGEP cells were transduced with lentiviruses in the presence of 8 mg/mL
Polybrene and incubated for 6 h before lentiviral medium was exchanged for fresh medium. Cells were
harvested 2 days after lentivirus transduction, unless otherwise indicated.

Chemicals and antibodies. The following antibodies were used for immunoblotting and/or immu-
nofluorescence imaging: anti-FLAG (Sigma; F1804), anti-tubulin (Sigma; T5326), normal mouse IgG (cata-
log no. sc-2025; Santa Cruz), normal rabbit IgG, anti-RTA (from Yoshihiro Izumiya, University of California
Davis), anti-ORF6 (from Gary S. Hayward, Johns Hopkins University), anti-ORF45 (catalog no. sc-53883;
Santa Cruz), anti-K8.1 (catalog no. sc-65446; Santa Cruz), anti-K2 (catalog no. 251352; Abbiotec) anti-
RSK1 (catalog no. 8408S; Cell Signaling), anti-phospho-p90 RSK (Thr359/Ser363) (catalog no. 9344s; Cell
Signaling), anti-ERK1/2 (catalog no. 9102, Cell Signaling), anti-phospho-ERK1/2 (Thr202/Tyr204) (catalog
no. 9101; Cell Signaling), and anti-FOXQ1 (catalog no. sc-166265; Santa Cruz). For immunoblotting, anti-
bodies were diluted in phosphate-buffered saline-Tween 20 (PBST). Doxycycline (Dox), sodium butyrate
(NaB), and phosphonoacetic acid (PAA) were purchased from Sigma. PAA was used at 100 mM to inhibit
KSHV replication. The U0126 inhibitor (Sigma) and BI-D1870 inhibitor (Santa Cruz) were used at 10 mM
to inhibit ERK and RSK signaling, respectively.

Total RNA purification and RT-qPCR. RNA purification and quantification of gene expression by RT-
qPCR were performed as described previously (85). Briefly, equal amounts of total RNA (between 300 ng
and 1 mg) were used for cDNA synthesis, and 5-fold-diluted cDNA was analyzed by quantitative PCR
(qPCR) to measure the expression of host and viral genes. The qPCR was performed in CFX96 real-time
PCR machine using SYBR green (Bio-Rad). Gene expression changes were calculated using the threshold
cycle (DDCT) method, in which target gene expression was determined relative to the level of host 18S
rRNA and calculated relative to control conditions. For significance testing, a two-tailed Student's t test
was performed. Primers specific for KSHV were previously published (85). The DNA sequences of oligo-
nucleotides used for qPCR for host genes are listed in Table 1.

TABLE 1 List of primers used in this study

Gene primer

Primer sequence (59→39)

Forward Reverse
FOXQ1 CCATAGTCCACCCAACACTTG TCTACCCTGGTCTTCCGAGAT
18S TTCGAACGTCTGCCCTATCAA GATGTGGTAGCCGTTTCTCAGG
Actin CCACAGCCAGAGGTCCTCAG AGGAGCTCTTGGAGGGCATG
Intergenic CAGGATCTCCGAGAATCAGC GAGTTGGGAGAGCTGTCAGG
22012 CAGCCCACAGGATAGACATAA GATCCTCTCCTTACCCTGATTT
21279 CGAGATTGTCCGACACTGGT TCACGGCCATTTCTTTCCAATA
2562 GACAGGGGTTTGCTTTCGTAA GCGTATGTGCTTCTGTAGTAGTG
198 GGGTGCTCAAGGCTGAAGGC CGGATGATGTGCGTGCCACC
1214 CCTCCTGGGCTCTTTAACGA GGGCTTAGAAGGCTTTCCTG
ORF11 GGCACCCATACAGCTTCTACGA CGTTTACTACTGCACACTGCA
HS1 TTCCTATTTGCCAAGGCAGT CTCTTCAGCCATCCCAAGAC
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Total DNA purification and measuring relative viral copy number. KSHV-infected cells were lysed
in radioimmunoprecipitation assay (RIPA) buffer followed by sonication. Total DNA was purified by phe-
nol-chloroform extraction, and 10 ng of total DNA was analyzed by qPCR. The viral DNA was measured
by qPCR using primers for ORF11, and the amount of viral DNA was normalized by the cellular DNA
input, which was measured by qPCR primers specific for the DNase I hypersensitivity site of the globin
gene (HS1) genomic region. The change in viral DNA load between different treatment conditions was
calculated using the DDCT method, where control samples were used as reference points. The DNA
sequences of oligonucleotides used for qPCR are listed in Table 1.

RNA-seq analysis. Total RNA was prepared from three replicates of mock- and KSHV-infected HGEP
cells at 8 h postinfection. RNA was prepared with Tri reagent (Sigma), purified with an RNeasy kit
(Qiagen), and digested with RNase-free DNase (Qiagen). Eluted RNA was sent to a sequencing core facil-
ity, which prepared RNA-seq libraries with the KAPA stranded RNA-seq kit using the standard workflow,
consisting of mRNA enrichment, cDNA generation, end repair, A-tailing, unique adaptor ligations to
allow for multiplexing of samples, strand selection, and PCR amplification, followed by sequencing on
Illumina HiSeq3000 with a base read length of 50 and subsequent demultiplexing with Illumina
Bcl2fastq2 v.2.17 program. Derived RNA-seq raw data sets were processed using FLOW software build
v.10.0.22.1005 (Partek, Inc., St. Louis, MO). Analysis steps included alignment to the hg38 version human
genome build using the STAR aligner, followed by the Partek E/M Quantification to RefSeq Transcripts
101—2002-02-01 human transcript annotation model, followed by generation of normalized gene
counts with DESeq2 gene-level quantification. Statistical analyses were performed within the FLOW
pipeline, resulting in the list of differentially expressed host genes between KSHV-infected and mock-
infected samples. We used at least 2-fold differential expression and a step-up Benjamini-Hochberg
false-discovery rate correction (FDR) of ,0.05. The supplemental material (Tables S1 and S2) provides all
of the processed gene expression values with gene counts of all of the detected human genes with
gene symbols, as well as the differentially expressed gene lists and the described Gene Ontology (GO)
analysis outcomes. GO analysis was performed with DAVID Bioinformatics Resources NIAID/NIH software
using the standard Functional Annotation settings with Homo sapiens as the species, official gene sym-
bols, and set to obtain all GO terms specifically with the biological process direct settings. Figure 2C and
Figure 2D depict the top six identified GO terms for all the upregulated and downregulated genes (cut-
off described above), while Table S2 lists the entire outcome with criteria and associated gene names for
each of the respective data sets.

Chromatin immunoprecipitation. For chromatin preparation, HGEP or TIGK cells were harvested
and cross-linked 4 h or 24 h following KSHV infection or mock infection, as indicated. Cross-linking and
chromatin immunoprecipitation of HGEP and TIGK cells were performed as previously described (85).
Immunoprecipitation was carried out with 1 mg of H3K27ac (catalog no. 39155; Active Motif) or H3K4me3
(catalog no. 39159; Active Motif) antibodies overnight at 4°C. The enrichment of histone modifications on
specific genomic regions was calculated as a percentage of the immunoprecipitated DNA relative to input
DNA. The ChIP-qPCR primer sequences are listed in Table 1.

Immunofluorescence. TIGK cells were infected with either KSHV or mock, or lentiviruses as indi-
cated, and these cells were fixed with 4% paraformaldehyde for 10 min, permeabilized by 0.5% Triton
X-100 for 5 min, washed twice with PBST, and then incubated in blocking buffer (5% FBS, 0.2% fish skin
gelatin, and PBST) for 30 min. Anti-mouse IgG, anti-rabbit IgG, anti-RSK1, and anti-ORF45 antibodies
were used to stain cells overnight at 4°C. Cells were washed three times with the PBST washing buffer
and incubated with anti-mouse antibody conjugated to Alexa Fluor 647 and anti-rabbit antibody conju-
gated to Alexa Fluor 555 (Invitrogen) for 1 h at room temperature. Cells were washed with washing
buffer with DAPI (49,6-diamidino-2-phenylindole) added as a DNA stain and imaged with a Revolve fluo-
rescence microscope (Echo Laboratories).

Data availability. The original raw and processed RNA-seq data set is available in the public NCBI
GEO database under GEO accession no. GSE223396.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, DOCX file, 0.02 MB.
SUPPLEMENTAL FILE 2, XLSX file, 2.6 MB.
SUPPLEMENTAL FILE 3, XLSX file, 0.04 MB.
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