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ABSTRACT OF THE DISSERTATION

Study of Anaphase Promoting Complex Inactivation by Human Cytomegalovirus
Reveals Cellular Mechanism for Downregulating Anaphase Promoting Complex
Subunits

by
Elizabeth Clark
Doctor of Philosophy in Biology
University of California, San Diego, 2015
Professor Deborah Spector, Chair
Human Cytomegalovirus (HCMV) is a ubiquitous pathogen causing iliness
in immunosuppressed individuals and is the top viral cause of birth defects. HCMV
deregulates the cell cycle by several means, including inactivation of the Anaphase
Promoting Complex/Cyclosome (APC/C) E3 ubiquitin ligase. Viral proteins
UL97and UL21a, respectively, affect the APC/C by phosphorylation of APC/C co-
activator Cdh1 and by inducing degradation of subunits APC4 and APC5, which
with APC1 form the APC/C platform sub-complex. We have further characterized
this mechanism, showing the relative contributions of UL21a and UL97 to APC/C
substrate accumulation and to viral growth. Further, we demonstrate that UL21a

causes the proteasome-dependent degradation of APC1 in addition to APC4 and



5. We see that in uninfected Human Foreskin Fibroblast (HF) cells in Go, UL21a
expression, but not UL97, leads to accumulation of APC/C substrates. We also
demonstrate that there is a previously unreported cellular mechanism for a specific
decrease in the levels of all three platform subunits, APC1, APC4, and APC5, upon
depletion of any one of these subunits or subunit APC8. A UL21a/UL97 double
mutant virus and cells that express UL21a, UL97, or both in the presence of Cre
recombinase were made in order to propagate the double mutant while avoiding
compensatory mutations. The double mutant is severely growth-restricted at the
stage of late protein expression, and depleting subunits 5 or 8 from the APC/C can
increase titers of the double mutant. When the double mutant infects
complementing cells expressing UL21a and/or UL97, UL97 provides a more
complete rescue of viral growth than UL21a, and that the presence of UL21a is
more beneficial at low multiplicity of infection (MOI) than at high multiplicity. A
method for using the Fucci cell cycle indicator system to screen for inhibitors of the
APC/C is presented, along with the method for selecting highly-expressing
transduced cells, which proves superior to use of a selectable marker only. Finally,
the interaction of the APC/C with UL21a and with Cdhl appears to be mutually

exclusive.
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CHAPTER 1
INTRODUCTION
Human Cytomegalovirus

Human Cytomegalovirus (HCMV) is a cause of illness, death and
neurological birth defects. It infects a high proportion of the population in countries
in which data are available. In the US, 50-90% of adults are infected. Unlike acute
viruses, HCMV establishes latency for the lifetime of the host with the possibility of
multiple reactivations of infection. Most infections are asymptomatic in
immunocompetent individuals, but severe disease is observed in vulnerable
populations such as those on immunosuppressive drugs and those with HIV.
Neonates are also especially at risk. A CMV infection during pregnancy can result
in mild to severe birth defects with greater risk when the infection is primary. These
manifest as neural developmental defects ranging from hearing loss to calcification
of the developing brain and death at a rate of 1-2 per 1000 newborns. HCMV
infection is also the leading congenital cause of deafness.

HCMV is a Betaherpesvirus and member of the virus family Herpesviridae.
Viruses in this family are distinguished by their species specificity, relatively large
size, and ability to achieve latency. HSVI and Il and the Varicella Zoster Virus are
other illustrative examples of Herpesviridae. The genome of HCMV is double
stranded DNA consisting of unique long and short regions separated by inverted
repeats. Due to homology of the repeats, inversion of the long and short regions

allows reorientation of the long and short segments of the genome in relation to



each other. The genome is enclosed in a protein capsid that is surrounded by a
protein tegument layer that includes viral tegument proteins acquired during the
previous round of replication. The virus is enveloped and displays surface
glycoproteins on the outer membrane.

The viral life cycle

HCMV has a replication cycle of 72-96 hours for one round of replication.
The life cycle of the virus can be loosely divided into several sequential stages:
immediate-early, early, and late. Upon infection, the virus enters the host cell and
tegument proteins counter cellular antiviral defenses and initiate the expression of
viral immediate-early genes. Expression of the immediate-early genes IE1-72 and
IE2-86 commences. |E2-86 is a necessary transactivator of early viral gene
transcription, and early gene synthesis yields proteins required for further host cell
environment modulation and viral DNA synthesis. Late gene expression begins
after viral DNA replication, followed by virion maturation and release.

Throughout the replication process, cellular pathways are exploited and
deregulated by the virus. Cellular metabolism is reprogrammed, innate immunity
is inhibited, and the cell cycle is deregulated. HCMV both alters and is affected by
the cell cycle beginning very early in infection.

The cell cycle

The cell cycle consists of stages G1, S, G2, and Mitosis and leads to
duplication of the chromosomes and division of the cell. Procession through the
cell cycle is a tightly controlled process, synthesizing inputs from the energy status

of the cell and the integrity of the genome at critical decision points to ensure



faithful duplication of the genome or cell cycle arrest/apoptosis in the event of an
error. Progression from one phase to the next depends on the activity and cyclin-
dependent kinases, (reviewed in (1, 2) which, through phosphorylation of substrate
effector proteins, promote the actions needed for the cell cycle. These kinases
pair with cyclins, and their activity is controlled by phosphorylation and by the timed
sequential degradation of the partner cyclins by means of the ubiquitin proteasome
system. In G1 phase, the cell has received a growth-promoting signal and is
preparing for division. Cyclin D levels increase during G1 and pair with cdk4 or 6.
Cdk4/Cyclin D phosphorylates the transcription repressor Rb, which is bound to
the E2F1 transcription factor. Phosphorylation of Rb releases E2F1, which then
induces transcription of factors involved in DNA replication.

For DNA replication to take place, the pre-replication complex (pre-RC)
must form on DNA origins of replication prior to S phase. The origin recognition
complex (ORC) on the origin of replication of the chromosome is recognized by
proteins Cdtl and Cdc6, and their binding recruits the minichromosome
maintenance (MCM) proteins. To prevent further copies from being made from the
nascent DNA strands during S phase, the protein Geminin inhibits Cdt1 and is then
degraded during mitosis to allow origin licensing for the next round of replication
(3-5).

Entry into mitosis is tightly regulated by Cyclin B/cdkl, and separation of
sister chromatids in mitosis is prevented by the spindle assembly checkpoint until
all chromatids are attached. At this time, the Anaphase Promoting

Complex/Cyclpsome (APC/C) E3 ubiquitin ligase targets the protein Securin for



degradation, allowing separation of the sister chromatids. At the end of mitosis,
cyclins are degraded, and kept at low levels to prevent unscheduled entry into the
next cycle, also by the APC/C.
The ubiquitin-proteasome system

Progression through the cell cycle is controlled in part by the ubiquitin-
proteasome system through the appropriately timed degradation of Cyclins to
silence the activity of cdks. E1, E2, and E3 enzymes conjugate the small ubiquitin
moiety to a lysine residue on substrate proteins, targeting the substrate to the
proteasome for degradation. The E1 ubiquitin-activating enzyme forms a covalent
linkage with ubiquitin in order to pass it to an E2 ubiquitin carrier, and E2 proteins
can interact with their specific E3 ubiquitin ligase. The E3 ligase recruits both the
E2 carrying the ubiquitin and the protein substrate, bringing them into proximity
and catalyzing the transfer of the ubiquitin to the substrate. After conjugation of
the initial ubiquitin, a chain of ubiquitins linked at one of several lysine residues
form on the substrate. The specific lysine through which the linkage forms
determines the fate of the substrate, and different ubiquitin ligases catalyze
different types of linkages. Ubiquitination generally targets the substrate to the
proteasome for degradation.
The ubiquitin proteasome system and the cell cycle

Two large multisubunit ubiquitin ligases are responsible for regulation of
progression through the cell cycle: the SCF complex (reviewed in (6)) and the
APC/C. The SCF Skp2 complex first degrades cdk inhibitors p21 and p27, which

allows progression from G1 to S phase, and then cyclin E. The APC/C causes



degradation of Cyclin A, Geminin, and other substrates during G1 and degradation
of securin during mitosis to allow separation of the sister chromatids.
The APC/C

The APC/C was discovered in 1995 by the Hershko group as the agent
responsible for the proteasome-dependent cyclical degradation of the cyclins (7).
The APC/C is a large multi-subunit cullin-ring type ubiquitin ligase that is conserved
from yeast to mammals. Twenty years after its characterization, discoveries are
still being made about its complex structure and function. The large, complex
structure of the APC/C makes it unique among ubiquitin ligases. It is the largest
known ubiquitin ligase, and its structure has been studied in detail. Recent
publications from the Barford group show cryo-electron microscopy images of the
mammalian APC/C, bound or not bound to co-activator Cdhl (8) and inhibitor
Emil. The APC/C is comprised of APC1, the largest scaffold protein, APC2 and
11, (the catalytic core,) APC3, 6, 7, and 8, (the homodimeric tetratricopeptide
repeat (TPR) subunits,) APC10, (necessary for coactivator binding (9)), and
APC12, 13, and 15, which are small core proteins. The coactivator proteins Cdhl
or Cdc20 bind to APC3, 8, and 1 and confer activity and substrate specificity to the
APC/C. While the TPR subunit area of the APC/C is rigidly static, the catalytic
core and adjacent region is mobile and shifts upon binding of Cdh1 (8). The APC/C
interacts with two E2-Ubiquitin enzymes for the initial substrate ubiquitination
(UbcH5 and UbcH10) and with a processivity E2 (Ube2S) to conjugate additional

ubiquitin moieties. These E2s contact the APC/C through APC11, bringing the



ubiquitin in proximity of the substrate. Uniquely, the APC/C forms K11 linked
ubiquitin chains (10, 11).

Substrate recognition by the APC/C is multifactorial. The coactivators Cdhl
or Cdc20 as well as APC10 participate in substrate binding. Substrates of the
APC/C may possess one or both of two major degrons. APC/C-Cdc20 recognizes
substrates containing the D-Box (RXXLXXXXN) (12-14), and APC/C-Cdhl
recognizes those with either a D box or a KEN box (KEN.) (15, 16). Approximately
69% of the proteins in the human genome have one or both of these degrons, and
they are not considered sufficient for targeting by the APC/C (17) . A recent
publication shows evidence that substrate recognition and ubiquitination that leads
to degradation by the proteasome requires multiple rounds of interaction between
the substrate and the APC/C and that initial ubiquitination greatly increases the
affinity for the substrate, allowing it to outcompete other proteins which possess
APC/C degrons(s) but lack a lysine to accept ubiquitination (17) .

Activity of the APC/C oscillates throughout the cell cycle. APC/C-Cdhl
activity in G1 prevents unscheduled entry into the cell cycle by degrading Cyclins
(18). During S phase, the APC/C is inhibited to allow accumulation of substrates
necessary to promote cell cycle progression. Accumulation of geminin causes
inhibition of Ctd1, preventing ORC formation on the nascent strands of DNA during
S phase that would lead to multiple rounds of DNA replication and genomic
instability. The APC/C is inactivated at the G1/S border by phosphorylation and
subsequent dissociation of coactivator Cdhl (19). The expression of Emil (20)

also inhibits the APC/C by preventing substrate binding and ubiquitin chain



elongation (21). The APC/C (bound to Cdc20) regains activity at the transition to
anaphase when all chromosomes are aligned at the metaphase plate and the
spindle assembly checkpoint is relieved.

The initiation of mitosis is controlled by Cyclin B/cdkl, and in metaphase,
the protein Securin inhibits the protease that will cleave the bonds holding the
sister chromatids together at the metaphase plate. During mitosis, the APC/C,
which had been inhibited by the spindle assembly checkpoint, becomes active and
bound to the mitotic co-activator, Cdc20. Cyclin B and Securin are degraded,
leading to exit from mitosis and the separation of the sister chromatids (22-25).

Recently, it was found that the APC/C is also active in terminally
differentiated cells such as neurons (26, 27) and plays a completely different role.
APC/C activity was shown to be required for proper differentiation (28). Axonal
growth and morphogenesis also appear to be controlled by APC/C (29-32). APC-
Cdh1l activity is necessary for the survival of neurons, as it targets metabolic
substrates Pfkfb3 and gsl1 in order to prevent high levels of glycolysis and reactive
oxygen species, which cause toxicity in these cells. More recently APC-Cdhl
activity has been shown to be involved in synaptic plasticity (33).

HCMV and the cell cycle

HCMV has an intimate relationship with the cell cycle (reviewed in (34).
Studies from several groups show that HCMV deregulates normal cell cycle
progression and cell cycle protein levels. Furthermore, the state of the cell cycle
at the start of infection and the activity of cyclin dependent kinases are critical for

normal progression of infection. During the 1990’s, several papers from different



groups, including our lab, showed that HCMV-infected cells experience a block in
cell cycle progression. The first suggested a G2/M arrest, (35) whereas
subsequent studies also showed a G1/S block (36-38). These studies used
various lab-adapted strains of HCMV infecting primary fibroblasts of lung or
foreskin origin and relied on serum starvation to synchronize cells in GO/G1 phase
of the cell cycle. It was next shown that HCMV gene expression was affected by
the cell cycle state of the cells at the time of infection. HCMV preferentially infected
cells in GO/G1 state, and if infection began in S or G2, IE gene expression would
not take place until after a round of mitosis (39). Several HCMV proteins
contribute. The immediate early protein IE2 is capable of causing G1 arrest when
overexpressed (40), as is the RNA export protein UL69 (41). Activity of the major
cell cycle regulating E3 ubiquitin ligase, the APC/C, is inhibited and several of its
substrates accumulate. Despite this inhibition, levels of the APC/C substrate cyclin
A are reduced.
HCMV and cyclin A

HCMV appears to take great effort to reduce levels of cyclin A in cells,
encoding several proteins that sense and lead to its degradation. It was
demonstrated that unlike other cyclins that are substrates of the APC/C, cyclin A
protein remains low (35, 37). Cyclin A transcript was also strongly downregulated
at early times in infection, in contrast to cyclin B, which did not change, and cyclin
E, which was strongly upregulated. HCMV uses a mechanism to sense levels of
cyclin A in the cell as a decision branch point between productive infection and

guiescence (42). The tegument protein pp150 interacts with cyclin A upon viral



entry into the host cell. Pp150 complexed with cyclin A becomes phosphorylated
and prevents IE expression. When the cyclin A binding site RXL in pp150 is
mutated, the cell cycle state dependent permissivity to HCMV infection is
abolished. It was also demonstrated recently that failure of viral protein UL21a to
degrade cyclin A is sufficient to release the HCMV-induced S phase block (43) and
send host cells into a state of mitotic catastrophe and reduced infection efficiency
(44).
HCMV inhibits the APC/C

Consistent with the larger pattern of cell cycle deregulation, HCMV inhibits
activity of the APC/C early in infection Our lab demonstrated that APC/C
substrates cyclin B (35) and geminin (45) accumulated during infection, but the
first report of reduced APC/C ubiquitin ligase activity came from the Hagemeier lab
with the publication showing that APC/C that was immunoprecipitated from lysates
of infected cells had lost the ability to ubiquitinate Cyclin B1 in vitro between 4 and
8 hours postinfection (hpi) (46). Release of Cdh1 from the complex occurred within
the same timeframe postinfection. Our lab showed that Cdh1 is phosphorylated in
infected cells (47), and that the APC/C dissociated during infection, with TPR
subunits relocalizing to the cytoplasm and APC1 remaining nuclear. Later, it was
demonstrated that UL97 was phosphorylating Cdh1, but a UL97 mutant virus was
still capable of inhibiting the APC/C (48). It was shown that not only is the APC/C
from infected cells lacking the coactivator, its subunits 4 and 5 levels dropped
dramatically 6-12 hours post-infection. Using a UL97 null mutant it was shown that

UL97 was not required for this event. The down-modulation appeared to be
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proteasome dependent, as addition of proteasome inhibitor would halt the
decrease. When the reversible proteasome inhibitor MG132 was added to infected
cells, APC/C subunit depletion would pause, resuming when the MG132 was
washed out. The additional viral factor causing this degradation was unknown but
eventually found to be the viral protein UL21a (49).
HCMV protein UL21a

UL21a is a protein of 123 amino acids with no sequence homology to any
known mammalian protein. It was first mentioned in a transposon mutation screen
(50) as an open reading frame that, when mutated, leads to reduced viral growth
efficiency. The initial characterization of this protein by Anthony Fehr in the lab of
Dong Yu showed that it is expressed with early kinetics and localizes to the
cytoplasm when tagged with GFP (51). A mutant virus lacking the protein shows
defects in viral DNA replication and late gene production (52). The function of the
protein was revealed to include inhibition of the anaphase promoting complex (49).
Data showed that tagged UL21a co-precipitated APC/C subunits, overexpression
of UL21a reduced levels of APC/C subunits 4 and 5, and that a UL21a null mutant
inhibited the APC/C with greatly reduced efficiency. Further, the Yu group isolated
the residues responsible for interacting with the APC/C as amino acids PR at
position 109-110.

The first indication of the APC/C-inhibiting function of UL21a came from the
identification of APC/C subunits among the binding partners in a pulldown of GFP-
UL21a in which binding partners were identified by mass spectrometry. Prior to

the release of this information, the reciprocal experiment was being performed in
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our lab to identify the viral factor responsible for APC/C inactivation. UL21a was
not found to interact with the APC/C in these screens, as UL21a was shown to be
very unstable and proteasome inhibitor was not used. When proteasome inhibitor
was added, UL2la co-immunoprecipitated with the APC/C in our hands
(unpublished).

It has been recently shown that the APC/C is not UL21a’s only target. As
stated above, HCMV possesses multiple proteins to sense and respond to the
inhibitory cyclin A early in infection, and it was demonstrated that UL21a causes
the proteasome dependent degradation of cyclin A (43). The responsible domain,
amino acids 42-44 (RRL), is separable from the site that targets the APC/C. It was
further shown that the UL21a-mediated reduction of cyclin A levels is necessary to
prevent a state of genomic instability in HCMV-infected cells (44).

HCMV protein UL97

The other protein implicated in HCMV-mediated inactivation of the APC/C
is UL97. UL97 is a multifunctional viral kinase. It has been reported to mimic
Cdk1 activity in phosphorylating cellular Lamins to aid viral nuclear egress (53,
54). Early in infection, it phosphorylates the E2F transcriptional repressor Rb
(55) on CDK consensus sites (56), allowing transcription from E2F target genes.
It has also been shown to phosphorylate HCMV early gene UL44 (57). This
protein has clinical relevance as the kinase that phosphorylates the HCMV
antiviral drug Gancyclovir (58, 59), and mutations in UL97 that lead to inability to
phosphorylate ganciclovir are associated with drug resistance (Reviewed in (60)).

Deletion of UL97 result in a severely growth defective virus and can result in



12

compensatory mutations in protein UL27 (61). Highlighting its importance in
inactivating Rb, UL97 deletion growth can be partially restored by
complementation with the human papillomavirus 16 inactivator of RB, E7 (62). It
was show that in addition to its other targets, UL97 phosphorylates Cdh1 (48),
causing its dissociation from the APC/C.
Other viruses and the APC/C

HCMYV is not unique in targeting the APC/C, and several other viruses have
been shown to alter its activity by various mechanisms (reviewed in (63, 64)). The
literature includes several reports showing viral proteins altering the activity of the
APC/C, but many of them were intended only to characterize the interaction of the
viral protein with the APC/C or the effect of overexpressing that protein on the cell
cycle or cell survival. Studies on Chicken Anemia Virus (CAV) protein Apoptin in
various transformed cells show that it binds to APC1, the scaffold subunit, and
recruits it to PML bodies (65, 66). Expression of Apoptin is sufficient to induce
accumulation of APC/C substrates cyclin B1 and PIk. The focus of the work was
on the effect of Apoptin on cell survival and cell cycle, so experiments were not
done to determine the effect of disrupting this interaction on the CAV viral life cycle.
Several members of the poxvirus family have been found to express a poxvirus
anaphase promoting complex regulator (PACR) that mimics APC11 but lacks
ubiquitin ligase activity (67, 68). The protein PACR contains sequence homology
to APC11 and binds to APC2, as shown by cotransfection of tagged constructs
into transformed 293 cells. While PACR associates with the APC/C, it does not

promote ubiquitin ligase activity, thereby acting as a competitive mimic. Deletion
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of this protein from a wildtype Orf poxvirus results in reduced replication efficiency.
However no experiment was performed to show rescue of the PACR null mutant
with some exogenous APC/C inactivation method. To date, the only virus found
to induce activity of the APC/C is Human T cell Lymphotropic virus (HTLV-1). It
activates the APC through the versatile viral transcription transactivator protein

Tax, inducing G1 arrest (69-71).
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Goal of the Ph.D. Thesis Research

The APC/C is a major regulator of the cell cycle that is targeted by HCMV
and several other viruses by various mechanisms. The overall goal of this work is
to further understand how and why HCMV inactivates the APC/C. We first
developed a method for screening viral genes for ability to inactivate the APC/C
when overexpressed in HF cells. This method addressed the challenges of
overexpressing genes in a hard-to-transfect cell type and the potential for false
positives caused by natural APC/C inactivation that happens during the cell cycle.

HCMYV is the only virus known to have two proteins that inactivate the
APC/C. A major aim was to elucidate the relative requirements for these proteins
and their relative ability to induce accumulation of APC/C substrates during
infection. To achieve this aim, we characterized the behavior of a mutant virus
lacking both proteins involved with APC/C inactivation and the activities of each
protein when expressed alone or together in confluence-synchronized cells. We
showed that inactivation of the APC/C during this mutant virus infection increased
viral output in a single cycle of infection, showing the previously underappreciated
importance of APC/C inactivation. We also understand in more detail the physical
interaction between HCMV protein UL21a and the APC/C, having demonstrated
that the APC/C cannot bind to both UL21a and to its co-activator, Cdhl, at the
same time.

During the course of this work, we uncovered a novel cellular mechanism
by which specific APC/C subunits are down-modulated. The final aim of this study

was to explore this new concept in cell biology. We aimed to characterize which
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subunits were involved in this mechanism. We reveal that any disruption to the
bridge subcomplex (APC1, 4, 5, and 8) causes the swift down-modulation of APC1,
4, and 5. Perturbing the TPR subunits APC3 or 6 did not result in this reduction of
levels of other subunits, and it appears that these TPR subunits are also immune

to the effects of disrupting the bridge subcomplex.



CHAPTER 2

UL2la causes fluorescence accumulation in FUCCI-derived system for
screening for APC/C-inactivating agents in primary fibroblasts.
Introduction

The aim of this study was identification of the viral factor or factors that
caused degradation of APC4 and 5, and the work was initiated prior to identification
of UL21a. We sought to optimize a method for screening overexpressed HCMV
open reading frames for ability to inhibit the APC/C. A construct encoding a red
fluorescent mKO2-tagged-Geminin fragment had been described and used in
concert with a GFP Cdtl to visualize progression through the cell cycle (72). These
constructs are now commercially available as the Fucci system. Geminin is a
target of the APC/C-Cdh1, and both entry into S phase and HCMV infection induce
accumulation of Geminin, making it useful as an indicator of APC/C inactivation.
This chapter describes our adaptation of the geminin half of the Fucci system for
this purpose in primary fibroblasts and shows that UL21a induces the expected

mKO2 fluorescence accumulation.
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Materials and Methods
Constructs

pLV-EFlalpha-TK-Hygro-mKO2-Geminin was created by introducing the
first 110 amino acids of human Geminin downstream of mKO2. This fragment was
ligated into the vector pLV-EFlalpha-TK-Hygro. pLV-UL21la-IRES-EGFP was
created by ligating the UL21a open reading frame amplified from HB5 BAC into
unique Sall and BamHI sites of pLV-IRES-EGFP. All cloning was confirmed by
sequencing. Lentiviral particles were generated as described in Chapter 3.
Lentiviral IRES-EGFP and UL21a-IRES-EGFP titers (infectious units/mL) were
determined by infection of 293FT cells with serial dilutions of lentiviral stock and
counting of EGFP positive cells 48 hpi by flow cytometry.

Cell culture and lentiviral transductions to establish mKO2-Geminin cell line
was performed as in Chapter 3.
Overexpression of UL21a

HF cells were infected 24 hours after reseeding with 10 infectious units/cell
of lentiviruses encoding UL21a-IRES-EGFP or just IRES-EGFP. At 48 hpi, cells
were harvested for analysis of EGFP and mKO2 fluorescence by flow cytometry.
Flow Cytometry

Cells were harvested by trypsinization and fixed for 15 minutes in 1%
Formaldehyde in DPBS. Cells were analyzed by on BD FACS Canto Il (UCSD VA
AIDS Research Center). Side and forward scatter were used to ignore debris and

doublets. Cells were scored for GFP and mKO2 positivity.
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Live cell sorting

One day after passaging, cells were treated with 2.5uM MG132 for 6 hours
prior to sorting. Cells were trypsinized, washed with PBS and resuspended in HF
media with 2% FBS at a concentration of 10 million cells/mL. mKO2-positive cells
were collected on a BD FACSAria Il. Sorted cells were cultured in complete
medium without selection.
Immunofluorescence

Cells are plated on slips in 24-well plates. Atindicated times after treatment,
slips are fixed for 10 minutes at room temperature with 3.7% Formaldehyde.
Antibody staining for immunofluorescence and image acquisition is described in

Chapter 3.
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Results
Selection of Strongly-responding cells

Initial attempts at using mKO2-geminin cells for screening of HCMV cDNAs
were complicated by both high background and heterogeneity of mKO2-Geminin
levels in the hygromycin resistant cell population. Figure 2-1A shows enrichment
of cells expressing high levels of mKO2-geminin after sorting cells that had been
treated with proteasome inhibitor to allow mKO2-geminin accumulation. Confluent
cells that had been transduced with mKO2-geminin previously were treated with
2.5uM MG132, a reversible proteasome inhibitor, for 6 hours. Cells were then
trypsinized, and sorted by FACS. The mKO2-positive population was collected
and further cultured without hygromycin. The collected population showed more
homogeneous MmKO2 expression, as nearly all cells responded to further
proteasome inhibition by the irreversible proteasome inhibitor SalA while

background in the untreated cells remained low at confluence (Figure 2-1B).
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Figure 2-1. Comparison of responsiveness of mKO2-Geminin cells to proteasome
inhibition before and after selection of high-responding cells.

mKO2-Geminin cells at 3 days post-confluence before (A) and after (B) selection
of high-responding cells. Cells were treated with 100nM Salinosporamide A or
DMSO for 12 hours. Slips were harvested and counterstained with Hoechst to
visualize nuclei.
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Indicator cells fluoresce when infected with HCMV.

Response of the purified population to HCMV infection was characterized.
mKO2-Geminin HFs were allowed to grow to confluence and were maintained for
three days to establish G1 synchronization. Cells were infected at an MOI of 0.1
without re-seeding and maintained in complete medium. 48 hours after infection,
slips were harvested and processed for fluorescent microscopy. Figure 2-2 shows
that almost all cells expressing viral proteins accumulate high levels of mKO2-

geminin. Very few uninfected cells showed the mKO2 signal.
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UL44 mKO2

Hoechst Merge

Figure 2-2. HCMV infection induces accumulation of mKO2-Geminin fluorescence.
mKO2-Geminin cells were infected 3 days post-confluence at MOI of 0.1. Slips
were harvested and stained with UL44 (48hpi). Nuclei were counterstained with
Hoechst.
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Indicator cells fluoresce when UL21a is overexpressed.

During the course of this thesis the HCMV protein UL21a was discovered
to be responsible for the APC/C subunit degradation phenotype. We wished to
test the gene in our indicator cells to show proof-of-concept of our adaptation of
this technology. Transfection efficiencies at confluence in HF cells proved to be
low (15-20%) when quantified by co-transfection with EGFP (unpublished) so we
chose to express UL21a upstream of IRES-EGFP via lentiviral transduction. One
day after reseeding, cells were transduced with 10 infectious units/cell of LV-
EFlalpha-UL21a-IRES-EGFP or LV-EFlalpha-IRES-EGFP. 48 hours later, cells
were harvested and processed for flow cytometry. Positive and negative controls
included indicator cells that were treated with Salinosporamide A (an irreversible
proteasome inhibitor), and HF cells lacking the mKO2 construct. Cell analysis was
as follows: Forward scatter (FSC) vs side scatter (SSC) plots were used to gate
out doublets and debris (Figure 2-3, bottom row). This chosen population of cells
was analyzed for EGFP expression (Figure 2-3, middle row, histogram of GFP
signal) and for a comparison of GFP to mKO2 signal (Figure 2-3, top row, mKO2
vs GFP). Figure 2-3A, B, and D (middle row) show positive GFP signal indicative
of EGFP expression in the transduced cells compared to C and E, which received
no transduction. Panel B shows that there is very low mKO2 background in these
cells, and panel C demonstrates that mKO2-geminin accumulation can be induced
by proteasome inhibition. The comparison of panels A and B shows that UL21a
expression specifically increases mKO2 fluorescence. This signal in panel A

appears to increase proportionally to the GFP signal, indicating greater
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accumulation of mKO2-geminin in cells expressing higher levels of the UL21a-

EGFP construct in cells but not the vector expressing only IRES-EGFP.
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Discussion

We have presented an adaptation of the Fucci technology to the goal of
identification of genes that inactivate the APC/C. This required using a single
construct of the two construct system, purifying the strongly-fluorescent population
of mKO2-geminin cells after proteasome inhibition and overexpressing the
candidate gene via high-titer lentiviral transduction. We showed proof-of-concept
for the application of the technology, unique from the original use of monitoring the
cell cycle, as a tool for assaying APC/C inactivation by testing the confirmed
APC/C inactivator HCMV UL21a. During the generation of these data, the
construct has become commercially available and has been used to evaluate
various Herpesvirus proteins for ability to cause a G1/S arrest (73). Interestingly,
this study by Paladino et al in which many HCMV genes were screened for
promotion of G1/S arrest did not identify UL21a. This concurs with the study
instead that UL21a will induce G2/M arrest when overexpressed in cells (49).

While convenient, use of mKO2 geminin as an APC/C activity indicator has
several limitations. First, it is subject to false positives, as anything causing arrest
in S, G2, or mitosis prior to anaphase will result in a naturally inactive APC/C and
accumulation of the substrate. This is a necessary trade off to avoid false
negatives caused by focusing on proteins that cause arrest in a specific stage of
the cell cycle. Second, disruption of the ubiquitin-proteasome system downstream
of the ubiquitination event will result in accumulation of fluorescence, even in the
presence of an active APC/C. Therefore, use of the construct to screen for

ubiquitin ligase activity of the APC/C must be followed by a more direct assay.
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Third, use of this construct in cells that are not synchronized in G1 will result in a
higher level of background. During optimization, non-synchronized HFs were used
to screen select HCMV genes (UL27, UL44, UL56, UL69, UL82, UL84, UL97,
UL97 + UL69, UL105, and UL112-113), but the low transfection efficiency of the
cells combined with the requirement that they be transfected at low confluence
resulted in difficult-to-interpret data (Unpublished). Overcoming either the low
transfection efficiency problem or the cell cycle problem is required, and our best
data was gathered under conditions of GO/G1 and overexpression via high-titer
lentiviral transduction.

The overexpression of UL21a specifically induced the predicted effect in the
mKO2-geminin cells, demonstrating a proof of concept that these cells act as
indicators of APC/C inactivation, and use of this system is not limited to genes.
When used upstream of a more direct assay for APC/C activity, this method is a
fast and high throughput method for screening compounds or other pathogens for
ability to inactivate the APC/C. Both of these uses would likely be an easier
process not requiring the additional transduction step needed for overexpression

of a gene.



CHAPTER 3

Studies on the Contribution of Human Cytomegalovirus UL21a and UL97 to
Viral Growth and Inactivation of the Anaphase Promoting
Complex/Cyclosome (APC/C) E3 Ubiquitin Ligase Reveal a Unique Cellular
Mechanism for Down-modulation of the APC/C Subunits APC1, APC4, and
APCS.
Abstract

Human Cytomegalovirus (HCMV) deregulates the cell cycle by several
means, including inactivation of the Anaphase Promoting Complex/Cyclosome
(APC/C) E3 ubiquitin ligase. Viral proteins UL97 and UL21a, respectively, affect
the APC/C by phosphorylation of APC/C co-activator Cdhl and by inducing
degradation of subunits APC4 and APC5, which with APC1 form the APC/C
platform subcomplex. The aim of this study was to further characterize the
mechanism of APC/C inactivation and define the relative contributions of UL21a
and UL97 to APC/C substrate accumulation and to viral growth. We show that in
uninfected cells UL21a, but not UL97, can disrupt APC/C function, leading to
accumulation of substrates. We find that UL21a is necessary and sufficient to
induce degradation of APC1, in addition to the previously reported APC4 and
APC5. We also demonstrate that there is a previously unreported cellular
mechanism for a specific decrease in the levels of all three platform subunits,
APC1, APC4, and APCS5, upon depletion of any one of these subunits or subunit
APCS8. Finally, we show that at low MOI either UL97 or UL21la can partially

complement a growth-defective mutant virus lacking both UL21a and UL97, with
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significantly greater benefit afforded by expression of both proteins. This double
mutant also can be partially rescued by inactivation of the APC/C using siRNA
against specific subunits. These results further our understanding of HCMV’s
interaction with the cell cycle machinery and reveal a new cellular pattern of APC/C
subunit down-modulation.
Importance

HCMV lytic infection subverts the host cell cycle machinery in multiple ways.
A major effect is inactivation of the APC/C, which plays a central role in control of
cell cycle progression. This study provides further insight into the mechanism of
inactivation. We discovered that the APC1 subunit, which along with APC4 and
APCS5 form the platform subcomplex of the APC/C, is an additional target of the
degradation induced by HCMV protein UL21a. This study also shows for the first
time that there is a unique cellular process in uninfected cells whereby depletion
of APC1, APC4, APC5, or APC8 recapitulates the pattern of HCMV-mediated

APC/C subunit degradation.
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Introduction

Human Cytomegalovirus (HCMV) infects the majority of the human
population, causing significant morbidity and mortality in immunocompromised
individuals such as transplant patients and those with HIV. HCMV is also the
leading viral cause of birth defects. These manifest as neural developmental
defects ranging from hearing loss to calcification of the developing brain and death
at a rate of 1-2 per 1000 newborns.

HCMV lytic infection both modulates and is influenced by the host cell cycle.
The virus preferentially infects cells in Go or Gi. Infection in other phases of the
cell cycle results in a delay of immediate-early gene expression until completion of
mitosis in the case of a G2 infection. Infection during S phase remains unproductive
in a certain percentage of cells. Early in infection, the virus causes a stimulation of
resting cells into the cell cycle and subsequent arrest at the G1/S border (36-38).
The infection inhibits host DNA replication, affects cyclin levels (35), prevents host
DNA replication licensing (45, 74, 75), and inhibits the Anaphase Promoting
Complex/Cyclosome (APC/C) (46-48).

The APC/C is a large multi-subunit E3 ubiquitin ligase that targets a growing
list of proteins for degradation by the proteasome. The APC/C orchestrates
progression through the cell cycle by targeting the cyclins and other cell cycle
associated proteins for degradation to allow cells to proceed though cell cycle
checkpoints. Its own activity is cyclical, showing activity in G1 and at anaphase and
inhibition from S-phase until the chromosomes are properly aligned in metaphase

and the spindle assembly checkpoint is released. The APC/C also plays an
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important role in non-cycling cells and is required to maintain low levels of cyclins
to prevent unscheduled entry into the cell cycle. In post-mitotic neurons, the APC/C
is required for proper axon growth and morphogenesis (30, 76), for neural cell
survival (77) and for maintenance of low levels of PFKFB3, a regulator of the rate
of glycolysis whose accumulation can lead to exitotoxicity in neurons (78).

A 3D reconstruction at a resolution of 7.4 A has recently been determined
for a ternary complex of recombinant human APC/C with the coactivator Cdhl and
a high affinity substrate, Hsl1 (8). It consists of three major subcomplexes: the
tetratricopeptide repeat (TPR) subcomplex (subunits 3, 6, 7, and 8) that interacts
with APC/C co-activators Cdhl or Cdc20 to mediate substrate specificity, the
catalytic E3 subcomplex (subunits 2 and 11), and the base or platform subcomplex
(subunits APC1, APC4, and APCS5) that attaches the TPR subunits to the catalytic
core. Other subunits are: APC15, which bridges APC5 and APC8 and is required
for APC/C-bound mitotic checkpoint complex-dependent Cdc20 autoubiquitylation
and degradation (79), the TPR accessory subunits APC12, APC13, and APC16,
and APC10, which assists the regulatory subunits in substrate recognition. The
interaction of TPR subunit APC8 with the platform subcomplex of APC1, APCA4,
and APC5 was found to require all of these subunits to maintain the structure of
the subcomplex (80).

The APC is targeted by several viruses, (see ref. (63) for review), but all
appear to do so by different mechanisms. We and others have found that upon
HCMV infection, the APC4 and APCS5 subunits are degraded, the TPR subunits

dissociate from the catalytic core and Cdhl, Cdh1l is hyperphosphorylated, and
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APC/C substrates accumulate (45-47). We also demonstrated that the viral kinase
UL97 is capable of phosphorylating the APC/C co-activator Cdhl on several sites,
but in the context of the infection, UL97 is not required for APC/C inactivation and
disassembly (48). It has since been reported that the HCMV protein responsible
for degradation of APC4 and APC5 is UL21a, a small unstable protein expressed
with early kinetics (49, 51, 52). Other viruses inactivate the APC/C by a variety of
mechanisms, including competitive mimicry of APC11 by Orf virus PACR (67, 68)
and binding of APC/C co-activators by HPV E2 protein (81).

In this study, we aim to further elucidate the mechanism by which the APC/C
is inactivated and the relative contributions of UL2la and UL97 to APC/C
inactivation and to viral growth, as both proteins have multiple functions during the
infection. We show that in the absence of other viral proteins UL21a, but not UL97,
can disrupt APC/C function and cause accumulation of substrates. Our findings
demonstrate that UL21a expression alone leads to degradation of APC1 as well
as APC4 and APCS5. Our investigation into this viral process has also led us to a
novel finding regarding APC/C subunit interdependency that points to a possible
mechanism of UL2la-mediated APC/C subunit degradation. We show that
destruction of APC1, APC4, and APC5 can be mediated by a cellular process in
the absence of infection when either APC1, APC4, APC5, or APCS8 is depleted by
siRNA. We finally demonstrate that exogenous inhibition of APC/C activity via
siRNA against APC5 or APCS8 is able to partially rescue a mutant virus lacking both

UL21a and UL97.
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Materials and Methods
Cells culture and infection with HCMV

Human foreskin fibroblasts (HFs) were cultured in HF growth media
(minimal essential medium (Gibco) supplemented with 10% FBS, 1.5 ug/ml
amphotericin B, 2 mM L-glutamine, 100 U/ml penicillin, and 100 pg/ml
streptomycin). Cells were incubated at 37°C with 7% CO2. To prepare for
infections, cells were allowed to come to confluence and maintained for three days
prior to infection to allow exit from the cell cycle. Virus was diluted in HF growth
media at the indicated multiplicity of infection (MOI) and added to cells. After 6 h,
virus was removed, cells were washed with PBS, and fresh HF growth media was
added. For siRNA experiments, infection took place 96 h after sSiRNA transfection.
For proteasome inhibition experiment, cells were treated with Cre and 100nM
salinosporamide A (SalA; gift from Bradley Moore, Scripps Institute of
Oceanography, University of California, San Diego) or vehicle and harvested 18 h
later.
Lentiviral constructs

The UL21a and UL97 open reading frames were amplified from the pHB5
BAC and inserted downstream of the second loxp sequence in pLV-EF1a-loxp-
Neo-loxp and pLV-EF1a-loxp-Puro-loxp respectively (82). To accomplish this,
UL21a was amplified using forward and reverse primers 5'-
GATCGAGTCGACATGGGAGGTAGCCCTGTTCC-3’ and 5-
GATCGGATCCTTAAAACTGGTCCCAATGTTCTTC-3’, placing a Sall site at the

5" end. The amplicon was digested with Sall and then phosphorylated and ligated
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into the pLV-EF1a-loxp-Neo-loxp vector, which had been digested with unique Sall
and Smal sites. UL97 was amplified using forward and reverse primers 5'-
GGGATCCACCGGCCCACTATGTCCTCCGCACTTCGGT-3’ and 5-
CTTTACTTGTACCCCGCCTTTCCCCTCAGCAACCG-3' and inserted into the
Smal-linearized pLV-EF1a-loxp-Puro-loxp backbone using the InFusion ligation-
independent cloning kit (CloneTech).
Complementing cell lines

Complementing cell lines were created by transducing HFs passage 12-15
with lentivirus expressing the following bicistronic constructs. HF-21a received
pLV-EF1a-loxp-Neo-loxp-UL21a. HF-97 received pLV-EF1a-loxp-Puro-loxp-
UL97. HF-21a/97 received first pLV-EF 1a-loxp-Neo-loxp-UL21a followed by pLV-
EF1a-loxp-Puro-loxp-UL97 several days later. Transductions were separated to
avoid lentiviral recombination. Lentiviral particles were made by transfecting the
lentiviral constructs into 293FT cells with ViraPower lentiviral packaging mix (Life
Technologies) and transductions were performed as previously described (82).
HF-97 cells were selected with 1 pg/mL Puromycin, HF-21a cells were selected
with 400ug/mL G418, and HF-21a/97s were selected with both.
Construction of BAC recombinants

pHB5-1E-Cre-1.2-flp has been described (82) and was used as the starting
BAC for A21a and A21a/97. To construct deletions, the UL21a open reading frame
was replaced by AmpR, and the UL97 ORF was replaced by TetR. AmpR and
promoter sequence were amplified from pcDNA3 using the following primer

sequences: 5-AGCCATGCAGCGTGCGGC
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GCCTCTCTCATGGATCCACTGTCACCGTCGCGGTGCGCGGAACCCCTATTT
G-3 and 5'-
ATACAGACTTTTATATGATCCTTGTACAGATGTAAATAAAATGTTTTTATGGG
GTCTGACGCTCAGTGG-3'. TetR was amplified from the pACYC184 vector using
the following primer sequences:

5-
GTCGGTGTGGTAGCTAGTGCAGCCTTAGGAACAGGGAAGACTGTCGCCAC
GCCCCATACGATA TAAGTTG-3 and 5-
GTACCTTCTCTGTTGCCTTTCCCCTCAGCAACCGTC
ACGTTCCGCGTCCCGGACAGGAGCACGATCATG-3'. Recombination of the
insert into the BAC was carried out in SW105 via heat-inducible recombinase.
Clones were selected and confirmed by restriction endonuclease digestion and
FIGE (Fig 3-5B) and by PCR. To grow deletion viruses, complementing cell lines
were replated at low density. One day later, they were harvested and
electroporated with the BAC along pcDNA3-pp71 as described previously (82).
Viral supernatants were harvested periodically and titered on the HF-21a/97
complementing cell lines.

Preparation of Cell-Permeable Cre

Cell-permeable Cre recombinase was prepared as described in (83).
Briefly, His-Tat-NLS-Cre protein was purified on NT-Nickel Superflow resin and
dialyzed against HEPES-buffered saline and HEPES-buffered glycerol, both tissue

culture-grade. Amount of Cre required to induce recombination in nearly all cells
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was determined by treating HF-97’s with dilutions of Cre, followed by anti-UL97
immunofluorescence.
Depletion of APC/C subunits

Cells were seeded at low density in antibiotic-free growth medium. The next
day, depletion of a specific APC/C subunit was performed with 75 pmol
SIGENOME Smartpool siRNA (Dharmacon/Thermo Fisher) per well in 6-well
dishes using Lipofectamine RNAiMax (Life Technologies). Transfection mix was
removed 4-6 h after transfection and HF growth media was added. Oligos targeted
the following sequences.

APC1: ggacaagugugcacaauug, gguuacaauccacgagaaa,
gagugguucgggugggaaa, ggcauuggcaguuuauaaa.

APC3: caugcaagcugaaagaaua, caacacaaguaccuaauca,
ggagauggauccuauuuac, ggaaauagccgagagguaa.

APC4: ggacauagaugaugaaugg, caacacagcuggcgagguu,
gcucaaaucuucgucaugu, gaggaugaaucaaaucuuc.

APCS5: gaaggcgaguugaaggaua, ugucagagcucaucgauau,
uaggaaagcgguuguauua, gaacaggccuuaagucuuc.

APCEG6: guagauggcuugcaagaga, Gcuacaagcuuacuucugu,
uggaagagcccaucaauaa, cuauggaccugcauggaua.

APCS: gcaguugccuaucacaaua, ugaaacaguugauagcuua,
guagaaacgugcuguguaa, gaaauuaaauccucgguau.

Non-Targeting Pool #1: uagcgacuaaacacaucaa, uaaggcuaugaagagauac,

aguauuggccuguauuag, augaacgugaauugcucaa.
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Western Blot

Cells were harvested by trypsinization, washed with PBS and pelleted.
Pellets were lysed in Laemmli buffer with protease inhibitor cocktail (Sigma) and
Halt Phosphatase inhibitor cocktail (Thermo Scientific). Lysates were sonicated to
shear DNA and equal cell equivalents were run on Tris-Glycine SDS gels and
transferred to nitrocellulose. Membranes were probed with the following
antibodies: Rb anti-Geminin (Clone FL-209, Santa Cruz Biotechnology), Ms anti-
Cdc6 (Neomarkers), Ms anti-Cdhl (Calbiochem), Ms anti-Tubulin (Sigma), Rb
anti-APC1 (A301-653A; Bethyl), Rb anti-APC3 (Thermo Scientific), Rb anti-APC4
(A301-176A; Bethyl), Rb anti-APC5 (A301-026A; Bethyl), Rb anti-APC6 (A301-
165A,; Bethyl), Rb anti-APC8 (A301-181A Bethyl) and Rb anti-Cyclin A (Clone H-
432, Santa Cruz Biotechnology). Antibodies to HCMV proteins included Ms anti-
IE2 (Chemicon), Ms anti-IE1/2 (CH160; Virusys), Ms anti-pp28 (Virusys), Ms anti
UL44 (Virusys), Rb anti-GST-UL97 (a kind gift from Don Coen), Rb anti-UL21a (A
kind gift from Dong Yu), Ms anti-UL57 (Virusys), and Ms anti-pp65 (Virusys).
Determination of Viral Titers

Infected cell supernatants were centrifuged to remove cell debris, mixed
with 1% DMSO and stored at -80°C. Plaque assay was performed using the HF-

21a/97 complementing cells to efficiently titer the UL21a/UL97 double mutant.

Immunofluorescence
Cells grown on coverslips were fixed for 10 min at room temperature with

3.7% formaldehyde in PBS. Cells were permeablized for 5 min with 0.2% Triton-X
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in PBS, washed twice, and blocked with 10% Normal Goat Serum in PBS. Primary
antibodies against UL21a or UL97 were diluted in 5% Normal Goat Serum and
incubated with slips for 25 min at room temperature. After washing, slips were
incubated in Alexafluor (Life Technologies) secondary antibodies and nuclei were
stained with Hoechst in 5% Normal Goat Serum and mounted on slides with
Prolong Gold Antifade (Life Technologies). Images were acquired on an
epifluorescence microscope.
Real-time RT-PCR

RNA was isolated from pellets using the DNA/RNA/Protein extraction kit
(Norgen) according to manufacturer’s instructions. Reverse transcription was
performed on 1 pg of RNA per sample using Thermoscript reverse transcriptase
(Life  Technologies). APC1  (5-tcatggctggctcaggaaacctaa-3' and  5'-
acagagaagagcggcaatggaaga-3’ and Tubulin (sequence described previously) (84)
were amplified using SYBR Green (Life Technologies). APC5 (sequence
described previously (48) was amplified with Tagman polymerase (Life
Technologies). Real-time PCR was performed on an ABI Prism 7000 (Life
Technologies) and relative quantifications were determined by comparison to
standard curve for each cDNA. APC1 and APCS5 transcript levels were normalized

to Tubulin level.
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Results
Creation of cell-permeable Cre-inducible fibroblast cell lines expressing
UL21a, UL97 alone or together.

In order to study the individual and combined contributions of UL97 and
UL21a on APC/C function both in the absence of other viral proteins and in the
context of infection with a mutant lacking both genes, we used a Cre-
recombination-based system to conditionally express UL21a and UL97 in HF cells
(Fig 3-1A). HFs were transduced with bicistronic lentiviruses encoding a selectable
marker flanked by loxp sites upstream of UL21a or UL97. Translation of this
constitutively produced transcript yields the selectable marker gene product. In the
presence of Cre recombinase, the selectable marker is recombined out, and
translation of the viral protein commences. This allows expression of each viral
protein, alone or in combination, upon treatment with cell-permeable Cre (His-Tat-
NLS-Cre) (83) or infection with the Cre-expressing WT or mutant HCMV. These
cells are referred to as HF-21a, HF-97, and HF-21a/97. Figure 3-1B shows that
treatment of HF-21a and HF-97 cells with cell-permeable Cre results in expression

of the corresponding viral proteins in a high percentage of the cells.
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Figure 3-1. Creation of UL21a and UL97-expressing fibroblasts.

(A) EF1a promoter drives constitutive expression of a loxp-flanked selectable
marker (Neomycin for UL21a and Puromycin for UL97.) Cre recombinase induces
expression of viral proteins via removal of selection marker. (B) Cell-permeable
cre induces expression of UL21a and UL97. Complementing cell lines plated on
slips were treated with Cre and harvested 72 h later. Slips were stained with UL97
and UL21a antibodies and counterstained with Hoechst to visualize nuclei.
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UL21la but not UL97 is sufficient to promote APC/C substrate accumulation
in the absence of infection.

To study the effects of UL97 and UL21a, alone or together, on the APC/C
and substrate accumulation, we added cell-permeable Cre to HF-21a, HF-97, and
HF-21a/97 after they were confluence-synchronized in Go/G1. Cell-permeable Cre
was also added to control confluence-synchronized HFs that did not express either
protein. After 12 h of treatment, cells were washed twice with PBS and growth
media was added. Cells were harvested 72 h after addition of Cre and processed
for Western blot. For comparison, we infected HF with WT HCMV. We noted that
Cre-induction of the viral proteins in these cells, as well as infection with WT virus,
results in a mobility shift of Cdhl in cells expressing UL97, consistent with its
phosphorylation by this viral kinase (Fig 3-2). Upon expression of UL21a, APC/C
substrates Geminin and Cdc6 accumulated. This is consistent with previous
reports (51) that UL21a causes substrate accumulation. However, UL97 was not
sufficient to induce this accumulation. It appears that UL97 alone, despite its ability
to phosphorylate Cdh1, is not sufficient to induce APC/C substrate accumulation
in confluence-synchronized HF’s. Additionally, there was no synergistic effect on
Geminin or Cdc6 levels from expression of both proteins. We also show that the
extent of APC/C substrate accumulation corresponds with the level of UL21a
expressed. In a HF-21a/97 cell line expressing lower levels of UL21a (Fig 3-2 left
panel), the accumulation of substrates was less than in a second line of HF-21a/97

cells expressing more UL21a (Fig 3-2 right panel).
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Figure 3-2. UL2la but not UL97 expressed in uninfected cells promotes

accumulation of APC/C substrates.

HF, HF-21a, HF-97, and HF-21a/97 cells were treated with cell-permeable Cre to
induce viral protein expression or with vehicle control for 12 h. Cells were then
washed several times with PBS and maintained in HF media. Cells were harvested
72 h after beginning of Cre treatment and processed for Western blot with
antibodies to UL97, UL21a, Geminin, Cdc6, Cdhl, APC1, APC4, APC5, APCS6,
and APCS8. Tubulin serves as a loading control. HF cells were infected at MOI 3
with WT HCMV (+) and harvested 24 hpi for comparison. Shown in the left panel
are HF-21a/97 cells expressing lower levels of UL21a than those in the right panel.
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UL21a is necessary and sufficient for the degradation of APC4, APC5, and
APC1.

To confirm that the Cre-induced expression of UL21a in the absence of
other viral proteins also led to the degradation of APC4 and APC5 as previously
reported (49), we assayed the lysates described above by Western blot with
antibodies to APC/C subunits. Figure 3-2 shows that, as expected, the levels of
APC4 and APCS5 were significantly reduced during the infection with WT virus. The
levels of APC4 and APC5 were also lower when UL21a was expressed alone or
in the presence of UL97, and the magnitude of the decrease was dependent on
the levels of UL21a. Surprisingly, we also found that in the infected cells or cells
expressing UL21a there was a loss of APCL1 in addition to APC4 and APCS5. There
was not a global degradation of APC/C subunits, as APC6 and APCS8 levels did
not change.

Since this result differed from that obtained previously, in which it was
shown with a different antibody directed against APC1 (65, 66), that this subunit
appeared to be stable and localized to the nucleus during infection (47), we
confirmed the specificity of the antibody used here with sSiRNAs directed against
the APCL1 transcript and a non-targeting control SiRNA (NT). As shown in Figure
3-3A (right panel), the detected band disappears in the mock-infected lane (M)
upon APC1 depletion by siRNA. For comparison, we show that in cells infected
with WT HCMV, the band was not present when the cells were treated with either
APC1 siRNA or non-targeting control. To document that that the APC1 antibody

used in this study detects a band of the correct molecular weight, we also included
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a lane that contained a lysate from uninfected cells that had been
immunoprecipitated with APC3 antibody (IP) (Fig 3-3A, left panel). We suspect that
the previously used antibody, which was an affinity-purified rabbit antibody directed
against a peptide of APC1 (aa 326-342) (65, 66), detects an alternative stable
form, but we cannot confirm this as the antibody is no longer available. However,
in support of the results shown here, a recent study showed by quantitative mass
spectrometry that there is a 4- to 5-fold reduction in APC1 levels in infected cells
(85). As further confirmation that UL21a is needed for the degradation of APC1,
we infected HF cells with WT HCMV or a mutant virus lacking UL21a (AUL21a)
and harvested the cells at 24 hpi for Western blot analysis. Figure 3-3B shows that,
as was the case for APC4 and APC5, UL21a is necessary for degradation of APCL1.
To test whether APC1 degradation was proteasome dependent as has been
shown for APC4 and APC5 (48), we induced UL21a expression in the HF-21a cells
with Cre treatment in the presence or absence of the proteasome inhibitor
salinosporamide A (SalA). We harvested the cells 18 h post-treatment for Western
blot analysis. Figure 3-3C shows that UL21a levels increase with proteasome

inhibition as expected, and APC1 and APC5 degradation is prevented.
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Figure 3-3. UL21a is necessary for APC1 degradation during infection.

(A) Confirmation of anti-APC1 antibody specificity. (Left panel) Cells were mock-
infected or infected with WT at high MOI and harvested 24 hpi for Western blot
with Ab to APCL1. For molecular weight comparison, untreated HF cell lysate was
immunoprecipitated with Ab to APC3 (lane IP) and run on the same gel. (Right
panel) Cells were transfected with siRNA against APC1 or a non-targeting control
(NT). Four days post transfection, cells were harvested and processed for Western
blot. (B) HF cells were confluence-synchronized and mock infected or infected at
high MOI with WT or AUL21a. Cells were harvested 24 hpi and processed for
Western blot with antibodies to UL21a, UL97, APC1, APC4, and APC5. Tubulin
serves as a loading control. (C) HF-21a cells were confluence synchronized and
treated with cell-permeable Cre and/or 100nM Salinosporamide A (SalA)
proteasome inhibitor as indicated. Cells were harvested 18 h post treatment and
processed for Western blot with Ab to UL21a, APC1, APC5, and Tubulin.
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The APC/C degradation phenotype induced by HCMV can be mimicked by
disruption of the APC8-APC1-APC4-APCS interaction via siRNA-mediated
depletion of individual APC/C subunits.

The specific APC/C subunit(s) that UL21a interacts with to mediate the
degradation of the platform subunits is unknown. To further investigate the
mechanism of APC/C subunit degradation by UL21a, we proceeded to test the
hypothesis that UL21a might first target one of the platform subunits and that
depletion of this subunit might prevent the degradation of the other two subunits.
To address this, we first transfected HFs with siRNA against APC1 or APCS5.
Unexpectedly, we found that knocking down either of these subunits was sufficient
to cause the degradation of APC1, APC4, and APCS5 in uninfected cells. These
experiments were repeated multiple times and representative results are shown in
Fig 3-4. There was not global degradation of subunits, as the levels of two other
APC/C subunits in the TPR subcomplex, APC6 and APC8, were not affected by
the depletion of APC1 or APC5. To rule out off-target effects of the sSiRNA, we
performed real-time RT-PCR on these samples and found that the siRNAs against
APC1 and APCS5 did not affect the RNA levels of the other subunit (Fig 3-4B).

We extended this experiment to include knockdown of the other APC/C
subunit in the platform subcomplex, APC4, and three APC/C subunits in the TPR
subcomplex, APC3, APC6, and APC8 (Fig 3-4C). We were surprised to find that
knockdown of APC8 is sufficient to cause a reduction of APC1, APC4, and APCS5,
and knockdown of any one of the group of APC1, APC4, and APC5 causes

reduction of the other three, but not of APC8. This was of interest since the recently
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solved structure of the human APC/C places APC1 next to APC8 (8). APC6 levels
were not affected by depletion of these subunits, and depletion of APC6, albeit
incomplete did not significantly affect the levels of the other subunits. In the case
of APC3, we sometimes observed that its depletion modestly affected the levels of
some of the other subunits.

This unexpected result may underlie the cellular mechanism by which the
APC/C subunits are degraded during the infection and demonstrates that UL21a
may need only to disrupt the complex in order to effect APC1, APC4 and APC5

degradation.
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Figure 3-4. Knockdown of either APC1, APC4, APC5, or APC8 causes the
degradation of APC1, 4, and 5 in uninfected cells.

(A) HF cells were transfected with siRNAs against APC1 (1), APC5 (5), non-
targeting control (NT), or left untransfected (-). Cells were harvested 96 h post
transfection and processed for Western blot with antibodies to APC1, APC4,
APC5, APC6, and APC8. (B) RNA was extracted from the samples in (A) and real-
time RT-PCR was performed to detect levels of APC1 and APCS5 transcript.
Transcript levels were normalized to Tubulin transcript. Error bars indicate
standard deviation of three replicates of a single experiment. (C) HF cells were
transfected with siRNA against APC3 (3), APC4 (4), APC6 (6), APC8 (8), non-
targeting (NT) control, or were left untransfected (-). 96 h later the cells were
harvested and processed for Western blot as in (A).
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A double mutant AUL21a/UL97 is growth compromised compared to AUL21a
and WT.

Previously, it was shown that a mutant virus that contained point mutations
in UL21a that still allowed degradation of APC4 and APC5 seemed to have no
growth defect, but was severely growth-impaired if a second mutation that
eliminated expression of UL97 was introduced (49). A second UL21a mutant virus
that contained point mutations in UL21a that abrogated its ability to degrade APC4
and APCS5 also replicated like WT, but was even more severely growth-impaired
than the first mutant when the UL97 mutation was introduced. One difficulty in
interpreting these experiments was that the mutant viruses were not propagated
on complementing cell lines and replication of the mutant viruses was analyzed in
a multi-step growth assay over 21 days. We therefore proceeded to adapt the
method we previously used for complementation of IE2 mutant virus growth (82).
We constructed a mutant virus that contained a deletion of both UL21a and UL97,
designated AUL21a/UL97 (Fig 3-5A), and propagated it on the Cre-inducible cell
line HF-21a/97 to facilitate growth and avoid compensatory mutations. BAC
recombinant clones were monitored by PCR and restriction digest and FIGE (Fig
3-5B). Compared to WT, the appearance of a 1.4 kbp fragment was diagnostic for
deletion of UL21a, and the disappearance of the 13.5 kbp fragment indicated
deletion of UL97 (Fig 3-5B). Since the WT, AUL21a, and double mutant viruses
express Cre under the direction of the IE promoter, there is induction of both UL21a

and UL97 in the HF-21a/97 cells upon infection. The virus stock and viral
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supernatants produced in experiments were also titered on HF-21a/97 in order to

accurately determine amounts of infectious virus produced.
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We characterized the growth kinetics of A21a/97 by infecting confluence-
synchronized HFs with A21a/97, A21a, or WT at a high MOI (MOI 4) and collected
cell pellets and cell supernatant at several times post-infection. Viral titers were
determined by plaque assay on HF-21a/97 cells. We found the double A21a/97
mutant to be severely growth-defective, releasing 2-3 logs less virus than WT and
10- to 50-fold less than A21a (Fig 3-6A). The titer of the single A21a mutant virus
was approximately 5-fold lower than WT. Western blot analysis of viral proteins
demonstrated that the double mutant is deficient in production of late proteins (Fig
3-6B) but not early or IE proteins. While there was little difference in IE2 86 protein
and early protein UL57, there was a significant decrease in the levels of pp28 and
the late IE2 protein p40 in the double mutant infected cells and only a modest

decrease in the late protein levels in the A21-infected cells.
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Figure 3-6. AUL21a/UL97 is growth-defective and deficient in late protein
production.

HF cells were confluence synchronized and mock infected (M) or infected with
AUL21a/UL97, AUL21a, or WT at high MOI. (A) Supernatants were harvested 48,
72, 96, and 120 hpi and titered on HF-21a/97s. Shown are representative results
of at least 2 independent experiments. Error bars indicate standard deviation. (B)
Cells were harvested 24, 48, and 72 hpi and processed for Western blot with
antibodies to UL21a, UL97, IE proteins (IE2 86/IE1 72), early protein (UL57), and
late proteins (pp28 and IE2 40).



54

UL21a and UL97 contribute to, but are not essential for, accumulation of
APC/C substrates in infected cells.

We next tested the ability of A21a/97 to promote accumulation of APC/C
substrates. Cells were infected at high MOI with A21a/97, A21a, or WT and
harvested at 24, 48, and 72 hpi for Western blot analysis. Lysates were probed for
Cdh1 and several APC/C substrates. We found that at 24 hpi, there is a significant
defect in accumulation of APC/C substrates in cells infected with either mutant. At
later times, however, APC/C substrates accumulate in cells infected with both
mutants, but with reduced efficiency for the A21a/97 double mutant compared to
either A21a or to WT (Fig 3-7). These data indicate that other viral proteins or
cellular proteins induced during the infection can contribute to blocking APC/C
function in the absence of UL21a and UL97. As expected, in cells infected with the
double mutant, Cdhl fails to exhibit the change in migration that results from

phosphorylation by UL97.
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Figure 3-7. Cells infected with AUL21a/UL97 show a delay in accumulation of
APC/C substrates compared to cells infected with WT and AUL21a.

HF cells were confluence synchronized and mock infected (M) or infected with
AUL21a/UL97, AUL21a, or WT a MOI of 4. Cells were harvested 24, 48, and 72
hpi and processed for Western blot with antibodies to Cdh1, Securin, Geminin, and
Cdc6.
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The relative contribution of exogenously expressed UL97 and UL2la to
complementation of the growth of double mutant AUL21a/UL97 is MOI-
dependent.

Having compared the influence of UL21a and UL97 on APC/C substrate
levels in the context of the infection, we sought to characterize the relative
contribution of each protein for growth of the double mutant A21a/97 during a
single cycle HCMV infection at high and at low MOI. This was accomplished by
comparing the A21a/97 mutant infection on HF relative to HF-21a, HF-97, and HF-
21a/97 complementing cells where UL21a and/or UL97 was provided exogenously
upon expression of Cre by the mutant virus. All cells were confluence-
synchronized in Go/G1 and then infected at a low MOI of 0.1 or a high MOI of 3. At
96 hpi, cell pellets were harvested for Western blot analysis. Supernatant was
collected at various times pi to determine the titer of infectious virus produced.
Virion production was monitored by titering supernatants on HF-21a/97’s to
provide complementing function. At both high and low MOI (Fig 3-8A and B),
infection on HF-21a’s resulted in higher titers of virus relative to infection of HFs,
with a greater increase in titer when mutant virus was grown on HF-97’s at high
MOI. At low MOI, there was a delay in the production of virus on HF-21a’s, but at
the last time point collected, the amount of virus produced on HF-21a’s was
comparable to that produced on HF-97’s. Infection of cells expressing both
proteins (HF-21a/97) with the double mutant resulted in still higher titers than
infection of HF-97’s at low MO, but the difference was less at high MOI. Cell pellets

from these experiments harvested at 96 hpi were processed for Western blot and
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probed for pp28, IE2 86, IE2 60, and IE2 40. Representative blots are shown in

Fig 3-8C and Fig 3-8D.
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Figure 3-8. Relative requirement for exogenous expression of UL97 and UL21a in
complementing the growth of double mutant AUL21a/UL97 is MOI-dependent.
HF cells or the cells lines HF-21a, HF-97, and HF-21a/97 were confluence
synchronized and infected at MOI 3 (A, C) or MOI 0.1 (B, D). Supernatants were
collected and titered on HF-21a/97s (A, B), and cells were harvested 96 hpi and
processed for Western blot with antibodies to UL21a, UL97, IE2 proteins (IE2 86,
IE2 60, IE2 40) and pp28 (C, D). Shown are representative results from 2-3
independent experiments. Error bars indicate standard deviation.
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We observed that at high MOI, infection of HF-97’s with the double mutant
led to higher levels of the late proteins, pp28, IE2 60, and IE2 40, than infection of
HF-21a’s, consistent with the titer results (Fig 3-8C). Likewise the results of the
Western blot were consistent with the titer at low MOI, with infection on UL21a-
expressing and UL97-expressing cells showing similar increases in late protein
levels (Fig 3-8D). At both high and low MOI, infecting HF-21a/97’s led to the
greatest increase in late protein expression compared to double mutant infection
of HF’s.

Exogenous inactivation of the APC/C during double mutant infection results
in increased in late protein expression and viral titers.

As both UL97 and UL21a perform other functions during the infection apart
from phosphorylating Cdhl and mediating degradation of APC/C subunits,
respectively, we were interested in determining the degree of rescue of the double
mutant’'s growth-deficiency that results from inactivation of the APC/C. To
decrease the activity of the APC/C, we used siRNAs to deplete APC5 and APCS.
A non-targeting siRNA was used as a control. Growth of the double mutant on the
various SIRNA treated cells was assessed by measuring late viral protein
accumulation and viral titers. Efficient knockdown of both APC5 and APCS8 took
several days, resulting in the cells coming to confluence (and thus a Go/G: state)
prior to infection. Since one function of UL21a is to degrade Cyclin A2, we wanted
to ensure that this would not be a confounding variable in the experiment. To
document that the siRNA-treated cells are not cycling and do not express

significant levels of Cyclin A2, we harvested the cells at 96h post-transfection and
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probed for Cyclin A2 along with APC/C subunits 5 and 8 (Fig 3-9A). We show that
under these conditions, confluent siRNA-treated cells have only low levels of
Cyclin A2, in contrast to the very high levels found in asynchronous cycling non-
treated cells (Cyc) and in si-RNA treated cells that were reseeded at low density
to allow the cells to enter Gi1 and then harvested 24h later when they entered S

phase of the cell cycle.
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Figure 3-9. Knockdown of APC5 or APCS8 results in increased AUL21a/UL97
growth.

(A) HF cells were transfected with siRNA against APC5 (5), APC8 (8), non-
targeting control (NT), or were untreated (-). At 72 h after transfection, some cells
were replated at lower density to release them into Gi phase (Released) while
other cells were maintained at confluence (Confluent). The untreated cells were
maintained in a cycling state (Cyc) by passaging them several times prior to
harvest. At 96 h post-transfection, cells were harvested and processed for Western
blot with antibodies against APC5, APC8, Cyclin A2, and Tubulin. (B,C) HF cells
were transfected with siRNA as in panel A. At 96 h after transfection, cells were
mock-infected or infected at a MOI of 0.5 with AUL21a/UL97 or WT. Cells were
harvested 96 hpi and processed for Western blot with antibodies to APC5, APCS,
Geminin, and Cdc6 (B), and antibodies to IE2 proteins (IE2 86, IE2 60, IE2 40) and
pp28 (C). Asterisk indicates another possible form of IE observed with current lot
of antibody.
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In Figures 3-9B and 3-9C, cells were mock-infected (Fig 3-9B) or infected
(Fig 3-9C) with A21a/97 or WT at a MOl of 0.5 four days after transfection of siRNA.
In the uninfected cells depleted of the APC/C subunits (Fig 3-9B), there was
accumulation of substrates, with slightly greater accumulation in cells treated with
SiRNA to APC8, probably due to the fact that depletion of APC8 also resulted in
degradation of APC1, APC4, and APCS5. It should be noted that in accord with the
results shown above, depletion of APC8 also resulted in depletion of APCS5.
Supernatant was collected at various times post-infection, and the cells were
harvested at 96 hpi for Western blot. Membranes were probed for APC5 and APC8
to ensure maintenance of protein knockdown late in the infection and for viral late
proteins (Fig 3-9C). Western blot analysis showed that the knockdown of both
APC/C proteins was maintained until at least 96 hpi and that APC/C subunit
knockdown resulted in a greater accumulation of APC/C substrates in cells
infected with the double mutant. Knockdown of APCS5, and to a greater extent
knockdown of APCS8, also results in increased production of late proteins.
Supernatants were assayed for viral production by titering on the complementing
HF-21a/97 cells. Shown are the results of two independent experiments. In accord
with the levels of viral late proteins observed, viral titers were significantly
increased by depletion of APCS5, with a greater increase observed in cells depleted

of APC8 (Figure 3-10).
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Figure 3-10. Knockdown of APC5 or APCS8 results in increased AUL21a/UL97

growth.

HF cells were transfected with siRNA against APC5 (5), APC8 (8), non-targeting
control (NT), or were untreated (-). Cell supernatants were harvested at the
indicated time points and titered on HF-21a/97s. Shown are two independent

experiments.
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A comparison of Figure 3-8B with Figure 3-9D shows that the increase in
viral titer when mutant virus was grown on cells expressing UL21a, relative to HF,
was comparable to the increase when mutant virus was grown on HF cells that
were depleted of APC5 or APC8. While the mutant was still growth-debilitated
relative to WT, depletion of APC/C subunits was able to increase viral growth in a
single cycle infection. Growth of WT virus was not affected by knockdown of either

protein.
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Discussion

In this study, we discovered that APCL1 is an additional target of degradation
by HCMV protein UL21a. Particularly noteworthy is our finding that recapitulation
of the pattern of APC/C subunit degradation induced by HCMV occurs in
uninfected cells upon depletion of either APC1, APC4, APC5, or APCS. Finally, we
show that when complementing cells are infected at low MOI with a mutant virus
that lacks both UL97 and UL21a (A21a/97), there is a delay in the production of
infectious virus on cells expressing UL21a relative to UL97, but the final titer and
level of late proteins are comparable. Growth of the double mutant on cells
expressing both proteins is further enhanced. In contrast, when complementing
cells are infected at high MOI with the double mutant, UL97 provides a greater
increase in accumulation of late viral proteins and production of infectious virus
than UL21a, and there is only a modest further increase when the virus is grown
on cells that express both proteins. These results are consistent with those of
Prichard et al. (86) who showed that the complementation of a UL97 deletion virus
by exogenous UL97 was more efficient at high MOI.

Our results also confirm the studies by Fehr et al. (49) that showed UL21a
could disable the APC/C and is responsible for the degradation of APC4 and
APCS5. In addition, we find that UL21a expression leads to APC1 degradation. In
support of our antibody-based observation, the reduction in APC1 levels during
HCMV infection was recently confirmed by quantitative mass spectrometry (85).
We also show that UL97 expression in uninfected cells does not cause

accumulation of APC/C substrates despite phosphorylation of Cdhl. The
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expressed UL97 protein was properly localized to the nucleus, but it is possible
that the phosphorylation of Cdhl by UL97 is incomplete. Phosphorylation of Cdhl
leaves the APC/C itself intact, so it may be that a relatively small amount of
unphosphorylated Cdh1 would be sufficient to co-activate the APC/C.

In the course of experiments to determine the mechanism of APC/C subunit
degradation, we tested the hypothesis that depletion of one of the platform
subunits might prevent UL21a-mediated degradation of the other subunits. We
were surprised to see that knocking down any one of the three platform subunits
led to the degradation of others in the absence of infection. Moreover depletion of
APC8, a member of the TPR complex, also led to degradation of all of the platform
subunits, but APC8 was not degraded either by UL21a or by depletion of a platform
subunit. To our knowledge, this phenomenon has not been described previously.
However, the result is not totally unexpected since it was previously shown that
the binding of APC1, APC4, APC5, and APCS8 is interdependent in vitro (80), and
the recently solved structure of the human APC/C places APC1 next to APCS8 (8).
This process does confound the interpretation of RNAI experiments intended to
delineate the sufficiency of any of these individual subunits in this and other viral
or cellular events.

It is currently unclear whether the subunits are degraded by some active
process or whether they are degraded as part of normal APC/C turnover, with
newly synthesized subunits being recognized as improperly-folded proteins if they
do not associate correctly. Our studies show that there is a clear cellular process

in place for decreasing the levels of the APC/C subunits APC1, APC4, and APCS5,
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but not APC3, APC6, and APC8 if the APC/C becomes destabilized. These results
suggest that UL21a may need only to disrupt the association of the APC/C
subunits, and a cellular process will then mediate the degradation of subunits
APC1, APC4, and APCS5. To date, our time course experiments have been unable
to distinguish whether degradation of the subunits precedes or follows release from
the rest of the complex, but it is possible that the use of new high-resolution
imaging tools may help answer the question.

Our studies also show that the double mutant AUL21a/UL97 is growth
defective compared to both AUL21a and WT with respect to late protein expression
and production of infectious virus. As is the case with some other HCMV mutants,
the growth defect of the double mutant is MOI dependent and much greater at low
MOI than high MOI. Interestingly, APC/C substrates accumulated, albeit with a
delay in cells infected with either AUL21a or AUL21a/UL97. Thus, even in the
absence of UL21a (in the presence or absence of UL97), APC/C substrates begin
to accumulate later in the infection. This may be due to a yet to be discovered viral
or induced cellular protein that can disable APC/C function. Alternatively, the
infection may activate some cellular mechanism that normally operates during
S/G2 phase to inactivate the APC/C and allow substrate accumulation. Regardless
of mechanism, further inactivation of the APC/C by depletion of APC/C subunits
APC5 and APCS8 during AUL21a/UL97 infection leads to a growth benefit in a
single cycle of infection.

Previously, a double mutant virus that contained a UL97 deletion and UL21a

point mutations that rendered UL21a incapable of interacting with the APC/C was
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shown to be more growth-impaired than a double mutant that contained a UL97
deletion and UL21a point mutations where UL21a was still able to degrade APC4
and APC5 (49), suggesting that inactivation of the APC/C was important in the
absence of UL97. One difficulty in interpreting these experiments was that the
mutant viruses were not propagated on complementing cell lines and replication
of the mutant viruses was analyzed in a multi-step growth assay over 21 days
where the cells continued to proceed through the cell cycle. They were also
conducted in MRCS5 fibroblasts, where the growth defect of an UL21a deletion virus
is significantly greater than that in HFs. In our studies, we constructed a double
mutant virus AUL21a/UL97 that was unable to express any UL21a and UL97. By
growing the double mutant virus on complementing HFs, we were able to avoid
the complication of any second site mutations that might change viral growth. We
were also able to show directly in a single cycle growth experiment in cells that
were confluence-synchronized and maintained in Go/G1 that the increase in viral
titer in cells expressing UL21a was comparable to that in cells in which the APC/C
was inactivated by depletion of APC/C subunits.

The benefit resulting from knocking down APC5 and APC8 for
AUL21a/UL97 replication is impressive considering that during the infection both
UL21a and UL97 possess other functions that are independent of the APC/C.
UL97 in particular is multi-functional. It phosphorylates several viral proteins, as
well as itself, and a number of cellular proteins, including Rb, Lamins A/C, p32,
and eukaryotic elongation factor 1 delta (54, 55, 57, 87-95). Studies of UL97

deletion mutants indicate a role for this protein in viral DNA synthesis, DNA
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encapsidation, capsid maturation, nuclear egress, and cytoplasmic secondary
envelopment (53, 54, 93, 96, 97), although the extent of the defects appears to
depend on the -culture conditions. Which of these functions are being
complemented by UL21a or by inactivation of the APC/C remains to be
determined.

It has been reported that UL21a, in addition to inactivating the APC/C,
functions at a later time to promote viral DNA replication and late gene expression
(52). One recently discovered function of UL21a is associated with proteasome-
dependent degradation of Cyclin A2, and the domain responsible for interaction
with Cyclin A2 is separate from that which interacts with the APC/C (43). It was
reported that Cyclin A2 degradation was necessary for efficient multi-step
replication in MRCS5 cells, and siRNA-mediated depletion of Cyclin A2 removed the
growth defect seen in an UL21a deletion mutant. However, these experiments
were done at low MOI in MRC5 cells progressing through the cell cycle and viral
titers were assayed after virus had undergone multiple cycles of replication.
Additionally, cells were infected in S phase when Cyclin A2 levels are very high.
Recent work by Eifler et al examined UL21a-mediated Cyclin A2 degradation in
confluence-synchronized HEL cells (44). They found that degradation of Cyclin A2
by UL21a was required to prevent mitotic catastrophe as in the absence of UL21a’s
Cyclin A2 degradation function, infected cells were not prevented from entering
mitosis, and mitotic aberrations and cell death followed. This appeared to be
specific to the Cyclin A2 degradation locus of UL21a: RXL2. While the UL21a null

mutant also induced accumulation of Cyclin A2, a similar level of mitotic
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catastrophe and cell death did not take place. Correspondingly, the increase in
Cyclin A2 in cells infected with the UL21a RXL2 point mutant was much greater
than that seen during infection with the UL21a null. In agreement with this work,
we also see a small increase in Cyclin A2 levels during infection with the UL21a
null mutant and the UL21a/UL97 double mutant, but this increase is very modest
in comparison to the levels observed in cycling HF cells.

Interestingly, Cyclin A2 is a substrate of the APC/C, and inactivation of the
APC/C should lead to accumulation of Cyclin A2. However, we previously showed
that Cyclin A2 transcription is inhibited during the infection, and if the virus is grown
in confluence-synchronized cells, which remain in Go/Ga, there is very little Cyclin
A2 until later times in the infection (39). We show here that Cyclin A2 levels remain
very low in our APC/C subunit depletion experiment when cells are maintained in
a Go/G1 state (Fig 3-9.), and thus the levels are negligible at the time of infection
compared to the levels in asynchronous cycling cells. It is only when cells are
infected in S phase, where there are already high levels of Cyclin A2, that it might
be necessary for UL21a to degrade the Cyclin A2 for the infection to initiate. The
situation is likely more complicated, as it has been reported that the HCMV
tegument protein pp150 also binds to Cyclin A2, and this binding between pp150
on the incoming particle and Cyclin A2 is responsible for the block in initiation of
HCMV IE gene expression when cells are infected in S phase (42, 98). We cannot
exclude that Cyclin A2 increases contribute to the growth-deficiency of our double
mutant. However, direct comparison to the above-mentioned studies is difficult

due to the difference in cell type, as different cells types may respond differently to
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a given level of Cyclin A2. Another possibility includes yet to be discovered
functions of UL21a that are required for efficient viral DNA synthesis and late gene
expression, and this is likely cell type dependent (e.g. there is greater impairment
of replication of UL21a deletion mutants in MRCS5 cells than in HF’s).

It is still to be determined what the functional relevance of APC/C
inactivation is in HCMV infection in vivo. However, the fact that inactivation of the
APC/C by HCMV is seen not only in fibroblasts, but also aortic endothelial cells
and neural progenitors (unpublished results) suggest that APC/C inactivation
serves some additional role in vivo that is undetectable in a tissue culture system.
Experiments are in progress to determine more precisely the molecular
mechanisms governing disassembly of the APC/C and degradation of specific

subunits in the presence of UL21a.
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CHAPTER 4
The APC/C-Cdh1 interaction and the APC/C-UL21a interaction are mutually
exclusive.
Introduction

One of the remaining unknowns concerning the UL21a-APC/C interaction
is the UL21a binding site. It was previously reported that APC8 is required for
interaction of UL21a and the APC/C, based on depletion of APC8 by siRNA (49).
However, the results presented in Chapter 3 show that knocking down APCS8 will
result in the loss of APC1, 4, and 5, which are other possible binding sites. This
different interpretation suggests that an intact bridge subcomplex (APC1, 4, and 5
in contact with APCS8) is required for UL21a to bind to the APC/C.

Identifying a binding site on a large multisubunit protein complex in cells is
problematic, as any overexpressed subunit may associate with others of the
endogenous complex and confound the results. To overcome this difficulty, a
GST-UL21a fusion protein was used as bait for in vitro translated APC/C subunits.
While no subunit tested, alone or in combination, showed a convincing interaction
with GST-UL21a (unpublished), it was noticed that Cdhl was not among the
proteins interacting with GST-UL21a when it was incubated with cell lysate.
Recent publication of a detailed structure of the APC/C with and without Cdhl
bound reveals a conformation shift involving the orientation of the catalytic core

and bridge subunits in relation to the TPR subunits, and it is possible that
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the inability of UL21a to co-precipitate Cdhl along with the APC/C may reveal

further information about the interaction and binding site.
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Materials and Methods
Cloning and constructs

Wild type UL21a was amplified from the HB5 BAC. Primers added a 5’
BamHI and 3’ Xhol site for ligation into pcDNA3. Primers used were 5’-GAT CGG
ATC CAT GGG AGG TAG CCC TGT TCC-3 and 5 GAT CCT CGA GTT AAA
ACT GGT CCC AAT GTT CTT C-3'. The fragment was ligated into pcDNA3 to
make pcDNA3-UL2l1la. The UL2la ORF was inserted downstream of GST in
EcoRlI-linearized pGEX4T-1 by ligation-independent cloning using the InFusion kit
(Stratagene) using the primers InFusionForward: 5 GGA TCC CCG GAA TTC
ATG GGA GGT AGC CCT GTT CC-3’ and Reverse: 5-TCA ACC CGG GAATTC
CTC GAG TTA AAA CTG GTC CCA ATG-3'. to make pGEX-UL21a. Integrity of
the construct was confirmed by sequencing. Point mutants were created that were
deficient in interaction with the APC/C (mutation of amino acids proline-arginine at
position109-110 to two alanines) or with Cyclin A, as a control (mutation of amino
acids arginine-arginine-leucine at positions 42-44 to alanine-arginine-alanine).
Mutation was carried out using the Quikchange kit following manufacturer’s
instructions (Agilent Technologies) on pcDNA3-UL21a using primers previously
reported (43, 49), then similarly inserting into pGEX4T-1 to create pGEX-
UL21aPR-AA and pGEX-UL21aRRL-ARA.
Expression and purification of GST proteins

pGEX-4T1, pGEX-UL21a, pGEX-UL21aPR-AA, and pGEX-UL2l1aRRL-
ARA were transformed into BL21 chemically competent bacteria. Protein

expression was induced with 0.1 mM IPTG, and cultures were pelleted and lysed
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in NET-N buffer (50mM Tris-Cl pH8, 150mM NaCl, 1mM EDTA, 0.5%NP40.)
Uninduced pGEX-4T1 culture was also pelleted and lysed and used to equalize
volumes during GST-pulldown. Clarified lysates were aliquoted and stored at -
80C. Glutathione beads (GE Healthcare) were washed with NET-N and incubated
with equal pg amounts of GST protein lysate (normalized to equal volumes using
uninduced GST lysate). Beads were washed and used immediately.
GST pulldown

HF cell pellets were lysed in HF lysis buffer (20 mM Tric-HCL pH8, 150 mM
NaCl, 5 mM MgCl;, 0.2% NP40, 5% glycerol, + 1 mM DTT, and
protease/phosphatase inhibitor cocktail (Thermo Scientific)) and dounced on ice.
GST-protein-bound glutathione beads prepared as detailed above were washed
three times with HFF lysis buffer, then incubated with HFF lysates for two hours.
Beads were washed with lysis buffer and interacting proteins were released by
boiling in reducing Laemmli buffer. Pre and post-pulldown samples were stored
for Western blot analysis.
Immunoprecipitaton

A monoclonal antibody to APC3 was crosslinked to Protein-G Dynabeads
(Life Technologies) per manufacturer’s instructions. HF lysates prepared as
indicated above were rotated with beads 2 hours at 4 degrees. Beads were
washed with lysis buffer and co-immunoprecipitating proteins were eluted by

boiling in reducing Laemmli buffer.
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Results
APC/C co-precipitates with GST-UL21a, but Cdh1 does not.

In order to determine which APC/C subunit(s) carries the UL21a binding
site, UL21a was tagged with GST and purified on glutathione beads. GST was
expressed alone as a control. Two point mutants of UL21a were also tagged with
GST as controls. The first, UL21a PR109AA, was described to lack the ability to
bind to the APC/C or cause degradation of APC4 and 5 (49) and is used as a
negative control. The second, UL21a RRL42ARA, is able to interact with and
inhibit the APC/C, but it cannot bind or cause degradation of cyclin A (43). During
validation of these recombinant UL21a proteins, they were incubated with HF cell
lysates to ensure that they would interact with the endogenous APC/C as reported.
HF cells were allowed to come to confluence and maintained for 3 days to establish
G1/G0. Cells were harvested and lysed in NP40 lysis buffer. Lysates were
incubated with beads bound with GST-UL21a WT, GST-UL21a PR109AA, GST-
UL21a RRL42ARA, or GST alone. Bound proteins were eluted by boiling in
Laemmli buffer and assayed by Western blot (Figure 4-1). The result was
unexpected. While APC/C subunits interacted with GST-UL21a and GST-UL21a
RRL42ARA but not GST or GST-UL21a PR109AA, the coactivator Cdh1l did not

interact.
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Figure 4-1. GST-UL21a does not interact with Cdh1l

Confluence-synchronized HFs were harvested by trypsinization and lysed. Lysates
were exposed to GST, GST-UL21a, or GST-UL21a point mutants immobilized on
Glutathione beads. Adherent proteins were eluted after washing by boiling in
Laemmli buffer and analyzed by Western blot. Input (In) and post (Po) lanes
represent 10% of pulldown (PD) lanes.
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The lack of Cdh1 binding is not due to absence from APC/C.

To rule out the possibility that Cdhl1 does not bind simply because it is not
interacting with the APC/C under these lysis conditions, a sequential pulldown was
performed (Figure 4-2A). Confluence synchronized HF cells were lysed as above
and incubated with beads bound to GST-UL21a. GST-UL21a PR109AA is used
as a negative control. After incubation with the beads, they were spun and
supernatants were transferred to new tubes containing anti-APC3 antibody
immobilized on beads in order to immunoprecipitate the APC/C remaining in the
lysate after exposure to UL21a beads. As before, GST-UL21a precipitates APC/C
subunits, but not Cdhl. However, the APC3 IP demonstrates that all Cdh1 present
in the lysate is bound to the APC/C (Figure 4-2B). An APC3 immunoprecipitation
performed side-by-side with the first round of GST pulldowns bound a comparable
amount of APC/C and Cdh1 as the IP sequentially following the GST pulldown (Fig
4-2C), indicating that the APC/C leftover from the GST-UL21a pulldown was bound
with Cdhl. As expected the UL21a PR109AA point mutant did not pull down any
APC/C subunits. One further observation is that simple interaction of UL21a with

the APC/C is insufficient in vitro to cause APC1 degradation.
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Sequential GST-pulldown - APC3 Immunoprecipitation Experiment
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Figure 4-2. Lack of Cdh1 binding to UL21a is not due to failure of Cdh1 to associate

with the APC/C in pulldown conditions.

(A) Diagram of experiment. Confluence-synchronized HFs were harvested by
trypsinization and lysed. Lysates were exposed to (B) GST-UL21a or (D) GST-
UL21la PR109AA immobilized on Glutathione beads. Flowthrough was then
exposed to anti-APC3 antibody immobilized on Protein G magnetic beads.
Adherent proteins were eluted after washing by boiling in Laemmli buffer. (C) The
lysates from (B) were directly incubated with anti-APC3 beads. Adherent proteins
were eluted after wash via boiling in Laemmli buffer and analyzed by Western blot.
Inputs and Posts represent 10% of Pulldowns and IPs.
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Discussion

In this study we constructed a recombinant UL21a and demonstrated that
the protein and its point mutants behave in vitro as has been previously reported
in mammalian cells with respect to APC/C interaction. Two models have emerged
to explain the mutual exclusivity of the interactions between APC/C, Cdhl, and
UL21a. Inthe first, UL21a is selectively co-precipitating an APC/C which does not
contain Cdh1, and in the second, Cdhl is somehow removed from the APC/C in
the process of interacting with UL21a. These address the possibly competitive
nature of the binding between APC/C, Cdh1l, and UL21a. It would be possible to
distinguish between these models by depleting or overexpressing Cdhl prior to
the GST-UL21a pulldowns. Also, establishing binding curves between APC/C and
UL21a with increasing amount of added recombinant Cdhl would determine if
Cdh1 prevents the binding of UL21a to APC/C.

The original goal of this line of experimentation was to find the binding site
of UL21a on the APC/C. However, it is not possible to make conclusions about
the UL21a binding site from these data. It would be tempting at first glance to
suggest that the mutual exclusivity of Cdhl and UL21a interacting with the APC/C
points to a shared binding site. This is not necessarily true because the presence
or absence of Cdh1 alters the confirmation of the APC/C, (8) and it is possible that
this shift exposes a binding site that is not the Cdh1 binding site. Further work is
required to distinguish between the two presented models.

During infection, Cdh1 accumulates to high levels if UL21a is present, but it

remains to be seen if it is performing some function in the infection. Preliminary
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studies from our lab have not shown drastic differences in the progression of the
wildtype infection when Cdhl is depleted by siRNA but in some experiments has
demonstrated a mild detriment to the UL21a deletion mutant (Unpublished). Cdhl
has functions in addition to activating the APC/C. Cdhl was reported to compete
with E2F1 to bind hyperphosphorylated Rb (99). As Rb is phosphorylated in
infected cells by UL97, it is possible that the excess Cdh1 could be interacting with

it, leading to greater activation of E2F transcriptional targets.



CHAPTER 5
CONCLUSION

This work has expanded both our understanding of the HCMV-host cell
interaction and of the APC/C itself. To the field of HCMV research, this work
demonstrates that UL2la causes proteasome-dependent degradation of an
additional subunit (APC1), and it emphasizes the importance of inactivation of the
APC/C to the viral infection by showing that growth of the severely debilitated
AUL21a/UL97 double mutant can be improved by knockdown of APC/C subunits.
This work independently confirms the finding of the identity of the HCMV APC/C
inactivating protein UL21a and expands the understanding of the roles played by
the two proteins reported to have inactivated the APC/C. It shows that contrary to
expectation, expression of viral kinase UL97 alone in GO synchronized cells does
not induce APC/C substrate accumulation, even when it successfully causes Cdhl
phosphorylation. However, restoring UL97 expression to the double mutant
infection provides greater rescue than restoring UL21la or restoring APC/C
inactivation by siRNA-mediated depletion (Chapter 3, (100)). It can be concluded
that the benefit provided by UL97 must be due to its functions other than APC/C
inactivation. Similarly, exogenously removing another UL97 target, Rb, does not
compensate for UL97’s role in lamin phosphorylation and capsid nuclear egress,
(101) and replacement of UL97 with the Rb-degrading E7 protein from Human
Papillomavirus strain 16 results in an incomplete rescue of AUL97 deletion mutant

(102).
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To the field of Anaphase Promoting Complex research, this work
demonstrates for the first time that the protein levels of APC/C subunits 1, 4, 5,
and 8 are interdependent in cells. In vitro, association of subunits 1, 4, 5, and 8 is
interdependent (103) and absence of any one of these prevents the association of
the others. However, it appears that in cells this association is necessary for the
stability of each of these subunits, but not the entire complex. Other studies have
included knockdown of APC/C subunits. Most do not probe for other subunits, but
some show data which agree with our conclusions. In all cases, a subunit or
subunits were knocked down to determine that it was or was not necessary for the
biological phenomenon of interest. Knockdown studies have addressed
APC1(68), APC2 (104, 105), APC3 (105), APC5 (106, 107), APC7 (106), APC8
(49), APC11 (104), and cdc26/APC12 (108). The study by Mo et al showing APC1
knockdown partially supports our results. There is very slight reduction in APC4
levels during their APC1 knockdown but no loss of apparent binding to APC3.
However, APC1 was not probed for in their immunoprecipitation to ensure that it
was completely absent. Data from our lab has shown that during an incomplete
APC/C subunit knockdown, the remaining subunit still co-immunoprecipitates with
APC3 (unpublished). Studies in which APC2 or APC3 are knocked down did not
show levels of other subunits. The study by Ahlskog et al (105) indirectly showed
that depletion of APC2 and 3 did not affect the other. Similarly, we showed that
APC3 knockdown did not reduce levels of other subunits (Chapter 3). The study
by Ho et al (106) in which APC5 and APC7 were was knocked down, other subunits

were not probed for but conclusions were drawn about the ability of APCS5 to inhibit
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IL-17 signaling based on the knockdown experiment. The APC11 knockdown
study by Kelly et al (104) also did not show levels of other subunits. In the study
by Masuda et al (108), Cdc26/APC12 depletion did not appear to reduce levels of
APC6 or APC4, as APC/C was purified from APC12-depleted lysates via APC4 IP.
One study by Sedgwick et al (109) depleted APC/C subunits 2, 3, 6, 8, and 10 from
HelLa cells to examine the subunit requirements for binding the protein Nek2A.
Their data show various fluctuations in APC/C subunits, including a very small
decrease in APC4 when APCS8 is depleted, but unfortunately no loading control
was shown, as the experiment was not designed to compare APC/C subunit levels
in the lysate, only in immunoprecipitations. APC1 and 5 were not probed for.
Finally, in the study by Fehr et al naming UL21a as the protein which degrades
APC4 and 5, shRNA against APC8 showed convincing depletion of APC4 and
APCS in uninfected cells (49) in agreement with our results. APC1 was not
assayed by Western blot, and knockdowns of other subunits were not performed.
Caution must be taken in making conclusions about the necessity of APC/C
subunits in a biological process. The authors discovering UL21a argued that APCS8
was necessary for APC4 and 5 degradation by UL21a, but in light of the data
presented by this work, APC4 and 5 degradation are instead a consequence of
APC8 knockdown.

The mechanism of this APC/C subunit down-modulation is not known, but
possibilities include active degradation, reduced stability of nascent APC/C
subunits due to improper folding without the necessary binding partners, or

reduced rate of synthesis of subunits when one or more is missing. The distinction
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could be made by assaying the protein half-lives of the APC/C subunits during
subunit knockdown by siRNA. Determining whether depletion of these subunits is
proteasome dependent would be problematic, as adding proteasome inhibitor
could interfere with the knockdown itself, though this has not been tested in our
lab. Only one report was found reporting changes in the levels of APC/C subunits,
showing that levels of APC5 drop as K562 cells (a leukemia cell line) is induced to
differentiate into megakaryocytes (110). In that study, levels of other APC/C were
not assayed.

Several further questions remain. First, what is the site of UL21a binding
and mechanism of action. Secondly, what role in viral pathogenesis is played by
APC/C inactivation during host infection? The first question was addressed but
not resolved by a binding screen using GST-UL21a as bait for in vitro translated
APC/C subunits. The results of the assay were inconclusive, as none of the tested
subunits showed a convincing affinity for GST-UL21a (Unpublished). It is possible
that one of the untested subunits may have been a binding partner, as only APC1,
4, 5, 8, and 11 were tested. It is also possible that UL21a recognizes a shape
formed by the junction between subunits, that individual subunits translated in vitro
do not fold correctly, or that there is a cellular intermediate necessary for the
interaction.

The nature of APC/C subunit degradation by UL2la is also unclear.
Subunits are protected by proteasome inhibitor during infection (48) and when
UL21la is expressed in uninfected cells (Chapter 3). However, whether the

subunits are being degraded in a ubiquitin-dependent fashion is unknown. It was



87

reported that UL21la degradation itself is proteasome-dependent but ubiquitin-
independent (49) . Itis possible that the proteasome-mediated degradation of the
APC/C subunits and of UL21a is not a conventional degradation. Karen Tran
showed in her 2010 publication that proteasome subunits relocalize during viral
infections (111). Specifically, proteasome subunit Rpn2, which possesses PC
(proteasome/cyclosome) repeat domains found in APC1, (112) localizes to viral
replication centers. It is possible that an uncharacterized interaction between the
APC/C and proteasome takes place during infection that might explain the down-
modulation of the majority of the complex.

The second unanswered question involves the role in viral pathogenesis of
APC/C inactivation. APC/C may be inactivated to promote accumulation of a
substrate which would benefit the infection. To date the APC/C has over 60
substrates. Two likely candidate substrates, Geminin and PFKFB3, were knocked
down by siRNA during infection, but knockdown had no effect on the progression
of the infection (Unpublished). Geminin seemed a likely choice because its
accumulation would lead to inhibition of cellular DNA synthesis, and its increase in
levels upon infection is one of the most drastic of all the substrates we have
measured. PFKFB3 was included because the regulation of metabolism by both
the APC/C and by HCMV has gained much recent attention (78, 113-118). Itis
also possible that an antiviral non-ligase function of an APC/C subunit is inhibited
when APC1, 4, and 5 are degraded. APC5 has been reported to interact with
Poly(A) binding protein to suppress IRES-mediated translation (110) and to

interact with A20 to inhibit IL-17 signaling (106). Finally, it is possible that one or
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more subunits is useful to the virus for some other purpose. No work to date has
examined the fate of the catalytic core subunits APC2 and 11, which are not
degraded during infection, nor has further work been performed on the TPR
subunits, which relocalize to the cytoplasm during infection. Further studies will
be required to determine whether APC/C ubiquitin ligase activity or some other
aspect of the APC/C or one of its subunits is the true target of HCMV-mediated
deregulation and important for pathogenesis of this virus.

There are clinical implications to inactivation of the APC/C by HCMV. An
important role of the APC/C is in neuronal development and survival, and several
in vitro studies have shown that APC/C is active and necessary in post-mitotic
neurons (26-32). More recently studied is its requirement in vivo for proper brain
development and memory formation. A recent study by Esteban et al (119) shows
that developing mouse embryo brain size but not body size decreases when Cdhl
is knocked out. It is interesting to note that a typical birth defect caused by HCMV
infection is microcephaly, and while it is most likely a highly multifactorial process,
APC/C inhibition may play a role. The results of another study by Kuczera et al
(120) showed that conditional deletion of APC2 in postmitotic excitatory forebrain
neurons of adult mice caused impaired spatial memory and an increased
maintenance of fear memory.

Through this work, we have broadened the fields of both virology and cell
biology with novel findings relating to inactivation of the APC/C E3 ubiquiting ligase
by HCMV and to the new phenomenon of APC/C subunit down-modulation upon

destabilization of the APC/C complex. The immediate relevance to current studies
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in cell biology lies in the inconclusiveness of any study that claims a specific
role for APC/C subunits 1, 4, 5, or 8 based on a knock down experiment. The data
presented here show that knock down of one may lead to the disappearance of all.
Further work is required to find the cell type specificity of this event as well as the

molecular mechanisms governing it.
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