








Figure 6.5

Rapamycin Induces Autophagy and Senescence in KSHV Infected Cells
E I7D7 ;@875F76 I;F: #+ . 8AD 63KE FA 7EF34>;E: >3}
@% D3B3?K5;@ 8AD SH7 366;F;A@3> 63KE 63K BD;AD FA
5G>FGD7 A8 57>>E I3E FD3I@E875F76 I;F: 3@ ($ D7BALCL
H;EG3>;L7 3GFAB:39AEA?7E 7>>E |I7D7 EF3;@76 |;F:;@ 3@
SJ3F;A@ FA 67?A@EFD3F7 >3F7@BDABADBANBFAB@BDA>;87D
#+ . ;@875F76 57>>E I;F:;@ D3B3?K5;@ AD H7:;5>7 FD73F7

BrdU incorporation assays and anti-LANA co-staining. Representative images are

E:AI@ )G3@F;S53F;A@ A8 57>>E F:3F EF3;@76 BAE;F;H7
D6- 8DA? B3@7> .3>G7E 3D7 ?73@E N + % A8 FIA ;@678B
57>>E |7D7 T@G?7D3F76 B7D 5A@6;F;A@ ;@ 735: 7JB7D;

B3D3?7F7DE 3@3>KL76

110



that cells latently infected with KSHV do not activate autophagy; however, specific
ablation of v-FLIP anti-autophagy functions rescues underlying host-cell autophagy and
reveals strongly activated autophagic responses. These data suggest that one function of
v-FLIP during latency is suppression of KSHV-triggered autophagy. Although the precise
stresses that stimulate autophagic signaling during latent infection remain unclear, it is
highly probable that KSHV-induced DDRs are partly responsible. The notion of KSHV-
induced DDRs as the trigger for autophagy is further strengthened by the fact that
restoration of autophagy, or super-activation of autophagy (with rapamycin) induced
latently infected cells to senesce. Therefore, subversion of autophagy by v-FLIP is an
important mechanism for mitigating virus-triggered stress and OIS responses during
latent infection.

Is senescence an intrinsic defense against KSHV infection? A cursory survey of
the genes encoded within the KSHV latency program strongly suggests that KSHV has
evolved to evade or impair host-cell senescence responses; therefore, OIS must represent
a host defense against virus spread. Numerous KSHYV latent-gene products subvert
pathways that are important effectors of senescence. For example, the LANA protein
specifically modulates the key senescence effectors p53 and Rb (Friborg et al., 1999;
Radkov et al., 2000). Furthermore, LANA degrades GSK-3f, which stabilizes B-catenin
and likely impairs senescence induction through the Wnt pathway (Fujimuro et al., 2003;
Ye et al., 2007a). Certainly, evolution of LANA toward inhibition of senescence cannot
be mere coincidence; its is probable that subversion of these pathways benefits KSHV
fitness.

Latent KSHV also subverts the Rb pathway through expression of v-cyclin, a
viral homolog of cellular D-type cyclins that complexes with CDK6 (Li et al., 1997).
Remarkably, v-cyclin has evolved to activate CDK6 through mechanisms that render this
heterodimeric complex refractory to inhibition by Cip/Kip and INK4 family members
(Swanton et al., 1997). Recognition that CKIs, including p21 and INK4a, are often only
induced by genomic or oncogenic stress suggests that latent KSHV infection elicits these

stresses, and that this has shaped the evolution of v-cyclin to maintain CDK6 activity
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despite the presence of cell-cycle inhibitors. Intriguingly, v-cyclin is so proficient at
promoting host-cell DNA replication that it actually induces OIS (Koopal et al., 2007),
the very thing it has evolved to avoid.

In this work, I have shown that expression of KSHV v-FLIP facilitates
suppression of autophagy and OIS during latent infection. Although v-FLIP expression,
and its associated anti-autophagy functions, likely have numerous benefits for KSHV
latency, including immune evasion and alteration of host cell metabolism, I believe that
suppression of OIS also contributes to v-FLIP evolution within the latency program.
First, v-FLIP is expressed from an IRES within the same transcript that encodes v-cyclin
(Grundhoff and Ganem, 2001). Evolution of the unique gene expression arrangement
strongly suggests that the functions of v-cyclin and v-FLIP are interdependent; I show
that co-expression of v-FLIP with v-cyclin strongly suppresses v-cyclin-induced
autophagy and senescence. Second, inspection of the latent gene expression programs of
related y-herpesviruses reveals conservation of the common LANA/v-cyclin/v-FLIP
transcription unit in rhesus rhadinoviruses and HVS, but not within the extensively
studied murine y-herpesvirus-68 (MHV-68) (Speck and Ganem, 2010). In fact, MHV-68
encodes LANA and v-cyclin homologs, but does not encode a v-FLIP homolog. Instead,
MHV-68 encodes M11, a latently expressed v-Bcl-2 homolog and potent repressor of
Beclin 1(Ku et al., 2008; Sinha et al., 2008), in the same genomic location that v-FLIP
would be expected to occupy (Speck and Ganem, 2010). Collectively, these observations
strongly suggest that OIS is an intrinsic defense against viruses; furthermore, viruses
have evolved sophisticated mechanisms to breach host defenses by subverting senescence
effectors, including the cellular autophagic machinery.

What are the functions of DDRs within KSHV infection? Intriguingly, DDR
pathways have recently been demonstrated to be important for herpesvirus lytic
replication. Elegant studies have shown that diverse herpesviruses, including HSV-1,
HCMYV, EBV, MHV-68 and KSHYV, encode kinases that intentionally activate host DDRs
to facilitate lytic replication (Li et al., 2011; Tarakanova et al., 2007; Xie and Scully,
2007). For example, ORF36 of MHV-68 encodes a kinase that directly phosphorylates
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H2AX (Tarakanova et al., 2007). This event facilitates activation of ATM, which
functions to amplify the DDR signal. Importantly, inhibition of this cascade at the level of
ORF36, H2AX or ATM dramatically impairs MHV68 replication in murine macrophages
(Tarakanova et al., 2007).

Although DDRs have a well-understood role in supporting y-herpesvirus lytic
replication, their impact on latency is unclear. Latent infection elicits prominent DDRs,
which may (i) support maintenance of the latent episomal DNA, or (ii) fine-tune the
expression of viral gene products. LANA, the primary regulator of KSHV latency, has
been reported to interact with the heterochromatin protein HP-1 and histone
methyltransferase SUV391H (Sakakibara et al., 2004). Intriguingly, these LANA binding
partners have important roles in regulating SAHF during senescence. In response to
DNA damage, SUV39H1 has been shown to catalyze H3K9me modifications that
demarcate SAHF (Braig et al., 2005), while HP1 helps create the closed chromatin
structure that impairs transcription within these nuclear domains (Zhang et al., 2005).
Therefore, in the context of latent infection, I would expect these proteins to facilitate
repression of KSHV gene expression, perhaps reinforcing latency. Studies have also
recently revealed that host-cell Kruppel-associated box domain-associated protein-1
(KAP1 or Tripartite motif-containing 28 [TRIM28]) potently represses lytic-gene
expression during KSHV latency (Chang et al., 2009). KAP1 belongs to a family of
antiviral proteins (Nisole et al., 2005), that responds to DNA damage and may even have
roles in senescence (Li et al., 2007; Mallette et al., 2010). Therefore
KAP1 may facilitate fine-tuning of KSHV gene expression. Collectively, these
observations suggest that DDRs may have a significant role to play in KSHV latency.

Does autophagy inhibition contribute to other aspects of KSHV latency?
Herpesviruses are subject to regulation by autophagy, and thus encode countermeasures
to subvert autophagic processes. Several herpesviruses, including KSHV, encode Bcl-2-
like proteins that inhibit autophagy by direct interaction with the Beclin 1 autophagy
protein (Ku et al., 2008; Liang et al., 2006; Pattingre et al., 2005). These proteins are

expressed during the lytic cycle, concurrent with viral assembly, and are thought to
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restrict the ability of the autophagic machinery to target newly assembled virions for
xenophagic degradation, or inhibit the autophagy-facilitated presentation of viral antigens
to the immune system. Although KSHV virions are not made during latency, autophagy
may have roles in the degradation of long-lived latent viral proteins. In fact, autophagy
has been shown to be required for the efficient presentation of EBV EBNAI latent
antigen, a homolog of KSHV LANA, to CD4 T-cells (Paludan et al., 2005). Therefore, in
addition to blocking host anti-proliferative responses to v-cyclin expression, v-FLIP may

also antagonize host antiviral immune responses to facilitate viral persistence.
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CHAPTER 7 - CONCLUSIONS

7.1 Subversion of Autophagy by KSHV Impairs Senescence

KSHYV is the infectious causative agent of KS, a complex neoplasm of the endothelium.
The driving force of KS is the latently infected endothelial cell, wherein viral gene
products stimulate cell proliferation and reprogram host-gene expression. Although much
is known about the functions of individual latent-gene products, it still remains unknown
how they collaborate to induce tumorigenesis. Research efforts have focused on three
KSHYV latent proteins, LANA, v-cyclin and v-FLIP, that are expressed as part of a
common transcription unit within the viral genome. Each of these latent proteins has been
shown to engage critical proliferation pathways linked to tumorigenesis; however,
transgenic mice engineered to express LANA, v-cyclin or v-FLIP only develop lymphoid
malignancies with low frequency and after long latency (Chugh et al., 2005; Fakhari et
al., 2006; Verschuren et al., 2004a). Furthermore, studies have revealed that ectopic
expression of LANA, v-cyclin or v-FLIP in cultured cells does not induce transformation,
and v-cyclin actually promotes proliferation arrest. Given the relatively modest effects of
KSHYV oncogenes in vitro and in vivo and their unique expression cassette, I reasoned (i)
that host cells may restrict the functions of KSHV oncoproteins and (ii) the functions of
LANA, v-cyclin and v-FLIP in subversion of cell proliferation pathways may be
interdependent.

To test these hypotheses, I first attempted to characterize host-cell responses to
individual KSHYV latent oncoproteins. My studies revealed that v-cyclin potently induces
proliferation arrest and it is the only KSHYV latent protein to do so. v-Cyclin arrest was
characterized by hallmarks of OIS, including increased SA B-gal activity, activation of
DDRs, formation of SAHF and activation of the SASP (Chapter 3). Remarkably, I also
demonstrated that autophagy is sharply up-regulated during v-cyclin OIS and necessary
for efficient transition to the senescent phenotype (Chapter 4). Activation of autophagy

during v-cyclin OIS appeared to involve negative feedback on the mTOR signaling.
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Together, these observations demonstrate that host cells restrict the functions of v-cyclin
through execution of autophagy and OIS.

Recently KSHV v-FLIP was discovered to be a potent inhibitor of autophagy (Lee
et al., 2009). This discovery perplexed many since the KSHV latency program produces
no virions. However, [ was intrigued by this revelation, since I knew v-cyclin OIS to be
autophagy dependent and that v-FLIP is co-expressed with v-cyclin and LANA as part of
the KSHV oncogenic cluster. My studies subsequently revealed that co-expression of v-
FLIP along with v-cyclin potently inhibits v-cyclin-induced autophagy and senescence
(Chapter 5). These results helped to explain observations that KSHV infection induces
DDRs, yet latently infected cells fail to senesce. To firmly establish a role for v-FLIP in
the suppression of viral OIS, I blocked v-FLIP anti-autophagy functions within latently
infected cells, effectively rescuing host-cell autophagy, and observed increased incidence
of senescence (Chapter 6). Collectively, my studies reveal that v-FLIP subverts

autophagy to impair OIS in cells latently infected with KSHV (Figure 7.1).

7.2 Viral Subversion of Autophagy and OIS: Paradigm or Unique Circumstance?
Microbial pathogens that successfully parasitize eukaryotic cells have evolved in the
setting of selective pressures imposed by autophagy, senescence and immune responses.
Consequently, it is not surprising that viruses such as KSHV have developed
sophisticated strategies to avoid clearance and reinforce host-cell proliferation. The
discovery that KSHV subverts autophagy, in part, to impair host-cell senescence
responses immediately leads to queries of whether this is a common strategy or unique
circumstance.

Unquestionably, KSHYV is the first example of an oncovirus that directly inhibits
the autophagic machinery to impair host cell OIS (Leidal et al., 2012). However, recent
reports suggest that many oncoviruses have evolved to activate mTOR signal
transduction, and may promote senescence bypass through this mechanism. For example,
the LMP2A latent protein of EBV has been shown to potently trigger mTORC1 activation
through the PI3K/Akt pathway (Moody et al., 2005). EBV, similar to KSHV, has been
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Figure 7.1

Proposed Model for KSHYV Subversion of Senescence and Autophagy

v-Cyclin function in latently infected cells induces replication stress and DNA damage.
If left unchecked, this would typically induce autophagy and OIS; however, KSHV has
evolved to coexpress v-FLIP with v-cyclin, which functions to subvert host-cell
autophagic machinery and impair OIS. This scheme ultimately helps latently infected
‘spindle cells’ avoid OIS and facilitates continued proliferation despite intrinsic genomic
damage.
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reported to induce oncogenic stress within latently infected B cells, and therefore may
employ mechanisms to suppress OIS (Nikitin et al., 2010a). Although the status of
autophagy and senescence pathways in cells ectopically expressing LMP2A has not been
examined, this potent signaling molecule can transform epithelial cells and inhibit
differentiation (Scholle et al., 2000). Taken together, these observations suggest LMP2A
may function to suppress autophagy and OIS in cells latently infected with EBV. Another
oncovirus that has been shown to trigger host cell DDRs is the human papillomavirus
(HPV) (Moody and Laimins, 2009). It has recently been reported that the HPV E6
oncoprotein, which is a well-characterized inhibitor of p53, robustly activates mTORC1
through Akt (Spangle and Munger, 2010). Importantly, the E6 oncoprotein has also been
shown to be essential for repression of senescence pathways in HPV-infected cervical
carcinoma cells, and ablation of its function in this context promotes OIS (DeFilippis et
al., 2003; Horner et al., 2004).

Finally, I have recently begun examining the paradoxical activation of autophagy
by the KSHV lytic protein vGPCR. This potent signaling protein has been reported to
robustly activate the PI3K/AKT and mTOR signaling pathways in KSHV infected cells
undergoing lytic replication (Sodhi et al., 2006); furthermore vGPCR is responsible for
elaborating a profound secretory phenotype that contributes to KS pathogenesis
(Montaner et al., 2004). Remarkably, vGPCR also induces some hallmarks of senescence
when expressed ectopically in TIME cells, including proliferation arrest and up-
regulation of SA B-gal (Cyr, Olsthoorn, Leidal and McCormick, unpublished data).
Although lytically infected cells are destined to perish, and therefore are unlikely to
undergo senescence, the stresses triggered by vGPCR may be detrimental to viral fitness.
Intriguingly, the lytic replication program of KSHV also encodes an inhibitor of
autophagy, v-Bcl-2 (Pattingre et al., 2005). The functions of v-Bcl-2 during lytic
replication may serve to dampen autophagic signaling triggered by vGPCR, thus
preventing xenophagy of nascent KSHV virions or premature cell death. Collectively,
these observations illustrate that oncoviruses frequently suppress autophagy by mTORCI1

activation or other mechanisms, and this likely contributes to impairment of host-cell
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anti-proliferative responses, including OIS. Therefore, suppression of autophagic
pathways likely represents a paradigm for oncoviruses as they simultaneously attempt to
thwart xenophagic clearance, promote host-cell proliferation and evade immune

activation.

7.3 Therapeutically Targeting mTOR
Critical roles for mTOR signaling in autophagy regulation and viral-subversion strategies
renders this target therapeutically attractive for the treatment of virus-associated
malignancies. My work has shown that treatment of KSHV-infected cells with rapamycin
induces autophagy and increases the incidence of senescence. Rapamycin has also been
demonstrated to be effective in the treatment KS (Kolhe et al., 2006; Stallone et al.,
2005). Together, these observations suggest that rapamycin-induced senescence may
contribute to the effectiveness of this drug towards KS. It will be interesting to determine
whether next-generation mTOR inhibitors, which have greater specificity, are more
efficacious at inducing autophagy and senescence induction in KS tissues. The increased
specificity of new mTOR inhibitors is rooted in their mode of action (Benjamin et al.,
2011). Classically, rapamycin inhibits mMTORC1 through association with FKBP12 and
allosteric inhibition of the mTOR FRB domain. Because FKBP12-rapamycin does not
interact with mTORC?2, this complex is not inhibited by rapamycin. The failure of
rapamycin to inhibit mMTORC?2 is a significant drawback, since the complex has important
functions in regulating Akt, modulating the cytoskeleton and antagonizing pro-autophagy
signaling. Therefore, new ATP-competitive mTOR inhibitors, such as Torin or AZD8055,
were developed to target both mTORC1 and mTORC?2. These new inhibitors have been
found to dramatically induce autophagic activity in trials, and may prove more effective
than rapamycin in the treatment of cancer (Benjamin et al., 2011; Vakana et al., 2010).
Virus-associated malignancies are likely to be particularly amenable to treatment
with mTOR inhibitors because they frequently harbor intact tumor-suppressor pathways
that have only become deregulated through the course of viral subversion. Therefore,

attenuation of mTOR subversion has the potential to restore cellular tumor-suppressor
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functions, such as the senescence program, and promote clearance of viral effectors
through autophagy. Intriguingly, links between the cellular senescence program and
innate immune system might enable clearance of KS lesions if latently infected tumor

cells can be forced to senesce with new ATP-competitive mTOR inhibitors.

7.4 Prospects for the Future

The results presented in this thesis provide strong evidence that KSHV v-FLIP subverts
autophagy pathways to facilitate breach of the host cell OIS program. It is important to
emphasize that v-FLIP expression does not completely ‘release’ v-cyclin from anti-
proliferative mechanisms to drive host-cell growth and division. DDRs and other tumor-
suppressor mechanisms still remain somewhat intact and act redundantly to restrict
deregulated proliferation. This is why KSHYV is best regarded as being necessary for KS
tumorigenesis, but not sufficient to induce KS tumorigenesis. Therefore, v-FLIP
subversion of autophagy represents one of the numerous cellular events that contribute to
KSHV-induced malignancies.

Collectively, this work expands our view of autophagy and senescence as tumor-
suppressor mechanisms and highlights the sophisticated ways that oncoviruses, such as
KSHY, interfere with host defenses. Much work needs to be done to better understand
how autophagy promotes senescence and identify viruses that employ subversion
strategies similar to KSHV. With this knowledge in hand, we will likely be better

equipped to treat the diverse set of malignancies linked to oncoviruses.
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