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ABSTRACT OF THE DISSERTATION
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This dissertation further explores some of the many facets by which human
cytomegalovirus (HCMYV) subverts and utilizes components of the ubiquitin-proteasome

system in facilitating a productive infection. HCMV infection causes severe cell cycle
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deregulation and arrest, mediated in part by the deactivation of the anaphase-promoting
complex (APC), one of the main E3 ubiquitin ligases involved in cell cycle regulation.
By characterizing the effects on the APC subunits and its co-activator Cdhl during the
infection, I have further delineated the mechanism(s) by which APC“™™ is disabled
during the infection. Cdh1 becomes abnormally phosphorylated early in the infection in a
Cdk-independent manner, which may inhibit its ability to bind and activate the APC.
UL97 is identified as the viral protein kinase involved in mediating Cdh1
phosphorylation. Analysis of the APC core subunits reveals that the complex dissociates
during the infection with the TPR subunits relocalizing to the cytoplasm while APC1
remains nuclear, which is caused by the proteasome-mediated degradation of APC5 and
APCA4. Studies utilizing a UL97-deletion virus indicate that Cdh1 phosphorylation and
APC dissociation occur independently despite similar kinetics. The possible redundancy
of these mechanisms underlies the importance of deactivating the APC during the
infection. The targeting of an intermediate component in the ubiquitin-proteasome
pathway is necessary as inhibition of the proteasome is also found to be detrimental to
viral replication. Proteasome inhibition assays show that proteasome activity is required
at all stages of the infection. Moreover, proteasome activity increases as the infection
progresses, and proteasome subunits relocalize in and around viral replication centers.
Characterization of the peri-replication center region shows it to be proteolytically and
transcriptionally active. Taken together, these results suggest that proteasomes (or
specific subunits) may play a direct role in facilitating viral DNA replication and

transcription.
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CHAPTER 1

INTRODUCTION

HUMAN CYTOMEGALOVIRUS

Human cytomegalovirus (HCMV) is a -herpesvirus endemic within the
human population, affecting 50-90% of the general adult population worldwide, that
establishes a lifelong latent infection. While the virus usually remains asymptomatic
following primary infection or reactivation in a healthy host with a functional immune
system, it is an opportunistic pathogen that can cause serious disease in
immunocompromised individuals or those lacking a mature immune system (for
review, see (13, 110). HCMV is the leading infectious cause of birth defects, with 30—
50% transmission to the fetus if the primary infection of the mother occurs during
pregnancy. About 10—15% of the babies will develop birth defects, including hearing
and vision loss and mental retardation, and in some infants may result in death.
HCMYV also continues to be a significant pathogen in adults given the rise in AIDS
and organ transplantation, with complications including retinitis, encephalitis,
pneumonia, graft rejection, and death. Chronic infection with the virus has also been
associated with atherosclerosis, rheumatologic disorders, and vascular disease. Current

drug treatments have produced a significant clinical improvement, but have a low



potency and dose-limiting toxicities. Moreover, there is a developing resistance to the
drugs (for review, see (76). Thus, HCMV remains an important pathogen of study;
understanding the molecular basis of infection will help identify new potential
therapeutic targets as well as the clinical manifestations of the infection.

B-herpesviruses are species-specific, have a relatively long replication cycle,
and are among the largest of the herpesvirus subfamilies. HCMV can infect a broad
range of cell types, including epithelial, endothelial, fibroblasts, and smooth muscle
cells. HCMV is a double-stranded DNA virus with a 260 Kbp linear genome,
encoding over 230 ORFs (103). The genome of the virion is housed in an icosahedral
protein capsid that is surrounded by a proteinaceous tegument layer and enclosed by a
phospholipid envelope. Viral encoded glycoproteins on the envelope mediate viral
entry through membrane fusion, which releases the capsids and tegument into the cell.
The tegument contains a large mixture of both viral and cellular proteins and RNA
molecules (64) (156). Nearly 60 different viral proteins have been identified (4) (156),
but activities for less than half have been reported, which include viral replication,
evasion of the host immune response, inhibition of apoptosis, capsid transport to the
nucleus, and virus assembly and egress (64).

Viral replication. During a productive infection and replication cycle, viral
gene expression is regulated into 3 different kinetic classes: immediate early (IE),
early, and late (for review, see (101). If infection occurs during Gy or G; phases of the
cell cycle, IE genes are immediately expressed after viral entry and do not require de
novo viral or cellular protein synthesis. Expression of early genes is dependent on the

expression of functional IE products, late gene expression requires viral DNA



synthesis. IE gene expression, which begins within one-hour post infection (h p.i.), is
mainly from the MIE locus and gives rise to the major regulatory proteins of viral
replication, IE1 and IE2, but also includes other proteins involved in regulation,
inhibition of apoptosis, and immune evasion. Early genes (expressed beginning 12—14
hpi) are mainly involved in viral DNA replication (begins 1624 hpi), while late gene
products (expressed beginning 24—-36 hpi) are more structural and maturation proteins
involved in virion packaging and egress with peak release of progeny occurring 72-96
hpi.

For a productive infection, the virus must be able to create a cellular
environment conducive for viral replication, affecting various signaling pathways and
cell systems, while inhibiting the host’s immune surveillance and apoptosis pathways
(for review, see (17, 133)). Many of these pathways and systems are also regulated by
the host’s ubiquitin-proteasome system (UPS). Much of the work in the Spector lab
and the general focus of this thesis has been to better understand the interplay between
the virus and the UPS, especially with regard to the severe cell cycle dysregulation and

arrest that occurs after infection.

THE UBIQUITIN-PROTEASOME SYSTEM

The UPS is a highly regulated process in which a protein becomes
ubiquitinated and then degraded by the proteasome (for review, see (33, 40, 158)).
Proteins become ubiquitinated through a multi-step process involving the E1

(ubiquitin activating enzyme), E2 (ubiquitin conjugating enzyme), and E3 (ubiquitin



ligase) enzymes (114). E1 adenylates the C-terminal glycine of ubiquitin and then
forms a thioester bond between the glycine and cysteine on the E1 catalytic site. E2
then forms a similar bond between its active site cysteine and the activated ubiquitin
through a transthioesterification reaction. E3 facilitates the transfer of the activated
ubiquitin to its recruited substrate. The amino group of a lysine on the substrate attacks
the thioester bond between ubiquitin and the E2, thereby forming an isopeptide bond
between itself and ubiquitin. The process is repeated wherein a newly activated
ubiquitin is then conjugated to an internal lysine (usually lysine 48) of the previously
conjugated ubiquitin to form a polyubiquitin chain, which serves as the major
targeting signal to the proteasome. The ubiquitin is then removed and recycled by
deubiquitinating enzymes (DUBs) as the protein is processed by the proteasome.

Substrate specification and regulation of the UPS is controlled through the
hierarchal organization of the E1, E2, and E3 enzymes as well as the balance of their
activities with DUBs. In humans, there is one E1, dozens of E2s, and hundreds of E3s,
with more still being discovered. Substrate specificity is conferred at the level of E3s.
Each E3 targets a specific set of substrates and can interact with one or more E2s.
Each protein may also be recognized by multiple E3s, which may interact with
different E2s, giving rise to further complexity and points of regulation.

Beyond proteasome-mediated degradation, other forms of ubiquitination,
including monoubiquitin, multiubiquitin, or ubiquitination on alternative lysine
residues, can regulate protein function in various other cellular processes, including
endocytosis, membrane transport, and transcription regulation (53). Ubiquitin-

independent proteasome mediated degradation can also occur. Other ubiquitin-like



modifications that can also target proteins to the proteasome include SUMO, Nedds8,
and ISG15.

The Proteasome. The mammalian 26S proteasome is a large (~2.5 MDa)
multi-subunit complex, which normally consists of a 19S regulatory complex on either
end of the 20S catalytic core (for a comprehensive review, see reference (33). The 19S
can be further divided into a base component, composed of a hexameric ring of AAA
ATPase subunits (Rpt1-Rpt6) and three non-ATPase subunits (i.e. Rpnl, Rpn2, and
Rpn10), and a lid component consisting of nine non-ATPases (i.e. Rpn3, Rpn5, Rpn6,
Rpn7, Rpn8, Rpn9, Rpnl1, Rpnl2, and Rpnl5). A fourth potential non-ATPase base
component has recently been identified as Rpn13/ADRM1, which binds ubiquitin and
the proteasome-associated DUB, UCH37, but may only be dynamically associated
with the proteasome (43, 63, 120, 161, 171). The 19S regulatory functions include:
polyubiquitin recognition, deubiquitination, protein unfolding through ATP
hydrolysis, gate opening of the 20S o ring, and translocation of proteins into the 20S
for degradation. The 20S catalytic core is composed of four stacked hexameric rings
of a and B subunits (o;.7—8,.7—B,7—0at;7). Subunits B1, B2, and B5 contain proteolytic
active sites, with caspase-like (i.e. cleavage on the C-terminal side of acidic residues),
trypsin-like, and chymotrypsin-like (i.e. cleavage after hydrophobic residues) site
specificities, respectively (9).

A heterogeneous population of proteasomes is present in the cell as various
species of proteasomes can be formed. The proteolytically active 3 subunits are
substituted by B1i, 821, and B51, respectively, in forming the immunoproteasomes.

Other regulators of the proteasome (i.e. REGy, PA28/11S, and PA200/Blm10) can



bind the 20S themselves or in combination with the 19S in forming chimeric
proteasomes. REGY/PA28y has no ATPase activity but can open the 20S channel gate
and facilitate ubiquitin-independent degradation. A study done with HeLa cell extracts
determined the proteasome pool to contain: 40% free 20S, 25% 19S-20S-PA28, 20%
PA28-20S or PA28-20S-PA28, and only 15% 19S-20S or 19S-20S-19S (146).

The diversity of the proteasome and the UPS in general facilitates regulation of
a multitude of different cellular processes in a proteolytic or nonproteolytic fashion. It
is the major extralysosomal protein degradation pathway in the cell and is involved in
antigen processing, cell cycle regulation, apoptosis, signal transduction, transcription
regulation, DNA repair, and chromatin remodeling (23, 40). However, this diversity
also lends itself susceptible to misregulation and targeting by pathogens, often

manifest as different forms of disease (38, 137).

HCMYV PROTEINS ASSOCIATED WITH THE UPS

Immunoevasins. One of the first indications that HCMV exploits the UPS
occurred with the discovery of the viral-encoded immunoevasins (for review, see (86,
116). US11 is an ER resident type I transmembrane glycoprotein that dislocates newly
synthesized MHC class I molecules from the ER to the cytosol, where they are then
degraded by the UPS, thereby preventing antigen presentation to CD8+ T lymphocytes
(168). US2 mediates the degradation of MHC class II as well as MHC class I heavy

chain (62). US2 and US11 both require a functional UPS, although ubiquitination of



the MHC class I heavy chain is only required during US2-mediated degradation and
not US11 (46).

pp71. The multi-functional tegument protein pp71 (UL82) has been shown to
target proteins for proteasome-mediated degradation independent of ubiquitin. It is
delivered to the nucleus after viral entry and facilitates viral mRNA accumulation, IE
gene expression, and viral replication (11). It prevents cell surface expression of MHC
class I (153). pp71 mediates the ubiquitin-independent proteasome-mediated
degradation of Daxx, thereby alleviating its repression on IE gene expression (57,
129), as well as that of Rb, p107, p130, thereby allowing E2F activation of S-phase
genes and accelerating cell cycle progression (65, 66).

UL48. UL48 is a tegument protein with DUB activity, which appears to

facilitate virion release (160).

EFFECTS OF HCMV INFECTION ON THE HOST CELL CYCLE

Proper cell cycle progression is intimately coupled with the UPS, which
ensures the timely expression and degradation of different cell cycle regulators,
including the various cyclins and associated cyclin dependent kinases (cyclin/cdk).
Quiescent cells can be induced from Gy into the cell cycle through various growth
factors or serum stimulation. Subsequent phosphorylation of substrates through the
activation of cyclin D/cdk4 and cyclin D/cdké6 facilitates passage of the cell through
Gi. During Gy, the cell prepares for DNA replication through the induction of

transcription factors and genes encoding proteins necessary for nucleotide metabolism



and DNA replication. A prereplication/licensing complex is formed at the origins of
DNA replication with the binding of ORC to the DNA followed by cdc6 and Cdtl,
which in turn recruits and facilitates the binding of MCM proteins (91, 106, 127).
Cyclin E/cdk? is induced and mediates the transition into S. In S phase, DNA
replication is mediated through cyclin A/cdk2. Cdtl is released from the replication
complex and its binding to ORC is further prevented with the accumulation of geminin
to ensure a single firing of the origin. In G, regulators of mitosis (M) begin to
accumulate, including cyclin B. As cells transition into M, cdc25 phosphatase
dephosphorylates cdk1, allowing cyclin B/cdk1 and cyclinA/cdkl complexes to be
active and phosphorylate the many substrates involved in cell division. Mitotic exit is
facilitated through the inactivation of cdkl and degradation of cyclins A and B.

HCMYV infection causes severe cell cycle dysregulation and arrests cells in a
pseudo-G//S phase (10, 19, 28, 51, 61, 87, 130, 133, 165, 166). Cells infected in Go/G;
are induced towards S. Progression through G, allows for the stimulation of the host’s
biochemical pathways in generating DNA precursors and resources that would be
necessary for DNA replication as the cell prepares to enter S; however, entry into S
and cellular DNA replication are blocked, as the virus utilizes the cellular resources
for its own DNA replication. Normal cyclin/cdk expression is dysregulated, as cyclin
D1 and cyclin A expression are inhibited (10, 61, 130, 166), while cyclin E and cyclin
B1 are highly expressed along with their associated kinase activities (61, 131, 166).
The effects on cyclins D1, A, and E are at the transcriptional level, while that of cyclin
B1 appears to be due to increased protein stability (130, 131). Licensing of the

cellular origins of DNA replication is inhibited with the abnormal accumulation of



geminin in G;, which prevents proper loading of the MCMs (7, 167). Several other
cell cycle regulators (e.g. Aurora A, PTTG/securin, cdc6, etc.) also abnormally
accumulate early after the infection (7, 164). p53 is also stabilized but sequestered in
viral replication centers and cannot activate target promoters (10, 22, 35, 102). Rb is
hyperphosphorylated early after infection, thereby allowing the induction of E2F
responsive genes, many of which encode for proteins required for DNA replication
(30). Infection of cells in Go/G; also appears to be necessary for the initiation of viral
gene expression, as viral genes are not expressed if cells are infected near or in S
phase until the cell completes the cell cycle and reaches the next G, (34, 130).
Interestingly, this blockade during S-phase infection was relieved upon addition of a
proteasome inhibitor (34).

The main E3s involved in cell cycle regulation are the SCF (Skp1-Cullin-F-
box) and the APC (Anaphase-Promoting Complex). The SCF remains active
throughout the cell cycle, while the APC functions mostly in mitosis through G;. SCF
substrates in general do not appear to be affected during HCMV infection; however,
many of the abnormally accumulated cell cycle regulators are substrates of the APC
(i.e. cyclin B1, cdc6, geminin, securin, and Aurora A). This observation led to the
initial hypothesis that APC activity is downregulated during the infection (7, 131).

The APC is a large multi-subunit E3 active from mitosis through G, most
notable in ensuring proper cell division and sister chromatid separation (for review,
see (113, 155). The APC core contains 12 subunits. APC 2 and APC 11 form the
catalytic core, which binds the E2 (i.e. UbcHS, UbcH10, E2-25K, and E2S) and allows

transfer of ubiquitin. The TPR subcomplex consists of APC3, APC6, APC7, and
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APCS, each of which contains multiple copies of the TPR (tetratricopeptide peptide
repeat) protein-protein interaction motifs as well as most of the APC phosphorylation
sites. The catalytic core and the TPR subcomplex are associated through APC1,
APC4, and APCS5. APC activation and regulation is achieved through interactions with
its co-activator proteins Cdc20 or Cdhl, which bind to APC3 and APC2. APC
phosphorylation in mitosis allows interaction with Cdc20, which recognizes APC
substrates containing destruction boxes (D boxes). The spindle assembly checkpoint
inhibits APC“*?’ in a substrate-specific manner, preventing the degradation of securin
and cyclin B until sister chromatids are properly separated; meanwhile, other
substrates like cyclin A are targeted by APC“*? for degradation. The mechanisms by
which these processes occur remain unclear. Subsequent degradation of securin, cyclin
B, and others after spindle assembly allows for sister chromatid separation and the
completion of mitosis. During late anaphase, cdk inactivation along with the
phosphatase cdc25 relieves the inhibitory phosphorylation of the second co-activator
Cdhl, which is now able to bind and activate the APC. Cdhl recognizes D box
substrates along with those containing KEN boxes. Cdc20 is targeted for degradation
by APC™ which remains active through Gy in regulating the levels of cyclins A and
B along with S phase regulators (e.g. Orcl, cdc6, geminin, etc.). As cells enter S
phase, APC“™ is inactivated through the phosphorylation of Cdh1 and its subsequent
dissociation from the APC. APC inactivation through G; is aided by Emil, which has
been shown to inhibit both APC““?° and APC“™™, possibly by binding to Cdc20 and
Cdhl to prevent their interaction with the APC and/or targeting them for

ubiquitination through the SCF complex.
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Given the complex regulation of the UPS and of the APC itself, inactivation of
the APC could potentially be mediated at several different levels: the APC core
complex and any one of its subunits, the APC co-activators and inhibitors, the E1 or
E2s, DUBS, or the proteasome itself. Based on initial studies done in the Spector lab,
an inactivation due to an overexpression of the APC inhibitor Emil or a lack of E2
expression (i.e. UbcHS or UbcH10) seemed unlikely, as Emil expression in HCMV-
infected cells was less than in mock during the infection, while E2 expression was
fairly comparable (unpublished). Moreover, there was a high-level accumulation of
the co-activator Cdhl that did not appear to be associated with the APC. Since several

Cthl, the activation of the

of the misregulated cell cycle proteins are substrates of AP
APC by Cdhl is likely prevented. A study published during the course of this
dissertation further corroborated these initial observations (164). Although the
previous studies have helped pinpoint that the accumulation of APC substrates and

CCdnt activation, the

cell cycle dysregulation are likely due to the lack of AP
mechanism by which HCMYV is effecting this inactivation remained unclear. An
inactivation of the proteasome itself also seemed unlikely, given the continued
proteasome-mediated degradation observed for several different cellular proteins
during these initial stages of the infection (e.g. MHC class I, wee-1, Daxx, etc.),
although the possibility had not yet been specifically addressed. Interestingly, a study
using proteasome inhibitors suggested that proteasome activity is necessary for a

productive infection; however, whether proteasome activity is necessary through all

stages of the infection or only at the onset was not clear (119).
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GOAL OF THIS WORK

The aim of the studies in this dissertation is to further understand how HCMV
manipulates the UPS in facilitating a productive infection, specifically with regards to
the APC and the proteasome. The means by which APC inactivation occurs during
HCMYV infection is explored (Chapter 2). Initial studies identified Cdh1 to be
phosphorylated early during the infection, which may account for the lack of its
binding and activation of the APC. Surprisingly, these studies also revealed that the
APC core complex dissociates during the infection, which would also explain the
disabling of the APC. These mechanisms and their relative contribution to the
inactivation of the APC are further delineated (Chapter 3). These studies identified the
viral protein kinase UL97 to be responsible for phosphorylating Cdh1 during the
infection as well as the loss of APCS as the key in mediating the dissociation of the
APC. Moreover, these two events are further determined to occur independently. A
model for the events mediating the inactivation of the APC during HCMV infection is
presented. Proteasome inhibitor studies were used to address whether proteasome
activity is necessary through all stages of the infection (Chapter 4). Interestingly,
proteasome activity is required throughout the infection and may facilitate viral
transcription. The results and significance of this work are summarized at the end of

the dissertation (Chapter 5).



CHAPTER 2

ACCUMULATION OF SUBSTRATES OF THE ANAPHASE-PROMOTING
COMPLEX (APC) DURING HUMAN CYTOMEGALOVIRUS INFECTION IS
ASSOCIATED WITH THE PHOSPHORYLATION OF CDH1 AND THE

DISSOCIATION AND RELOCALIZATION OF THE APC SUBUNITS

ABSTRACT

Cell cycle dysregulation upon human cytomegalovirus (HCMYV) infection of
human fibroblasts is associated with the inactivation of the Anaphase-Promoting
Complex (APC), a multi-subunit E3 ubiquitin ligase, and accumulation of its
substrates. Here, we have further elucidated the mechanism(s) by which HCMV-
induced inactivation of the APC occurs. Our results show that Cdhl accumulates in a
phosphorylated form that may prevent its association with and activation of the APC.
The accumulation of Cdh1, but not its phosphorylation, appears to be CDK-dependent.
Lack of association of exogenously added Cdh1 with the APC from infected cells
indicates that the core APC may also be impaired. This is further supported by the
examination of the localization and composition of the APC. Co-immunoprecipitation
studies show that both Cdhl and the subunit APC1 become dissociated from the
complex. In addition, immunofluorescence analysis demonstrates that as the infection
progresses, several subunits redistribute to the cytoplasm, while APC1 remains

nuclear. Dissociation of the core complex itself would account for not only the

13
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observed inactivity, but also its inability to bind to Cdhl. Taken together, these results
illustrate that HCMYV has adopted multiple mechanisms to inactivate the APC, which

underscores its importance for a productive infection.
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INTRODUCTION

Human cytomegalovirus (HCMV) infection is the leading viral cause of birth
defects and results in severe disease in immunocompromised individuals (for review,
see (109)). The replication of this virus is temporally regulated and involves an
intricate set of interactions between the virus and the host cell machinery that optimize
the cellular environment for viral replication and assembly. Similar to DNA tumor
viruses that can infect quiescent cells, HCMYV induces cells towards S phase such that
the cellular DNA machinery is activated and available for viral DNA replication.
Subsequent dysregulation of multiple cellular factors involved in the cell cycle causes
the infected cell to arrest in a pseudo-G1/S state (7, 10, 28, 61, 87, 130, 131, 165-167).
The Rb family pocket proteins that regulate transcription in complex with E2Fs in a
cell cycle-dependent manner become phosphorylated and accumulate, while the tumor
suppressor protein, p53, is stabilized (35, 61, 96, 102). Cyclin A mRNA synthesis is
blocked, and only low levels of cyclin A protein and its associated kinase activity can
be detected (61, 130). In contrast, cyclins E and B, as well as their associated kinase

activities, are upregulated (61, 96, 130).

Cyclin expression, along with other cell cycle proteins, is partially regulated by
the ubiquitin-proteasome pathway, in which a protein becomes ubiquitinated and then
degraded by the proteasome (40, 41). Ubiquitination occurs through a multi-step
mechanism involving the E1 (ubiquitin activating enzyme), E2 (ubiquitin conjugating

enzyme), and E3 (ubiquitin ligase) enzymes. Target specificity is determined at the
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level of E3s, where each E3 interacts with specific E2s and protein substrates. The
main E3s involved in cell cycle regulation are the SCF (Skp1-Cullin-F-box) complex

and the APC (Anaphase- Promoting Complex).

The APC, also known as the cyclosome, is a large multi-subunit complex that
is evolutionarily conserved from yeasts to plants to mammals (for review, see (18,
113)). It is active from mitosis through G; to ensure proper cell cycle progression, in
particular for anaphase entry and exit from mitosis. Cryo-negative staining electron
microscopy, biochemical reconstitution assays, and labeling experiments have been
used to delineate the architecture of the APC (29, 39, 111, 149). Vertebrate APC
contains at least 12 subunits, which can be further divided into two separable
subcomplexes (149). Subunits APC2 and APC11 (catalytic core), along with APC10,
form the platform, which binds the E2 (UbcHS or UbcH10) and allows transfer of
ubiquitin. APC3 (Cdc27), APC6, APC7, and APCS, all of which contain
tetratricopeptide repeats (TPR), form the arc lamp that functions mainly in binding the
activator proteins. APC1, APC4, and APCS serve as a scaffold, bridging the two
subcomplexes together. APC activation and regulation is achieved through
interactions with its co-activator proteins Cdc20 or Cdhl, which bind to APC3. APC2
and APC7 have also been shown to facilitate the interaction between Cdhl and the
APC (150, 157). Phosphorylation of the APC upon entry into mitosis mediates binding
of Cdc20, thus forming an active complex that initiates mitotic cyclin degradation (81,
140, 172). During late anaphase, inactivation of cyclin dependent kinases (CDKs)

relieves the inhibitory phosphorylation of Cdh1, which is now able to bind and
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activate the APC. APC“™ remains active through G, and prevents the premature
accumulation of cyclin A, cyclin B, and S phase regulators (e.g. Cdc6 and geminin).
As cells enter S phase, rising cyclin A/Cdk?2 activity results in the phosphorylation of
Cdh1, which blocks the binding of Cdhl to the APC and shuts off ubiquitylation of the
APC substrates. Cell cycle specific expression of trans-acting factors such as Emil,

RASSF1A, and the mitotic spindle checkpoint proteins also modulate APC activity.

Initial studies from our lab and others showing that several substrates of the APC
(e.g. cyclin B, Cdc6, and geminin) abnormally accumulate early in the HCMV
infection led to the hypothesis that APC activity is downregulated during the infection
(7,61, 131, 164, 167). Subsequently, Wiebusch et al. (164) reported that the APC
isolated from HCMV-infected cells had significantly reduced to no activity, as
measured by in vitro ubiquitination assays. This decrease in APC activity did not
appear to be due to an overexpression of APC inhibitor Emil or a lack of E2
expression (i.e. UbcHS or UbcH10). It was also noted that Cdh1 protein expression
was significantly upregulated during the infection, while mRNA levels remained
unchanged. However, immunoprecipitation assays using an antibody to APC3
indicated that little to no Cdh1 was associated with this subunit as the infection
progressed, although it was not determined whether other APC subunits remained in a
complex with APC3. Based on these results, it was proposed that the decreased APC
activity during HCMYV infection is due to the lack of Cdhl binding and activation of
the complex. However, questions regarding the mechanism by which this occurs were

not addressed.
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In this report, we have further investigated the mechanism(s) by which the
APC becomes inactivated during the HCMV infection. Importantly, we show that
Cdhl is phosphorylated during the infection in a CDK-independent manner and that
the APC becomes destabilized, as evidenced by the dissociation of not only Cdhl, but
also APCI, the largest subunit of the APC. In contrast, subunits that contain the TPR
motif (APC3, APC7, and APC8) remain in a complex. We also show that this
dissociation coincides with the retention of APC1 in the nucleus and redistribution of
the TPR subunits to the cytoplasm. Thus, it appears that multiple mechanisms are

involved in mediating the inhibition of APC activity during the infection.
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MATERIALS AND METHODS

Cells and Virus. Human foreskin fibroblasts (HFFs) were obtained from the
University of California, San Diego, Medical Center and cultured in minimum
essential medium with Earle’s salts supplemented with 10% heat-inactivated fetal
bovine serum, 1.5 ug/ml amphotericin B, 2 mM L-glutamine, 200 U/ml penicillin, and
200 ug/ml streptomycin. All cell culture media were from Gibco-BRL. Cells were
kept in incubators maintained at 37°C and 7% CO;. The Towne strain of HCMV was
obtained from the American Type Culture Collection (VR 977) and propagated as

previously described (144).

Cell Synchronization and Infection. All experiments were performed under
Gy synchronization conditions (130). Cells were trypsinized 3 days after the
monolayer became confluent and replated at a lower density to induce progression into
the cell cycle. At the time of replating, cells were either infected with HCMV at a
multiplicity of infection (MOI) of 5 or mock infected with tissue culture supernatants
as described (130). Stock solutions of MG132 (Calbiochem) and Roscovitine
(Calbiochem) were made in DMSO. Cell cultures were incubated with 2.5 uM
MG132, 20 uM Roscovitine, or an equivalent volume of DMSO as a control at the
times shown. Cells were harvested at the indicated times post infection (p.i.) and
processed as described for each experiment. All experiments were performed at least

twice.
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Western Blot Analysis. Cells were lysed in Laemmli reducing sample buffer
(62.5 mM Tris pH 6.8, 2% SDS, 10% glycerol, 5% p-mercaptoethanol) supplemented
with a protease inhibitor cocktail (Roche) and phosphatase inhibitors (50 mM sodium
fluoride, 1 mM sodium orthovanadate, 10 mM p-glycerophosphate). The lysate was
sonicated, boiled for 5 min, and clarified by centrifugation for 10 min at 16,000 x g.
Equal amounts of lysate (i.e. by cell number) were loaded onto SDS-polyacrylamide
gels (SDS-PAGE) unless otherwise stated. Following electrophoresis, the proteins
were transferred to nitrocellulose (Schleicher & Schuell), and then Western blot
analyses were performed using appropriate antibodies. The Supersignal West pico and
West femto chemiluminescent detection methods (Pierce) were used to visualize the
proteins according to the manufacturer’s instructions.

Phosphatase Assays. Cell samples were lysed in buffer A (50 mM Tris-HCI
pH 7.5, 10 mM KCI, 1 mM MgCl,, 10% glycerol, 300 mM NaCl, 0.1% NP-40,
protease inhibitor cocktail) or in buffer B (buffer A plus phosphatase inhibitors: 50
mM sodium fluoride, 1 mM sodium orthovanadate, 10 mM (-glycerophosphate).
After incubation on ice for 5 min, cells were subjected to three cycles of freeze-thaw.
The lysate was then centrifuged at 16,000 x g for 10 min; the supernatant was
collected and analyzed for protein concentration using the Bio-Rad protein assay. For
A-protein phosphatase treatment, buffer A lysates were incubated with 1 X A-protein
phosphatase buffer (New England Biolabs), 2 mM MnCl, and A-protein phosphatase
(New England Biolabs) at 5 units/ug protein for 30 min at 30°C. Buffer B lysates

were incubated in parallel without A-protein phosphatase. Reactions were terminated
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with addition of 2X Laemmli reducing sample buffer. Samples were then boiled and
analyzed by Western blot.

Immunoprecipitations. Cell pellets were lysed in extraction buffer (20 mM
Tris-HCI pH 7.5, 150 mM NacCl, 5 mM MgCl,, 0.2% NP-40, 10% glycerol, ImM
DTT; supplemented with 1X protease inhibitor cocktail, 50 mM sodium fluoride, 10
mM f-glycerophosphate, and 1 mM ATP) using an end-over-end rotator at 4°C.
Lysates were centrifuged at 16,000 x g for 10 min and supernatants collected. For
APC3 co-immunoprecipitation assays, lysates were first pre-cleared by Protein G
beads (Santa Cruz Biotechnology) coupled to mouse immunoglobulin (IgG) (Jackson
ImmunoResearch), and then incubated with Protein G beads coupled with an anti-
APC3 monoclonal antibody (BD Biosciences). Beads were washed with TBS-T
(0.01% Tween-20) between incubations and eluted in Laemmli reducing sample buffer
by boiling for 5 min. Pre and post-immunoprecipitation (IP) samples were also
collected and boiled in reducing sample buffer. Samples were analyzed by Western
blot. Pre and post-IP (PIP) lanes were loaded with the same cell equivalents, whereas
IP lanes were loaded with 5—10 times more. All incubations and washes were
performed at 4°C.

In Vitro Binding Assay. Rabbit reticulocyte lysate (T7-Quick Couple TNT
Kit; Promega) was first immunodepleted of APC with an anti-APC3 antibody before
being used to generate *°S-labeled Cdh1 via an in vitro transcription/translation (TNT)
reaction. Human Cdhl1 (gift from Dr. Jan-Michael Peters) was cloned into pcDNA3
(Invitrogen) under the T7 promoter. TNT reactions using pcDNA3 vector alone were

used as a negative control. Mock- or HMCV-infected cells were harvested at 8 and 16
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h p.i. and lysed in extraction buffer. *>S-Cdh1 or **S-pcDNA3 was pre-incubated with
cell lysates at room temperature for 1 hr. The pre-incubation mixture was then
immunoprecipitated for APC3. Immunoprecipitations using mouse IgG coupled beads
were performed in parallel as a negative control. Following SDS-PAGE, the gel was
divided in half such that the upper portion was used to detect APC3 by Western blot,
and *°S-Cdh1 was detected by autoradiography using the lower portion. IP lanes were
loaded with 20 times cell equivalents compared to pre and post-IP lanes.

Immunofluorescence Assays. Cells were seeded onto glass coverslips at the
time of infection. At the indicated times p.i., cells were washed in phosphate buffered
saline (PBS) and fixed with 4% paraformaldehyde for 20 min. Cells were then
permeabilized with 0.2% Triton X-100 for 5 min and washed in PBS prior to
immunofluorescence staining. Normal goat serum (10% in PBS) (Jackson
ImmunoResearch) was used as a blocking solution and to dilute the primary and
secondary antibodies. A mouse monoclonal antibody to APC3 and rabbit antibodies
against APC 1, 7, 8, and 10 were used. Mouse or rabbit IgG (Jackson
ImmunoResearch) served as negative controls. Following primary antibody incubation
and subsequent washes in PBS, coverslips were incubated with appropriate FITC- or
TRITC-conjugated secondary antibody (Jackson ImmunoResearch) plus Hoescht
stain. Coverslips were treated with SlowFade Gold, an anti-photobleaching reagent
(Molecular Probes), and mounted onto a slide for imaging. Co-stained samples were
analyzed by a DeltaVision deconvolution microscopy system (Applied Precision)
using a 100x oil immersion objective lens with Soft WoRx software (Applied

Precision) on a Silicon Graphics O2 workstation. Images were taken at 0.2 pm
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increments along the z-axis with pixel intensities maintained in the linear range by a
Photometrics CCD camera mounted on the fluorescence/dic microscope. The
fluorescent data sets were deconvolved and analyzed by DeltaVision SoftWoRx
programs. Adobe Photoshop 7.0 was used to prepare images for the figures.
Antibodies. The sources of antibodies used are as follows: Cdh1 (Ab-2,
Calbiochem); Rb (Ab-1, IF8, Neomarkers); Cdc6 (180.2, Santa Cruz Biotechnology);
geminin (FL-209, Santa Cruz Biotechnology); actin (AC-15, Sigma); GAPDH (6c5,
Fitzgerald); IE1/IE2 (Ch16.0, Virusys). APC antibodies: APC1 (gift from Dr. Michael
Green; ref. (49, 148)); APC3 (clone 35, BD Biosciences) and (AF3.1, Santa Cruz
Biotechnology); APC7 (poly6113, Biolegend) and (H-300, Santa Cruz
Biotechnology); APC8 (poly6114, Biolegend) and (H-300, Santa Cruz

Biotechnology); APC10 (poly6115, Biolegend); APC11 (poly6116, Biolegend).
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RESULTS

Cdh1 becomes phosphorylated during the infection. A previous report by
Wiebusch et al. (164) suggested that APC inactivity during HCMV infection is due to
the lack of Cdh1 binding. In accord with their study, we have also observed the
dissociation of Cdhl1 from the APC despite a significant upregulation in expression
beginning 812 h p.i. (data not shown). However, by Western blot analysis, the Cdhl
from infected cells appeared to migrate slower on the gel, suggesting that the
association of Cdh1 with the APC might be inhibited due to a modification of Cdhl
during the infection. Because Cdhl phosphorylation normally prevents its association
with the APC (83, 174), phosphatase assays were used to determine whether Cdh1
becomes phosphorylated. Lysates from mock-infected or HCMV-infected HFFs
harvested at 24 h p.i. were treated with or without A-protein phosphatase (App) and
analyzed by Western blot. As a control, samples were blotted for Rb, which becomes
hyperphosphorylated upon HCMV infection (61). As shown in Figure 2.1, more
hyperphosphorylated Rb (*) was present in the infected cells. Subsequent treatment
with phosphatase reduced the hyperphosphorylated Rb in both the mock and virus-
infected samples. The lysates were also tested for viral [E1-72 and IE2-86 expression
and phosphorylation status. Consistent with previous studies (45), IE2-86 is
phosphorylated (*), as treatment with phosphatase resulted in a lower molecular
weight form, whereas IE1-72 was unaffected. In the case of Cdh1, no mobility
changes were observed with the mock cell samples upon phosphatase treatment,

indicating that Cdh1 is not phosphorylated at this time point. Phosphatase treatment of
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the infected sample, however, resulted in a mobility shift such that the Cdh1 band co-
migrated with the unphosphorylated form found in the uninfected cell. These results
illustrate that Cdhl1 is phosphorylated upon HCMYV infection.

Cdh1 is normally phosphorylated by CDKs in late G1 to inactivate the APC.
To assess whether the observed Cdh1 phosphorylation is due to the activation of the
several CDKs upon HCMYV infection, HFFs were either infected with virus or mock-
infected in the presence or absence of Roscovitine, an inhibitor of CDKs 1, 2, 5, 7, and
9 (26, 31, 98, 136, 159). Three different periods of drug treatment were used, from 0—
24, 4-24, and 824 h p.i. The choice of these time intervals was based on our
previous studies that showed that addition of Roscovitine at the beginning of the
infection altered viral IE and early gene expression, while a delay in the addition of
the drug until 4 to 8 h p.i. allowed the infection to progress normally until late times
(132). Cells were harvested at 24 h p.i. and processed for Western blot analysis.
Again, Rb and IE expression were used as controls. Roscovitine should inhibit CDK-
mediated phosphorylation of Rb. As expected, significantly more phosphorylated (*)
Rb was present in the virus-infected cells than in the mock cells, and treatment with
the drug reduced the amount of hyperphosphorylated Rb in all cases (Figure 2.2A).
The incomplete inhibition in the infected cells is likely due to phosphorylation of Rb
by kinases that are not affected by Roscovitine. Addition of the drug from 0-24 h p.i.
favored IE2 expression over IE1, an effect of the drug that has been previously
characterized (132). For Cdhl, the Roscovitine treatment from 0—24 h p.i. was most
effective in inhibiting its accumulation in the virus-infected cells, whereas no

significant differences were observed in the mock-infected cells. Interestingly,
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increasingly more phosphorylated (*) Cdhl accumulated as the drug was administered
later during the infection. To further confirm that Cdh1 is phosphorylated, phosphatase
assays were performed as previously described. As shown in Figure 2.2B, the
subsequent mobility shift in the infected sample upon phosphatase treatment indicates
that Cdh1 was phosphorylated in the presence of Roscovitine. Similar to Rb, the lack
of inhibition of Cdh1 phosphorylation by Roscovitine suggests that other kinases may
be responsible for its phosphorylation in the infected cell.

Since Cdhl1 remained phosphorylated in the infected cells treated with
Roscovitine, we also assessed accumulation of the APC substrates Cdc6 and geminin
by Western blot to help determine whether the APC still remained inactive. In general,
treatment of both the mock and HCMV-infected cells with Roscovitine resulted in
lower levels of Cdc6 and geminin relative to the corresponding untreated cells at all
time periods (Figure 2.2A). In the infected cells, the difference was most notable for
both proteins when the drug was administered at the beginning of the infection,
whereas the effect was greater for geminin than Cdc6 when the drug was added at the
later times. However, significantly more Cdc6 and geminin accumulated in the
infected cells when the inhibitor was added after 4 h p.i. than in the uninfected cells in
the absence of the inhibitor, suggesting that APC activity was downregulated. Taken
together, these results suggest that the increased accumulation of the APC substrates
and Cdhl, but not Cdhl phosphorylation, is at least partly CDK-dependent during the
infection.

The APC becomes destabilized upon HCMYV infection. Although CDK-

mediated phosphorylation of Cdh1 during late G1 has been shown to inhibit its
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association with the APC (74, 89), we could not conclude that the induced
phosphorylated state of Cdhl upon HCMV infection impeded its association since
phosphorylation of other sites on Cdhl or other modifications may affect its physical
structure differently. On the other hand, an alteration in the APC itself might also
inhibit binding to Cdh1. To this end, in vitro binding assays were used to determine
whether the ability of the APC to bind exogenous Cdhl is also affected during the
infection. **S-labeled Cdhl was synthesized in an in vitro transcription/translation
(TNT) reaction using rabbit reticulocyte lysate. The reticulocyte lysate was first
immunodepleted of endogenous APC (141, 173) and assayed for endogenous Cdhl
expression, which was not detected by Western blot, before being used for the TNT
reactions. Excess >>S-Cdh1 was incubated with cell lysate from mock or virus-infected
HFFs harvested at 8 and 16 h p.i., and the complexes were then immunoprecipitated
with antibody against APC3. Negative controls included a vector alone TNT reaction
(p3) and immunoprecipitation using beads coupled with mouse IgG. Samples were
analyzed for immunoprecipitated APC3 by Western blot and for co-precipitated *>S-
Cdhl by autoradiography. *>S-Cdh1 was detected as a doublet (Figure 2.3), which may
be due to an alternative start site within the coding region or a small amount of
degradation. It should also be noted that the proteins in the IP lanes appeared to
migrate slightly slower, a phenomenon we have often observed with our IP gels. As
shown in the APC3 Western blot (short exposure), the amount of precipitated APC3
was comparable between the samples. APC3 was also immunodepleted in these
samples, as evidenced by its absence in the post-IP lanes (longer exposure). *>S-Cdh1

co-precipitated with APC3 in the lysate from the HCMV-infected cells at 8 h p.i.,
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although the amount was less than that from the mock-infected cells. In contrast, at 16
h p.i., very little *>S-Cdh1 was found in the co-precipitate from the infected cells,
whereas the level of **>S-Cdh1 in the co-precipitate from the mock samples was
comparable to that observed at the 8 h time point. These results suggest that the APC
binding capacity for exogenous Cdhl is also affected during the infection, which could
contribute to the loss in endogenous Cdh1 binding.

To further investigate whether the APC core complex is altered upon HCMV
infection, Western blotting was first used to assess the steady state levels of the APC
subunits during the infection. Individual subunits could be degraded or modified such
that the complex is not properly formed. Protein levels for APC3, APC7, and APC11
remained comparable between infected and mock samples through 48 h p.i. (Figure
2.4), which is consistent with a previous report that APC2 and 3 levels remained
unchanged (164). A modest increase in protein expression was observed for APCI,
beginning at 24 h p.i., and APC8 and APC10, beginning at 36 h p.i. Although not all
APC subunits have been tested, the loss in activity does not appear to be due to
decreased subunit expression.

Co-immunoprecipitation experiments using an antibody to APC3 coupled with
Western blot analysis of the co-precipitated proteins were then utilized to determine
complex stability in infected cells between 8 and 16 h p.i. We first assessed whether
APC7 and APCS8, which are TPR subunits normally in a subcomplex with APC3, were
present (149). GAPDH was used as a negative control. As shown in Figure 2.5, the
amount of APC7 and APC8 that co-immunoprecipitated with APC3 (lane labeled IP)

was comparable between infected and mock cells throughout the time course. Both
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subunits also remained in complex with APC3, as evidenced by the depletion of the
proteins in the post-IP (lane labeled PIP), although a small amount of APC7 was
present in the post-IP of the lysate from infected cells at 16 h p.i. In striking contrast, a
significant decrease in associated APCl1, a scaffolding protein, was observed in the
infected cells. While APCI1 levels in the complex were similar for both mock and
infected cells at 8 h p.i., a slight decrease was observed at 12 h p.i. in the infected
cells, and no APC1 was detected in the complex by 16 h p.i. In the mock-infected
cells, the amount of APC1 co-precipitated with APC3 remained comparable at all time
points, although not all APC1 was in complex since some protein was still seen in the
post-IP sample. The presence of Cdhl was also checked as a positive control for
association with APC3. As expected, Cdhl remained in complex with APC3
throughout the time course in the uninfected samples, but was lost from the APC as
the infection progressed. Taken together, these results suggest that the APC becomes
destabilized upon HCMYV infection, as evidenced by the dissociation of at least two
subunits.

APC subunits relocalize to the cytoplasm of HCMV-infected cells. Given
that APC1 protein levels are not affected between 8 and 16 h p.i., the loss of APC1
from the complex may be associated with altered localization of either APC1 or other
APC subunits. Immunofluorescence assays (IFA) were used to further examine the
localization pattern of various APC subunits during an infection time course. Samples
were co-stained for APC3 (mouse monoclonal antibody) along with APC1, APC7,
APCS, or APC10 (rabbit polyclonal antibodies) and analyzed by deconvolution

microscopy. Hoescht dye was added to visualize the nuclei of the cells. Mouse or
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rabbit IgG, which were used as respective negative controls, gave minimal background
staining (Figure 2.6). As expected, the APC subunits all showed a predominantly
nuclear staining pattern in mock-infected cells, which remained unchanged between 8
and 16 h p.i. At 8 h p.i., both APC1 and APC7 remained relatively co-localized with
APC3 in the nuclei of the infected cells. However, as the infection progressed, APC3
and APC7 showed a more cytoplasmic staining pattern whereas APC1 remained
primarily nuclear. A similar cytoplasmic redistribution in HCMV-infected cells was
also observed for APC8 and APC10 (data not shown). These results provide additional
evidence that APC1 becomes dissociated from the complex during the infection. We
could not determine if the other APC subunits showed a similar cytoplasmic pattern of
localization due to lack of antibodies that were suitable for immunostaining. Taken
together, however, these studies suggest that both destabilization of the complex and
altered localization could account for the loss in APC activity and accumulation of its

substrates, which are primarily nuclear proteins.
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DISCUSSION

The APC plays a key role in cell cycle regulation by targeting the degradation
of specific cell cycle proteins in a timely manner. Not surprisingly, viruses target the
APC as they manipulate the host cell cycle to facilitate their own replication (48).
Adenovirus E4orf4 has been implicated in targeting phosphatase PP2A to APC6 to
inactivate the complex through dephosphorylation (73). The chicken anemia virus
apoptin protein has also been shown to target, and perhaps sequester, APC1, causing
complex destabilization and G,/M arrest (49, 148). Similarly, HCMV appears to
specifically inhibit the APC in the process of creating a cellular environment more
conducive for viral replication. Previous work indicated that Cdh1 no longer binds to
APC3 as the infection progresses, suggesting that the loss in APC function is due to
the lack of activation by Cdhl (164). Our studies show that this is only one of the
multiple effects of the infection on the APC that could be responsible for its
inactivation.

We find that Cdh1 becomes phosphorylated early upon HCMV infection. In
normal uninfected cells, Cdh1 phosphorylation and its subsequent dissociation from
the complex is a key mechanism in mediating APC inactivation as the cells transition
from Gy/G; to S phase. The phosphorylation of Cdhl in the infected cells would not be
surprising given the heightened state of CDK activity during the infection. However,
treatment with the CDK inhibitor, Roscovitine, did not inhibit Cdh1 phosphorylation,
although it did affect its accumulation. This would imply that other kinases are

involved in phosphorylating Cdhl in infected cells. Alternatively, these results could
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be attributed to the indirect effects the drug has on the infection. We also noted that
addition of Roscovitine at the beginning of the infection prevented the accumulation
of not only Cdhl, but also two other APC substrates, geminin and Cdc6. Roscovitine
had less effect on the accumulation of these proteins when administered at 4 or 8 h p.i.
There are several explanations for this result, and they are not mutually exclusive. As
our lab and others have shown, Roscovitine severely reduces viral replication (12, 132,
134). Addition of the drug at the time of infection alters IE gene expression such that
IE2-86 expression is enhanced while IE1-72 is reduced. Early viral gene expression
and viral DNA replication are also inhibited. However, if the drug is added at 6 h p.i.,
it no longer affects IE1-72 expression, and early gene expression along with viral
DNA replication are restored (132). Thus, some viral early gene expression may be
necessary for inactivation of the APC. The kinetics of stabilization of the APC
substrates (beginning around 8 h p.i.) provides support for this (7, 61, 131, 164, 167).
Alternatively, CDK activity may be required for the accumulation of some APC
substrates due to direct effects on phosphorylation of other APC subunits or other
proteins involved in the ubiquitin-proteasome degradation pathway. It is also possible
that the drug affects the levels of RNA. These latter two possibilities may apply to
both infected and uninfected cells, as the levels of geminin were also lower in the
uninfected cells treated with the drug during all of the intervals. A small decrease in
Cdc6 was also observed in the treated uninfected cells, although the levels were at the
limit of detection in both the treated and untreated cells. Taken together, the results

show that the phosphorylation of Cdhl1 in infected cells is not CDK dependent, but the
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accumulation of the APC substrates may be partially affected, either directly or
indirectly, by the inhibition of CDK activity.

While phosphorylation of Cdhl in infected cells may contribute to its lack of
association with the APC, we also found that exogenous TNT-synthesized Cdhl had
decreased binding affinity for APC3 in lysates obtained from infected cells as the
infection progressed from 8 to 16 h p.i.; yet there was little change in binding to APC3
in uninfected cell lysates at any time point. APC3 from the uninfected cell lysates was
still able to bind more *°S-Cdh1 despite potentially competing cellular Cdh1, whereas
this would not have been a factor in the infected cells at 16 h p.i. based on the APC3
co-immunoprecipitation data. These results indicate that the core APC in infected cells
is no longer capable of associating with the activator as the infection progresses.
While unlikely, we cannot exclude the possibility that the *>S-Cdh1 was modified by a
factor in the infected-cell lysate.

In accord with the in vitro binding experiments using exogenous Cdhl, we
demonstrate by co-immunoprecipitation assays that APC1 becomes dissociated from
the TPR subunits with similar kinetics in the infected cells. Recent studies have further
defined the intricate architecture of the APC (29, 39, 111, 149). The complex is
composed of two main subcomplexes, one containing the catalytic core (i.e. APC2 and
APCI11) and the other containing the TPR subunits (i.e. APC3, APC6, APC7, and
APCS), that are bridged by APC1, APC4, and APC5 (150) (see Figure 2.7A for
model). The binding between APC1, APC4, APCS5, and the TPR subunit APCS, is also
interdependent, in that each subunit is required for the association of the other three

(149). Without APC1, the overall structure of the APC would be greatly affected, as
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the two subcomplexes would likely be separated. Since full binding of Cdhl to the
APC is dependent on both APC3 and APC2 (149), the dissociation of the core
complex could therefore also account for the inability of Cdhl to bind the complex
and for the lack of APC activity. Interestingly, previous studies have suggested that
the APC contains multiple copies of the TPR subunits (29, 111) and that these TPR
subunits remain assembled even in the absence of APC1 (149). This then correlates
with our finding that APC3, APC7, and APCS still remained in complex together
despite the dissociation of APC1 upon HCMYV infection.

We further showed by IFA that several APC subunits relocalized to the
cytoplasm as the infection progressed, while APC1 remained nuclear. It is unclear
whether the dissociation of APC1 causes the other subunits to disperse into the
cytoplasm, or whether it is the TPR subcomplex that is dissociating from the rest of
the APC.

An important question raised by these studies is why does HCMV destabilize
the APC? There are at least three different possibilities. First, to inhibit host cell
functions or promote viral replication, the virus may require high levels of cellular
proteins that normally would be ubiquitinated by the APC and degraded by the
proteasome. An example might be the premature accumulation of geminin, which
inhibits the licensing of cellular origins of DNA replication. A second possibility is
that there may be essential viral proteins that would be targeted for degradation by a
functional APC. Finally, one or more of the individual APC subunits may need to be

recruited for a specific role in the viral infection. Studies are currently in progress to
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address this question and to further elucidate the molecular mechanisms by which the
APC is destabilized.

In summary, multiple mechanisms appear to be involved in inactivating the
APC upon HCMV infection, including dissociation of the core APC and the
relocalization of some subunits to the cytoplasm of the infected cells, beginning 8—12
h p.i. This time frame also correlates with the observed accumulation of APC
substrates (7, 61, 131, 164, 167) and loss of APC activity (164). Although it is
unknown at this time whether these events are interdependent or represent redundant

pathways, they underscore the importance of disabling the APC during the infection.
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Figure 2.1 Cdhl becomes phosphorylated during HCMYV infection. HFFs infected
with HCMV Towne at MOI 5 (V) or incubated with conditioned media (M) were
harvested at 24 h p.i. Cell lysates were incubated with or without (-) A-protein
phosphatase (App) and analyzed by Western blot with antibodies to Rb, IE2, IE1, and
Cdhl. Actin served as a control for protein loading. For Rb, IE2, and Cdhl, the
phosphorylated (*) forms are shown as indicated.



A
0-24 hpi 4-24 hpi
M- M+ V- V+ M- M+ V- V+
- —
e e —_ -
g . e S e
.- -— -
S —-—
R —
e - —

38

8-24 hpi

M- M+ V- V+ : Roscovitine
— — T "Rb
—_— 1E2
N e E1
— W Cqn
W W Cdco

S s Geminin

- — —— T S e e e S Sw— o Actin

B

8-24 hpi Roscovitine
M \4
- App - App

—_ -~ *

| — — — Rb

*1E2

- e IE1
- W e ‘Cdhl

Gy Ssue em® G Actin

Figure 2.2 Roscovitine treatment at early times of the infection inhibits Cdh1
accumulation but not phosphorylation. A) DMSO (-) or 20 uM Roscovitine (+)
was added at 0, 4, or 8 h p.i. to mock (M) or HCMV (V) infected cells. Cells were
harvested at 24 h p.i. for Western blot analysis with antibodies to Rb, IE2, IE1, Cdhl,
Cdc6, and geminin. Actin served as a loading control. For Rb and Cdhl, the
phosphorylated (*) forms are shown as indicated. The Cdhl blot for the 0-24 h p.i.
samples is slightly overexposed to show the presence of phosphorylated Cdh1 in the
infected cells plus Roscovitine treatment. B) Mock (M) or HCMV (V) infected cells
were treated with 20 uM Roscovitine from 8-24 h p.i., harvested at 24 h p.i.,
incubated with or without (—) A-protein phosphatase (App), and analyzed by Western

blot as previously described.
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Figure 2.3 Exogenous Cdh1 binding to APC3 from HCMYV infected cells is
reduced as the infection progresses. Mock (M) or HCMV (V) infected HFFs
harvested at 8 and 16 h p.i. were lysed and incubated with TNT-synthesized **S-Cdh1
using APC-depleted reticulocyte lysate. Complexes were immunoprecipitated with
antibody against APC3. Samples were assayed for APC3 by Western blot and co-
precipitating *>S-Cdh1 by autoradiography. A short and longer exposure of the APC3
blot is shown. Empty vector pcDNA3 (p3) and immunoprecipitation using mouse IgG
were used as negative controls. Pre = input lysate; IgG = IgG IP; IP = APC3 IP; Post =
post-1P.
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Figure 2.4 Levels of some APC core subunits increase during HCMYV infection.
Mock (M) or HCMV (V) infected HFFs were harvested at the times indicated and
processed by Western blot analysis with antibodies to APC3, APC7, APCS8, APC10,
APCI11 and APCI. Actin was used as a loading control.
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Figure 2.5 The APC becomes destabilized during the course of HCMYV infection.
Mock (M) or HCMV (V) infected HFFs were harvested at the times shown and
immunoprecipitated for APC3. Western blots were used to identify co-precipitating
APC subunits with antibodies to APC1, APC3, APC8, APC7, and Cdhl. The Cdhl
blot for the 8 h time point is slightly overexposed to show the presence of co-
precipitating Cdh1 in the infected cells. GAPDH is shown as a negative control. Pre =
input lysate; PC = IgG IP; IP = APC3 IP; PIP = post-IP.
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Figure 2.6 Several APC subunits are relocalized to the cytoplasm of HCMV
infected cells. Mock or HCMV-infected HFFs at 8, 12 and 16 h p.i. were fixed and
assayed by immunostaining for APC1, APC3, and APC7. Mouse and rabbit IgG were
used as negative controls on HCMYV infected cells from the 8 h p.i. time point.
Samples were analyzed by deconvolution microscopy using a 100x oil immersion lens
with pictures taken at 0.2 um sections along the z-axis. A midsectional plane of
representative cells is presented. Images are separated to show the staining of each
individual subunit; merged images are also shown with Hoescht staining in blue.
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Activated APC in Uninfected Cells Inactivated APC in HCM V-infected Cells

Figure 2.7 The APC is inactivated through multiple mechanisms upon HCMV
infection. A) Schematic diagram of activated APC. Subunits are numbered
accordingly. Unphosphorylated Cdh1 associates with and activates the complex,
allowing ubiquitination of the recruited substrate in concert with E1 and E2
ubiquitination enzymes. The relative location of the subunits is based on the model
presented by Thornton et al. (38). B) Model of APC upon HCMV infection. Cdhl is
phosphorylated (P) and no longer associates with the complex. APC1 becomes
dissociated from the complex. It is unclear whether the other subunits remain in
complex together other than APC3, APC7, and APCS (shaded).



CHAPTER 3

INACTIVATION OF THE ANAPHASE-PROMOTING COMPLEX DURING
HCMYV INFECTION IS CAUSED BY THE DEGRADATION OF THE APCS
AND APC4 SUBUNITS INDEPENDENT OF THE VIRAL-MEDIATED

PHOSPHORYLATION OF CDH1

ABSTRACT

We had previously identified multiple mechanisms by which the anaphase-
promoting complex (APC) is disabled during human cytomegalovirus (HCMV)
infection (152). Namely, the co-activator, Cdhl, is phosphorylated during the infection
and can no longer bind to and activate the APC, while the APC core complex also
dissociates. In the present study, the primary mechanism by which APC inactivation
occurs is further delineated. UL97 is identified as the viral kinase responsible for
phosphorylating Cdhl during the infection; however, studies using a UL97 deletion
virus still showed APC dissociation occurring with similar kinetics as with wild type
virus, suggesting that the phosphorylation of Cdhl1 is independent of the complex
dissociation. The dissociation of the complex is further determined to be due to the
loss of the APC5 and APC4 subunits that occurs early in the infection and is

dependent on viral early gene expression.
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INTRODUCTION

Human cytomegalovirus (HCMV), a highly prevalent B-herpesvirus, can cause
serious birth defects and disease in immunocompromised individuals, and it may be
associated with cancer and cardiovascular disease (101). The virus has adopted
different strategies in altering the cellular environment to be more conducive for a
productive infection, including the stimulation of the host’s DNA replication
pathways, cell cycle deregulation and arrest, immune evasion, and inhibition of
apoptosis. Infection of quiescent cells induces passage of the cells toward S phase
such that the cellular DNA replication machinery can then be used for viral DNA
replication, while host DNA synthesis is inhibited as the cell cycle is arrested in G1/S.
The Rb family pocket proteins become phosphorylated and accumulate, cyclins E and
B and their associated kinase activities are upregulated, while that of cyclin A is

inhibited, and p53 is stabilized (35, 61, 96, 102, 130).

Proper cell cycle regulation is partly governed by the APC (Anaphase-
Promoting Complex), an E3 ubiquitin ligase that targets the timely degradation of
various cell cycle regulators and mitotic cyclins in mediating cycle progression from
mitosis through G to S ((113, 155)). The APC is a large multi-subunit complex
containing 11-13 subunits. The APC2, APC11, and APC10 subunits form the catalytic
core. Each of the APC3, APCS8, APC6, and APC7 subunits contain multiple copies of
the tetratricopeptide repeat (TPR) motif and together make up the TPR subcomplex,

which provides a platform of various protein interaction surfaces including the binding
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to the co-activators Cdhl (through APC3) and Cdc20. These two subcomplexes are
bridged by the large scaffolding subunit APC1, with the TPR subcomplex tethered by
APC4 and APCS5. The binding between APC1, APC4, APCS5, and APCS is also
interdependent such that the loss of one subunit decreases the association of the other
three. The abnormal accumulation of APC substrates (e.g. cyclin B, Cdc6, and
geminin) early during HCMV infection led to the hypothesis that APC activity is
downregulated during the infection (7, 131, 164, 167). We have subsequently reported
that this inactivation is mediated through multiple mechanisms (152). Cdhl, the co-
activator of the APC responsible for regulating APC activity from mitotic exit through
G, becomes phosphorylated during the infection in a CDK-independent manner and
no longer binds to the complex through APC3. Importantly, we also showed that the
APC core complex dissociates during the infection, with the TPR subunits (i.e. APC3,
APC7, APC8) and APC10 becoming more cytoplasmic while the APCI1 remains
nuclear. Interestingly, both the phosphorylation of Cdh1 and the dissociation of the
APC occurred with similar kinetics. Although either of these mechanisms can render
the APC inactive, it was unclear whether these events are linked or represent

independent (or redundant) pathways.

I have continued our studies of the mechanism(s) leading to HCMV-mediated
inactivation of the APC and the potential viral components that may be involved. A
likely candidate is the viral protein kinase UL97. Conserved among herpesviruses,
UL97 functions in replication of the viral genome (6, 92, 170), regulating cellular

factors involved in transcription and translation (2), and in nuclear egress of viral
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capsids (75). Although best known for its ability to phosphorylate nucleoside analogs
(i.e. ganciclovir) (143), recent studies have further characterized it as a CDK mimic,
with structural similarity to Cdk2 (95) and common substrates. UL97 has been shown
to phosphorylate nuclear lamin A/C in vitro on sites targeted by Cdc2/Cdk1 (44), the
carboxyl-terminal domain of RNA polymerase II (2), the translation elongation factor
18 (70), and Rb (56, 118). Given that cyclin A-Cdk2 and cyclin B1-Cdk1 complexes
normally phosphorylate Cdh1 in regulating its activity and preventing its association
with the APC, it was hypothesized that UL97 is involved in the phosphorylation of

Cdhl1 during HCMYV infection.

In accord with this hypothesis, the experiments presented in this report indicate
that Cdh1 phosphorylation is mediated by UL97 during the infection. The mechanism
leading to the dissociation of the APC core complex is further determined to be due to
the loss of the APC5 and APC4 subunits. Importantly, studies using a UL97 deletion
virus still show dissociation of the APC with similar kinetics as in a wild type virus
infection, suggesting that these are two independent mechanisms. Although UL97-
mediated phosphorylation of Cdh1l may provide a small kinetic advantage in
inactivating the APC slightly faster, the primary mechanism of inactivation appears to
be the dissociation of the complex mediated by the targeted degradation of APC5 and

APCA4.
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MATERIALS AND METHODS

Cells and Virus. Human foreskin fibroblasts (HFFs), obtained from the
University of California, San Diego, Medical Center, were cultured in minimum
essential medium with Earle’s salts supplemented with 10% heat-inactivated fetal
bovine serum, 1.5 ug/ml amphotericin B, 2 mM L-glutamine, 200 U/ml penicillin, and
200 ug/ml streptomycin. All cell culture media were from Gibco-BRL. Cells were
kept in incubators maintained at 37°C and 7% CO;. The Towne and AD169 strains of
HCMYV were obtained from the American Type Culture Collection and propagated as
previously described (144). The UL97 deletion virus RCA97.08 (AUL97) was a

generous gift from Dr. Mark Prichard (117).

Infections and Drug Treatments. Experiments were done under Go
synchronization conditions unless otherwise noted. Cells were trypsinized 3 days after
the monolayer reached confluency and either infected with virus at the indicated
multiplicity of infection (MOI) or mock infected with tissue culture supernatants as
described (130). The cells were then replated at a lower density to induce cell cycle
progression. For the confluent culture infections, virus or mock tissue culture
supernatants were added to the monolayer three days after reaching confluency.
Infections with the AUL97 virus were done at MOI 3 with AD169 as the wild-type
control. UV-inactivated virus was prepared by subjecting virus or mock tissue culture
supernatants to UV irradiation via a Stratalinker UV Crosslinker (Stratagene). HFFs

were infected at an MOI 2 equivalent and sodium pyruvate was added to a final
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concentration of 5 mM to scavenge free radicals. The absence of viral IE or early gene

expression was confirmed by Western blot analysis.

For proteasome inhibition assays, mock or Towne-infected HFFs (MOI 2)
were treated with DMSO (vehicle control), 2.5 uM MG132 (Calbiochem), or 100 nM
salinosporamide A (Sal A; gift from B. Moore) at the times indicated and harvested at
the end of treatment. Similarly, 20 uM actinomycin D (ActD; Calbiochem) or 100
png/ml cyclohexamide (CHX; Sigma) were added at the time of infection or as
indicated for viral gene expression assays. For the inhibitor release experiments, cell

cultures were rinsed twice in PBS and then recovered in fresh media.

Western Blot Analysis. Cells were lysed in Laemmli reducing sample buffer
(62.5 mM Tris pH 6.8, 2% SDS, 10% glycerol, 5% p-mercaptoethanol) supplemented
with a protease inhibitor cocktail (Roche) and phosphatase inhibitors (50 mM sodium
fluoride, 10 mM B-glycerophosphate, 1 mM sodium orthovanadate), sonicated, and
boiled. Equal amounts of lysate (i.e. by cell number) were run on SDS-polyacrylamide
gels unless otherwise stated. Following electrophoresis, proteins were transferred to
nitrocellulose (Schleicher & Schuell), and Western blot analyses were performed
using appropriate antibodies. The Supersignal West pico and West femto
chemiluminescent detection methods (Pierce) were used to visualize the proteins

according to the manufacturer’s instructions.

Phosphatase Assay. Cell lysates were prepared in buffer A (50 mM Tris-HCl

pH 7.5, 10 mM KCI, 1 mM MgCl,, 10% glycerol, 300 mM NaCl, 0.1% NP-40,
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protease inhibitor cocktail) or buffer B (buffer A plus phosphatase inhibitors: 50 mM
sodium fluoride, 1 mM sodium orthovanadate, 10 mM f-glycerophosphate) as
previously described (152) with protein concentrations determined by Bradford assay
(Biorad). Lysates were incubated with 1 X A-phosphatase buffer (New England
Biolabs), 2 mM MnCl, and A-phosphatase (New England Biolabs) at 5 units/ug
protein for 30 min at 30°C. Reactions were terminated with addition of 2X Laemmli

reducing sample buffer. Samples were then boiled and analyzed by Western blot.

Immunoprecipitation. Cells were harvested and lysed directly in extraction
buffer (20 mM Tris-HCI pH 8, 150 mM NacCl, 5 mM MgCl,, 0.2% NP40, 10%
glycerol; supplemented with 1X protease inhibitor cocktail, 50 mM sodium fluoride,
10 mM B-glycerophosphate, 1 mM ATP, and 1 mM DTT) using an end-over-end
rotator at 4°. Lysates were clarified by centrifugation at 16,000 x g. For APC3 co-
immunoprecipitation (co-IP) assays, lysates were incubated with Protein G PLUS-
Agarose beads (Santa Cruz Biotechnology) coupled with an anti-APC3 monoclonal
antibody (AF3.1, Santa Cruz Biotechnology) or with beads coupled with mouse
immunoglobulin (IgG) (Jackson ImmunoResearch) as a negative control. Beads were
washed with TBS-T pH 8 (0.01% Tween-20, supplemented with protease and
phosphatase inhibitors and 1 mM ATP) and proteins were eluted in Laemmli reducing
sample buffer by boiling for 5 min. All IP steps were performed at 4°C. Pre and post-
IP (PIP) samples were also collected and boiled in reducing sample buffer. Samples
were analyzed by Western blot with same cell equivalents loaded for Pre and PIP

lanes, while IP lanes were loaded with 5 times more.
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Quantitative RT-PCR. Total RNA from mock or HCMV-infected cells was
isolated using a NucleoSpin RNA II prep kit (Machery-Nagel). Eluates were subjected
to a second DNase treatment using TURBO DNA-fiee'™ DNase (Ambion) to ensure
complete DNA removal. RNA concentrations were determined by UV
spectrophotometry. Quantitative RT-PCR (qQRT-PCR) was performed with the ABI
Prism 7000 sequence detection system (Applied Biosystems) using the TagMan One-
Step RT-PCR Master Mix Reagents kit (Applied Biosystems) with 50 ng RNA,
oligonucleotide primers and TagMan dual-labeled (5 6-carboxyfluorescein, 3’ black
hole quencher-1) probes (Integrated DNA Technologies). Standard curves were
generated using RNA isolated from cells harvested at 24 h p.i. Values were
normalized to G6PD as a control for input RNA. The primers and probes used were as
follows: APC4 forward (5'- ATTCTCGTCCTTGGAGGAAGCTCT -3"), APC4
reverse (5'- TTCTGGCCATCCGAGTTACTTCAG -3'), APC4 probe (5°-
AATTGCTCGAGTCACAGGGATTGCTGGT -3°); APCS5 forward (5'-
GTGCCATGTTCTTAGTGGCCAAGT -3"), APCS reverse (5'-
GATGCGCTCTTTGCAGTCAACCTT -3), APCS probe (5°-
AAGAAAGCAGAAGCTCTGGAGGCTGCCA -3”); G6PD forward (5°-
TCTACCGCATCGACCACTACC -3’), G6PD reverse (5’-
GCGATGTTGTCCCGGTTC -3”), G6PD probe (5’
ATGGTGCTGAGATTTGCCAACAGGA -3”)

Antibodies. Antibodies to HCMV proteins IE1/IE2 (CH16.0), UL57, UL44,

and UL99 were from Virusys. Other antibodies used include: Cdhl (Ab-2,
Calbiochem); geminin (Santa Cruz Biotechnology; Rb (Ab-1, IF8) and cdc6 (Ab-1,
DCS-180) from LabVision Thermo Scientific; APC4 (A301-176A), APC5 (A301-
026A), and APC6 (A301-165A) from Bethyl Laboratories; APC7 (poly6113) and
APCS (poly6114) from Biolegend; APC1 (gift from Dr. Michael Green); actin (AC-

15, Sigma); and GAPDH (6¢5, Fitzgerald).
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RESULTS

Phosphorylation of Cdh1 during HCMYV infection is UL97-dependent. We
had previously shown that Cdh1 becomes phosphorylated during HCMV infection,
beginning 8 to 12 h p.i. and that this phosphorylation still occurs in the presence of the
CDK inhibitor roscovitine (152). Based on recent studies characterizing the HCMV
early protein kinase UL97 as a CDK mimic and involved in the hyperphosphorylation
of Rb during the infection (56, 118), it emerged as the leading viral candidate involved
in the phosphorylation of Cdhl.

A UL97 deletion virus was utilized in testing this hypothesis. The UL97
deletion virus RCA97.08 (AUL97) has over 70% of its ORF deleted, including
homologous subdomains to other protein kinases, and replaced by selectable genetic
markers gpt and /acZ (117). Replication of the virus in primary fibroblasts is impaired
with 2 to 3-fold lower titers (117). While an early replication defect reduces DNA
accumulation by 4 to 6-fold, a late capsid maturation defect appears to be primarily
responsible for the decrease in viral titer (170). Expression kinetics of viral genes and
various cell cycle regulators were first analyzed by Western blot and qRT-PCR in
comparison to wild type virus AD169 during an infection time course. Confluent Go-
synchronized cells were trypsinized and replated at a lower density to induce cell cycle
progression. Cells were infected with virus at the time of replating and harvested at
various times p.i. In accord with previous studies by Prichard et al (117), viral gene
expression in the AUL97 infection is slightly delayed compared to wild type infection

(Figure 3.1A). While no change is observed in IE expression, both early proteins
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UL44 and UL57 as well as the late protein UL99 are expressed at lower levels at 48 h
p.i. compared to wild type, but recover by 72 h p.i. Geminin levels were also assessed
to determine whether the protein is stabilized during the AUL97 infection as in
indication of APC activity. While geminin accumulated to levels comparable to those
in the AD1609 cells by 48 h p.i., it was difficult to determine whether the modest
accumulation observed in the AUL97 infected cells at 16 and 24 h p.i. was due to
stabilization or normal cell cycle progression as indicated by the mock-infected cells
at 24 h p.i.

To help mitigate induced protein expression due to normal cell cycle
progression, infections were done in Go-synchronized cells maintained at confluency
through the course of the infection. Cells were harvested at various times p.i. and
protein expression was analyzed by Western blot (Figure 3.1B). The kinetics of viral
gene expression was similar to those observed with the Gy release infection (Figure
3.1A) as indicated by IE2, IE1, UL57, and UL44 expression. Various other cell cycle
proteins that are alo APC substrates (i.e. Cdhl, cyclin B, Cdc6, and securin) were
analyzed along with geminin. In general, the cell cycle proteins remained at low or
undetectable levels through the time course in the mock-infected cells as expected.
Increased protein expression of the different APC substrates was observed in the
AUL97-infected cells compared to mock, albeit with a slight delay or at slightly lower
levels compared to AD169. These results indicate that cell cycle deregulation still
occurs in the AUL97 infection and that the APC may still be inactivated.

Although the increase in Cdhl expression was slightly delayed compared to

the wild type infection, it was interesting to note that the migration pattern remained
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comparable to that observed in the mock-infected samples through the time course,
while Cdhl in the wild type virus infected cells migrated slightly slower, suggesting
that Cdh1 may not be modified in the AUL97 infection. Phosphatase assays were used
to verify whether Cdh1 is phosphorylated during the AUL97 infection. HFFs infected
with AUL97, AD169, or mock-infected were harvested at 16 h p.i. and treated with
lambda protein phosphatase (App) (Figure 3.1C). While phosphatase treatment shifted
the migration pattern of Cdh1 from the AD169 infected cells to a faster migrating
form comparable to that seen in the uninfected cells, no change was observed in the
AUL97 infection sample after phosphatase treatment, suggesting that Cdhl is not
phosphorylated. Given that the progression of the AUL97 infection is slightly delayed,
samples were also checked at late times during the infection time course but no
differences were seen (data not shown). Rb is shown as a positive control for the
phosphatase assay and actin as a loading and negative control. Although Rb would not
be phosphorylated by UL97 in the deletion virus infection, it would still be subject to
CDK phosphorylation.

To confirm whether Cdhl is a direct substrate of UL97, in vitro kinase assays
were performed using purified Cdhl and GST-UL97 by Jeremy Kamil in collaboration
with Don Coen’s laboratory. Initial results point toward Cdh1 as being a direct
substrate of UL97.

APC dissociation during HCMYV infection is independent of UL97-
mediated phosphorylation of Cdhl. Since the viral mediated phosphorylation of
Cdhl1 is prevented in the AUL97 infection, we next determined whether Cdhl is still

able to bind and activate the APC. APC3 co-IP assays were done with mock, AUL97,
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or AD169 infected HFFs at 8, 16, and 24 h p.i. As shown in Figure 3.2, the APC
subunits APC7, APCS, and APC1 as well as Cdhl remained in complex with APC3 in
the mock and virus infected samples. By 16 h p.i., however, APCI is dissociated from
APC3 in the AUL97 sample, similar to the wild-type infection. Cdhl1 association with
APC3 was also severely diminished in the AUL97 sample by 16 h p.i., as in the wild
type infection, and was no longer detected at 24 h p.i. Although the phosphatase
assays indicated that Cdh1 is not phosphorylated at that time, it was still unable to
bind to the APC as the dissociation of the complex was still occurring. As a
complement to the co-IP experiments, we also performed localization studies of the
APC subunits by IFA. Similar to the wild type virus, the TPR subunits APC3, APC7,
and APCS8 showed a more cytoplasmic distribution as the AUL97 infection progressed,
while APC1 remained nuclear (data not shown). Although Cdhl phosphorylation by
UL97 could potentially account for the lack of binding to the APC and resulting
inactivation of the APC, the dissociation of the complex still occurs in the AUL97
infection with the same kinetics as the wild type infection and appears to be
independent of the viral-mediated phosphorylation of Cdhl.

APC4 and APCS protein expression are decreased during HCMV
infection. To further delineate the mechanism behind the dissociation of the APC, we
reexamined the structure of the core complex. Our studies in both wild type and the
AUL97 viruses have consistently shown the separation of the TPR subcomplex (i.e.
APC3, APC7, and APCS8) from APC1. As previous structural studies of the APC have
reported (149), the TPR subcomplex (via APCS) is associated to APC1 via APC4 and

APCS5. Moreover, the association between APC1, APC4, APCS5, and APCS is
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interconnected such that each subunit is necessary for the others to bind effectively.
Thus, APC4 and APC5 might also be targets in the disrupted association between the
TPR subunits and APC1 during the infection.

We had previously reported that all APC subunits tested exhibited stable
protein expression through the infection time course (152); however, we were unable
to confirm the expression of APC4, APCS5, and APC6 at the time. We have now
reexamined APC4, APCS5, and APC6 protein expression using alternative antibodies
over an infection time course in mock and AD169 infected cells. Interestingly, both
APC4 and APC5 expression were significantly lower in the virus-infected samples by
8-10 h p.i. and remained at or below the limits of detection through the end of the time
course, whereas no significant differences were observed for APC6 (Figure 3.3A). The
expression pattern is also observed with Towne and the AUL97 deletion virus
infections.

To discriminate between a defect at the protein or transcriptional level, total
RNA from mock or HCMV infected cells was isolated over an infection time course
and analyzed by qRT-PCR with primers and probe to APC4 and APCS5. Values were
normalized to G6PD, which served as an internal control for RNA input, and
expressed as the fold induction from 0 h p.i. No significant changes in either APC5 or
APC4 expression levels were observed from the time of infection for both mock and
virus infected samples through the time course (Figure 3.3B), indicating that the
decrease in expression is likely due to a destabilization at the protein level or a

translational defect.
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Proteasome inhibitors were used to address whether APC4 and APCS are
targeted for degradation during the infection. HFFs infected with Towne at an MOI of
2 or mock infected were treated with either the reversible proteasome inhibitor
MG132 (2.5 uM) or irreversible inhibitor Sal A (100 nM) from 6—12 h p.i. Cells were
harvested at the end of treatment or the drug was washed out with the cells cultured in
fresh media for an additional 12 h before harvesting. As shown in Figure 3.4, addition
of either proteasome inhibitor from 6—12 h p.i. prevented the loss of APC4 and APC5
expression. Degradation of both proteins continued upon washout of the MG132-
treated cells, while expression levels remained stable in the Sal A treated cells as
expected, further suggesting the loss of expression is proteasome-dependent. No
change in APCS8 expression was observed with the various treatments, indicating that
this targeted degradation is specific to APC4 and APCS5. p53 was analyzed as a control
for proteasome inhibition and drug washout. As shown in the uninfected cells, p53
levels were stabilized with either inhibitor treatment from 6—12 h p.i. The level was
reduced and comparable to that of the DMSO treated after washout of the MG132 but
remained elevated in the Sal A treated cells as expected. While addition of proteasome
inhibitors prevented further degradation of the APC4 and APCS5 subunits, expression
levels never recovered to that of the uninfected. APC4 and APCS5 levels appear to be
very stable and not readily turned over. Similar assays done with the E1 inhibitor
PYR-41 also showed comparable results in preventing the loss of the APC subunits
(data not shown), further supporting that this is a UPS-mediated event.

APC dissociation during HCMYV infection is due to loss of APC 4 and

APCS. If the loss of APC4 and APCS5 is the root cause of the dissociation of the APC
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during the infection, then preventing the degradation of the subunits may keep the
complex intact. APC3 co-IP studies were done with mock or Towne infected HFFs
that were treated with or without Sal A from 614 h p.i. Cells were harvested at 14 h
p.i. and the coimmunoprecipitated proteins were analyzed by Western blot. As shown
in Figure 3.5, APC3 and APCS8 were equally pulled down from all the samples. No
significant changes were seen with APC4, APCS, or APCI in the IP lanes with or
without inhibitor treatment in the uninfected cells. Treatment with Sal A appeared to
have prevented the dissociation of the complex, as levels of APC4, APC5, and APC1
that coimmunoprecipitated with APC3 were increased compared to the untreated viral
sample and only slightly lower than that observed in the uninfected samples. Some
recovery of Cdhl association with APC3 was also observed in the virus plus inhibitor
treatment sample. This may be the result of the intact complex providing the necessary
binding conformation for Cdhl association, and/or UL97 expression and
phosphorylation of Cdhl may be delayed with the addition of Sal A. The remaining
unassociated Cdhl in the post-IP lane may be due to the UL97-mediated
phosphorylation of Cdhl at this point. GAPDH is further shown as a negative control.
Together, these results support that the disassembly of the APC is associated with the
loss of APC4 and APCS5 expression.

Viral early gene expression is necessary to mediate the degradation of
APC4 and APCS. Given the kinetics with which APC4 and APCS protein are lost
during the infection, the potential viral protein(s) involved are likely expressed at IE or
early times of the infection or brought in with the viral tegument. To establish whether

viral tegument proteins alone are sufficient, HFFs were infected with UV-inactived
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virus and harvested over an infection time course, with protein expression assayed by
Western blot. As shown in Figure 3.6, both APC4 and APCS5 expression remained
stable throughout the infection, suggesting that the viral tegument proteins themselves
were insufficient to induce the expression loss. As controls, APC8 expression
remained unchanged and no viral IE or UL44 expression were detected as expected.
Cyclohexamide (CHX) was then used to inhibit viral early gene expression such that
the requirement for IE expression could be examined. Mock or Towne infected HFFs
were treated with CHX from 2—12 h p.i. and assayed for protein expression. As shown
by Western blot, IE1 72 and IE2 86 were expressed but not the early protein UL44
(Figure 3.6). Again, no changes in APC subunit expression were observed, indicating
that some viral early gene expression may be required.

A combination of CHX and ActD treatments were then used to further
delineate the involvement of viral early gene expression in mediating the loss of APC4
and APCS5 (Figure 3.7). First, mock or Towne infected HFFs were treated with CHX at
the beginning of the infection from 0—6 h p.i. and then washed and released into fresh
media. Cell samples were harvested at 6, 18, and 24 h p.i. This allowed for the
accumulation of viral transcripts from 0—6 h p.i., which would all then be expressed
upon release of the drug. If these viral transcripts were sufficient to effect the change,
then a decrease in APC4 and/or APC5 expression would be expected in the cells
harvested at 6 h p.i.; however, no significant changes were seen as compared to the
untreated samples. Expression of both APC4 and APC5 were decreased at 18 and 24 h
p.i., albeit not as significantly as in the infected cells treated with DMSO. This is

likely due to the delay in viral gene expression. Alternatively, ActD was added at 6 h
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p.i. to inhibit further transcription, and cells were then harvested at 18 and 24 h p.i. As
evidenced by the presence of UL44, some early gene expression still occurred under
these conditions. The treatment resulted in an intermediate decrease in APC4 and
APCS5 expression, indicating that the viral transcript(s) involved are likely expressed
by 6 h p.i. To assess the effects of viral proteins expressed by 6 h p.i., CHX was added
to the cells at 6 h p.i. and harvested at 18 and 24 h p.i. Again, a similar intermediate
decrease in APC4 and APCS5 expression levels were observed at both 18 and 24 h p.i.
Taken together, these results suggest that the viral transcript(s) likely responsible for
causing the degradation of APC4 and APCS is expressed by 6 h p.i.; however, there
may be insufficient amount of viral protein expressed by 6 h p.i. to efficiently target
APC4 and APCS or other viral protein(s) that are not expressed yet may also be

required.
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DISCUSSION

In continuing our studies into the inactivation of the APC during HCMV
infection, we have further defined the mechanisms by which this occurs and have
identified a key viral protein involved. As we have previously reported (175), multiple
factors can be attributed to the inactivation of the APC, namely the phosphorylation of
Cdh1 and the dissociation of the APC core complex. Although these two events occur
with similar kinetics during the infection, we have further distinguished them to be the
result of two independent mechanisms.

Increasing evidence have shown UL97 as a CDK mimic with several cellular
targets, including Rb, thereby presenting itself as a likely candidate involved in the
phosphorylation of Cdhl during the infection. We have shown that Cdh1 becomes
phosphorylated beginning 8—10 h p.i. during wild type HCMV infection; however, in
the context of the AUL97 infection, Cdhl appears to remain unphosphorylated through
at least 24 h p.i., No apparent band migration shift was observed when whole cell
lysates were analyzed by SDS-PAGE or after phosphatase treatment compared to wild
type virus. Although minimal phosphorylations on Cdhl could have been present that
were beyond the detection sensitivity of the assay, the Cdhl expressed from the two
different viruses were noticeably different. The phosphorylation of Cdh1 by UL97 in
vitro further supports Cdhl as a direct substrate of UL97. Nevertheless, the
dissociation of the APC, including Cdhl, and accumulation of APC substrates still
occurred during the AUL97 infection with similar kinetics as in the wild type infection

despite Cdhl remaining unphosphorylated at that time and presumably still capable of
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binding and activating the APC. Thus, the dissociation of the APC appears to occur
through a mechanism independent of the UL97-mediated phosphorylation of Cdhl.
Whether the UL97-mediated phosphorylation of Cdhl represents a redundant pathway
in ensuring the inactivation of the APC or is simply another cellular substrate of UL97
remains unclear. While the sufficiency of the UL97-mediated modification of Cdhl in
blocking its association and activation of the APC still needs to be verified, it is
interesting to speculate whether the phosphorylation of Cdhl serves another purpose
in facilitating viral replication other than mediating the inactivation of the APC. The
UL97-mediated phosphorylation of Cdh1 would, however, provide a small kinetic
advantage in the wild type virus infection in allowing for the inactivation of the APC
to occur slightly earlier and faster. Based on the time course analysis presented in
Figure 3.8, the majority of the Cdh1 is dissociated in the AD169 infection by 12 h p.i.
and completely dissociated by 14 h p.i., whereas some of the complex still remains
intact.

The specific targeting of an individual subunit in disrupting APC activity
appears to be a common strategy utilized by different viruses. Adenovirus E4orf4
targets PP2A to APC6 to inactivate the complex through dephosphorylation (73),
chicken anemia virus has been shown to target APC1 through its apoptin protein (49,
148), and a recent report suggests that the PACR protein encoded by poxvirus acts as
an APC11 mimic to inhibit APC activity (100). In this study, we have further shown
that the dissociation of the APC during HCMYV infection is mediated through the
proteasome-dependent loss of APCS5 protein expression, and perhaps to a lesser extent

APCH4 protein expression. Decreased expression of both proteins is observed
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beginning at about 8 h p.i., followed by the dissociation of the APC. Addition of
proteasome inhibitors prevented further loss of the subunits as well as APC
dissociation. The effect of the proteasome inhibitors could be two-fold, however, in
preventing the degradation of the subunits as well as inhibiting the viral infection itself
and expression of viral early proteins that may be involved in targeting the APC
subunits. It is unclear whether APCS and APC4 are individually targeted or if the loss
of APC4 is the result of losing APCS5. The binding of APCS8, APC4, APCS5, and APCl1
is interdependent, such that the loss of any one subunit greatly decreases the binding
of the other three. While the loss of either APC5 or APC4 alone may not sufficiently
dissociate the complex, the concerted loss of both subunits seems to ensure the
complete untethering of the APC3/TPR subcomplex from APCI and thereby the
catalytic core containing APC2 and APC11 as well (Figure 3.8). This would account

for the observed dissociation of the TPR subcomplex from APC1 during the infection.
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Figure 3.1 Expression of HCMYV proteins and accumulation of APC substrates
are slightly delayed in AUL97 infection compared to wild type. Go-synchronized
HFFs (by confluence) were either mock infected or infected with AUL97 (A) or
AD169 (V) at an MOI of 3 after trypsinization and replating at lower densities to
induce cell cycle progression, or the virus was added directly to the confluent
monolayer as indicated. A) Go-synchronized HFFs were released into G; as described
in the Materials and Methods. Cells were harvested over an infection time course and
analyzed by Western blot for IE2, IE1, UL57, UL44, UL99, and geminin expression.
Actin is shown as a loading control. B) Gy-synchronized confluent monolayers were
infected as described in the Materials and Methods. Cell samples were harvested at the
times indicated and analyzed by Western blot for IE2, IE1, UL57, UL44, Cdhl, Cyclin
B, Cdc6, geminin, and securin. Actin is shown as a loading control. C) HFFs were
infected as cells were released into G and harvested at 16 h p.i. Lysates were treated
with or without lambda protein phosphatase (App) and analyzed by Western blot. Rb is
shown as a positive control for the phosphatase assay, while actin is shown as a
loading and negative control.
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Figure 3.2 APC still dissociates with similar kinetics during AUL97 infection as
wild-type virus. HFFs infected with AUL97 (A) or AD169 (V) at MOI 3 or mock-
infected (M) were harvested at the times indicated. The APC was immunoprecipitated
using an anti-APC3 antibody and coimmunoprecipitated proteins were assayed by
Western blot with antibodies to APC3, APC8, APC4, APC5, APC1, and Cdhl.

GAPDH is shown as a negative and loading control.
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Figure 3.3 Loss of APC4 and APCS protein expression during HCMYV infection.
A) APCS5, APC4, APC6, and APC3 protein expression in mock (M) or HCMV-Towne
(V) infected cells were assessed by Western blot. GAPDH is shown as a loading
control. B) Total RNA was isolated from mock or HCMV-Towne infected cells and
analyzed for APC4, APCS5, and G6PD expression by qRT-PCR. APC4 and APC5
values were normalized to that of G6PD as a control for input RNA. Values are

expressed as the fold induction over 0 h p.i.
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Figure 3.4 APC4 and APCS are degraded by the proteasome during HCMV
infection. HFFs infected with Towne (MOI 2) or mock infected were treated with
proteasome inhibitors MG132 (2.5 uM, reversible) or Sal A (100 nM, irreversible) at 6
h p.i. Cells were harvested at 12 h p.i. or recovered in fresh media without drug and
harvested at 24 h p.i. Samples were processed by Western blot for protein expression.
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Figure 3.5 APC dissociation is prevented with proteasome inhibitors. Mock (M)
or HCMV-infected HFFs (MOI 2) were treated with or without Sal A (100 nM) from
6—14 h p.i. Cells were harvested at 14 h p.i. and the APC immunoprecipitated as
previously described. Presence of other APC subunits and Cdh1 were checked by

Western blot. GAPDH is shown as a negative and loading control.
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Figure 3.6 Viral tegument and immediate early protein expression is insufficient
to cause the loss of APC4 and APCS protein expression. HFFs were treated with
UV-irradiated (UVi) mock (M) or viral (V) supernatants and harvested at 6 and 12 h
p.i. To assess the requirement for IE expression, HFFs were infected with HCMV-
Towne (MOI 2) and treated with 100 ug/ml CHX to prevent early gene expression.
Samples were analyzed by Western blot.
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Figure 3.7 Viral early gene expression is required to mediate the degradation of

APC4 and APCS5. Mock (M) or virus (V) infected HFFs (MOI 2) were treated with
CHX (100 ug/ml) from 0—6 h p.i. and harvested at 6 h p.i. or washed and released into
fresh media and harvested at 18 and 24 h p.i. CHX or ActD (20 uM) was added at 6 h

p.i. and harvested at 18 and 24 h pi.i. Lysates were analyzed by Western blot for
APC4, APCS5, IE, and UL44 expression. Actin is shown as a loading control.
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Proteasome

HCMY Inactivation of the APC

Figure 3.8 HCMYV inactivation of the APC. A) Schematic diagram of Cdh1-
activated APC. The essential APC core subunits are shown and numbered accordingly.
B) Model illustrating the mechanisms by which the APC is disabled during HCMV
infection. (I) Cdhl is phosphorylated, mediated by UL97, and no longer associates
with the complex. (ITa) APC5 and APC4 are targeted for degradation by the
proteasome. (IIb) The loss of APCS5 and APC4 causes the remaining subunits to
dissociate, with the TPR subunits and APC10 localizing to the cytosol while APC1
remains nuclear.



CHAPTER 4

PROTEASOME SUBUNITS RELOCALIZE DURING HUMAN
CYTOMEGALOVIRUS INFECTION AND PROTEASOME ACTIVITY IS
NECESSARY FOR EFFICIENT VIRAL GENE TRANSCRIPTION AND DNA

REPLICATION

ABSTRACT

We have continued studies to further understand the role of the ubiquitin-
proteasome system (UPS) in human cytomegalovirus (HCMV) infection. With
specific inhibitors of the proteasome, we show that ongoing proteasome activity is
necessary for facilitating the various stages of the infection. IE2 expression is
modestly reduced with addition of proteasome inhibitors at the onset of infection;
however, both early and late gene expression are significantly delayed, even if the
inhibitor is removed at 12 hours post infection. Adding the inhibitor at later times
during the infection blocks the further accumulation of viral early and late gene
products, the severity of which is dependent on when the proteasome is inhibited. This
can be attributed primarily to a block in viral RNA transcription, although DNA
synthesis is also partially inhibited. Proteasome activity and expression increase as the
infection progresses, and this coincides with the relocalization of active proteasomes
to the rim of the viral DNA replication center, which is the likely site of viral

transcription. Interestingly, one 19S subunit, Rpn2, is specifically recruited into the
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viral DNA replication center. The relocalization of the subunits requires viral DNA
replication, but their maintenance around or within the replication center is not
dependent on continued viral DNA synthesis or the proteolytic activity of the
proteasome. These studies highlight the importance of the UPS at all stages of the
HCMYV infection and support further studies into this pathway as a potential antiviral

target.
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INTRODUCTION

The fundamental role of the ubiquitin-proteasome system (UPS), not only in
general proteolysis but also in the regulation of several different cellular systems, has
gained increasing attention in recent years. These processes include cell cycle
regulation, signal transduction, apoptosis, and antigen presentation, among others (27)
(33). Numerous studies have also linked the UPS to transcription regulation, DNA
repair, and chromatin remodeling, at both a proteolytic and non-proteolytic level (24,
32,772,779, 99, 126). Thus, its potential role in disease pathogenesis has also been an
area of great interest. Different viral strategies have evolved that either utilize or
subvert the UPS in facilitating a productive infection (5, 8, 38, 138). Among these is
human cytomegalovirus (HCMV), which is a B-herpesvirus endemic within the human
population that can cause serious disease in immunocompromised individuals and is

also the leading infectious cause of birth defects.

In brief, the UPS utilizes a highly regulated process in which the proteasome
selectively degrades proteins that have become ubiquitinated through a multi-step
mechanism involving E1 (ubiquitin activating enzyme), E2 (ubiquitin conjugating
enzyme), and E3 (ubiquitin ligase) enzymes (40). The mammalian 26S proteasome
usually comprises one or two 19S regulatory subcomplexes on either end of the 20S
catalytic core complex (115). The 198 is further subdivided into the base and lid. The

base is composed of 6 AAA (ATPases associated with different cellular activities)
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ATPase subunits (i.e. Rpt1-6), forming a hexameric base ring, plus 3 non-ATPase
subunits (i.e. Rpnl, Rpn2, and Rpn10/S5a). The ATPase subunits are also collectively
known as the APIS (AAA proteins independent of the 20S). The 19S lid is composed
of nine non-ATPases (i.e. Rpn3, RpnS, Rpn6, Rpn7, Rpn8, Rpn9, Rpnll, Rpnl2, and
Rpnl5). Regulatory functions of the 19S include: polyubiquitin recognition, substrate
binding, facilitation of deubiquitination, protein unfolding and translocation into the
20S for degradation (3). The 20S catalytic core is formed by four stacked rings of a
(1-7), p (1-7), B (1-7), and o (121) subunits, and primarily functions in protein
degradation via the catalytic 81, 32, and B5 subunits, which contain caspase-like,
trypsin-like, and chymotrypsin-like peptidase activities, respectively. The 81, 32, and
35 subunits can also be substituted by the 311, 321, and B51 subunits to form the
immunoproteasomes upon interferon-y stimulation. Other than the 19S, several non-
ATPase complexes (i.e. PA28/11S REG, and BIm10/PA200,) can associate with the
20S and differentially alter its activity (124). Since these complexes do not bind

polyubiquitin chains, they likely regulate ubiquitin-independent proteolytic activity.

One of the first indications that HCMV exploits the UPS was the discovery
that the virus expresses two proteins, US2 and US11, that facilitate evasion of host
immune surveillance by relocalizing MHC class I molecules from the endoplasmic
reticulum to the cytoplasm for proteasome-mediated degradation (for review, see
(151). Subsequently it was found that the input viral tegument protein pp71 interacts
with ND10-associated Daxx and promotes its ubiquitin-independent and proteasome-

mediated degradation, thus facilitating viral transcription (16, 55, 57, 60, 93, 129).
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pp71 can also induce ubiquitin-independent proteasome-mediated degradation of
unphosphorylated Rb, p107, and p130 (65, 66). HCMV has also been shown to inhibit
the degradation of several cell cycle proteins by inactivating the anaphase-promoting
complex, an E3 ubiquitin ligase (7, 152, 164, 167). In general, inhibition of the
proteasome appears to impact negatively on viral replication (119, 128) (69).
Productive viral infection requires that cells be infected in Go/G; phase of the cell
cycle. We previously showed that if cells are infected in S phase, there is no viral IE
gene expression until cells return to G;. Interestingly, this block to IE gene expression

could be relieved by addition of a proteasome inhibitor (34).

We have continued our studies on the interplay between HCMV and the UPS,
further delineating the molecular mechanisms involved in the suppression of HCMV
replication by proteasome inhibitors. Viral early and late protein expression is greatly
reduced upon proteasome inhibitor treatment. This appears to be due primarily to a
defect in continued viral gene transcription as well as a decrease in viral DNA
synthesis, both of which are facilitated by the early replication proteins. Not only is
proteasome activity required for efficient viral gene expression, but the levels and
activity of the proteasome also increase during the course of infection, correlating with
times of viral early and late gene expression. By immunofluorescence assays (82),
specific 19S subunits appear to be recruited to sites of viral replication. Interestingly,
the 19S non-ATPase subunit Rpn2 accumulates in the viral DNA replication centers,
whereas the other proteasome subunits analyzed are relocalized at the rim of the

replication centers, where there is active RNA transcription.
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MATERIALS AND METHODS

Cells and Virus. Human foreskin fibroblasts (HFFs), obtained from the
University of California, San Diego, Medical Center, were cultured in minimum
essential medium with Earle’s salts supplemented with 10% heat-inactivated fetal
bovine serum, 1.5 ug/ml amphotericin B, 2 mM L-glutamine, 200 U/ml penicillin, and
200 ug/ml streptomycin. All cell culture media were from Gibco-BRL. Cells were
kept in incubators maintained at 37°C and 7% CO;. The Towne strain of HCMV was
obtained from the American Type Culture Collection (VR 977) and propagated as

previously described (144).

Cell Synchronization and Infection. All experiments were performed under
Gy synchronization conditions (130). Cells were trypsinized 3 days after the
monolayer reached confluency and then replated at a lower density to induce cell cycle
progression. At the time of replating, cells were either infected with HCMV at the
indicated multiplicity of infection (MOI) or mock infected with tissue culture
supernatants as previously described (130). For proteasome inhibition assays, cell
cultures were incubated with 2.5 uM MG132, 10 uM lactacystin, 100 nM
salinosporamide A (Sal A), or DMSO as the vehicle control at the times indicated.
MG132 and lactacystin were obtained from Calbiochem, while Sal A was a gift from
Dr. Bradley Moore (Scripps Institute of Oceanography, University of California San

Diego). The viral DNA inhibitors ganciclovir (GCV) and phosphonoacetic acid (PAA)
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were obtained from Sigma and used at 20 uM and 360 uM, respectively. Cells were
harvested at the indicated times post infection (p.i.) and processed as described for

each experiment. All experiments were performed at least twice.

Western Blot Analysis. Cells were lysed in Laemmli reducing sample buffer
(62.5 mM Tris pH 6.8, 2% SDS, 10% glycerol, 5% p-mercaptoethanol) supplemented
with a protease inhibitor cocktail (Roche) and phosphatase inhibitors (50 mM sodium
fluoride, 10 mM B-glycerophosphate, and 1 mM sodium orthovanadate), and the
lysates were sonicated and boiled. Equal amounts of lysate (i.e. by cell number) were
loaded onto SDS-polyacrylamide gels (SDS-PAGE) unless otherwise stated.
Following electrophoresis, proteins were transferred to nitrocellulose (Schleicher &
Schuell), and Western blot analyses were performed using appropriate antibodies. The
Supersignal West pico and West femto chemiluminescent detection methods (Pierce)

were used to visualize the proteins according to the manufacturer’s instructions.

Quantitative real-time PCR. DNA from mock or HCMV-infected cells was
isolated using a DNA Blood Mini Kit (Qiagen), and the concentration was determined
by UV spectrophotometry. Quantitative real-time PCR (qPCR) was performed with
the ABI Prism 7000 sequence detection system (Applied Biosystems) using TagMan
Universal PCR Master Mix (Applied Biosystems) along with oligonucleotide primers
and TaqMan dual-labeled (5* 6-carboxyfluorescein, 3° black hole quencher-1) probes
(Integrated DNA Technologies) with 40 ng DNA per reaction. Probes were targeted to
an unspliced region of HCMV UL77, IE2 (UL122), and the GAPDH promoter, which

was used for normalization of input DNA, as previously described (163). Standard
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curves were generated using DNA isolated from cells harvested at 48 h p.i. The
primers and probes used were as follows: UL77 forward (5'-
CGTTGCCCGGGAACG-3"), UL77 reverse (5'-GGTGTGAAAGCGGATAAAGGG-
3"), and UL77 probe (5'-ACCTAGCTACTTTGGAATCACGCAGAACGA-3"); IE2
forward (5'-GCG CAA TAT CAT GAA CGA-3'"), IE2 reverse (5'-GAT TGG TGT
TGC GGA ACA TG-3"), and IE2 probe (5-TCG GCG GGG TCGC-3"); GAPDH
promoter forward (5'-TTT CAT CCA AGC GTG TAA GGG-3'), reverse (5'-CAG
GAC TGG ACT GTG GGC A-3"), and probe (5'-CCC CGT CCT TGA CTC CCT

AGT GTC-3".

Northern Blot Analysis. All reagents and kits were obtained from Ambion.
Total RNA from mock or HCMV-infected cells was isolated using the RNAqueous kit
with concentrations measured by UV-spectrophotometry. Northern blots were done
using the NorthernMax kit per the manufacturer’s instructions. Briefly, 10 pg RNA
was resolved in a 1% agarose formaldehyde gel and transferred to a BrightStar-Plus
membrane. Biotinylated probes were generated using the BrightStar Psoralen-Biotin
Kit with the following DNA fragments: UL44 (Afl II/Sac II), UL99 (Kpn I/Sac II),
ULS3 (Sac IT), UL82 (Pvu I/Sac II), and GAPDH (582 bp Afl III). Membranes were
hybridized to probes at 42° overnight, washed, developed using the BrightStar

BioDetect kit, and exposed to film for autoradiography.

Immunofluorescence Assays. Cells were seeded onto glass coverslips at the
time of infection and fixed with 2—4% paraformaldehyde for 20 min at the indicated

times p.i. Cells were permeabilized with 0.2% Triton X-100 for 5 min and washed in
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PBS prior to immunofluorescence staining. Normal goat serum (10% in PBS)
(Jackson ImmunoResearch) was used as a blocking solution and antibody diluent.
Mouse or rabbit IgG (Jackson ImmunoResearch) served as negative controls.
Following primary antibody incubation and subsequent washes in PBS, coverslips
were incubated with appropriate fluorescein isothiocyanate- or tetramethyl rhodamine
isothiocyanate-conjugated secondary antibody (Jackson ImmunoResearch) plus
Hoescht stain. Coverslips were treated with SlowFade Gold (Molecular Probes), an
anti-photobleaching reagent, and mounted onto a slide for imaging. Costained samples
were analyzed by a DeltaVision deconvolution microscopy system (Applied Precision)
with SoftWoRx software (Applied Precision) on a Silicon Graphics O2 workstation.
Images were taken at 0.2 um increments along the z-axis by a Photometrics CCD
camera mounted on the fluorescence/differential interference contrast microscope. The
fluorescence data sets were deconvolved and analyzed by DeltaVision SoftWoRx

programs. Adobe Photoshop was used to prepare images for the figures.

BrU and BrdU Pulse-labeling Assays. HFFs were infected with HCMV at a
MOI of 2 or mock infected and seeded onto coverslips. At 36 h p.i., cells were rinsed
in PBS and incubated with fresh media containing 1 mM BrU (Sigma) or 10 uM BrdU
(Sigma). DMSO was used as a negative control. Cells were fixed at 20, 30, and 60 min
post labeling and processed by IFA using an anti-BrdU antibody (Sigma), which

detects both BrU and BrdU.

Microinjection. Nuclear microinjections (MI) of 250 ug/ml DQ ovalbumin

(DQ-ova; Molecular Probes, Invitrogen) and blue dextran (injection control) were
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done on HFFs infected with HCMYV at MOI 2 or mock-infected at 40 h p.i.
Coinjections with 150 nM Sal A were used to inhibit proteasome activity as a negative
control. The cells, which were seeded onto coverslips, were transferred into serum free
media 30-60 min prior to MI and further incubated for an additional 30 min after
microinjection to allow for proteolytic degradation of the DQ-ova. Cells were then

fixed with 3.7% formaldehyde and processed for IFA.

Antibodies. All antibodies to proteasome subunits were obtained from
Biomol, except for 19S subunit Rpnl (Calbiochem). Antibodies to HCMV proteins
ULS57, UL44, UL83 (CH12), UL99 (CH19), and IE1/IE2 (CH16.0) were from
Virusys, while those to UL97, ULS8S5, and UL86 were gifts from William Britt
(University of Alabama, Birmingham). Other antibodies used include: actin (AC-15,
Sigma), GAPDH (6¢5, Fitzgerald), BrdU (Sigma), H3K4 (Upstate), ARNA3

(Chemicon), H14 and H5 (Covance), and p53 and weel (Santa Cruz Biotechnology).
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RESULTS

Viral protein expression is delayed upon inhibition of proteasome activity.
Previous studies assessing the impact of proteasome inhibitors on HCMV infection
have shown a decrease in viral titer and an apparent defect at all stages of the
infection, with significant reduction in viral protein expression (69, 119). These
studies were done with the proteasome inhibitor added after viral adsorption and
maintained in culture through the time course. Given the temporal kinetics of HCMV
gene expression, it was not possible to determine from these studies whether the early
and late stages of the infection were blocked differentially, independent of the
inhibitory effects on the IE proteins. The block in IE protein expression was later
shown to be MOI dependent (69, 128), while early and late protein expression
remained significantly impaired at all MOlIs tested (69), further indicating that the
stages of viral gene expression may be differentially affected by proteasome
inhibition. Another potential complication that needs to be considered when studying
the effects of proteasome inhibitors on HCMV gene expression is the time in which
the virus and inhibitor are added in relation to the cell cycle. Expression of IE proteins
can be detected in cells infected in Go/G; by 1-2 h p.i. (34, 59). Cells infected in S
phase fail to express IE proteins until cells divide and cycle to the next G;; however,
addition of a proteasome inhibitor was able to relieve this block in IE gene expression
(34, 130). To more accurately assess the role of the proteasome in each stage of viral
replication, it was important to use cells that had been synchronized to enter the cell

cycle at the time of infection. For the experiments presented here, cells were
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synchronized in Gy and released into G, at the time of infection as described in the
Materials and Methods.

To further delineate the stage(s) of HCMYV replication that are proteasome-
dependent, Gy-synchronized HFFs were released into G by trypsinization and
replating at a lower density and infected at a MOI of 2 at the time of replating.
Proteasome inhibitors were added at different times p.i., and viral protein expression,
correlating to the different kinetic classes, was examined by Western blot. Three
different proteasome inhibitors (i.e. MG132, lactacystin, or Sal A) were used to
minimize the risk the results were due to off-target effects. MG132 is a reversible
inhibitor of the chymotrypsin-like activity of the proteasome, lactacystin blocks both
the chymotrypsin-like and trypsin-like activities, and Sal A inhibits all three
chymotrypsin-like, trypsin-like, and caspase-like activities. The effects of all three
inhibitors on the infection were essentially the same.

In Figure 4.1A, MG132 was added with the virus inoculums, which were then
washed out at 12 h p.i. Fresh media was added and samples were harvested at 12, 24,
48, and 72 h p.i. Although the drug was added with the virus, no apparent constraints
on viral entry were observed, as viral [E1-72 and IE2-86 protein expression remained
comparable with the proteasome inhibitor at 12 h p.i.; however, IE2-86 expression
appeared shortly delayed thereafter with decreased expression observed in the
inhibitor treated samples at 24, 48 and 72 h p.i. A significant delay in early (i.e. UL57)
and late (i.e. UL99) protein expression was also observed. These results are consistent
with previous studies (69, 119, 128) in showing that the addition of proteasome

inhibitors at the time of infection negatively impacts viral protein expression. The lack
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of effect on IE1-72 expression is likely due to the MOI used in this assay (69).
Interestingly, both UL57 and UL99 remained significantly suppressed even after the
60 h release from the drug, further underscoring the importance of proteasome activity
at the early stages of the infection in facilitating viral replication and the switch to
early and late gene expression. This may in part be attributed to the decrease observed
in IE2-86 expression.

To further assess the impact of proteasome inhibition on the later stages of the
infection, lactacystin was added to the infected cells at 24, 36, or 48 h p.i. After 12 h in
the presence or absence of the drug, the cells were harvested and processed for
Western blot analyses (Figure 4.1B). Decreased IE2-86 protein expression was still
observed with the proteasome inhibitor added at these later times of infection. [E1-72
expression was slightly decreased with the drug present between 36 and 48 h p.i., and
early protein expression (i.e. UL44 and UL57) was decreased when proteasome
activity was inhibited from 24-36 h p.i or 3648 h p.i., but little to no effect was seen
for the 48—60 h p.i. treatment. Late protein expression (i.e. UL83, UL99, UL86) was
also significantly reduced when the drug was present from 36—48 h p.i. or 48—60 h p.i.,
except for UL8S expression, for which only a slight decrease was observed with drug
treatment at the different time periods. Interestingly, UL44 and ULS57 levels after
proteasome inhibition from 3648 h p.i. were similar to that observed at 36 h p.i. with
no treatment, and UL83 and UL99 levels after the 48—60 h p.i. drug treatment were
comparable to those seen at 48 h p.i. with no drug. Similar results were also obtained
with PYR-41, an inhibitor of the ubiquitin-activating enzyme, E1 (data not shown).

These results suggested that proteasome inhibition prevented further accumulation of



87

the viral proteins, but we could not distinguish whether protein processing is stalled at
the translational level or an earlier step (i.e. transcription or DNA replication) is
inhibited. However, given that the protein expression is less affected after the prime
expression period for each kinetic class (i.e. early proteins are not as affected when the
inhibitor is added at late times of infection), the latter possibility seemed more likely.

Proteasome inhibitors prevent further accumulation of viral transcripts.
To differentiate whether protein expression was affected at the RNA or protein level,
Northern blots were used to assess RNA levels of representative early and late
transcripts. HFFs were synchronized in Gy and infected with HCMV at MOI 2 or
mock infected at the time of release into G;. Lactacystin (10 uM) was added from 24—
36 h p.i. or 3648 h p.i., the times during which the greatest effects on protein
accumulation were observed, with total RNA isolated from cells at the end of
treatment. GAPDH and 28S RNA levels were used as loading controls. The samples
were first analyzed with a probe to the coding region of UL99, which allowed for the
simultaneous detection and analysis of the 3’ co-terminal transcripts from the UL93—
UL99 coding region that are expressed with different temporal kinetics during the
infection (169). As defined in the study by Wing et al. (169), kinetic class
determination was based on whether transcript expression was dependent on viral
DNA replication. UL97 transcript expression was independent of viral DNA
replication and defined as early, whereas UL93 and UL94 were dependent and
designated as late transcripts. UL95, UL96, and UL98 RNA levels were somewhat
reduced after GCV treatment and were classified as early-late transcripts.

Interestingly, UL96 and UL98 expression was also observed to be higher at 5 h p.i.
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than at 72 h p.i. with GCV treatment, indicating that these genes may be under the
control of multiple promoter elements and expressed in more than one kinetic class.

In our study, we found that UL95, UL96, and UL98 transcripts were expressed
at high levels by 24 h p.i. (Figure 4.2). Addition of the proteasome inhibitor at 24-36 h
p.i. or 3648 h p.i. appeared to prevent further accumulation of UL95 as expression
levels remained similar to when the drug was added, while levels continued to
increase with no drug. Interestingly, both UL96 and UL98 RNA levels dropped below
that seen at 24 h p.i. after each drug addition period, which may reflect a shorter half-
life of these RNAs. The expression of the UL93, UL94, and UL99 transcripts was not
readily detected until 36 or 48 h p.i., consistent with late kinetics, and was greatly
reduced upon treatment with the proteasome inhibitor. The early UL97 transcript was
not as readily detectable but showed no significant changes with the 3648 h p.i. drug
addition upon longer exposures of the blot (data not shown).

To ensure that the observed downregulation is not specific to the UL99
transcription unit, we also tested UL44 (early), UL83 (early-late), and ULS2 (late)
expression levels. As shown in Figure 4.2, UL44 expression was reduced in both
treatment periods, although less of an effect was seen with the 3648 h p.i. lactacystin
addition. UL82 expression was also significantly decreased with the proteasome
inhibitor at 3648 h p.i. The effects on UL83 were more variable, as expression levels
with the inhibitor added at 24-36 h p.i. showed little to no difference, while addition
of the inhibitor at 36—48 h p.i. showed a modest decrease. In general, inhibition of the
proteasome appears to prevent further expression or accumulation of the early

transcripts (i.e. UL44 and UL95), while the early-late transcripts of UL96 and UL98
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may have a shorter half-life. The significant reduction in the late transcripts (i.e.
UL93, UL94, UL99, and UL82) may be due to a block in switching to late gene
expression in the presence of the inhibitor.

Decreased viral late gene expression and viral yield has also been observed in
HSV-1 infected cells treated with MG132 or lactacystin (25). The associated recovery
of overall RNAP II levels, especially that of pSer2-RNAP II, which normally
decreases during HSV-1 infection, led to the hypothesis that proteasome inhibitor
treatment prevents the degradation of stalled RNAP II complexes at later times of
infection (25, 37, 80). To determine whether this may also be the case with HCMV,
RNAP II levels during HCMYV infection were assessed with or without proteasome
inhibition. Mock or HCMYV infected cells were treated with lactacystin at 36—48 h p.i.
or 48—60 h p.i. and harvested at the end of treatment for Western blot analyses using
RNAP II phospho-specific antibodies. As reported previously (145), unlike HSV-1, an
overall increase in RNAP II expression was observed during HCMV infection, as
shown by both the ARNA3 (RNAP Ilo/a) and H14 (pSer5-RNAP Ilo) antibodies,
while pSer2-RNAP II (H5) levels did not accumulate in the HCMV infected cells until
later during the infection (Figure 4.3). Furthermore, no significant effect on the
various forms of RNAP II was observed with lactacystin treatment in either mock or
HCMYV infected cells. Actin is shown as a loading control, while p53 and weel (131)
served as positive controls for proteasome inhibition in mock or virus infected cells,
respectively.

Viral DNA synthesis is modestly decreased upon proteasome inhibitor

treatment. Previously, it was shown that the presence of the proteasome inhibitor
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from the beginning of the infection inhibited viral DNA replication (69, 119), but this
could have been the result of reduced expression of the viral early proteins necessary
for viral DNA synthesis. To address this question more directly, HFFs were infected
with HCMV at an MOI of 2 and were treated with MG132 during the intervals of 24—
48 h p.i., 3660 h p.i., or 48—72 h p.i. Cells were harvested at the end of each
treatment period and analyzed for viral DNA accumulation by qPCR with primers and
probe to the UL77 gene. A probe to the GAPDH promoter was used as a control for
input DNA and normalization. Values are expressed as the fold inhibition of UL77
DNA accumulation in the MG132 treated as compared to DMSO during each
treatment period (Figure 4.4). The accumulation of viral DNA decreased by ~3.5-fold
with the 24-48 h p.i. treatment. Similar decreases were seen with the later treatments,
with ~3-fold for 3660 h p.i. and ~2-fold for 48—72 h p.i. Since UL77 is relatively
close to the origin of viral DNA replication, we also used primers and probe to the IE2
(UL122) region of the genome, which is further from the origin, to determine whether
there might be a greater decrease in apparent viral DNA synthesis due to preferential
effects on the elongation step of DNA replication. No differences were observed,
however, indicating that the inhibition is likely at the initiation step or just after
conversion to the elongation step (data not shown).

Proteasome activity and expression increase at later times of the infection.
Given the decrease in viral RNA expression upon proteasome inhibition and the many
reports indicating a functional role of proteasomes in transcription, we hypothesized
that the proteasome facilitates HCMV transcription. If this is the case, then

proteasome activity or abundance might increase as the infection progresses. The 26S
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proteasome is composed of two subcomplexes, the 19S regulatory complex and the
20S catalytic core. Although free 20S maintains some catalytic activity, the 26S
complex is responsible for the major proteolytic activity in the cell. In-gel peptidase
assays using a fluorogenic substrate were performed to measure the proteolytic
activity of mock or HCMV-infected cells harvested at 12, 24, 48, and 85 h p.i.
Increased peptidase activity was observed in the virus-infected samples beginning 24—
48 h p.i. and remained at elevated levels throughout the time course, while levels were
unchanged in the uninfected (Figure 4.5A). Separate gels were run for Western blot
analyses. Alignment of blots probed for 19S subunit Rpn2 and 20S subunit a6 showed
that the slower migrating activity bands correspond to the 26S proteasome complex
(i.e. 19S + 20S), whereas the lower molecular weight band represents free 20S activity
(Figure 4.5A).

Western blots were also used to screen the various proteasome subunits to
determine whether the elevated activity correlated with an increase in proteasome
abundance during HCMV infection. HFFs that were infected with HCMV (MOI 5) or
mock infected were harvested over a 72 h time course. Expression of all 19S and 20S
subunits have been examined in these experiments, except for the 19S lid subunits
Rpn3, Rpn5, Rpn6, Rpn9, Rpnl5, and Rpnl1, as well as the 20S subunit a1.
Representative subunits from each subcomplex are shown with actin as a loading
control (Figure 4.5B). As with the peptidase assay, protein expression levels of most
subunits were higher in the virus-infected cells beginning 24-48 h p.i. and continued

to increase throughout the time course.
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Proteasome subunits relocalize around viral replication sites. IFA was used
to determine whether proteasomes localize to sites of viral replication. Intracellular
distribution studies regarding proteasome localization have led to conflicting results,
but in general, proteasomes appear to be abundantly distributed throughout the cytosol
and nucleus (but excluded from the nucleoli) and have been found associated with
intermediate filaments, ER membrane, and centrosomes (54). Mock or HCMV-
infected (MOI 5) HFFs were fixed onto coverslips and stained at various times p.i.
using antibodies targeted against different proteasome subunits. We were limited in
this analysis to the use of antibodies that did not show a high level of accumulation at
the golgi due to the presence of the viral-encoded Fc receptor. Subunits that have been
tested include the 19S subunits Rpt1-Rpt6, Rpnl, Rpn2, Rpn10, and Rpn12 as well as
the 20S subunits o2, o4, a5, a.6, and 1.

Mock-infected cells show a faint diffuse staining of the various proteasome
subunits throughout the cytosol with more prominent staining in the nucleus. This
same localization pattern is maintained throughout the 72-h time course. The 19S
subunit Rpt6 and 20S subunit a6 are shown costained in a mock-infected cell at 48 h
p.i. as a representative example (Figure 4.6A). The 20S a6 appears to be more
diffusely expressed than 19S Rpt6, which shows more punctate staining. This is
consistent with 20S also being free or associated with different regulatory complexes.
In the infected cells, a general increase in staining was observed for the majority of the
subunits at 48—72 h p.i. (data not shown), which corresponds to the increased protein
expression seen by Western analysis. Cells were also costained with antibodies to

viral replication proteins, UL57 or UL44, which serve as a marker for the viral
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replication center, and analyzed by deconvolution microscopy to establish whether
proteasomes localize to viral replication sites. Several 19S subunits (i.e. Rpt6, Rptl,
Rpt5, Rpnl0, Rpnl2), 11S subunit REGy, and 20S a6 all exhibit some staining within
the replication center and an enhanced accumulation at the rim of the replication
center in infected cells beginning at ~36 h p.i. (Figure 4.6B and data not shown). As
representative examples, the 19S subunits Rpn12, Rpn10, and Rpt6 are shown
costained with UL57, while 11S REGy is shown costained with 20S a6 in a mid cross
sectional plane at 48 h p.i. (Figure 4.6B).

The relocalization of the proteasome subunits occurs after the onset of
viral DNA synthesis. Since this relocalization of the proteasome subunits is first
detected shortly after the onset of viral DNA replication, we wanted to determine
whether the relocalization is dependent on viral DNA synthesis. HCMV DNA
replication begins ~16 h p.i., requiring both viral and cellular proteins (for review, see
(101). Six core viral replication proteins (i.e. UL44, UL57, UL54, UL70, UL102, and
UL105) along with UL84, UL112-113, and UL114 are necessary for efficient viral
DNA replication, as measured in transient expression assays. The UL112-113
phosphoproteins localize adjacent to PML-oncogenic domains (PODs) at sites of input
viral genome accumulation and IE transcription of viral genes, where it then recruits
the core replication proteins in forming the pre-replication centers (1, 112). These foci
eventually coalesce into large replication centers as viral replication proceeds.

Mock or HCMYV infected HFFs were treated with the viral DNA polymerase
inhibitor PAA at 048 h p.i. or 36-48 h p.i. and then fixed at 48 h p.i. for IFA with

antibodies to 19S subunits Rptl, Rpt6, Rpn10, and 20S a.6. As representative
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examples, 19S Rpt6 and 20S a6 are shown costained with UL57 in Figure 4.7. The
presence of the drug had no significant effect on the localization of 19S Rpt6 or 20S
a6 in the mock infected cells with either the 0—48 h p.i. (Figure 4.7A, panels 8 and 16)
or 3648 h p.i. treatment (Figure 4.7B, panels 12 and 24). Addition of PAA at the
onset of infection severely limited viral replication, as only pre-replication center foci
were observed by UL57 staining (Figure 4.7A, panels 6 and 14), compared to the large
replication centers in the untreated samples (Figure 4.7A, panels 2 and 10).
Interestingly, both 19S Rpt6 and 20S a6 remain diffusely localized throughout the
infected nuclei and are excluded from the pre-replication center foci in the presence of
the inhibitor (Figure 4.7A, white arrows in panels 7 and 15 and adjacent magnified
sections). This is consistent with the relocalization of the proteasome subunits
occurring after the onset of viral DNA synthesis.

To address whether ongoing viral DNA replication is necessary to maintain the
proteasome subunits at the rim of the replication center, PAA was added at 36 h p.i.,
which is after the initiation of viral DNA synthesis, and cells were analyzed by IFA at
48 h p.i. At 36 h p.i., some enhancement of both 19S Rpt6 and 20S a6 can be
observed at the rim of the replication center, with some punctate foci observed for 20S
a6 (Figure 4.7B, panels 1 and 13). The accumulation of the proteasome subunits at the
periphery of the replication center continues with the addition of DMSO from 3648 h
p.i. (Figure 4.7B, panels 5-7 and 17-19). No significant differences were seen in the
localization of 19S Rpt6 in the presence of PAA from 36-48 h p.i. (Figure 4.7B,
panels 9—-11), whereas the 20S a6 was slightly more diffusely localized within and

around the replication centers with PAA (Figure 4.7B, panels 13-21). The drug
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treatment had no effect on the localization of the proteasomes in mock-infected cells
(Figure 4.7B, panels 12 and 24). Taken together, these data indicate that ongoing viral
DNA replication is not required for the maintenance of the proteasome subunits at this
site. Similar results were also obtained using GCV (data not shown).

Active proteasomes accumulate around the viral DNA replication center
in regions of RNA synthesis. The same shift in localization to the rim of the
replication center has previously been reported for the phosphorylated forms of RNAP
IT in HCMV infected cells (145), further suggesting that the proteasomes may be
involved in transcriptional processes during the infection. To assess whether RNA
synthesis is occurring at the border of the replication center, BrU pulse-labeling
experiments were performed. HFFs infected with HCMV or mock infected were
pulse-labeled with 1 mM BrU at 36 h p.i. for 20, 30, or 60 min. Cells were then fixed
and processed by IFA. In the uninfected cells, BrU localized diffusely throughout the
nucleus with signal intensities increasing with pulse length; a representative cell with a
30 min BrU pulse is shown costained with UL57 (Figure 4.8A, panel 3). In the
HCMV-infected cells, the incorporated BrU located around the viral replication
center, as marked by UL57 (Figure 4.8A, panels 1 and 2). As a complement, mock or
virus infected cells were pulse-labeled with BrdU (60 min) and costained for UL57
(Figure 4.8A) to localize the area of DNA synthesis. Given the viral-mediated shutoff
of cellular DNA synthesis, the BrdU would primarily be incorporated into replicating
viral DNA. While the area of BrdU incorporation is diffusely spread through the
nucleus in the uninfected cells (Figure 4.8 A, panel 6), the BrdU in the infected cells

localized specifically within the viral replication center as marked by UL57 (Figure
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4.8A, panels 4 and 5). Taken together, these data indicate that ongoing RNA and DNA
synthesis occurs in spatially distinct areas in the infected cell, with RNA synthesis
occurring outside the viral replication center and viral DNA synthesis occurring inside
the replication center, as marked by UL57.

Mock or virus infected cells were further examined by IFA to confirm whether
the relocalization of the proteasome subunits during the infection correlate to areas of
active transcription. In Figure 4.8B, cells pulsed with BrU for 30 min were assayed for
BrU and 19S Rpt6 localization. Comparable staining patterns were observed with both
BrU and Rpt6 localizing at the periphery of the viral replication center in the infected
cell (Figure 4.8B). Other markers associated with active transcription were also
analyzed, including histone H3 that is trimethylated at residue K4 (H3K4) and pSer2-
RNAP II. Both H3K4 and pSer2-RNAP II also shifted from a diffusely nuclear
localization in the uninfected cells to the peri-replication center region in the infected
cells, as indicated by costains with 19S Rpt6 and UL57 in Figures 4.8C and 4.8D,
respectively. These results further support that proteasomes localize to active
transcription areas during the infection. If the localization of proteasomes to this peri-
replication center region is pertinent to efficient viral transcription, then the decrease
in viral transcript expression upon proteasome inhibition may be attributed to an
altered positioning of the proteasomes during drug treatment. To address this,
proteasome localization was also analyzed in cells treated with MG132 from 3648 h
p.i. The localization of proteasome subunits 19S Rptl and Rpt6, 20S a6, and 11S
REGy have been assessed, and Rpt6 is shown costained with UL57 as a representative

example in Figure 4.8E. Rpt6 localization was not significantly altered with MG132,
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as the shift to the peri-replication center region was still observed (Figure 4.8E).
Together, these results indicate that ongoing transcriptional activity occurs outside the
viral replication center at sites where proteasome subunits also locate during later
times of the infection.

To determine if the proteasome is active at these peri-replication center sites,
the nuclei of mock or virus-infected HFFs were microinjected with DQ-ova at 40 h p.i.
DQ-ova is conjugated to BODIPY FL-dye, which is self quenching and exhibits low
background signal but displays green fluorescence upon proteolytic degradation,
allowing for the localization of proteolytic activity to be tracked. Cells were fixed 30
min post injection and processed by IFA. Coinjections with the proteasome inhibitor
Sal A (150 nM) sufficiently blocked DQ-ova fluorescence, confirming that the
observed fluorescence is proteasome dependent (data not shown). In the mock-
infected cells, DQ-ova localized throughout the nucleus (Figure 4.9). In the virus-
infected cells, however, the majority of the DQ-ova localized around the replication
center, although faint staining within the center was still observed, as shown by
costains with 19S Rpt6, 20S a6, or UL57 (Figure 4.9). Thus, this peri-replication
center region supports both transcriptional and proteolytic activity during later times
of the infection.

The 19S non-ATPase base subunit Rpn2 relocalizes to the viral DNA
replication center. While several 19S, 20S, and 11S proteasome subunits relocalized
around the replication center during the infection, a marked difference in localization
pattern was observed for the 19S non-ATPase base subunit Rpn2. In mock-infected

cells, Rpn2 appeared diffusely distributed throughout the cytosol and nucleus (Figure
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10, parts B and C). However, in cells infected with HCMV at an MOI of 2, Rpn2 was
observed within the viral replication center beginning at ~30 h p.i., and continued to
accumulate there as the infection progressed (Figure 4.10 and data not shown). To
better assess whether Rpn2 relocalization coincides with viral replication center
formation, low MOI infections, which allowed for the closer observation of replication
centers at various stages of development, were analyzed for Rpn2, UL44, and UL57
localization by IFA. Cells fixed on day 4 and stained for Rpn2 and UL57 are shown in
Figure 4.10A as a representative example. As indicated by the white arrow in Figure
4.10A, ULS57 is present at the pre-replication foci but not Rpn2. Rpn2 was not present
at the replication centers until they were slightly more developed (Figure 4.10A, pink
arrow) and continued to accumulate there as the replication centers grew and
coalesced (Figure 4.10A, orange arrow). Thus, Rpn2 is not brought in with the core
replication machinery and likely does not play a role in replication center formation.
Rpn2 localization was also assessed in the presence of PAA or GCV to
determine whether the relocalization is dependent on viral DNA synthesis. With the
addition of PAA at 048 h p.i., replication center foci containing ULS57 are observed,
but Rpn2 remains diffusely nuclear and cytoplasmic and does not accumulate in the
foci with UL57 (Figure 4.10B). These data suggest that the Rpn2 relocalization also
occurs after the onset of viral DNA synthesis. Similar results were also seen with GCV
(data not shown). Addition of PAA at 36-48 h p.i. after the onset of viral DNA
synthesis appeared to prevent further accumulation of Rpn2 in the viral replication
center, as levels remained comparable to those seen at 36 h p.i. (Figure 4.10C). Further

accumulation of Rpn2 into the replication center was similarly inhibited with the
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addition of the proteasome inhibitor MG132 at 3648 h p.i. (Figure 4.10C). These data
indicate that the relocalization of Rpn2 to the replication center is dependent on the
initiation of viral DNA synthesis. Further accumulation of the subunit, but not
maintenance once relocalized, also requires ongoing viral DNA synthesis and

proteasome proteolytic activity.
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DISCUSSION

In this report, we extend the studies from our lab and others on the interactions
between HCMV and the ubiquitin-proteasome degradation pathway (7, 16, 34, 55, 57,
60, 65, 69, 93, 119, 128, 129, 151, 152, 164, 167). Previous studies have shown
HCMYV infection to be negatively affected by inhibition of the proteasome (69, 119,
128), and in the experiments presented here, we have elucidated the temporal and
molecular basis of this inhibition. We show that proteasome proteolytic activity is
important for viral transcription, and that as the infection progresses, the proteasome
subunits accumulate in regions of RNA synthesis at the periphery of the viral DNA
replication center in the nucleus.

We found that proteasome inhibition during the initial 12 h p.i. had little effect
on IE gene expression., though IE2-86 expression decreased thereafter either after
release from the drug or when the inhibitor was added at later times during the
infection (Figure 4.1). Previous studies reported a decrease in both IE1-72 and IE2-86
expression when the proteasome inhibitor was added at the onset of infection and
maintained throughout the infection time course (69, 119, 128). This discrepancy,
especially with regards to IE1-72 expression, may be attributed to a difference in the
MOI (69) and/or cell lines (128) used in these assays. The recent study by Sadanari et
al. (128) showed that the effect of proteasome inhibitors on IE gene expression can be
cell-type specific, with inhibition in glioma and astrocytoma cell lines and activation
in a neuroblastoma cell line. Although proteasome activity did not appear necessary to

facilitate efficient viral entry or initial [E expression in the context of the experiments
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presented in this study, the requirement may also vary depending on MOI and cell
type. The effects on IE2-86 expression upon proteasome inhibition has been more
consistently observed with decreased expression seen in multiple cell lines infected
with HCMYV at different MOls, although little to no effect was seen at higher MOIs
((119), (69),(128), this study). The observed modest decrease in IE2-86 expression
with the inhibitor present 0—12 h p.i. may in part account for the associated
suppression of viral early and late protein expression, as there may not be sufficient
transactivation of the viral early and late genes or cellular genes. Interestingly, early
and late protein expression did not fully recover even after 60 h release from MG132.
This suggests that the switch to early gene expression and/or viral DNA synthesis may
be critically dependent on the proteasome-mediated events that occur during the first
12 h p.i. For instance, cellular factors that are normally degraded (e.g. Daxx,
unphosphorylated Rb, etc.) to facilitate efficient viral replication would not be.
Proteasome inhibition may also cause further cell cycle deregulation that is not
conducive for viral replication.

The effect on viral early and late gene expression became less pronounced as
the proteasome inhibitor was added later during the infection time course, such that
addition at late times no longer affected early gene expression, while late gene
expression was impacted to varying degrees. The proteasome inhibitors appeared to
prevent further accumulation of both viral RNA and protein. If the inhibitor was added
after expression had peaked, then gene expression was no longer affected. Although
DNA synthesis decreased during intervals that the proteasome inhibitor was present,

the effect was relatively modest (2 to 3-fold inhibition in accumulation over a 24 h
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period). Whether this inhibition is due to a direct effect on DNA synthesis or
decreased expression of the viral early genes, which encode the majority of the viral
DNA replication proteins, remains to be determined.

While several studies have localized IE transcription to the viral
transcriptosomes, which are subnuclear foci that contain the input viral genome as
well as several cellular transcription factors, cyclin dependent kinases, and RNAP 1II
that form adjacent to POD/ND10 structures (58, 59, 68, 145), the site of viral late gene
transcription has not been established, although it has been hypothesized to occur
around the replication center, given the localization of phosphorylated RNAP II there
at the later times of infection (145). We have further identified H3K4 and newly
labeled BrU transcripts to localize outside the viral replication center, further
indicating the peri-replication center region to be transcriptionally active. Although we
could not discriminate whether the BrU incorporated into viral or cellular transcripts
in the BrU pulse-labeling assays, we provide further evidence that ongoing
transcriptional activity is occurring outside the viral replication center at later times of
the infection.

Interestingly, all of the proteasome subunits tested by IFA, except for Rpn2,
showed enhanced localization around the replication center as the infection progressed
into early-late times, when the majority of viral transcription occurs. In accord with
this temporal relocalization, there was requirement for initiation of viral DNA
synthesis. Taken together with the increase in both the activity and abundance of the
proteasome and the effect of proteasome inhibitors, these results further suggest that

proteasome activity is required to facilitate efficient viral transcription. This would be
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consistent with the large body of evidence that the proteasome and its proteolytic
activity play a major role in cellular transcription (24, 47, 99). At this time, we cannot
exclude a non-proteolytic role for specific subunits, as the 19S subunits also possess
chaperone activities and can aid in remodeling protein complexes during transcription,
modifying histones, and recruiting cotransactivator complexes (24, 32, 47, 72, 78, 99).
The HIV-1 promoter is a notable example of transcription regulation mediated by both
proteolytic and nonproteolytic mechanisms (77, 104, 108, 139). A study with
adenovirus reported on the selective and independent recruitment of the APIS (19S
ATPase proteins independent of 20S) and 20S complexes to the adenovirus E1A
transactivation domain CR3 (123) and their roles in transcription initiation and
elongation. The authors further showed that treatment with proteasome inhibitors
inhibited E1A transcription (123).

A role for the proteasome in HSV-1 replication has been suggested by the
finding that viral transcription is associated with a decrease in RNAP II levels,
particularly the Ser2-phosphorylated form of the large subunit, which is the active
form during transcription elongation (25, 36, 37, 80). The addition of proteasome
inhibitors resulted in reduced levels of HSV-1 late protein expression and viral titers,
while the ubiquitin-mediated degradation of pSer2-RNAP II was prevented. This led
to the hypothesis that proteasome degradation of stalled RNAP II complexes is
necessary in times of robust HSV-1 early and late gene transcription (25, 80).
Although the specific removal of RNAP II does not appear to be the case during

HCMYV infection, given that both Ser2- and Ser5-phosphorylated forms of RNAP 1II
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increase during the infection (145, this study), proteasome proteolytic activity may be
required for removal of other proteins involved in transcription.

The relocalization of the proteasome subunits to the HCMV replication center
periphery is reminiscent of the enrichment of proteasomes in the VICE (virus-induced
chaperone enriched) domains that develop adjacent to the replication center in HSV-1
infected cells. Along with proteasomes, the domains contain various cellular
chaperone proteins (i.e. Hsp70, Hsp40, Hsp90, and Hsc70) and ubiquitin-conjugated
substrates (14, 15, 25, 80, 84, 85). It is proposed that the VICE domains regulate and
sequester misfolded or modified proteins to prevent innate immune responses (i.e.
apoptosis or unfolded protein response) from being activated as well as facilitate the
removal of stalled RNAP II complexes from HSV-1 templates when RNA synthesis is
occurring at high levels.

The only proteasome subunit that appeared to accumulate within the HCMV
DNA replication center was Rpn2. Interestingly, recent studies regarding 19S base
assembly have shown that Rpn2/S1 is the only proteasome subunit that is not
incorporated into a subcomplex prior to formation of the whole base complex, and
thus it may exist as a free pool (67). It has been found that many cellular proteins,
including p53, RPA, PCNA Nbsl1, Rad50, Atrip, Chk1, cdk7, and MAT-1 accumulate
in the viral replication center (28, 35, 90). Whether the accumulation of Rpn2 in the
replication center is associated with a role in viral DNA synthesis or simply reflects its
existence as a free pool is an important question to address.

While HCMV has developed multiple mechanisms to subvert and inhibit

cellular functions to create an environment more conducive for viral replication, it is
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dependent on host factors and machinery to facilitate a productive infection. Given the
many cellular systems the ubiquitin-proteasome pathways regulate, it is a convenient
target for the virus to modify and manipulate. In this report, we have shown yet
another facet in which HCMYV utilizes the UPS in enhancing viral replication. The
importance of the UPS at all stages of the HCMYV infection support further studies into

this pathway as a potential antiviral target.



106

ACKNOWLEDGEMENTS

We are grateful to Dr. Bradley Moore for the sample of Sal A, to Dr. William
Britt for the UL97, UL8S, and UL86 antibodies, and to Dr. David Rose for his help
with the microinjection assays. We appreciate the use of the microscopy resources at
the UCSD School of Medicine Light Microscopy Facility. We would also like to thank
the members of the Spector lab for their support and comments on the manuscript.
This work was supported by NIH grants CA073490 and CA034729 to D.H.S.

The text of this chapter is from material submitted to the Journal of Virology,
October 2009. Tran, K., J.A Mahr, and D.H. Spector. Proteasome subunits relocalized
during human cytomegalovirus infection and proteasome activity is necessary for

efficient viral gene transcription and DNA replication.
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Figure 4.1 HCMY protein expression is delayed by proteasome inhibitor
treatment. HFFs infected with HCMV at MOI 2 were treated with A) MG132 (2.5
uM) from 0—12 h p.i. with cells harvested at the times indicated or B) lactacystin
(Lact, 10 uM) from 24-36, 36—48, or 48—60 h p.i. with cells harvested at the end of
treatment and processed for Western blot analyses with antibodies to HCMV proteins
IE2, IE1, UL44, UL57, UL99, UL83, ULS8S, and UL86. Actin is shown as a loading
control.
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Figure 4.2 Proteasome inhibition prevents further accumulation of viral
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transcripts. HFFs infected with HCMV at MOI 2 or mock infected were treated with
lactacystin (10 uM) at the times indicated and harvested at the end of treatment. Total
RNA was isolated and processed for Northern blot analyses with probes to the 3’ co-
terminal region of UL92-UL99, UL44, UL83, and UL82. GAPDH mRNA and 28S

rRNA are shown as loading controls.
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Figure 4.3 RNAP II expression is increased during HCMYV infection but not
affected upon proteasome inhibition. HFFs infected with HCMV at MOI 2 or mock
infected were treated with lactacystin (10 uM) at the times indicated and harvested at
the end of treatment for Western blot analyses with antibodies to RNAP Ilo/a
(ARNA3), pSer5-RNAP Ilo (H14), pSer2-RNAP Ilo (H5), p53, weel, and actin.



110

Inhibition of HCMV UL77 DNA expression
with MG132
4
3
c
]
£
£2 F
£
3
s
1
0
24-48 36-60 48-72
MG132 Treatment (hpi)

Figure 4.4 DNA synthesis is downregulated upon proteasome inhibitor treatment.
Viral DNA accumulation was measured by qPCR (with primers and probe to the
UL77 gene) using total DNA isolated from HCMV infected HFFs (MOI 2) treated
with DMSO or MG132 (2.5 uM) for 24 h at the times indicated. Values were
normalized to the GAPDH promoter and expressed as the fold inhibition of DNA
accumulation in MG132-treated samples compared to DMSO control samples during
the 24 h period. Mean values from two experiments are shown.
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Figure 4.5 Proteasome activity and subunit expression increases during HCMV
infection. A) Mock (M) or virus (V) infected HFFs were harvested at the times
indicated. Cell lysates were processed by an in gel peptidase assay using a fluorigenic
peptide to measure proteasome activity. Western blots for 19S Rpn2 and 20S a6 were
done in parallel on separate gels to identify the 26S and 20S proteasome fractions. B)
Western blot analyses of proteasome subunit expression in mock (M) or virus (V)
infected HFFs over an infection time course. Representative subunits from each
subcomplex are shown. Actin was used as a loading control.
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Figure 4.6 Proteasome subunits relocalize around the viral replication center
during HCMYV infection. Mock or virus-infected HFFs were fixed onto coverslips at
48 h p.i., processed for IFA, and imaged by deconvolution microscopy at 0.2-um
sections at a magnification of 1000X under oil immersion conditions. Mid-sectional
planes of representative cells are shown. A) Mock-infected HFFs were fixed at 48 h
p.i. and costained for 19S Rpt6 (red) and 20S a6 (green) with Hoescht stain in blue.
B) HCMV-infected HFFs (MOI 5) were fixed at 48 h p.i. and costained with
antibodies to: 19S Rpnl12 (green) and UL57 (red), 19S Rpn10 (green) and UL57 (red),
19S Rpt6 (red) and ULS57 (green), or 20S a6 (green) and 11S REGy (red).
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Figure 4.7 Relocation of proteasome subunits to the replication center periphery
occurs after the onset of viral DNA replication. A) Mock or HCMV infected HFFs
(MOI 2) were treated with DMSO or PAA at 048 h p.i. and fixed at 48 h p.i. for IFA
with antibodies to 19S Rpt6, 20S a6, and ULS57.
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Figure 4.7 (Continued) Relocation of proteasome subunits to the replication
center periphery occurs after the onset of viral DNA replication. B) DMSO or
PAA was added at 36-48 h p.i. to inhibit viral DNA synthesis during this 12 h period.
Cells were fixed at 36 h p.i. prior to treatment and at 48 h p.i. and processed for [FA
with antibodies to 19S Rpt6, 20S a6, and ULS57. Cells were imaged by deconvolution
microscopy at 0.2-um sections at a magnification of 1000X under oil immersion
conditions. Mid-sectional planes of representative cells are shown merged with
Hoescht stain (blue). Panels are numbered as indicated. Magnified images of the pre-
replication foci (as indicated by the white arrow) are shown adjacent to panels 7 and
15 in panel A.
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Figure 4.8 The peri-replication center region is transcriptionally active. Mock or
virus infected HFFs (MOI 2) were treated as indicated and processed by IFA with
Hoescht stain in blue. Mid-sectional planes of representative cells imaged by
deconvolution microscopy at 0.2-um sections at a magnification of 1000X under oil
immersion conditions are shown with panels numbered as indicated. A) Cells were
pulsed with BrU (30 min) or BrdU (60 min) at 36 h p.i. and then fixed for IFA.
Incorporated BrU or BrdU are shown in green with UL57 in red. B) Cells were pulsed
with BrU at 36 h p.i. for 30 min and stained for 19S Rpt6 (red) and incorporated BrU
(green). C) Cells were fixed at 48 h p.i. and stained for 19S Rpt6 (red) and H3K4
(green) or D) UL57 (red) and pSer2-RNAP II by the H5 antibody (green). E) Cells
were treated with MG132 from 36-48 h p.i. and then fixed. Cells stained for 19S Rpt6
(red) and UL57 (green) are shown.



117

Viral Mock

19S
Rpt6

.

Figure 4.9 Enhanced proteolytic activity occurs in the peri-replication center
region as HCMYV infection progresses. HCMV or mock-infected HFFs were
microinjected with DQ-ova (green) at 40 h p.i. Cells were fixed 30 min post injection
and stained for 19S Rpt6, 20S a6, or UL57 (shown in red). Mid-sectional planes of
representative cells imaged by deconvolution microscopy at 0.2-pum sections at a
magnification of 600X under oil immersion conditions are shown.
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Figure 4.10 Proteasome subunit 19S Rpn2 relocalizes to the viral replication
center after the onset of viral DNA replication. Cells were fixed at the times
indicated and stained for 19S Rpn2 (green), UL57 (red), and Hoescht (blue). Mid-
sectional planes of representative cells imaged by deconvolution microscopy at 0.2-
um sections are shown. A) HFFs infected with HCMV (MOI 0.01) were fixed daily.
Representative cells at different stages of infection from Day 4 are shown. Examples
of pre-replication center foci (white arrow), mid-size replication centers (pink arrow),
and a large coalesced replication center (orange arrow) are marked as indicated. Cells
were imaged at a magnification of 400X under oil immersion conditions. B) Mock or
virus infected HFFs (MOI 2) were treated with DMSO or PAA at the onset of
infection and fixed at 48 h p.i. Cells were imaged at a magnification of 1000X under
oil immersion conditions. C) Mock or virus infected HFFs (MOI 2) were treated with
DMSO, PAA, or MG132 from 36-48 h p.i. Cells were fixed prior to treatment at 36 h
p.i. and after treatment at 48 h p.i. Images were taken at a magnification of 1000X
under oil immersion conditions.
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CHAPTER 5

DISCUSSION

A great appreciation for the UPS has developed over recent years as more and
more studies have uncovered its many roles in regulating the cell cycle, cell division
and mitotic exit, growth and differentiation, activation and silencing of transcription,
signal transduction, immune and inflammatory responses, apoptosis, receptor
mediated endocytosis, metabolic pathways, and general cell quality control in both a
proteolytic and nonproteolytic fashion. This has also led to a greater insight into the
pathogenesis of various viruses and diseases. Understandably, as a master regulator of
the cell, a pathogen may utilize or subvert the UPS in rendering the cellular
environment more suitable for its replication.

Inhibition of proteasome proteolytic activity appears to be detrimental to viral
replication, as evidenced by HCMV (Chapter 4; (119), (69), (128)) as well as the
many studies published in the past year characterizing the effects of proteasome
inhibition on viral replication. In a study by Teale et al. (147), proteasome inhibition
prevented formation of orthopoxvirus replication factories, DNA replication, and late
gene expression, although early genes were still expressed. Proteasome inhibition also
reduced avian reovirus transcription, protein translation, and replication (21) as well as
vesicular stomatis virus (VSV) replication (105), whereas poliovirus replication was
delayed (105). In vaccina virus, early gene expression occurred but was prolonged and

viral DNA replication and subsequent intermediate and late gene expression were

120
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inhibited upon proteasome inhibition, which is likely due to a defect in the onset of
viral DNA synthesis (135). Similarly, HCMV replication was inhibited at all stages of
the infection, with effects dependent on when the proteasome was inhibited (Chapter
4). Given the necessity to maintain proteasome proteolytic activity throughout the
course of viral replication in the cell, it is not surprising viruses have evolved different
strategies in targeting specific components of the UPS or encode proteins that would
function as part of the UPS to subvert the pathway and deregulate cellular processes as
needed (for review, see (122). This is especially true for HCMV, which must divert
cellular resources for its own replication while evading host immune defense systems
and maintaining cell viability during its relatively long replication cycle. A prime
example of this is the targeting of the APC in manipulation of the cell cycle.
Extensive work has been done in the Spector lab and others in characterizing
the cell cycle defects that occur during HCMYV infection of quiescent cells, some of
which include the deregulation of cyclin/Cdk expression, the untimely accumulation
of various cell cycle regulators, and the inhibition of cellular DNA licensing complex
formation, leading to cell cycle arrest (Chapter 1). The observation that many of these
abnormally accumulated cell cycle proteins are substrates of the APC led to the
hypothesis that the APC is inactivated during the infection (7). Initial studies done in
the Spector lab (unpublished) and Wiebusch et al. (164) pointed toward a defect in the
activation of the APC by its co-activator Cdhl, given its lack of association with
APC3 despite elevated expression during the infection. As an extension of these
studies, much of the work presented here sought to further delineate the mechanism by

which HCMYV disables the APC.
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The complexity of the APC, both in structure and regulation, presents many
potential mechanisms by which it can be disabled. The recent structural studies
characterizing the APC (52, 94, 149) have been fundamental in aiding the analysis and
elucidation of the mechanisms involved in its inactivation during HCMV infection.
Briefly, the APC core can be separated into two main complexes: 1) the TPR
subcomplex (i.e. the arc lamp) containing the TPR subunits (i.e. APC3, APC6, APC7,
and APCS), which mediate activator and substrate binding, and 2) the catalytic core
(i.e. the base) containing APC2 and APC11, forming the RING-cullin complex, which
mediates the ubiquitination of the substrate. These two subcomplexes are bridged
together through APC1, which serves as a scaffold. The TPR subcomplex is then
tethered to APC1 through APC4 and APCS5. As for the co-activators Cdhl and Cdc20,
at least two sequence motifs have been identified that mediate their binding to the
APC. The Ile-Arg (IR) motif at the C-terminus of the activators binds the TPRs of
APC3, while an as yet unidentified activator region binds the TPRs of APCS8 (94). The
APC binding site for the C-box, an eight-residue motif at the N-terminus of the
activators, has also not been identified, but is thought to be in APC2, as removal of the
subunit from the APC reduces activator binding (149). EM studies further suggest the
activators to be situated between the TPR subcomplex and APC2 (52, 149).

With the interaction between Cdhl and the APC as the focus, it was essential
to first further characterize the Cdh1l and APC expressed in the infected cells, as a
modification in either could potentially disrupt binding (Chapter 2). Initial analysis of
Cdh1 showed it to be phosphorylated by a Cdk-independent mechanism beginning 8—

12 h p.i. Phosphorylation of Cdhl by cyclin A/Cdk2 at the end of G1 has been shown
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to inhibit its binding to the APC (74, 142) as well as cause it to localize to the
cytoplasm (176). Interestingly, addition of roscovitine, which inhibits Cdkl1, 2, 5, 7,
and 9, had no apparent effect on Cdhl phosphorylation during the infection. This
suggested that the phosphorylation might be mediated by other kinase(s), which may
or may not be on Cdk phosphorylation sites. Mass spectrophotometry analysis of yeast
Cdhl has identified 19 in vivo phosphorylation sites, many of which are non-Cdk sites
(42). Interestingly, mutation of the Cdk phosphorylation sites diminished
phosphorylation at several of the non-Cdk sites, while mutation of the non-Cdk sites
had no apparent effect on the phosphorylation of the Cdk residues (42). While
mutation of the Cdk phosphorylation sites results in constitutive activation of the APC
(174), mutation of the non-Cdk sites did not, which suggest that phosphorylation of
Cdh1 at these sights may differentially regulate its function (42).

Recent studies characterizing the viral protein kinase UL97 as a Cdk mimic
with similar cellular substrates (e.g. Rb, lamins) as well as structural similarity to
Cdk2 (95), led to the hypothesis that it was also responsible for phosphorylating Cdhl
during the infection. Indeed, Cdh1 phosphorylation was not observed in experiments
utilizing a UL97 deletion virus (Chapter 3). In vitro kinase assays further suggested
Cdhl to be a direct substrate of UL97. Thus, the viral mediated phosphorylation of
Cdh1 can potentially inhibit its binding to the APC or may act to sequester it from the
APC and/or substrates. Once the UL97 phosphorylation sites on Cdh1 are identified, it
will be interesting to see whether they are sufficient to prevent binding to the APC

and/or serve to regulate Cdhl by other means.
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While the UL97-mediated phosphorylation of Cdhl may prevent its binding
and/or activation of the APC, in vitro binding studies using APC isolated from mock
or HCMV-infected cells at different points during the infection showed decreased
binding affinity to exogenous Cdhl at later times of the infection, while no changes
were observed with the uninfected cells (Chapter 2). This experiment was important in
indicating that the viral-mediated modification of Cdhl alone may not be sufficient to
account for the decreased binding of Cdhl to the APC during the infection and
suggested that the APC may also be modified during the infection.

The APC and its individual subunits were further analyzed for potential
modifications that would also account for the disrupted binding to Cdhl or its
inactivation (Chapter 2 and 3). An initial question that was addressed was whether the
APC core complex remained intact during the infection. To this end, APC3 co-
immunoprecipitation assays using an antibody targeted against APC3 were performed
over an infection time course. Surprisingly, APC1 dissociated from APC3 with similar
kinetics as Cdhl, although APC7 and APCS8 remained bound (Chapter 2). APC3,
APC7, and APCS are part of the TPR subcomplex, while APC1 serves as the scaffold
bridging the TPR subunits with the catalytic core of APC2 and APC11. Therefore, the
detachment of APC1 from the TPR subunits indicates that the APC becomes
destabilized and disassembles during the infection. This loss in structural integrity
may also account for the dissociation of Cdhl, as the interaction may no longer be
sufficiently supported. Although Cdhl has been shown to interact directly with
APC3, APC2 has also been shown to facilitate its binding. This would also account for

the inability of APC complexes isolated from infected cells to bind Cdh1 synthesized
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in vitro (Chapter 2) or to Cdc20 (164). Interestingly, the spatial distribution of the TPR
proteins was also altered upon virus infection, as they became more cytoplasmic while
APCI1 remained nuclear during the course of infection, with the same kinetics as the
dissociation of the complex (Chapter 2). This brought to question whether the
separation of the TPR subcomplex is the cause or result of the complex dissociation.
One or more of the TPR subunits could be modified or targeted, causing it to relocate
to the cytoplasm, reminiscent to the phosphorylation-induced relocalization of Cdhl to
the cytoplasm.

The key to addressing this question came from the structural studies of the
APC, which has shown that the TPR subcomplex is tethered to APC1 via APC4 and
APC5 (149). Moreover, the interaction between APC1, APC4, APCS, and APCS is
interdependent with the loss of any one subunit severely diminishing binding of the
other three (149). Examination of APC4 and APCS5 expression during an infection
time course revealed a significant loss of both proteins beginning 6—8 h p.i. (Chapter
3). This was an interesting result given that all other subunits that have been examined
have shown comparable, if not elevated, expression levels compared to mock-infected
cells (Chapter 2 and 3, (164)). Further assays using proteasome inhibitors and qRT-
PCR analysis indicated that the loss of APC5 and APC4 protein expression is due to
proteasome-mediated degradation and not a lack of transcript expression (Chapter 3).
Addition of proteasome inhibitors also appeared to retain APC1 association with
APC3, further supporting that the dissociation of the complex is mediated through the
loss of APC5 and APC4. Cdhl binding to APC3 was also recovered to some extent,

although this could be due in part to decreased UL97 expression upon proteasome
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inhibition. Use of the UL97 deletion virus in these experiments may help clarify this
result. Whether the degradation of APCS is ubiquitin-mediated has yet to be verified,
although experiments using the E1 inhibitor, PYR-41, also prevented the loss of APCS5
and APC4 expression. A strong candidate for inducing ubiquitin-independent
degradation of the subunits is the viral tegument protein pp71 since it has been shown
to target the ubiquitin-independent degradation of Daxx and unphosphorylated Rb,
p130, and p107. However, initial studies using UV-inactivated virus indicated that the
viral tegument proteins alone are insufficient to mediate the degradation and that some
viral early protein expression is required (Chapter 3).

Based on the experimental conditions of these studies, the critical time window
for the viral-mediated inactivation of the APC appears to be 6—8 h p.i. At this time,
there is sufficient viral gene and protein expression to mediate the phosphorylation of
Cdh1 and the proteasome-dependent degradation of APC5 and APC4, followed by the
dissociation of the complex and accumulation of substrates. Whether the UL97-
mediated phosphorylation of Cdhl and the targeted degradation of APC5 and APC4
are redundant mechanisms in ensuring the inactivation of the APC has not been
resolved. It is possible that the phosphorylation of Cdh1 may facilitate replication of
the virus by other means, or Cdh1l may simply be another cellular protein with
phosphorylation sites recognized by UL97. It is clear, however, that Cdh1
phosphorylation and APC subunit degradation occur via independent pathways, as
APCS5 and APC4 are still degraded and APC dissociation still occurs in the AUL97

infection with the same kinetics as wild type virus (Chapter 3).
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Whether APC inactivation is essential to the infection remains unresolved.
Disabling of the APC appears to be a common strategy adopted by different viruses to
arrest the cell cycle. Adenovirus E4orf4 and chicken anemia virus’ apoptin have been
shown to target the APC to induce G,/M arrest (73, 148). A recent report suggests
poxvirus PACR acts as an APC11 mimic to inhibit APC activity, and deletion of
PACR significantly impaired viral growth (100). APC inactivation may also be
required to allow HCMYV replication proteins to be stably expressed since several of
them have potential KEN and/or D boxes. Bovine papillomavirus replicative helicase
E1 has been identified as an APC target; addition of APC inhibitor Emil or disruption
of E1’s KEN and D-box motifs stabilized the protein and increased viral DNA
replication (97). The targeted degradation of APCS5 also brings to question whether the
destabilization of the APC is simply the result of the loss of APC5 and whether the
inhibition of APCS5 in particular is necessary for efficient viral replication. In the
context of the APC, APC5 mostly functions in a structural capacity in tethering the
TPR subunits to the rest of the complex. APC5 and APC7 have also been shown to
interact and stimulate the activities of CBP and p300, universal coactivators (154).
The inhibition of APC5 may facilitate the downregulation of CBP and in turn its
downstream targets (e.g. p53).

Whether or not the destabilization of the APC is necessary for viral replication,
the ramifications of its inactivation may contribute to the clinical complications caused
by the infection. While numerous studies have characterized the role of the APC in
regulating the cell cycle, several recent studies have also highlighted its importance in

regulating neurobiology, differentiation, and tumor suppression. Congenital HCMV
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infection may lead to birth defects (i.e. mental retardation, hearing loss, and vision
loss), which may be present at birth or may not develop until a later age. Impaired
brain development is likely linked to HCMV infection and subsequent deregulation of
neuronal cells. HCMYV readily infects neuronal precursor cells (NPCs) as well as
neurons and astroglia differentiated from NPCs (20, 21, 107). NPC differentiation into
neurons is attenuated upon HCMYV infection, and higher apoptosis rates have been
observed in infected cells following differentiation (107). The neuronal defects caused
by the infection may be associated with the inactivation of the APC. APC“™™ is
involved in regulating axon growth and patterning, synapse development, and
neuronal survival (for review see reference, (71)). A recent study has also shown its
importance in preventing glycolysis-associated oxidative stress and cell death in
neurons (50). Pfkfb3, which mediates the downstream activation of glycolysis, is
maintained at low levels through APC“™-mediated degradation in neurons.
Upregulation of Pfkfb3 in neurons, either through the inhibition of Cdh1 or
overexpression of Pfkfb3, led to the activation of glycolysis, along with decreased
oxidation of glucose, oxidative stress, and apoptotic death (50). Therefore,
inactivation of the APC may cause deleterious effects on neurons or neuronal
development. Deregulation of APC“™™ can also contribute to genomic instability and
tumorigenesis (for review see reference, (162)). Thus, understanding the mechanisms
involved in the inactivation of the APC not only provides further insight into the

molecular pathology of the infection but also to the clinical manifestations.
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