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Fig. 5. Induction of autolysosomes by RTA.

(A) Western blot analysis of LC3 in 293T cells transfected with pCMVtag or
pCMV1tafORF50 (RTA) and treated with bafilomycin Al (as indicated by B) or DMSO
(control) for 4 h or salt buffer (as indicated by S) for 90 min. The numbers indicate the
relative amounts of LC3-11 protein which were normalized with the GAPDH protein. (B)
Confocal microscopy of autolysosomes. The plasmids transfected into 293T cells were as
indicated. For starvation, the transfected cells were starved for 90 min in salt buffer.
Lysosomes were stained by Lysotracker red dye (red), autophagosomes were stained by
GFP-LC3 (green), and autolysosomes were stained by Lysotracker red and GFP-LC3

showing yellow signal. The nuclei were stained with DAPI (blue). Scale bars=10 pum.
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Fig. 6
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Fig. 6. Enhancement of autophagy by RTA in B cells.

(A) Induction of autophagic vacuoles by RTA. After transfection with GFP-LC3
plasmids, TREXBJAB and TRExXBJAB-RTA cells were treated with doxycycline for the
indicated time. The number of cells containing green punctate dots was then quantified.
The results are from the average of three independent experiments. Results are expressed
as mean +/- S.D. (B) LC3 was analyzed by Western blot analysis of TREXBJAB and
TREXBJAB-RTA cells treated with doxycycline for the indicated time. The numbers
shown below the blots indicate the relative amounts of LC3-11 protein which were

normalized with the GAPDH protein.
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Fig. 7
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and sequestered by the membrane when the isolated membrane is elongated to form an
autophagosome. When the outer membrane of the autophagosome fuses to the lysosome
to become an autolysosome, the internal content is delivered into the lumen of the
degradative compartment. Subsequently, the inner membrane of the autophagosome and
internal materials are degraded by lysosomal enzymes (10). Autophagy is a multistep
process which can be divided into three regulatory levels: The first level involves the
cellular signaling pathways upstream of the molecular machinery of autophagy; the
second level is molecular machinery which is related to the protein-protein interactions
and the activity of autophagy-related gene (Atg) products. This level is mainly
responsible for the formation of the autophagosomes. The third regulatory level is
involved in the maturation and fusion of the autophagosomes with the lysosomes (9).

A number of cellular signaling pathways in the first regulatory level have been
identified and can be categorized on the basis of mTOR involvement (17). mTOR
(mammalian target of rapamycin), a serine/threonine protein kinase, regulates cell
proliferation in response to nutrients, growth factors and cellular energy (ATP).
Conversely, mTOR can be inactivated by rapamycin leading to activation of autophagy,
suggesting that mTOR exerts an inhibitory effect on autophagy (61). It has been
demonstrated that amino acids- and insulin-induced signaling activate mTOR through
Rag proteins (Ras-related small GTPases) and class I PI3K (phosphatidylinositol 3-
kinase)-Akt pathway, respectively, to inhibit autophagy (1, 23). In contrast, low energy
(ATP) level, ROS (reactive oxygen species), ER stress, and hypoxia inhibit mMTOR

activity through phosphorylation and activation of the TSC1/2 (tuberous sclerosis
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complex1 and 2) complex by AMPK (5’ adenosin monophosphate-activated protein
kinase) that are able to induce autophagy (17, 19, 37).

In addition to the mTOR-dependent pathway, ER stress and hypoxia can also
stimulate autophagy through the mTOR-independent pathway which is related to Beclin
1. Beclin 1 is an ortholog of yeast Atg6 and plays an important role in the second
regulatory level of the autophagic process. Beclin 1 is part of a class III PI3K complex
and promotes the catalytic activity of class III PI3K for synthesis of a lipid,
phosphatidylinositol 3-phosphate, which is essential for the elongation of the
preautophagosomal membrane (phagophore) and recruitment of other autophagy proteins
to the phagophore (49). In normal conditions, this complex is interfered by an anti-
apoptotic protein Bcl-2 (B-cell leukemia/lymphoma 2) which directly interacts with
Beclin 1 (39). However, ER stress activates DAPK (death-associated protein kinase) to
phosphorylate Beclin 1 that causes the dissociation of Beclin 1 from Bcl-2 and induces
autophagy (65). Hypoxia induces the expression of BNIP3L (Bcl-2 adenovirus Ela
nineteen kDa interacting protein 3-like protein) to compete with Beclin 1 for binding to
Bcl-2, which in turn stimulates autophagy (48). Moreover, the dissociation of Bel-2 from
Beclin 1 resulting in the induction of autophagy can also be triggered by nutrient
starvation or ceramide treatment. It was demonstrated that JNK 1 (c-Jun N-terminal
kinase 1) is activated in response to nutrient starvation or ceramides to disrupt the
interaction between Beclin 1 and Bcele-2 by phosphorylation of Bcl-2, thereby allowing
autophagy to proceed (38, 54).

We have previously shown that RTA is able to enhance the autophagy pathway

during KSHV lytic replication. In the current study, we further demonstrate that
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autophagy serves to enhance lytic replication initiated by RTA and plays an important
role in RTA-mediated transcription of lytic genes. In addition, we found that JNK-

dependent phosphorylation of Bcl-2 is involved in RTA-stimulated autophagy.

Materials and methods

Cells, plasmids and reagents

Human 293T cells were cultured in Dulbecco's modified Eagle's medium (DMEM,
Invitrogen) supplemented with 10% fetal bovine serum (FBS, Hyclone), 100 pg/ml
penicillin-streptomycin (Mediatech) at 37°C with 5% CO2. TRExBCBL1-RTA cell line
carrying a tetracycline-inducible RTA gene was provided by Dr. Jae Jung (University of
Southern California, Los Angeles, CA) (33). B cells were grown in RPMI 1640 medium
(Gibco BRL) supplemented with 10% FBS and 100 pg/ml penicillin-streptomycin at
37°C with 5% CO2. To establish knockdown 293T cell lines, Beclinl (BECN 1), Atg5,
and scrambled negative control (Scramble) shRNA plasmids were purchased from
Origene and transfected into 293T cells using lipofectamine 2000 (invitrogen), and
transfected cells were selected by puromycin.

RTA expression plasmid (pCMVtagORF50) which encodes Flag-tagged full-
length RTA has been described previously (51). RTA Mutant plasmid pCMVtagRTA678,
pCMVtagRTA621, pCMVtagRTAS579, and pCMVtagRTAS527, which encode Flag-
tagged RTA amino acids 1 to 678, 1 to 621, 1 to 579, and 1 to 527, respectively, were
generated by inserting the PCR-generated DNA fragments into suitable sites of pCMV-
tag2A. Plasmid pGFP-LC3 encoding GFP-tagged rat LC3 gene was obtained from Dr.

Mizushima (Tokyo Medical and Dental University, Japan) (22). The p-galactosidase
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expression plasmid pCM VP which was used for the normalization of transfection
efficiency was purchased from BD Clontech. Reporter plasmids pGL3-ORF57-3RRE
(containing ORF57 promoter), PanPluc (containing PAN promoter), and pHIVLTR-luc
(containing HIV long terminal repeat region) have been described previously (52, 55).
Plasmids pCDNA-Tat and pCMVtag-Beclin 1 express the full-length HIV Tat protein
and Flag-tagged full-length Beclin 1 protein, respectively.

Bafilomycin A1, doxycycline, and SP600125 were purchased from Sigma.
Rapamycin was purchased from Santa Cruz biotechnology.
Western blot analysis

Cells were harvested and the cell pellets were resuspended in M-PER buffer
(Thermo Scientific) containing protease inhibitor cocktail and Halt phosphatase inhibitors
(Thermo Scientific) at 4°C for 20 minutes, followed by centrifugation at 10,000 rpm for 5
minutes at 4°C. Cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and then transferred to nitrocellulose membrane (GE
Osmonics), followed by incubation with specific antibodies as described previously (62).
LC3 antibody was purchased from Abcam Inc. BECNI1 antibody against human Beclin 1,
anti-Bcl-2 antibody, anti-tubulin antibody, and anti-GAPDH antibody were purchased
from Santa Cruz biotechnology. For detection of His- and Flag-tagged proteins, the HRP-
conjugated anti-6xHis antibody and mouse anti-Flag M2 monoclonal antibody were
purchased from Clontech and Stratagene, respectively. Anti-JNK, anti-phosphorylated
JNK, anti-phosphorylated Bcl-2, anti-mTOR, anti-phosphorylated mTOR, anti-p70S6K,
anti-phosphorylated p70S6K antibodies were purchased from Cell Signaling Technology.

The band intensities were measured by using the NIH image software, image J.
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Real-time reverse transcription (RT)-PCR

Real-time reverse transcription PCR was performed as described previously (56).
Total RNA was isolated using an RNA mini kit (Qiagen) using protocol recommended by
the supplier. RNA samples were digested with DNase (Invitrogen) to remove residual
DNA. Real-time RT-PCR was carried out using iScript one-step RT-PCR kit with SYBR
Green. The primers used for the mRNA quantitation of K8 were [5°-
GCCGAAGTATGTGATCAGTC- 3’ (forward) and 5’- ATTCGCATCAGCATGTCG-
3’ (reverse)]. The primers for ORF57 and K8.1 have been described previously (56). All
reactions were performed in duplicate. For calculation of the relative mRNA amount
from quantitative real-time PCR, the Ct (threshold cycle) value of each viral gene was
normalized by the Ct value of GAPDH, and the normalized Ct values from samples were
compared with the control samples (untreated).
Transfection and luciferase assay

Transfection of 293T cells was carried out by using Lipofectamine 2000 reagent
(Invitrogen) according to the manufacturer's recommendations. Luciferase assay was
performed as described previously (55). Luciferase activities were determined by the
Luciferase Assay System (Promega). The transfection efficiency was normalized using
the B-Gal expression plasmid, pPCMVp, as the internal control.
Quantitative GFP-LC3 autophagy assay

Quantitative GFP-LC3 autophagy assay was performed in 293T cells as described
(56). The 293T cells were grown in 35 mm coverslip bottom dish (BD Biocoat), and cells
were transfected with GFP-LC3 expression plasmid and plasmids expressing full-length

RTA or various RTA mutants. A series of optical images were obtained with an Olympus
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FV500 confocal system on an inverted microscope, using the 488 nm laser line (522 nm
emission) for GFP detection. The cell containing > 3 GFP-LC3 dots was defined as
autophagy positive cells. The number of cells with GFP-LC3 punctate dots relative to all
GFP-LC3 positive cells was counted (a minimum of 200 GFP-LC3 positive cells were
counted in total for each experiment) and were presented as percentages.
Immunoprecipitation assay

Endogenous Beclin 1/Bcl-2 immunoprecipitation was performed in 293T cells by
lysing cells with lysis buffer (50mM Tris pH 7.9, 150 mM NaCl, ImM EDTA, 1%
Triton-X100, protease inhibitor cocktail and Halt phosphatase inhibitors (Thermo
Scientific) at 4°C for 1 hour. Immunoprecipitation was performed with a monoclonal

anti-Bcl-2 antibody-conjugated to agarose (Santa Cruz biotechnology).

Results
Autophagy is not sufficient for initiation of KSHV lytic replication

We have demonstrated that autophagy is involved in RTA-mediated lytic
replication. To determine whether autophagy alone is sufficient to trigger KSHV lytic
replication, an autophagy inducer rapamycin was tested on RTA-inducible BCBLI cells,
TRExBCBL1-RTA. In this cell line, RTA is integrated into the genome of KSHV
infected B cells, BCBL1, and its expression is regulated by doxycycline (33). To induce
autophagy machinery, the cells were treated with rapamycin for 48 hours and LC3
conversion was detected by Western blotting. LC3, microtubule-associated protein 1 light
chain 3, has been widely used as an indicator of autophagy activation. LC3 is

constitutively expressed in the cytoplasm as a precursor protein known as LC3-I (18
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KDa). When autophagy is activated, LC3-I is conjugated to phosphatidylethanolamine
(PE) becoming a lipidated molecule termed LC3-II (16 KDa). Hence, the change in the
molecular weight of LC3 protein indicates the presence of autophagy (18, 25). As shown
in figure 1A, an increase in LC3-II protein was observed in the presence of rapamycin,
indicating that rapamycin enhances the autophagic process. No significant changes in
mRNA levels of two early genes (ORF57 and K8) and one late gene (K8.1) were
observed in the cells treated with rapamycin alone, as measured by quantitative real-time
PCR. Nevertheless, RTA expression induced by doxycycline efficiently elevated mRNA
levels of those lytic genes, and addition of rapamycin could enhance RTA-mediated lytic
gene expression (Fig. 1B, C and D). These results suggested that rapamycin-induced
autophagy alone was unable to trigger KSHV lytic replication, but cooperated with RTA
to stimulate lytic gene expression.
Autophagy affects RTA transactivation function

In our previous study, we demonstrated that inhibiton of autophagy by knocking
down Beclin 1 RNA levels decreased RTA-mediated lytic genes expression (56). To
further substantiate that autophagy directly affected RTA-dependent transactivation of
the KSHV promoters, we established several gene knockdown 293T cell lines using
shRNA that targeted Atg5 or Beclin 1 (BECN1) to test whether autophagy altered the
ability of RTA to transactivate KSHV gene promoters. Two RTA targeted viral gene
promoters, ORF57 and PAN, as expected, were highly responsive to RTA in the negative
control cells transfected with a scrambled shRNA. However, luciferase activity was
decreased when the same cell line was transfected with shRNA directed against Atg5 or

Beclin 1 (Fig. 2A and B). In contrast, HIV Tat-mediated transactivation of the HIV LTR



146

(long terminal repeat) promoter was not affected by any of the shRNAs tested (Fig. 2C).
This study suggested that the enhancement of transactivation by RTA was stimulated by
autophagy, and not the result of reduced general transcription activity. In addition, RTA
expression levels were comparable among negative control and gene knockdown cells,
indicating that the decrease in response of the two KSHV promoters to RTA in gene
knockdown cells was not due to changes in protein levels of RTA (Fig. 2D). Taken
together, autophagy was able to stimulate RTA-mediated transcription of gene promoters.
The transactivation domain of RTA is required for RTA-induced autophagy

To explore the potential mechanism by which RTA activates autophagy, we
determined whether the transactivation domain of the RTA protein was involved in the
induction of autophagy. A series of RTA mutant constructs with deletions in the C-
terminus were expressed in 293T cells and their protein expression levels were similar
(Fig. 3A). These RTA transfected cells were further co-transfected with GFP-LC3
expression plasmid for visualization of autophagic vacuoles. In nutrient-rich condition,
LC3 protein is distributed in cytoplasm but is re-located to the inner and outer membrane
of autophagic vacuoles as a result of C-terminal conjugation to phosphatidylethanolamine
in response to stress, such as starvation; hence, the green dots can be observed if LC3 is
tagged with green fluorescence protein (GFP) (22). The results from GFP punctate dot
assay show that the RTA deletion mutant, RTA678 with a C-terminal deletion outside of
the transactivation domain induced autophagy with the same efficiency as wild type RTA
(Fig. 3B). However, the RTA527 mutant lacking 164 amino acids at the C-terminus of
RTA, which encompasses most of the transactivation domain, induced autophagy with

only about 32 % efficiency relative to wild type RTA. The deletion mutant RTA579,
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which lacks its C-terminus 112 amino acids, and RTA621, which lacks 70 amino acids,
were less effective than wild type RTA. RTA579 and RTA621 induced less autophagy
with 68% and 48% reduction respectively when compared to wild type RTA (Fig. 3B).
Our results suggest that the transactivation domain of RTA was important for induction
of autophagy.

To examine the transactivation ability of these RTA mutants, the activation of two
KSHYV lytic gene promoters (ORF57 and PAN) were carried out using luciferase assay.
Like wild type RTA, mutant RTA678, possesses similar transactivation activity of both
target gene promoters. In contrast, dramatic reduction in luciferase activity was observed
with the two promoters when transfected with the RTA621, RTA579, or RTA527
mutants (Fig. 3C). Taken together, these results demonstrate that a partial deletion (from
a.a. 621 to 678) within the transactivation domain of RTA affects both RTA functions in
regulation of transcription of target promoters and its ability to induce autophagy. It is
possible that RTA may induce autophagy via up-regulating the expression of cellular
genes which are involved in autophagy.

RTA does not affect mTOR signaling

A well recognized pathway that regulates autophagy is the mammalian target of
rapamycin (mTOR) signaling, which negatively regulates autophagy. To determine
whether RTA induces autophagy through the inhibition of mTOR signaling, we examined
the kinase activity of mTOR in the presence and absence of RTA expression. The activity
of mTOR can be determined by measuring the level of phosphorylation of itself or a
substrate, ribosomal S6 protein kinase (S6K1, also known as p70S6K). We used an

autophagy inducer rapamycin as a positive control which blocks mTOR kinase activity to
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up-regulate autophagy, and the expression of Beclin 1 as a negative control which
activates autophagy independent of mTOR signaling (41). As expected, the addition of
rapamycin inhibited the phosphorylation of mTOR, thus increasing the frequency of
autophagy. Also as expected, expression of Beclin 1 has no effect on mTOR
phosphorylation but will induce autophagy independent of the mTOR pathway. For RTA,
we observed that the phosphorylation of mTOR and p70S6K was not affected by
overexpression of RTA, indicating that RTA may be similar to Beclin 1 and involves
mTOR-independent mechanism to activate autophagy (Fig. 4).
RTA disrupts the interaction between Beclin 1 and Bcl-2

Since RTA is incapable of inhibiting mTOR kinase activity for induction of
autophagy, it was possible that RTA may stimulate autophagy by directly regulating the
activity of the Atg machinery involved in autophagosome formation. Beclin 1 is one of
the Atg proteins responsible for initiating autophagosome formation and its effect on
autophagy is modulated by formation of complexes with various cellular proteins, such as
Bcl-2 which suppresses Beclin 1-mediated induction of autophagy (39). Thus, it is
possible that RTA may affect the association of Beclin 1 with this protein to mediate
autophagosome formation. By using immunoprecipitation assay, we found that the
interaction between Beclin 1 and Bcl-2 was reduced in cells transfected with RTA (Fig.
5). The expression levels of Beclin 1 and Bcl-2 were similar in empty vector and RTA-
transfected cells; however, less Beclin 1 was associated with Bcl-2 in the RTA-
transfected cells (Fig. 5). Since dissociation of the Beclin 1-Bcl-2 complex to stimulate

autophagy has been demonstrated under nutrient starvation and in response to BH3
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mimetic molecules (31, 54). We suggest that RTA may induce autophagy by interfering
with the interaction between Beclin 1 and Bcl-2.
RTA stimulates phosphorylation of Bcl-2

Post-translational modification of Bcl-2 by phosphorylation interferes with the
interaction between Beclin 1 and Bcl-2 during the induction of autophagy by starvation
and ceramides (38, 54). To test whether RTA induced the Bcl-2 phosphorylation, we
analyzed the phosphorylation status of Bcl-2 by immunoblotting with a specific antibody
which recognizes phosphorylation at Ser70. We found a slight increase in the
phosphorylation of Bcl-2 in the RTA transfected-293T cells but the expression levels of
Bcl-2 remained the same either in the absence or presence of RTA (Fig. 6A). In addition,
phosphorylation of Bcl-2 was also found to be elevated upon RTA expression in KSHV-
infected TRExBCBLI1-RTA cells (Fig. 6B). These results indicate that RTA is able to
induce the Bcl-2 phosphorylation.
JNK signaling is involved in RTA-induced phosphorylation of Bcl-2 and autophagy
activation

It has been shown that Bcl-2 phosphorylation induces dissociation of Beclin 1 and
Bcl-2 and is regulated by the c-JUN N-terminal kinase 1(JNK 1) (54), and the
phosphorylation of JNK-1 is needed to activate its kinase activity prior to
phosphorylation of Bcl-2. Interestingly, an increase in posphorylation of JNK 1 (p-JNK1)
was observed after RTA induction in TRExBCBL-RTA cells (Fig. 6B).

To demonstrate whether RTA employs JNK signaling for Bcl-2 phosphorylation
and autophagy activation, a JNK specific inhibitor, SP600125, was used to study its

effect on Bcl-2 phosphorylation and LC3 conversion with and without RTA expression.
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As shown in Figure 7, Bcl-2 phosphorylation elevated by RTA can be suppressed by the
JNK inhibitor in the 293T (Fig. 7A) and TRExBCBL-RTA cells (Fig. 7B). In addition,
the increase in LC3-II was observed in the presence of RTA, but addition of the JNK
inhibitor reduced RTA-induced LC3-II expression, suggesting that RTA-mediated
autophagy was suppressed by interfering with JNK signaling. We therefore concluded

that RTA stimulates autophagy through JNK-dependent phosphorylation of Bcl-2.

Discussion

Autophagy has been implicated as an antiviral defense mechanism of infected
cells. Autophagy can directly engulf virion particles and/or viral components for
lysosomal degradation, or facilitate viral antigens presentation process via MHC (major
histocompatibility complex) presentation. However, some viruses can evade or
counteract the execution of autophagy, and some viruses can utilize the autophagy
machinery to facilitate their replication and enhance their pathogenic potential (24). Our
previous study found that the autophagy pathway is enhanced by RTA and is involved in
KSHYV lytic replication upon stimulation by RTA (56). This current study extended the
observation to show that the induction of autophagy alone is not sufficient to initiate
KSHYV lytic replication but can potentiate lytic replication in the presence of RTA. A
proposed model on how RTA utilizes autophagy for virus lytic replication is shown in
Fig. 8. RTA induces Bcl-2 phosphoylation through the JNK signaling pathway to cause
the dissociation of Beclin 1 and Bcl-2. Beclin 1 which is released from Bcl-2 can bind to
class III PI3K complex to initiate the autophagic process. The induction of autophagy

enhances RTA-mediated transactivation of the virus lytic promoters and thereby
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facilitates virus lytic replication. The involvement of autophagy in KSHV replication
supports findings from other herpesviruses, which also involve autophagy during their
infection. Another member of the gammaherpersvirus family, Epstein-Barr virus (EBV),
induces autophagy and the latent membrane protein 1 (LMP1) plays a role in this process.
Induction of autophagy is needed to limit accumulation of the LMP1 protein as well as
modulate B cell transformation (26). The infection by varicella zoster virus (VZV), an
alphaherpesvirus, can also induce autophagy but whether autophagy activation is related
to viral DNA replication or viral pathogenesis remained unknown (46). Our findings in
this study present the first example for a herpesvirus that activates autophagy to facilitate
its viral replication.

Previous studies in our laboratory demonstrated that the viral transactivator RTA
promotes ubiquitin modification of its transcriptional repressors to enable the cellular
proteasome degradation pathway to target and degrade the ubiquitinated-transcriptional
repressors. Consequently, RTA can stimulate lytic gene expression and virus lytic
replication (63). In the current study, we found that inhibition of autophagy reduced the
response of RTA to the target promoters of viral lytic genes, suggesting autophagy
cooperates with RTA to promote reactivation from latency. Since autophagy is a
lysosomal degradation pathway which also targets ubiquitinated proteins for degradation
(7), we suggest that autophagy can also degrade transcriptional repressors to facilitate
RTA-responsive gene expression. This possibility need to be further explored.

We have demonstrated that RTA increases Bcl-2 phosphorylation to release
Beclin 1 from Bcl-2 to activate the autophagy pathway; however, we cannot rule out the

possibility that the competitive binding between Beclin 1 and Bcl-2 can also be mediated
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by other proteins. It has been shown that the BH3-only proteins (Bad or Bim), the
pharmacologic BH3 mimetic ABT737, and the BNIP3L protein induced by hypoxia can
disrupt the interaction between Beclin 1 and Bcel-2 (or Bel-X1) competitively and thereby
induce autophagy (31, 35, 48). We were attempting to address whether the expression of
pro-apoptotic protein Bad is up-regulated by RTA for autophagy induction since RTA

has been suggested as an apoptotic inducer in uninfected cells (34). However, we did not
observe a significant increase in Bad expression when RTA is expressed (data not shown).
Hence, additional studies are needed to further investigate whether RTA up-regulates the
expression of Bim, BNIP3L, or other BH3-only protein in order to release Beclin 1 from
Bcl-2 for the initiation of autophagy.

Based on our findings, we purpose that RTA induces autophagy through
dissociation of Beclin 1 and Bcl-2 via Bcl-2 phophorylation, which then facilitates virus
reactivation from latency, and this process involves the INK1 kinase pathway. The JNK
signaling pathway is one of the mitogen-activated protein kinase (MAPK) pathways in
response to stress stimuli, and is required for KSHV primary infection and reactivation of
KSHYV from latency (11, 36, 59). Xie et al. showed that MAPK pathways are involved in
the early stages of TPA (12-O-tetradecanoyl-phorbol-13-acetate)-induced KSHV
reactivation from latency and suggested that AP-1 (activator protein 1), a downstream
target of MAPK pathways, is a key transcriptional factor mediating lytic gene expression
(59). In this study, we observed that autophagy is a downstream target of the JNK
signaling pathway and further substantiates the importance of the JNK signaling pathway

during KSHYV reactivation from latency. Taken together, the JNK signaling pathway has
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wide-ranging effects that are important for KSHV reactivation, including mediating
autophagy.

During lytic replication, however, the induction of autophagy by RTA may also
be inhibited by KSHV Bcl-2 homolog (vBcl-2), which is inferred as a viral lytic gene
product due to the observation of its mRNA expression at late stages of productive
infection (42). The vBcl-2 protein was shown to have anti-autophagic activity through its
direct interaction with Beclin 1 because the binding affinity of vBcl-2 to Beclin 1 was
higher than that of the cellular Bcl-2 (29, 39). Moreover, vBcl-2 does not have the
phosphorylation sites of Bcl-2 (38). Thus, RTA may not interrupt the interaction between
vBcl-2 and Beclin 1 to initiate autophagy through JNK1 kinase pathway when vBcl-2 is
expressed. It is likely that autophagy may be transiently activated by RTA only at the
very early stage of viral lytic infection but then counteracted by the expression of vBcl-2
at the late stage of viral lytic infection, reflecting an intricate mechanism that the virus
regulates viral gene expression at different phases of infection. Interestingly, it has been
shown the vBcl-2 protein was only detected in the spindle cells from late-stage KS
lesions, but not in stimulated PEL cell lines even though its mRNA is transcribed during
the lytic phase in the PEL cell line (42, 58). Therefore, whether vBcl-2 is able to inhibit
RTA-stimulated autophagy as suggested during viral lytic phase remained to be
determined.

It is also possible that RTA may use an alternative mechanism for inducing
autophagy in addition to interfering with the interaction between Beclin 1 and Bcl-2.
RTA may directly up-regulate the expression of genes which are involved in the

autophagic machinery since RTA is a transcriptional activator. In fact, a number of
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studies have shown that an increase in the expression level of the Atg proteins, such as
Beclin 1, LC3, and Atg5, can activate the autophagic process (40, 44, 47, 66). We have in
fact detected the expression of mRNA of autophagy-related genes, including Beclin 1,
Atg5, Atg7, and LC3 during KSHV lytic reactivation, but no obvious changes in those
mRNA levels were detected when RTA was expressed (data not shown), suggesting that
RTA does not induce autophagy by directly activating the expression of these autophagy-
related genes. It nevertheless remains possible that there may be other autophagy-related
genes activated by RTA.

In conclusion, we provide evidence that RTA stimulates autophagy through JNK-
dependent Bcl-2 phosphorylation. Furthermore, KSHV utilizes the autophagy pathway to
mediate the transactivation function of RTA and enhance KSHV lytic replication. Overall,
those findings further reveal that KSHV can hijack multiple cellular machineries,

including autophagy, for its viral DNA replication.
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Fig. 1. Autophagy is not sufficient to trigger KSHV lytic reactivation.

(A) Rapamycin treatment induces LC3 conversion. TREXBCBL-RTA cells were treated
with Rapamycin or DMSO for 48 hours. LC3 was analyzed by Western blot. (B) ORF57,
(C) K8, and (D) K8.1 mRNA levels from TRExBCBL-RTA treated with DMSO or
Rapamycin and/or Doxycycling (Dox) were quantified by real-time PCR. The results
shown are based on the average from three separate experiments. Results are expressed as

mean +/- S.D. Asterisks indicate p <0.05 (student’s t test).
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Fig. 2. Defective autophagy affects RTA-mediated transactivation of gene promoters.
(A) ORF57, (B)PAN, and (C)LTR promoter reporters were co-transfected with (A,B)
RTA or (C) HIV Tat expression plasmid into various knockdown 293T cells expressing
Beclin 1 (BECN), Atg5, or scramble (N) shRNA. Luciferase activity was measured at 24
hr post-transfection. All results shown are based on the average from three independent
repeats. Results are shown as mean +/- S.D. (D) The RTA expression levels in wild type
and various knockdown 293T cells were analyzed by Western blot with anti-Flag

antibody.
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Fig. 3. The transactivation domain of RTA is required for RTA-induced autophagy.
(A) Schematic representation of full-length and truncated RTA constructs. The numbers
indicate amino-acid positions. NLS and AD indicate nuclear localization signal and
activation domain, respectively. Various RTA expression constructs and pCMVtag2A
(vector) were expressed in the 293T cells and their expression levels were analyzed by
Western blot with anti-Flag antibody. (B) Quantitation of the number of cells containing
GFP-LC3 punctate dots in transfected 293T cells. GFP-LC3 was co-transfected with
vector or various RTA deletion constructs into 293T cells for 22 hours and the cells with
GFP dots were visualized using a fluorescent microscope. (C, D) The responsiveness of
(C) ORF57 and (D) PAN promoters to wild-type and various RTA deletion mutants. The
promoter reporter was co-transfected with various RTA expression plasmids into 293T
cells. Luciferase activity was measured at 24 hr post-transfection. All results shown are
based on the average from three independent repeats. Results are expressed as mean +/-

S.D.
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Fig. 4




172

Fig. 4. RTA does not affect mTOR Kkinase activity.

293T cells were treated with rapamycin or DMSO, or transfected with pCMVtag2A (V),
RTA, or Beclin 1 (BECNL1) expression plasmid. The expression levels of mTOR, p-
MTOR, p70S6K, P-70S6K, and tubulin were analyzed by Western blot with specific

antibodies.
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Fig. 5. RTA interrupts the interaction of Beclin 1 and Bcl-2.

pCMVtag2A (V) or RTA expression plasmid was transfected into 293T cells. The
immunoprecipitation (IP) was carried out by anti-Bcl-2 antibody-conjugated agarose. The
expression levels of Beclin 1, Bcl-2, RTA and GAPDH were analyzed by Western blot

(WB) with specific antibodies.
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Fig. 6. RTA stimulates phosphorylation of Bcl-2.

(A) pCMVtag2A (V) and RTA expression plasmid was transfected into 293T cells. The
expression levels of protein as indicated were analyzed by Western blot. (B) To induce
RTA expression, TREXBCBL-RTA cells were treated with doxycyline (Dox) for the
indicated time. Western blot analysis was performed using the specific antibodies as
indicated. The numbers indicate the relative amount of the p-Bcl-2 and p-JNK1 proteins

that were normalized with the GAPDH protein.
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Fig. 7. Inhibition of JINK activity reduces RTA-stimulated Bcl-2 phosphorylation
and LC3 conversion.

(A) Vector (V) or RTA expression plasmid was transfected into 293T cells. (B)
TREXBCBL-RTA cells were treated with doxycyline (Dox) to induce RTA expression.
The transfected 293T cells and the induced TREXBCBL-RTA cells were treated with
SP600125 for 3 hr, and Western blot analysis was performed using the specific antibodies
as indicated. The numbers indicate the relative amount of the p-JNK1, p-Bcl-2 and, LC3-

Il proteins that were normalized with the GAPDH protein.
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Fig. 8. Proposed model of autophagy stimulated by RTA for KSHYV lytic replication.
RTA induces the dissociation of Beclin 1 and Bcl-2 through JNK-dependent Bcl-2
phosphorylation to stimulate autophagic process. Based on our present and previous
results (51), RTA-activated autophagy is essential for RTA-mediated transactivation of

lytic gene promoters and lytic replication.
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CHPATER 5

CONCLUDING REMARKS

KSHV RTA is a key regulator for initiation of KSHV lytic replication. This
research attempts to demonstrate the molecular mechanism utilized by RTA to up-
regulate lytic gene expression and facilitate virus lytic activation. From our studies, the

following conclusions can be made.

GC-rich DNA sequence in the RTA responsive element (RRE) and multiple RREs

are required for RTA-mediated transactivation of its target gene promoters, such as

the ORF57 promoter

The sequence of the KSHV RTA responsive element (RRE) was initially
identified to be AT rich or A/T trinucleotide (1, 3, 4). We identified a new RRE
consisting of GC-rich sequence (ACCNyGG) based on homology to the consensus
sequence of the EBV RRE. This sequence can be found in a number of RTA-responsive
lytic gene promoters, including ORF57, PAN, K12, K2, and MIP. Importantly, the
variation of Ny sequence in each promoter element may contribute to differences in the
binding affinity and transactivation responsiveness to RTA. We focused on one of the
lytic gene promoter ORF57, which is highly responsive to RTA. Previous studies in our
laboratory have identified two RREs (RRE1 and RRE2) in the ORF57 promoter, and both
contain two dissimilar AT-rich sequences (1, 8). In the current study, a newly identified
RRE with high GC content was named RRE3. The three RREs are located in very close

proximity to each other in the ORF57 promoter. All of them can be bound by the RTA
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protein independently, but their binding affinities to RTA are distinct. For RTA-
mediated transactivation of the ORF57 promoter, RRE2 is essential, but not sufficient.
Two of the RREs (RRE1/RRE2 or RRE3/RRE2) and the RBP-Jk binding site are
required to obtain optimal transcriptional activation in response to RTA. These results
suggest that the ability of RTA to mediate transactivation is distinct from its ability to
binding to its responsive elements. This study also suggests a novel mechanism that

multiple RREs are utilized by RTA for lytic gene expression.

A cellular pathway, autophaqgy, employed by RTA for virus reactivation

The results of this study showed that autophagy is enhanced during KSHV lytic
replication that is induced by either chemical stimuli or RTA, and suppression of the
autophagy pathway reduced RTA-mediated lytic gene expression and viral DNA
replication. It indicates that autophagy, in conjunction with RTA, positively regulates the
KSHYV lytic cycle. However, autophagy alone is not sufficient to activate viral replication.
Inhibition of autophagy prominently reduced the efficiency of early phases of viral
reactivation. Our current studies also demonstrated that RTA activated the autophagy
pathway independent of other viral proteins. Taken together, autophagy is activated and
utilized by RTA to reactivate viral lytic replication. To date, HBV (hepatitis B virus)
which is another DNA virus, in addition to KSHV, was reported to induce autophagy for
its DNA replication (7). However, it is not clear how autophagy regulates HBV DNA
replication. A number of RNA viruses such as poliovirus, coxsackievirus, hepatitis C
virus, and dengue virus have been implicated to induce autophagy and appear to utilize

the membrane of autophagic vacuoles as a site for their viral genome replication (6).



183

Since KSHV DNA replication occurs in the nucleus, it is unlikely that KSHV could take
advantage of autophagic vacuoles as a site of its DNA replication. In fact, our results
showed that defective autophagy causes less transactivation of lytic gene promoters in
response to RTA, indicating that autophagy is employed by RTA to optimize
transcriptional activation of the target promoters and then facilitate lytic reactivation.
Autophagy could be a factor but may not the major cellular machinery used by RTA to
regulate its transactivation function and lytic replication. Previous studies in our
laboratory have demonstrated that another cellular degradation pathway, the ubiquitin-
proteasome pathway, regulates RTA-mediated transactivation and lytic replication by
degrading the ubiquitinated repressors and then enables RTA to activate its target gene
promoters (11). Since autophagy is a lysosomal degradation pathway, it is highly likely
that autophagy is involved in the degradation of cellular transcriptional repressors.

The overall conclusions of this dissertation can be summarized as Fig. 1. RTA
induces Bcl-2 phosphorylation through JNK1 activity to interfere with the interaction of
Beclin 1 and Bcl-2. Beclin 1 released from Bcl-2 can then interact with the class III PI3K
complex and initiates the autophagy pathway. Autophagy supports RTA to stimulate lytic
gene expression, and autophagy-modulated RTA transactivation may involve the
autophagy degradation process. It has been demonstrated that RTA possesses E3-like
ubiquitin ligase activity which ubiquitinates cellular transcriptional repressors for
proteasome degradation (2, 11, 12). Alternatively, autophagy may target ubiquitinated or
un-ubiquitinated transcriptional repressors for lysosomal degradation. Once repressors
are released from KSHYV promoters and degradated by the cellular degradation systems,

RTA or RTA-coactivator complexes can bind to RRE in the promoter (for example, RTA
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and RBP-Jk binds to multiple RREs and RBP-Jk binding sites in the ORF57 promoter) to
induce gene expression and then facilitate virus lytic replication. Moreover, RTA-induced
autophagy may facilitate virus lytic replication through an unknown mechanism in
addition to assisting RTA transactivation function. This possibility needs to be further

investigated.

Future direction

To substantiate whether RTA-induced autophagy is responsible for degradation of
the transcriptional repressors

It has been reported that a number of viruses can activate autophagy for their
genome replication; however, some of those viruses, such as Hepatitis C virus and
coxsackievirus B 3, induce autophagosome formation only but not autolysosome
maturation, suggesting that the degradation function of autophagy is blocked (5, 9). In
our current studies, we observed that RTA is able to promote the formation of
autophagosomes and autolysosomes, and degradation of LC3-II bound to the inner
membrane of autophagosome can be inhibited by bafilomycin Al, an inhibitor of
autolysosome maturation. Therefore, RTA-induced autophagy may include the
degradation process, and RTA may utilize this feature of autophagy to overcome the
transcriptional inhibition derived from the transcriptional repressors. For example,
previous studies in our laboratory showed that NF-kB p65 was degraded in the presence
of RTA, and this degradation was not suppressed when the 26S proteasome degradation

pathway was inhibited (11). It suggests that another potential degradation mechanism,
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such as autophagy, is involved in RTA-induced degradation of NF-kB p65. More
experiments will be needed to address these questions.
To further investigate the alternative mechanism of RTA-stimulated autophagy.

In current studies, we have demonstrated that RTA stimulates the autophagy
pathway through JNK1-dependent Bcl-2 phosphorylation. However, how RTA is able to
trigger the JNK signaling pathway which occurs in the cytoplasm will require further
investigations. In addition to Bcl-2 phosphorylation by JNK1, it is also possible that RTA
could induce the expression of proteins, such as BH3-only protein, Bim, and BNIP3L, to
interrupt the interaction between Beclin 1 and Bcl-2 for autophagy initiation, or RTA
could directly up-regulates autophagy-related protein to trigger the autophagy pathway
since RTA is a transcriptional activator. These possibilities will also need to be further

studied in future.
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Figure and figure legend
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Fig. 1. Proposed mechanism utilized by RTA for KSHV lytic replication.

RTA exerts its E3-like ubiquitin ligase activity to promote the ubiquitination (Ub) of it
repressors and allows the ubiquitinated repressors to undergo the 26S proteasome
degradation pathway. Consequently, RTA is able to activate transactivation of lytic gene
promoters and facilitates KSHV lytic replication (10, 11). Current study demonstrated
that RTA induces the dissociation of Beclin 1 and Bcl-2 through JNK-dependent Bel-2
phosphorylation and then stimulates the autophagic process. Additionally, autophagy
positively regulates RTA-mediated transactivation of target gene promoters and
facilitates KSHV lytic replication. The question marks indicate the potential mechanisms
(repressor degradation) by which autophagy modulate RTA transactivation function and

the unknown mechanism by which autophagy regulates KSHV lytic replication.



