L] AMERICAN Journal of
SOCIETY FOR . ®
— MICROBIOLOGY Verlogy

VIRUS-CELL INTERACTIONS

L)

Check for
updates

Sirtuin 6 Attenuates Kaposi's Sarcoma-Associated Herpesvirus
Reactivation by Suppressing Ori-Lyt Activity and Expression

of RTA

Min Hu,>*9 Najealicka Armstrong,” Edward Seto,© Wenwei Li,¥ {©’ Fanxiu Zhu,® Paul C. Wang,*f Qiyi Tang®-9

2Department of Pathology, Anhui University of Chinese Medicine, Hefei, China
bDepartment of Microbiology, Howard University College of Medicine, Washington, DC, USA

<George Washington University Cancer Center, Department of Biochemistry and Molecular Medicine, George Washington University, Washington, DC, USA

dDepartment of Biological Science, Florida State University, Tallahassee, Florida, USA

eMolecular Imaging Laboratory, Department of Radiology, Howard University College of Medicine, Washington, DC, USA

fCollege of Science and Engineering, Fu Jen Catholic University, New Taipei City, Taiwan
9Basic Medical College, Anhui Medical University, Hefei, China

ABSTRACT Kaposi's sarcoma-associated herpesvirus (KSHV; also called human her-
pesvirus 8 [HHV-8]), upon being reactivated, causes serious diseases in immunocom-
promised individuals. Its reactivation, especially how the cellular regulating mecha-
nisms play roles in KSHV gene expression and viral DNA replication, is not fully
understood. In searching for the cellular factors that regulate KSHV gene expression,
we found that several histone deacetylases (HDACs) and sirtuins (SIRTs), including
HDACs 2, 7, 8, and 11 and SIRTs 4 and 6, repress KSHV ori-Lyt promoter activity. In-
terestingly, the nuclear protein SIRT6 presents the greatest inhibitory effect on ori-
Lyt promoter activity. A more detailed investigation revealed that SIRT6 exerts re-
pressive effects on multiple promoters of KSHV. As a consequence of inhibiting the
KSHV promoters, SIRT6 not only represses viral protein production but also inhibits
viral DNA replication, as investigated in a KSHV-containing cell line, SLK-iBAC-gfpK52.
Depletion of the SIRT6 protein using small interfering RNA could not directly reacti-
vate KSHV from SLK-iBAC-gfpK52 cells but made the reactivation of KSHV by use of
a small amount of the reactivator (doxycycline) more effective and enhanced viral
DNA replication in the KSHV infection system. We performed DNA chromatin immu-
noprecipitation (ChIP) assays for SIRT6 in the SLK-iBAC-gfpK52 cell line to determine
whether SIRT6 interacts with the KSHV genome in order to exhibit regulatory effects.
Our results suggest that SIRT6 interacts with KSHV ori-Lyt and ORF50 promoters.
Furthermore, the SIRT6-KSHV DNA interaction is significantly negated by reactivation.
Therefore, we identified a cellular regulator, SIRT6, that represses KSHV replication
by interacting with KSHV DNA and inhibiting viral gene expression.

IMPORTANCE Kaposi's sarcoma-associated herpesvirus (KSHV) is a pathogen causing
cancer in the immune-deficient population. The reactivation of KSHV from latency is
important for it to be carcinogenic. Our finding that SIRT6 has inhibitory effects on
KSHV reactivation by interacting with the viral genome and suppressing viral gene
expression is important because it might lead to a strategy of interfering with KSHV
reactivation. Overexpression of SIRT6 repressed the activities of several KSHV pro-
moters, leading to reduced gene expression and DNA replication by KSHV in a KSHV
bacterial artificial chromosome-containing cell line. Depletion of SIRT6 favored reacti-
vation of KSHV from SLK-iBACV-gfpK52 cells. More importantly, we reveal that SIRT6
interacts with KSHV DNA. Whether the interaction of SIRT6 with KSHV DNA occurs at
a global level will be further studied in the future.
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(KSHV), latency, ori-Lyt, reactivation, replication and transcription activator (RTA),
sirtuins (SIRTs)

aposi’'s sarcoma-associated herpesvirus (KSHV; also called human herpesvirus 8

[HHV-8]) causes serious diseases in immunocompromised individuals. The KSHV-
related malignancies include lymphoproliferative cancers and several forms of Kaposi's
sarcoma (KS) that can involve the oral cavity, lymph nodes, and viscera (1-4). Like all
other herpesviruses, KSHV infection exists in two different states: latency and lytic
infection (5). KSHV evades host immunity by setting up a lifelong latent infection. In
latency, viral infection does not result in the production of viral particles and is
associated with genomic persistence, but the virus exhibits highly restricted gene
expression patterns. Latency can be converted to lytic infection (5). In the lytic repli-
cation phase, virtually the entire viral genome is transcribed in a temporally regulated
cascade of gene expression: early genes are regulatory and have catalytic functions that
lead to viral DNA replication, followed by the expression of late genes encoding
structural components. The effects of histone deacetylases (HDACs) on the reactivation
of KSHV have been widely investigated. In a cell culture model, KSHV can be reactivated
by HDAC inhibitors (HDACis), resulting in viral gene expression, viral DNA replication,
and the release of mature virions (6-8).

HDACs are a group of enzymes that serve to remove acetyl groups from e-N-acetyl
lysine amino acids in histones and other proteins (9, 10). In humans, 18 HDACs have
been identified and classified into four classes (11, 12). The class | HDACs are Rpd3-like
proteins and include HDAC1, HDAC2, HDAC3, and HDACS; the class Il HDACs are
Hda1-like proteins and contain HDAC4, HDAC5, HDAC6, HDAC7, HDAC9, and HDAC10;
the class Il HDACs are Sir2-like proteins and include sirtuin 1 (SIRT1), SIRT2, SIRT3, SIRT4,
SIRT5, SIRT6, and SIRT7; and class IV has only HDAC11 (11). HDACs play critical
regulatory functions in both nuclear and cytoplasmic processes, including transcrip-
tional initiation and elongation, protein stability, and multiprotein complex formation
(11). Together with histone acetyltransferases (HATs), histone methylases, and phos-
phorylation kinases, HDACs play roles in establishing, maintaining, and modifying the
histone code (13, 14). During latency, KSHV genomic DNA resides in the nucleus and is
connected to chromosomes, where it experiences the biological process of chromati-
nization. We hypothesize that HDACs participate in modifying the histone code of the
chromatinized KSHV genome, resulting in dynamic changes to the KSHV chromatin
structure.

Two elements, RTA (reactivation and transcription activator, encoded by ORF50) and
ori-Lyt (origin of lytic DNA replication), are important for the reactivation of KSHV. RTA
is the first viral protein generated after KSHV reactivation, and its binding with ori-Lyt
is necessary for KSHV replication (15-18). Two almost identical ori-Lyts exist in the KSHV
genome and are needed for KSHV DNA replication in the lytic phase (19, 20). Interest-
ingly, the ori-Lyt sequence contains AP-1 binding elements, A+T-rich domains, and the
TATA box, which are the elements of the gene promoter, although no open reading
frame (ORF) has been identified to be under the control of ori-Lyt (19, 20). RTA activates
the ori-Lyt promoter and initiates transcription across GC-rich tandem repeats, as
determined using a luciferase assay (21). In addition, the ori-Lyt DNA recruits DNA
replication factors to form a KSHV DNA replication compartment. Therefore, it is
important to know whether ori-Lyt is affected by any viral or cellular regulatory factors.
We have been interested in knowing whether HDACs interact with ori-Lyt DNA and
affect the activities of ori-Lyt. In the present study, we used a KSHV-carrying cell line,
SLK-iBAC-gfpk52, to investigate the effects of HDACs on the reactivation of KSHV and
found that sirtuin 6 (SIRT6) plays an important regulatory function in KSHV gene
expression and KSHV reactivation.

RESULTS

Biological effects of HDACs and SIRTs on ori-Lyt-directed promoter activity.
KSHV sets up latency in infected endothelial cells and B lymphocytes and can be
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FIG 1 Luciferase assay to screen the effects of HDACs and SIRTs on the promoter activity of ori-Lyt. The ori-Lyt-driven luciferase plasmid was cotransfected with
the vector (pcDNA3) or HDAC- or SIRT-expressing plasmid into HEK293T cells for 24 h. Then, the cells were applied to an IVIS imaging system to examine the
luciferase activities. (A) (Top) The IVIS system was used to visualize the signal and take photos. The depth of the color correlates with the strength of luciferase
activity. (Middle) The activities quantitated from three independent experiments were statistically averaged and compared to the activities of the pori-Lyt-luc
and pcDNA3 groups. The fold change is shown. (Bottom) Whole-cell lysate samples were collected after luciferase assay, and Western blotting was performed
to detect the expression of HDACs and SIRTs. (B) Luciferase assay to compare the suppressive effects on the promoter activity of ori-Lyt between SIRT6 and
SIRT4. p/sec/cm?/sr, number of photons per second per square centimeter per steradian; MW, molecular weight.

reactivated by several exogenous stimulators, such as gene-expressing activators,
among which HDAC inhibitors have been mostly investigated. KSHV lytic DNA replica-
tion requires the origin and its activity. ori-Lyt is not only the origin of KSHV DNA
replication but also has promoter activity. To know whether the HDACs and sirtuins
(SIRTs) are the repressors of the ori-Lyt promoter, we cotransfected an ori-Lyt control-
ling a luciferase-expressing plasmid with each of the 18 HADC- or SIRT-expressing
plasmids into HEK293T cells, as shown in Fig. 1. At 24 h after transfection, the luciferase
activity of the cells was analyzed with an IVIS Spectrum imaging system, which
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recorded the photos (Fig. 1, top) and quantified the luciferase activity units (Fig. 1,
middle). The cells were then collected for the Western blot assay to show the expres-
sion of HDACs or SIRTs using anti-FLAG antibody because each HDAC- or SIRT-
expressing plasmid is tagged with a FLAG tag at its N terminus. As can be seen at the
bottom of Fig. 1, all HDACs and SIRTs were expressed after transfection in HEK293T
cells. Our results show that the luciferase activities were significantly affected by only
some HDACs and SIRTs, specifically, HDACs 2, 7, 8, and 11 and SIRTs 4 and 6. SIRT6
appeared to have the most inhibitory effects on the ori-Lyt promoter. Therefore, SIRT6
was selected for further investigation.

The biological effects of SIRT6 on ori-Lyt are dose dependent. We wondered
whether the repressive effects of SIRT6 on the ori-Lyt promoter are dose dependent. To
that end, we cotransfected an ori-Lyt-controlling luciferase-expressing plasmid with
different amounts of an SIRT6-expressing plasmid into HEK293T cells, as shown in Fig.
2. At 24 h after transfection, the luciferase activity of the cells was analyzed with the IVIS
Spectrum imaging system. The cells were then collected for the Western blot assay to
show the expression of SIRT6. As can be seen, the ori-Lyt promoter activity was lower
when more SIRT6-expressing plasmid was used for transfection into HEK293T cells. The
inhibited activities of the ori-Lyt promoter were shown not only by the color change
but also by the quantitative activity. Therefore, the repressive effects of SIRT6 on the
ori-Lyt promoter are dose dependent.

Biological effects of SIRT6 on other KSHV promoters: pORF50 and pORF59. We
next examined whether SIRT6 could have any biological effects on other KSHV pro-
moters, such as the pORF50 and pORF59 promoters. Both ORF50 (RTA) and ORF59 are
essential for KSHV reactivation and viral DNA replication, with RTA being the immediate
early (IE) gene and ORF59 being the late gene. To know whether SIRT6 has any effect
on these promoters, we cotransfected a pORF50 or pORF59 promoter-controlling
luciferase-expressing plasmid (pORF50_luc or pORF59_luc) with different amounts of a
SIRT6-expressing plasmid into HEK293T cells, as shown in Fig. 3. At 24 h after trans-
fection, the luciferase activity of the cells was analyzed with the IVIS Spectrum imaging
system. As can be seen, SIRT6 repressed the activities of both the ORF50 (RTA) promoter
and the ORF59 promoter, and the repressive effects of SIRT6 on pORF50 or pORF59
were dose dependent. Therefore, SIRT6 might have a broad effect on KSHV gene
expression.

SIRT6 seemed to have inhibitory effects on all 3 KSHV promoters, which raised the
question of the specificity of the assays. To know whether the suppressive effect of
SIRT6 is specific, we cotransfected SIRT6 with ori-Lyt- or other promoter-controlling
luciferase plasmids, which are listed in Fig. 4. As shown at the top of Fig. 4, SIRT6
exerted more repressive effects on the ori-Lyt promoter than on the human cytomeg-
alovirus (HCMV) or the murine cytomegalovirus (MCMV) MIE promoter, herpes simplex
virus 1 thymidine kinase (TK) promoter, or the respiratory syncytial virus (RSV) pro-
moter. Although SIRT6 could significantly inhibit the RSV promoter, no significant
effects of SIRT6 on the other promoters, such as TK, HCMV MIE, and MCMV MIE, were
observed. The expression of SIRT6 is shown at the bottom of Fig. 4. These results
demonstrate that SIRT6 has the most suppressive effects on the ori-Lyt of KSHV and
that its inhibitory effects on KSHV promoters are specific.

SIRT6 represses KSHV reactivation. From the results shown above, we hypothe-
sized that SIRT6 overexpression might be able to repress the reactivation of KSHV. To
examine this, we used a KSHV-infected cell line, SLK-iBAC-gfpK52, that harbors a KSHV
bacterial artificial chromosome (BAC) in which green fluorescent protein (GFP) was
fused with a KSHV late protein, K52. The cells normally have no fluorescence and are
maintained in culture medium with hygromycin but can be induced by doxycycline
(Dox) to produce GFP. The presence of GFP indicates the reactivation of KSHV by
doxycycline from the SLK-iBAC-gfpK52 cells. If SIRT6 can inhibit the reactivation of
KSHV, the SIRT6-positive cells should show a negative staining of KSHV proteins and
replicated DNA.
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FIG 2 Luciferase assay to determine the effects of SIRT6 on the promoter activity of ori-Lyt. The
ori-Lyt-driven luciferase plasmid was cotransfected with the vector (pcDNA3) or different amounts of the
SIRT6-expressing plasmid into HEK293T cells for 24 h. The amount of total DNA used in the transfection
system was adjusted so that the amount was the same in each group by adding pcDNA3. Then, the cells
were applied to an IVIS imaging system to examine the luciferase activities. (Top) The IVIS system was
used to visualize the signal and take photos. The depth of the color strands represents the strength of
luciferase activity. (Middle) Activities quantitated from three independent experiments were statistically
averaged, and the activity units are shown on the y axis. (Bottom) Whole-cell lysate samples were
collected after the luciferase assay, and Western blotting was performed to detect the expression of
SIRT6.

We transfected the SLK-iBAC-gfpK52 cells with SIRT6-expressing plasmid for 24 h,
and then doxycycline (10 ng/ml) was added to the cells for another 48 h. First, we
performed an immunofluorescent assay (IFA) to know whether SIRT6 represses KSHV
RTA protein production. As shown in Fig. 5A, we observed that the RTA protein was
present at a lower level in almost all the SIRT6-positive cells than in the SIRT6-negative
cells. This is more clearly visualized in the X40 magnification image in Fig. 5B. We
counted the total number of cells per the number of RTA-positive cells, the number of
SIRT6-positive cells per the number of RTA-positive cells and the number of SIRT6
positive cells per the number of RTA-negative cells and found that SIRT6 significantly
reduced the level of RTA expression (Fig. 5D). RTA was present in 34% of the cells at 48
h after doxycycline treatment, while only 8% RTA-positive cells were seen among the
SIRT6-positive ones. Then, we performed DNA fluorescent in situ hybridization (FISH) to
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FIG 3 Luciferase assay to determine the effects of SIRT6 on the promoter activity of ORF50 or ORF59. The ORF50-
or ORF59-driven luciferase plasmid was cotransfected with the vector (pcDNA3) or different amounts of SIRT6-
expressing plasmid into HEK293T cells for 24 h. The amount of total DNA used in the transfection system was
adjusted so that it was the same in each group. Then, the cells were applied to an IVIS imaging system to examine
the luciferase activities. (Top) The activities quantitated from three independent experiments were statistically
averaged, and the activity units are shown on the y axis. (Bottom) Whole-cell lysate samples were collected after
luciferase assay, and Western blotting was performed to detect the expression of SIRT6.

determine whether viral DNA replication could be repressed by SIRT6 overexpression.
As shown in the Fig. 5C, almost all the SIRT6-positive cells were negative for KSHV DNA
replication. We counted the total number of cells, the number of SIRT6-positive cells,
and the number of DNA replication-positive cells. As shown in Fig. 5E, 33% of the cells
were positive for viral DNA replication, while only 5% of the SIRT6-positive cells were
positive for viral DNA replication. Therefore, overexpression of SIRT6 significantly
suppressed the reactivation of KSHV.

We then performed a Western blot assay to detect KSHV protein production and
PCR to detect viral DNA production, as shown in Fig. 6. A diagram of the experimental
procedure is shown in Fig. 6A. We transfected cells of the SLK-iBAC-gfpK52 cell line with
different amounts of pFLAG-SIRT6 for 24 h and stimulated the cells with doxycycline for
48 h, and the cells were collected for either protein detection or determination of DNA
levels. As shown in Fig. 6B, the KSHV protein levels were reduced by the transfected
PFLAG-SIRT6. The KSHV proteins detected included an immediate early (IE) protein
(RTA), an early protein (K8), and a late one (K52). The viral DNA level was also seen to
be repressed by SIRT6, as shown in Fig. 6C. These results were consistent with those
shown in Fig. 5. Therefore, overexpression of SIRT6 inhibited KSHV reactivation.

Depletion of SIRT6 enhanced the reactivation of KSHV and viral replication.
The effects of SIRT6 on KSHV have been tested under conditions of overexpression, so
we wondered whether the depletion of SIRT6 could favor KSHV reactivation and
infection. To that end, we performed experiments to deplete SIRT6, using small
interfering RNA (siRNA), from SLK-iBAC-gfpK52 cells, which were tested by IFA, as
shown in Fig. 7A, and from HEK293T cells, which were tested by Western blotting, as
seen in Fig. 7B. A small scrambled RNA designed for luciferase was used as the control
(the group with no siRNA [siRNA—]). The results of IFA and Western blotting showed
that SIRT6 was depleted (Fig. 7A and B). The decrease in the level of SIRT6 was caused
by the siRNA for 24 h. First, we wondered if the siRNA could enhance KSHV infection.
As shown in Fig. 7C, the HEK293T cells were treated with siRNA or scrambled small RNA
(no siRNA) for 24 h, washed with minimal essential medium (MEM), and infected with
KSHV for another 48 h. The cells were lysed to isolate KSHV DNA, which was used for
real-time PCR. We found that siRNA enhanced the level of KSHV DNA replication by ~10
times.
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FIG 4 Luciferase assay to determine the effects of SIRT6 on different promoter activities. The indicated
luciferase plasmid was cotransfected with the vector (pcDNA3) or SIRT6-expressing plasmid into HEK293T
cells for 24 h. The amount of total DNA used in the transfection system was adjusted so that it was the
same in each group. Then, the cells were applied to an IVIS imaging system to examine the luciferase
activities. (Top) The activities quantitated from three independent experiments were statistically aver-
aged, and the activity units are shown in the y axis. (Bottom) The whole-cell lysate samples were
collected after luciferase assay, and Western blotting was performed to detect the expression of SIRT6.

Then, we wondered if SIRT6 depletion could help with the reactivation of KSHV. The
KSHV in SLK-iBAC-gfpK52 cells could not be directly reactivated by siRNA depletion, so
SIRT6 is not the only factor that exerts suppressive effects on KSHV. We asked whether
the siRNA could help with the reactivation of KSHV from SLK-iBAC-gfpK52 cells. For that
purpose, we treated the cells with siRNA for 24 h and added different amounts of
doxycycline for another 24 h. The total and reactivated (GFP-positive) cells were
counted. As shown in Fig. 7D, the siRNA against SIRT6 significantly enhanced the
reactivation of KSHV when a small amount of doxycycline was used but did not
significantly enhance the reactivation of KSHV when a larger amount of doxycycline
was used. The results were further confirmed by a Western blot assay to detect the
KSHV protein RTA, as shown in Fig. 7E. Therefore, depletion of SIRT6 favors the
reactivation and infection of KSHV.

SIRT6 interacts with the KSHV genome. SIRT6 is a member of the HDAC family,
which, in general, catalyzes the conversion of the acetylation to the deacetylation of
histone or prevents the acetylation of histones to negatively affect gene expression.
This procedure requires the interaction of HDAC or SIRT with DNA. Therefore, we
hypothesized that SIRT6 interacts with KSHV DNA to exert its regulating functions. To
determine that, we performed a DNA chromatin immunoprecipitation (ChIP) assay.
SLK-iBAC-gfpK52 cells were stimulated or not stimulated with doxycycline for 24 h and
fixed with 4% paraformaldehyde for 20 min. The cross-linked cells were sonicated to
break the DNA into fragments 200 to 300 bp in size. Then, the broken DNA-protein
complex was pulled down with IgG or anti-SIRT6. The anti-SIRT6 antibody is a ChIP-
grade antibody from Abcam, and its quality was confirmed by a Western blot assay, as
shown in Fig. 8A. A real-time PCR was used to determine the DNA that was pulled down
by IgG or anti-SIRT6 using 2 pairs of primers (one for the ori-Lyt promoter and the other
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FIG 5 Immunofluorescence assay (IFA) to determine KSHV protein expression and FISH to examine viral DNA replication. (A and B) Cells of the SLK-iBAC-gfpK52
cell line were transfected with a SIRT6-expressing plasmid; 24 h later, the cells were treated with 100 nM doxycycline. Twenty-four hours later, the cells were
fixed for IFA to detect the KSHV protein RTA. The pictures were taken under a confocal microscope at magnifications of X10 (A) and x40 (B). (C) FISH was
performed to examine DNA replication. (D) The proportions of RTA-positive cells counted among total cells, SIRT6-positive cells, and SIRT6-negative cells were
determined. (E) The proportions of DNA replication-positive cells among total cells, SIRT6-positive cells, and SIRT6-negative cells were determined. A Student’s
t test was performed to calculate statistical significance. **, P < 0.001. DAPI, 4',6-diamidino-2-phenylindole.

for the pORF50 promoter), as shown in Fig. 8B. We found that SIRT6 interacts with KSHV
DNA in both the latent (without Dox) and lytic (with Dox) phases. However, the
DNA-SIRT6 interaction was decreased when the KSHV latency was reactivated. This
suggests that the interaction of SIRT6 with KSHV DNA is important for the maintenance
of viral latency. In summary, cellular gene repressor SIRT6 inhibited KSHV protein
production, DNA replication, and reactivation through the DNA-protein interaction.
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FIG 6 Western blot and PCR assays to determine the effects of SIRT6 on KSHV reactivation. (A) Diagram of the
experiments performed with the SLK-iBCgfpK52 cell line. (B) Cells of the SLK-iBAC-gfpK52 cell line were treated as
shown in panel A with different amounts of pFLA-SIRT6, and whole-cell lysates were used for the Western blot
assay to detect KSHV proteins (RTA, K8, and K52), cellular protein (tubulin), and SIRT6. (C) The SLK-iBAC-gfpK52 cell
line was treated as shown in panel A with different amounts of pFLA-SIRT6. The viral DNA and mitochondrial DNA
(Mt DNA) were isolated from cells using the Hirt method at 48 h after transfection. Regular PCR (bottom) or
real-time PCR (top) was performed to examine the viral DNA. Mitochondrial DNA was used as a loading control. **,
P <0.001.

DISCUSSION

KSHV latent infection not only is a strategy of the virus to evade the host’s immune
surveillance mechanisms but also can have potentially life-threatening cancerous
consequences that can occur at any time in the life of the host. KSHV reactivation has
been considered a critical step in its pathogenesis (2, 22, 23) because not only does
such reactivation expand the viral reservoir but also several lytic KSHV gene products
also have antiapoptotic, proliferative, or immunosuppressive properties, increasing the
likelihood of malignant transformation (24, 25). The notion that lytic replication has a
role in oncogenesis is supported by the fact that KSHV-infected individuals who
received long-term antiviral therapy for other (i.e., non-KSHV) infections had lower
incidences of KS than their counterparts who did not receive such therapy (26). A
dynamic balance between latent and lytic gene expression is required to maintain the
persistent infection with KSHV (27). Although lifelong combination antiretroviral ther-
apy (cART) to treat HIV-1 infection has greatly reduced the occurrence of KSHV-related
cancer in AIDS patients, KSHV remains in patients for life by connecting its genome to
human chromosomes episomally. Therefore, KSHV-infected individuals remain at risk
for the development of cancer as a result of the reactivation of latently infected cells.

The gap in the understanding of how KSHV is reactivated has impeded the devel-
opment of strategies for interfering with KSHV gene expression and viral replication.
HDAC family members are generally repressors of cellular and viral genes. Previous
studies have demonstrated that HDAC1 interacts with RTA and represses ORF50-
mediated viral transcription (28); that the ORF50 promoter is negatively associated with
several HDACs (HDACs 1, 5, and 7) (7); that HDAC inhibitors, such as sodium butyrate
and trichostatin A, are sufficient to activate the lytic replication of KSHV by activating
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FIG 7 Effects of depletion of SIRT6 on reactivation of KSHV and viral replication. (A) siRNA (0.4 nM/ml) or scrambled small RNA (no siRNA)
was transfected into SLK-iBAC-gfpK52 cells for 24 h, the medium was changed, and the cells were incubated for another 24 h to perform
IFA to examine for SIRT6 (red) and DAPI (4',6-diamidino-2-phenylindole; blue) staining. (B) HEK293T cells were transfected with siRNA or
scrambled small RNA (no siRNA) for 24 h to examine SIRT6 by Western blotting. (C) HEK293T cells were treated with siRNA or scrambled
small RNA (siRNA—) for 24 h, washed with MEM, and infected with KSHV for another 48 h. The cells were lysed to isolate KSHV DNA, which
was used for real-time PCR. (D) The SLK-iBAC-gfpK52 cells were treated with siRNA for 24 h, and different amounts of doxycycline were
added for another 24 h. The total number of cells and the number of reactivated cells (GFP positive) were counted. (E) As for panel D,
the whole-cell lysates were used for the Western blot assay to detect the KSHV protein RTA. *, P < 0.001; **, P > 0.05 (the results of three
independent experiments were averaged and statistically analyzed using Student’s t test).

the ORF50 promoter (29-31); and that SIRT1 regulates KSHV latency by inhibiting the
promoter of ORF50 (32, 33). Therefore, a screening of HDACs' effects on KSHV gene
expression and reactivation must provide informative insight into how KSHV reactiva-
tion is affected by cellular gene regulators. In this study, we first screened the effects
of all 18 HDAC family members (HDACs 1 to 11 and SIRTs 1 to 7) on the KSHV ori-Lyt
promoter (Fig. 1) and found that HDACs 2, 7, 8, and 11 and SIRTs 4 and 6 are able to
significantly suppress the promoter activity of ori-Lyt. SIRT6 was found to be the
strongest inhibitor of ori-Lyt. Further studies revealed that SIRT6 can also repress other
KSHV promoters, including pORF50 and pORF59 (Fig. 2 and 3). Using a KSHV BAC
DNA-containing cell line (SLK-iBAC-gfpK52), we demonstrated that SIRT6 overexpres-
sion is sufficient to repress KSHV gene expression and DNA replication (Fig. 5 and 6).
The results were further confirmed by a gene depletion method using siRNA (Fig. 7). In
searching for the mechanism of how SIRT6 represses the ori-Lyt and pORF50 promoters,
we performed a ChIP assay and found that SIRT6 interacts with KSHV DNA. Therefore,
we conclude that SIRT6, a nuclear gene suppressor, has inhibitory effects on KSHV
reactivation by interacting with KSHV gene promoters.

siRNA (to SIRT6) could effectively deplete the SIRT6 protein from either SLK-iBAC-
gfpK52 or HEK293T cells. The KSHV-harboring cells (SLK-iBAC-gfpK52) were very sen-
sitive to the inducer doxycycline. As can be seen in Fig. 7D, treatment with doxycycline
at 0.1 ng per ml for 24 h was enough to reactivate about 4% of the scrambled small
RNA-treated cells, but it could reactivate 12% of the siRNA-treated cells. When the
concentration of doxycycline was increased to 10 ng/ml or higher, siRNA failed to help
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FIG 8 Chromatin immunoprecipitation (ChIP) assay to determine the interaction of SIRT6 with KSHV DNA. (A) The
anti-SIRT6 antibody was used to detect SIRT6 in SLK-iBAC-gfpK52 cells with or without doxycycline for 48 h. The whole-cell
lysates were applied to the Western blot assay to examine the indicated proteins. (B) Cells of the SLK-iBAC-gfpK52 cell line
were treated with or without doxycycline for 48 h, fixed with 4% formaldehyde, sonicated to shear the DNA to fragments
over a range of 200 to 400 bp in size, and aliquoted into three groups: input, normal mouse IgG incubation, and incubation
with anti-SIRT6. The pulled down DNA was detected by PCR using primers designed for the ori-Lyt promoter, the ORF50
promoter, or ORF50 gene-encoding sequences (ORF50 gene). The DNA amount was compared to the input amount, and
the result is shown as a percentage.

the reactivation by doxycycline, indicating that the high-level induction of RTA prob-
ably circumvents the suppressive effect of SIRT6. It was also demonstrated that the
siRNA enhanced KSHV DNA replication in the context of infection in HEK293T cells (Fig.
7C). However, siRNA alone failed to reactivate KSHV reactivation from SLK-iBAC-gfpK52
cells. This may be explained by the fact that multiple cellular factors are able to repress
KSHV reactivation and/or infection.

KSHV ORF50 is the key protein for reactivation of KSHV not only because it is
required for the KSHV life cycle switch from latency to the lytic phase but also because
the exogenous expression of the ORF50 protein is sufficient to reactivate latent KSHV
from cells (18, 29, 34). The ORF50 protein activates KSHV gene expression and binds to
ori-Lyt to initiate the DNA replication program (20, 21). Hence, our present studies
focused on the interaction of SIRT6 with ori-Lyt and pORF50. Future studies will aim to
reveal whether SIRT6 interacts with other KSHV DNA elements at a global level. No
specific SIRT6 inhibitor (small compound) is available; the SIRT6-KSHV DNA might be an
effective target for developing an interfering molecule for infection prevention or
therapeutic purposes. Interestingly, a recent study found that the KSHV-encoded
protein viral interferon regulatory factor 3, which interacts with HDACS5, contributes to
KSHV-induced lymphangiogenesis, which is related to KSHV-caused malignancy (35).
Therefore, studies on the relationship between HDAC/SIRT and KSHV might also result
in an understanding of how KSHV causes cancer.

MATERIALS AND METHODS

Tissue culture and virus. The SLK-iBAC-gfpK52 (36) and HEK293T (ATCC CRL-11268) cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum
(FCS), 100 U/ml penicillin, 100 wg/ml streptomycin, and amphotericin B (2.5 png/ml) (37). For immuno-
histochemical staining, cells were grown on round coverslips (Corning Incorporated, Corning, NY) in
24-well plates (Becton, Dickinson and Company, Franklin Lakes, NJ). KSHV for infection was obtained
from induced BCBL-1 cells as previously described (38).

Antibodies. Monoclonal antibodies against FLAG (M2) were purchased from Sigma-Aldrich (St. Louis,
MO). The monoclonal antibodies against tubulin (sc-58666) and GFP (sc-9996) were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Anti-RTA monoclonal antibody was a gift from Yan Yuan
(University of Pennsylvania) (21). Rabbit anti-SIRT6 antibody (catalog number ab62739) was bought from
Abcam (Cambridge, MA).

Plasmids, siRNA, and transfection. Plasmids expressing FLAG-tagged HDAC1 to HDAC11 and SIRT1
to SIRT7 were gifts from Edward Seto. Plasmids expressing luciferase under the control of different KSHV
promoters, pori-Lyt-Luc, pORF50-luc, and pORF59-luc, were gifts from Yan Yuan (University of Pennsyl-
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vania) (20, 39). siRNA to SIRT6 and a scrambled small RNA, used as a negative control, were purchased
from Fisher Life Technologies (catalog numbers AM16708 and ID 116148, respectively). Plasmids ex-
pressing luciferase under the control of other promoters included pRSV-luc, pTK-luc, pMCMV-luc, and
pHCMV-luc. These plasmids were generated by changing the promoter from pORF50-luc and were stored
in Q. Tang's laboratory. The transfection of plasmids and siRNA was performed using the Lipofectamine
3000 reagent (Life Technologies, Grand Island, NY), according to the manufacturer’s instructions.

Luciferase assay. HEK293T cells were seeded in a 24-well plate and were cotransfected with HDAC-
or SIRT-expressing plasmids with a luciferase reporter gene directed by the promoter of ORF50 (genomic
location, nucleotides 70561 to 71598; GenBank accession number U75698) [25]; pORF50-luc), ORF59
(genomic location, nucleotides 96737 to 98034; GenBank accession number U75698; pORF59-luc), or
ori-Lyt (genomic location, nucleotides 24093 to 24342; GenBank accession number U75698; pori-Lyt-luc).
Each assay was performed in triplicate, and the luciferase activity was normalized by the amounts of total
protein. At 24 h or 48 h after transfection, we added the p-luciferin solution (catalog number P/N 122796;
PerkinElmer Inc., Waltham, MA) to the cells at a final concentration of 150 wg/ml and incubated the cells
for 10 min. The cells were imaged with an IVIS Spectrum imaging system with Livinglmage software
(PerkinElmer Inc.) to quantitatively measure the number of photons emitted by the luciferase activity.
This measurement is represented as a color map and overlaid on a monochrome photograph of the
24-well plate for identification. Regions of interest (ROI) were drawn to quantify the luciferase activity.

Viral DNA isolation from cells and viral DNA assay by regular or real-time PCR. KSHV DNA from
SLK-iBAC-gfpK52 cells was isolated using Hirt’s method (40). In brief, the SLK-iBAC-gfpK52 cells were
treated or not treated with doxycycline and were lysed in Hirt buffer (0.6% SDS, 10 mM EDTA, pH 7.5).
The cell debris and cellular chromosome were pelleted by adding 1/4 volume of 5M NaCl. The
DNA-containing supernatant was treated with RNase, extracted with phenol-chloroform, and mixed with
70% isopropanol, and the viral DNA was precipitated by centrifugation. To examine the KSHV DNA
amount, a real-time PCR was performed in a 25-ul reaction mixture using the primers Ori-Lyt_Forward
(CCT ACA TGG GCA GCT TGT CC) and Ori-Lyt_Reverse (TGC TGC CGG GGC TCC TCG TT). All samples were
analyzed in triplicate using SYBR Green 2X master mix (Applied Biosystems, Foster City, CA) on an
Applied Biosystems 7900HT Fast real-time PCR system. After an initial denaturation incubation of 5 min
at 95°C, 40 cycles of three-step cycling were performed with an annealing temperature of 55°C. Melt
curve analysis was then performed to verify product specificity.

Immunocytochemistry and fluorescence in situ hybridization. Cells were grown on coverslips,
and immunostaining was performed after fixation with 1% paraformaldehyde (10 min at room temper-
ature) and permeabilization in 0.2% Triton X-100 (20 min on ice) by sequential incubation with primary
and Texas Red (TR)-labeled secondary antibodies (Vector Laboratories, Burlingame, CA) for 30 min each
(all solutions were in phosphate-buffered saline [PBS]). For the simultaneous detection of KSHV DNA, cells
were first immunostained for cellular or viral proteins and then treated for 1 h at 37°C with DNase-free
RNase (200 U/ml in PBS containing 25 mM MgCl,; Roche, Indianapolis, IN). After refixation in 4%
paraformaldehyde (10 min at room temperature), samples were equilibrated in 2X SSC (1X SSCis 0.15 M
NaCl plus 0.015 M sodium citrate), dehydrated in ethanol (70, 80, and 100% ethanol for 3 min each at
—20°C), air dried, and incubated overnight at 37°C with the hybridization mixture. To detect DNA, the
probe DNA and the cellular DNA were denatured at 94°C for 5 min. After hybridization, samples were
washed at 37°C with 55% formamide in 2X SSC (twice for 15 min each time), 2X SSC (10 min), and 0.25X
SSC (twice for 5 min each time). The hybridized probes were labeled with fluorescein isothiocyanate
(FITC)-avidin (1:500 in 4X SSC plus 0.5% bovine serum albumin; Vector Laboratories), and the signals
were amplified by using biotinylated antiavidin (1:250; Vector Laboratories), followed by another round
of FITC-avidin staining. Finally, the cells were equilibrated in PBS, stained for DNA with Hoechst 33258
(0.5 pg/ml), and mounted in Fluoromount G mounting medium (Fisher Scientific, Newark, DE).

Probe preparation-nick translation. The BACmid of KSHV (39) containing whole KSHV DNA was
labeled with biotin-11-dUTP by nick translation. The DNase concentration for nick translation was
adjusted to yield probe DNA fragments 200 to 500 bp in length. Probe DNA was dissolved at 10 ng/ul
in Hybrisol VII hybridization solution (Oncor, Gaithersburg, MD) containing 100 ng of salmon sperm DNA
(Gibco-BRL), 1 ug of yeast tRNA (Sigma), and 0.5 mg of Cot1 DNA (Gibco-BRL)/ul.

Immunoblot analysis. Proteins were separated by sodium dodecyl sulfate-7.5% polyacrylamide gel
electrophoresis (10 to 20 ug loaded in each lane), transferred to nitrocellulose membranes (GE Health-
care), and blocked with 5% nonfat milk for 60 min at room temperature. The membranes were incubated
overnight at 4°C with primary antibody, followed by incubation with a horseradish peroxidase-coupled
secondary antibody (Amersham Inc.) and detection with enhanced chemiluminescence (Pierce, Rockford,
IL) using standard methods. Membranes were stripped with stripping buffer (100 mM beta-
mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl, pH 6.8) for 30 min at 50°C, washed with PBS-0.1% Tween
20, and used to detect additional proteins.

ChIP assay and real-time PCR. The SLK-iBAC-gfpK52 cells were seeded in a 100-mm dish, and 24 h
later, the cells were either induced or not induced with doxycycline for 48 h. Then, the cells were fixed
with 1% formaldehyde and then sonicated to shear the DNA into 100- to 300-bp fragments. The
anti-SIRT6 antibody or normal IgG was incubated with the DNA-protein mixture, and chromatin immu-
noprecipitation (ChIP) assays were performed using an EZ-ChIP kit (Millipore, Billerica, MA), according to
the manufacturer’s instructions. The amount of DNA immunoprecipitated by antibodies (normal IgG or
anti-SIRT6) was examined by regular or real-time PCR in a 25-ul reaction mixture using the primers
Ori-Lyt_Forward (CCT ACA TGG GCA GCT TGT CC) and Ori-Lyt_Reverse (TGC TGC CGG GGC TCC TCG TT),
ORF50 promoter_forward (5'-CAT GAC TCC AAC CGT CT-3') and ORF50 promoter reverse (5'-CCG TGA
GGA TCC GAA T-3’), and ORF50 encoding gene forward (5'-CGCAATGCGTTACGTTGTTG-3’) and ORF50
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encoding gene reverse (5'-GCCCGGACTGTTGAATCG-3’). All samples were analyzed in triplicate using
SYBR Green 2X master mix (Applied Biosystems, Foster City, CA) on an Applied Biosystems 7900HT Fast
real-time PCR system. After an initial denaturation incubation of 5 min at 95°C, 40 cycles of three-step
cycling were performed with an annealing temperature of 55°C. Melt curve analysis was then performed
to verify product specificity. The ChiP efficiency for each antibody was calculated as the percentage of
the input using the threshold cycle method, and the standard deviation was generated from the
triplicate PCRs.

Confocal microscopy. Cells were examined at X 10, X40, and X60 magnification with a Leica TCS
SPII confocal laser scanning system equipped with a water-cooled argon-krypton laser. Two wavelength
channels (495 and 590 nm) were recorded simultaneously or sequentially. Power and integration were
adjusted to minimize bleed-through between the green and far red channels prior to data acquisition.
The digital images obtained were cropped and adjusted for contrast with Photoshop software (Adobe
Systems, San Jose, CA).
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