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Proteomic Profiling of the Human Cytomegalovirus UL35 Gene
Products Reveals a Role for UL35 in the DNA Repair Response
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Human cytomegalovirus infections involve the extensive modification of host cell pathways, including cell cycle control, the reg-
ulation of the DNA damage response, and averting promyelocytic leukemia (PML)-mediated antiviral responses. The UL35 gene
from human cytomegalovirus is important for viral gene expression and efficient replication and encodes two proteins, UL35
and UL35a, whose mechanism of action is not well understood. Here, affinity purification coupled with mass spectrometry was
used to identify previously unknown human cellular targets of UL35 and UL35a. We demonstrate that both viral proteins inter-
act with the ubiquitin-specific protease USP7, and that UL35 expression can alter USP7 subcellular localization. In addition,
UL35 (but not UL35a) was found to associate with three components of the Cul4PCAF! E3 ubiquitin ligase complex (DCAF1,
DDBI1, and DDA1) previously shown to be targeted by the HIV-1 Vpr protein. The coimmunoprecipitation and immunofluores-
cence microscopy of DCAF1 mutants revealed that the C-terminal region of DCAF1 is required for association with UL35 and
mediates the dramatic relocalization of DCAF1 to UL35 nuclear bodies, which also contain conjugated ubiquitin. As previously
reported for the Vpr-DCAF1 interaction, UL35 (but not UL35a) expression resulted in the accumulation of cells in the G, phase
of the cell cycle, which is typical of a DNA damage response, and activated the G, checkpoint in a DCAF1-dependent manner. In
addition, UL35 (but not UL35a) induced y-H2AX and 53BP1 foci, indicating the activation of DNA damage and repair re-
sponses. Therefore, the identified interactions suggest that UL35 can contribute to viral replication through the manipulation of

host responses.

H uman cytomegalovirus (HCMV) is a member of the betaher-
pesvirus subfamily and consists of an ~230-kbp double-
stranded DNA genome encased in an icosahedral capsid,
surrounded by a proteinaceous matrix (tegument) layer and a
host-derived lipid bilayer containing several viral glycoproteins.
HCMV can establish both lytic and latent infections in human
hosts yet causes little to no adverse effect in healthy adults. How-
ever, lytic HCMV replication is associated with significant disease
and sometimes death in immunocompromised hosts, typically
transplant recipients, neonates, and people with AIDS (16).
HCMYV encodes more than 200 viral proteins, although many re-
main poorly or completely uncharacterized (77). The expression
of specific viral proteins is temporally controlled during the three
general phases of the lytic replication cycle: the immediate-early
(IE), early, and late phases (73). In addition, in the pre-IE phase,
tegument-derived viral proteins are delivered to the host cell pre-
formed and therefore can act before viral gene expression occurs
to manipulate cells in ways that favor lytic replication (38).
Herpesvirus infections are associated with the extensive ma-
nipulation of host cell processes, including the control of the cell
cycle, apoptosis, immune activation, and the DNA damage re-
sponse (DDR) (2, 11, 64, 94). One of the first challenges to HCMV
lytic replication in newly infected cells is overcoming the repres-
sive effects of the promyelocytic leukemia (PML) protein (8, 90,
91). PML provides the molecular basis for the intrinsic immune
response through the formation of PML nuclear bodies (NBs) that
recruit, organize, and modify nuclear proteins that can silence
viral gene expression (5, 17, 23, 74, 89). Soon after infection,
HCMV genomes become associated with PML, and expression
from the strong major immediate-early promoter (MIEP) is re-
pressed, possibly through the histone modification of the MIEP
promoter region (35, 67, 98). The tegument protein pp71 (UL82)

806 jvi.asm.org

contributes to host manipulation by alleviating the repressive ef-
fects of PML on the MIEP by displacing the transcriptional repres-
sor ATRX and degrading Daxx (34, 59, 74). The activation of the
MIEP results in the expression of the immediate-early protein IE1,
which associates with, and mediates the dispersal of, PML NBs,
further relieving PML-mediated repression and enhancing lytic
replication (1, 44). In addition, the MIEP controls the expression
of IE2 which, along with IE1, contributes to cell cycle arrest at the
G,/S transition and viral gene expression (9, 73, 96).

Cell cycle control is essential for ensuring access to specific
DNA replication machinery that the virus does not encode. To
this end, herpesviruses, including HCMV, arrest cells at a G,/S
transition in such a way that viral but not cellular DNA synthesis
occurs (6, 10, 70). In the case of HCMV, the tegument proteins
pp71 (ULB2) (39, 40) and UL69 (58), as well as the immediate-
early proteins IE1 and IE2, contribute to cell cycle control. Her-
pesvirus lytic replication also is associated with ATM (ataxia
telangiectasia-mutated)-mediated DDR activation, and several
proteins from this pathway are recruited to sites of viral replica-
tion (20, 45, 46, 84, 97). However, herpesviral proteins also inter-
fere with some aspects of the ATM response such that apoptosis
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does not occur (11, 94). In addition, several individual herpesviral
proteins have been shown to be sufficient to induce cell cycle arrest
and/or ATM signaling (10, 52, 58, 60, 65, 66). Given the impor-
tance of controlling the cell cycle, apoptosis, and DDR pathways
for HCMV replication, it is likely that other viral proteins contrib-
ute to the regulation of these processes to optimize the cellular
environment for replication.

To better understand how the many uncharacterized HCMV
proteins manipulate cellular processes, we previously conducted a
screen of individual HCMV proteins for the ability to associate
with and/or disrupt nuclear structures, including the nucleolus,
Cajal bodies, nuclear speckles, and PML bodies (77). One inter-
esting finding was that the UL35 protein formed ring-like nuclear
bodies in transfected cells that recruited PML proteins and re-
modeled PML nuclear bodies, including the PML-associated pro-
teins Sp100 and Daxx (76, 77, 82). The UL35 gene from HCMV
encodes two proteins (UL35 and UL35a) which are expressed at
different times during infection (55). The larger protein, UL35,
consists of 640 amino acids and is produced late in infection (55).
UL35 also is packaged into progeny virions as a minor tegument
component (93) and therefore is delivered preformed to newly
infected cells, where it is positioned to exert effects on the cell
before viral gene expression. The shorter protein, UL35a, consists
of amino acids 448 to 640 of UL35 and is produced both early and
late in infection by the alternative transcription of the UL35 gene
(55). Unlike UL35, UL35a does not appear to be a structural pro-
tein (55, 93). The deletion of the UL35 gene, and thus both UL35
and UL35a protein products, indicates that the gene is essential at
low multiplicities of infection (MOI) and results in delayed repli-
cation and growth defects at higher MOI (19, 81). In addition, the
deletion of the UL35 gene causes the improper subcellular traf-
ficking of pp71 and other viral proteins (81).

Despite sharing identical C-terminal sequences, UL35 and
UL35a do not appear to have similar biological functions.
Reporter-based assays suggest that UL35 can activate the MIEP,
whereas UL35a has no effect or is inhibitory (55, 82). In addition,
the ability to form PML-altering nuclear bodies is limited to UL35,
as UL35a adopts a strictly pan-nuclear localization pattern and has
no apparent effect on the organization of PML (76, 77, 82). Both
UL35 and UL35a can interact with the tegument protein pp71
(82). However, UL35a affects the nuclear shuttling of pp71 (76),
while pp71 enhances the formation of UL35 nuclear bodies (76,
82). Finally, UL35 and UL35a can interact with each other (76),
addinganother level of complexity and regulation to the activity of
these proteins. These divergent activities of UL35 and UL35a sup-
port the need for the temporal control of their expression
throughout the replication cycle. While current data suggest that
UL35 and UL35a have important but diverse effects, little is
known about how these proteins affect cells or about the cellular
proteins that are targeted by these proteins. Here, we use an affin-
ity purification approach coupled to mass spectrometry (AP-MS)
to identify host proteins that interact with UL35 and UL35a in
human cells, leading to the discovery of a previously unrecognized
role for UL35 in the manipulation of the host cell cycle and DDR.

MATERIALS AND METHODS

Cell lines. U20S human osteosarcoma and human embryonic kidney
293A cells were maintained in Dulbecco’s modified essential medium
(DMEM) supplemented with 10% fetal bovine serum (FBS). Human na-
sopharyngeal carcinoma cells (CNE-2Z) were maintained in a-minimal
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essential medium (MEM) supplemented with 10% FBS. CNE-2Z cells
with the stable silencing of PML (CNE-2Z shPML) were previously de-
scribed (80) and maintained in a-MEM supplemented with 10% FBS and
0.4 ug/ml puromycin (Bioshop). HeLa-Fucci cells are HeLa cells stably
transformed with fluorescently tagged cdt1 (mKO2-hCDT1) and geminin
(mAG-hGem) as described previously (75) and were cultured in DMEM
supplemented with 10% fetal bovine serum, GlutaMax (Gibco), and
penicillin-streptomycin.

Plasmids. Plasmids encoding UL35 and UL35a (HCMV strain
AD169) with a C-terminal sequential peptide affinity (SPA) tag (UL35-S)
in the pMZS3F vector (101) or a triple FLAG epitope tag (UL35-F) in
pCMV-3FC have been described previously (77). The SPA tag consists of
a calmodulin binding peptide and a triple-FLAG epitope tag separated by
atobacco etch virus (TEV) protease cleavage site (101). The control vector
(LacZ) encodes SPA-tagged [3-galactosidase expressed from pMZS3F.
Untagged wild-type UL35 (UL35-wt), UL35a, and UL35N (UL35 amino
acids 1 to 447) in pCMV-3FC have been described previously (76). A
Myc-tagged construct containing the WD40 motif and C terminus of
DCAFI was a gift from Yue Xiong (62). Full-length (FL) DCAFI and a
C-terminal deletion containing amino acids 1 to 1417 (DCAF1 1-1417),
containing N-terminal tandem FLAG and hemagglutinin (HA) epitope
tags, was a gift from Filippo Giancotti (51).

Primary antibodies. Rabbit serum raised against UL35 was a gift from
Bonita Biegalke (55). Mouse anti-FLAG (M2 clone) was from Sigma-
Aldrich. Rabbit primary antibodies against FLAG, PML, DDB1, USP7,
v-H2Ax (A300-081A), and the DCAF1 N terminus (amino acids 25 to 75;
A301-887A) and C terminus (amino acids 1457 to 1507; A301-888A) all
were from Bethyl Laboratories. Sheep anti-PML was a gift from David
Bazett-Jones (University of Toronto). Rabbit anti-myc was from AbCam.
Antibodies against phospho-histone H3 Ser10 (8656-R) and Cdc2 (954)
were from Santa Cruz, while the phospho-Cdc2 Tyr15 antibody (9111S)
was from Cell Signaling. Rabbit anti-lysine 48-conjugated ubiquitin was
from Millipore. 53BP1 antibody was from BD Biosciences (612522).

Immunofluorescence microscopy. Cells were seeded into 6-well
plates on glass coverslips (~700,000 cells/well) and transfected with ex-
pression plasmids using Lipofectamine 2000 (Invitrogen) per the manu-
facturer’s instructions, using a DNA/Lipofectamine 2000 ratio of 2 ug to 2
pl for 293A cells and 2 ug to 4 ul for U20S and CNE2Z cells. Transfected
cells were fixed at 48 h posttransfection (or at the indicated times) with
3.7% formaldehyde in phosphate-buffered saline (PBS) (20 min), perme-
abilized with 0.5% Triton X-100 in PBS (10 min), and blocked with 4%
bovine serum albumin (BSA) in PBS (20 min) prior to incubation with
primary (1 h) and secondary (45 min) antibodies in 4% BSA in PBS.
Primary antibodies were detected using either goat anti-mouse or anti-
rabbit FAb fragments conjugated with Alexa fluor 488 or Alexa fluor 555
(Invitrogen). In experiments using sheep anti-PML primary antibodies,
donkey secondary antibodies raised against sheep, rabbit, and mouse
(conjugated with Cy2, Cy3, and Cy5, respectively) were used to prevent
cross-reaction between goat secondary antibodies and sheep primary an-
tibody. Coverslips were mounted onto slides using ProLong Gold antifade
fluorescent mounting medium (Invitrogen) containing 4',6'-diamidino-
2-phenylindole (DAPI) for the visualization of nuclear DNA. Images were
acquired using the 63X oil objective (numeric aperture, 1.4) on a Leica
DM IRE2 inverted fluorescence microscope. Images were processed using
OpenLAB (ver.4.0.2) and Adobe Photoshop CS5 using only linear adjust-
ments. For the quantification of USP7 nuclear bodies or y-H2AX or
53BP1 foci, the foci were counted in each of 100 randomly transfected or
untransfected cells in 3 to 6 separate experiments as indicated in the figure
legends. Statistical analyses (Student’s t test) were conducted using Mi-
crosoft Excel 2007 software.

Western blotting. Cells were lysed in cell lysis buffer (50 mM Tris, pH
8.0, 150 mM NaCl, 1% NP-40) plus protease inhibitor cocktail (P8340;
Sigma) and clarified by centrifugation at 13,000 X gfor 15 min at4°C, and
the protein concentration was determined using Bradford reagent (Bio-
Rad). Equal amounts of cell lysates were subjected to SDS-PAGE, and
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proteins were transferred to nitrocellulose membranes, blocked with 4%
milk, and incubated with the indicated primary antibodies (1 h) and goat
anti-mouse or goat anti-rabbit HRP-conjugated secondary antibodies (45
min; Santa Cruz). Antibodies were detected by chemiluminescence using
Western Lighting chemiluminescent reagent (PerkinElmer) and exposure
to photographic film (Amersham). For the detection of phosphorylated
H3 and Cdc2 by Western blotting, cells were lysed in 9 M urea buffered by
10 mM Tris-HC, pH 6.8, and 50 g of each lysate was analyzed by SDS-
PAGE and Western blotting as described above.

Coimmunoprecipitation. 293A cells in 10-cm plates were cotrans-
fected with the indicated plasmids and, 40 h later, were harvested and
lysed in cell lysis buffer as described above for Western blotting. One mg of
cleared lysates was used for immunoprecipitation (IP) and diluted in cell
lysis buffer to give a final concentration of 4 mg/ml. For anti-FLAG IP, cell
lysates were incubated with anti-FLAG resin (20-ul bed volume; Sigma)
for 2 h at 4°C while rotating. Beads were washed four times for 10 min in
1 ml of lysis buffer, and protein was eluted with 50 ul of protein sample
buffer (5% SDS, 20 mM Tris, pH 8, 10% dithiothreitol [DTT], 20% glyc-
erol). Western blotting then was performed as described above. For
DCAF1 immunoprecipitations, cell lysates prepared as described above
were precleared with a 20-ul bed volume of protein A/G beads (Santa
Cruz) by incubation for 45 min at 4°C. Protein A/G beads were removed
by centrifugation, and cell lysates then were incubated with 2 ug DCAF1
antibody overnight at 4°C with rotating. Antibody-DCAF1 complexes
then were recovered by incubation with a 20-ul bed volume of protein
A/G beads for 45 min at 4°C. Beads were washed four times with 1 ml cell
lysis buffer and eluted in 50 ul of protein sample buffer.

DCAF1 silencing experiments. 293A cells (250,000 to 500,000 cells)
seeded in 10-cm dishes were transfected with 100 pmol short interfering
RNA (siRNA) against DCAF1 (sc-76898; Santa Cruz) or Allstars negative-
control siRNA (1027281; Qiagen) using Lipofectamine 2000, followed by
two more rounds of siRNA transfection 24 h apart. Twenty-four h after
the final round of siRNA transfection, cells were transfected with 6 ug of
plasmid expressing FLAG-tagged proteins using Lipofectamine 2000.
Seventy-two h later, cells were lysed and Western blotting (using 30 ug of
total cell lysate) and immunoprecipitations were performed as described
above.

DNA content analysis by flow cytometry. For DNA content analysis,
cells were fixed overnight at —20°C in 70% ethanol, washed in PBS with
0.5% BSA, immunostained with rabbit anti-FLAG primary antibody
(Bethyl) and fluorescein isothiocyanate (FITC)-conjugated anti-rabbit
secondary antibody (Santa Cruz Biotechnology), treated with 100 ug/ml
RNase A for 1 h at 37°C, and stained with 50 pug/ml propidium iodide. All
samples were analyzed using a FACSCalibur flow cytometer (BD Biosci-
ences), and data were collected using CellQuest software. Cell cycle anal-
ysis was performed using FlowJo software (Treestar Inc.).

Cell cycle analysis in HeLa-Fucci cells. For microscopy, HeLa-Fucci
cells were seeded into 6-well cluster plates containing coverslips and were
transfected 24 h later using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions and using a DNA/Lipofectamine 2000
ratio of 2 ug to 4 ul. Cells were fixed (3.7% formaldehyde) and permeab-
ilized (0.1% Triton X-100) 24 h after transfection. Coverslips were
blocked for 1 hin PBS containing 4% BSA and then incubated for 1 h each
with rabbit anti-FLAG primary antibody (Bethyl) and goat anti-rabbit
Alexa Fluor 350 (Molecular Probes) secondary antibody. Coverslips were
mounted onto slides with ProLong Gold antifade mounting medium (In-
vitrogen), and images were acquired using a Leica DM IRE2 inverted
fluorescence microscope. mKO2-Cdtl and mAG-geminin fluorescent
protein expression was detected using Tx2 (BP560/40nm) and yellow flu-
orescent protein (YFP) (BP500/20 nm) filter cubes, respectively. Images
were processed with OpenLab software (version 4.0.2). For the quantifi-
cation of cell cycle phase by fluorescence-activated cell sorting (FACS),
HeLa-Fucci cells were seeded into 10-cm tissue culture plates and trans-
fected as described above with a DNA/Lipofectamine 2000 ratio of 8 ug to
16 ul. Forty-eight h posttransfection, cells were collected, fixed, and per-
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meabilized as described above. FLAG expression was detected with rabbit
anti-FLAG followed by goat anti-rabbit Alexa fluor 647 (Molecular
Probes) secondary antibody. Cells were filtered to remove aggregates be-
fore being examined using a FACSCalibur flow cytometer (Becton Dick-
inson). FLAG expression was detected following excitation at 633 nm and
collection at 661 nm (661/16 nm BP filter, FL4 channel). Cdtl (mKO2-
hCDT1) and geminin (mAG-hGem) were excited using a 488-nm laser,
and fluorescent signals were collected at 585 (585/42 nm BP filter, FL2
channel) and 530 nm (530/30 nm BP filter, FL1 channel), respectively.
The data were analyzed using FloJo software (Tree Star, version 9.0.1).

Mass spectrometry. For the mass-spectrometric analysis of UL35-
and UL35a-interacting proteins, five 150-cm? dishes of subconfluent (75
to 85%) transiently transfected FLAG- or SPA-tagged UL35 or UL35a-
expressing cells were scraped into PBS, pooled, washed with PBS, and
collected by centrifugation at 1,000 X g for 5 min at 4°C. Cell pellets were
stored at —80°C. Cell pellets were weighed and resuspended with lysis
buffer (50 mM HEPES-NaOH, pH 8.0, 100 mM KCl, 2 mM EDTA, 0.1%
NP-40, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride [PMSF], 1
mM DTT, and 1:500 protease inhibitor cocktail; Sigma, St. Louis, MO) in
a 1:4 (wt/vol) ratio. Resuspended cells were incubated on ice for 10 min,
subjected to one additional freeze-thaw cycle, and then centrifuged at
27,000 X g for 20 min at 4°C. The supernatant was transferred to a fresh
15-ml conical tube, and 1:1,000 benzonase nuclease (25 U/ml; Novagen,
San Diego, CA) plus 30 ul packed, preequilibrated FLAG-M2 agarose
beads (Sigma, St. Louis, MO) were added. The mixture was incubated for
2 h at 4°C with end-over-end rotation. Beads were pelleted by centrifuga-
tion at 1,000 X g for 1 min and transferred to a clean Eppendorf tube. The
beads then were washed once with 1 ml lysis buffer and two times with 1
ml ammonium bicarbonate rinsing buffer (50 mM ammonium bicarbon-
ate, pH 8.0, 75 mM KCl). Elution was performed by incubation with 150
pl of 125 mM ammonium hydroxide (pH 11.0). The elution step was
repeated twice. The eluate was centrifuged at 1,000 X g for 1 min, trans-
ferred to a fresh centrifuge tube, and lyophilized. One ug of mass
spectrometry-grade tosyl phenylalanyl chloromethyl ketone (TPCK)
trypsin (Promega, Madison, WI) dissolved in 70 ul of 50 mM ammonium
bicarbonate (pH 8.3) was added to the eluate and incubated at 37°C over-
night. The resulting peptides were lyophilized and resuspended in buffer
A (0.1% formic acid). Liquid chromatography (LC) analytical columns
(75-pwm inner diameter) and precolumns (100 wm) were prepared in
house from fused silica capillary tubing from InnovaQuartz (Phoenix,
AZ) and packed with 100-A C,4-coated silica particles (Magic, Michrom
Bioresources, Auburn, CA). Peptides were subjected to LC-electrospray
ionization (ESI)-tandem mass spectrometry (MS/MS) using a 120-min
reversed-phase LC (RPLC; 95% water-acetonitrile, 0.1% formic acid)
buffer gradient running at 250 nl/min on a Proxeon EASY-nLC pump in
line with a hybrid LTQ-Orbitrap mass spectrometer (Thermo Fisher Sci-
entific, Waltham, MA). A parent ion scan was performed in the Orbitrap
using a resolving power of 30,000, and then the six most intense peaks
were selected for MS/MS (minimum ion count of 1,000 for activation)
using standard collision-induced dissociation (CID) fragmentation. Frag-
ment ions were detected in the LTQ. Dynamic exclusion was activated
such that MS/MS findings of the same m/z (within a —0.1 and +2.1
Thompson window; exclusion list size, 500) detected 3 times within 45 s
were excluded from analysis for 60 s. For protein identification, Ther-
mo.RAW files were converted to the . mzXML format using Proteowizard
(41) and then searched using X!Tandem (15) against the human RefSeq
database (version 37). X!Tandem search parameters were the following:
complete modifications, none; cysteine modifications, none; potential
modifications, +16@M and W, +32@M and W, +42@N terminus,
+1@N, and Q. Data were analyzed using the ProHits (54) and SAINT
software tools (14).

RESULTS

Identification of UL35 and UL35a host protein interactions by
AP-MS. To identify host proteins that interact with UL35 and
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TABLE 1 Cellular protein interactions with UL35 and UL35a identified
by AP-MS

Protein

and target” AvgP? Spec¢ CtrlCounts?

UL35
DCAF1 0.97 99|101[149|11621 5/2/0[0]0
DDB1 0.98 54/60]104]94]13 1/0Jo|o[o
DDAL 0.80 9[7/9]9]0 olojojo|o
SART3 1.00 28)28|42|39)20 olojojoo
USP7 0.99 ap18[11|7 olojojoo
OGT 0.99 42[41]103|99]40 6[2/0]ojo
PO4 1.00 34|35(15/7|16 olojo[oo

UL35a
USP7 1.00 8|10[41|27 0[ojojoo
OGT 1.00 48)9645|34 6[2/0j0jo
IPO4 1.00 39]114|37]46 0lofojo|o
TNPOI1 0.99 5/33/8|8 olojojoo
G3BP2 0.97 513|5]2 olojojoo
DDX18 0.98 2/4[10/5 0loJojo|o

@ Target indicates the identity of cellular proteins copurified with UL35 and/or UL35a.
b The average SAINT probability score assigned to each Bait-Prey interaction.

¢ The number of spectral counts assigned to each prey protein for each of 4 (UL35a) or
5 (UL35) mass spectrometric analyses.

4 The number of spectral counts for each prey protein observed in each of 5 control
experiments with LacZ.

¢ DDBI has a project frequency of >20% (46.7%) but is included here because of the
high Spec and AvgP score (indicating that this is not a nonspecific interaction) and its
ability to form complexes with DDA1 and DCAFI.

UL35a, FLAG-tagged UL35 and UL35a were expressed in 293A
cells by transfection, and cell lysates were subjected to affinity
purification with an anti-FLAG resin. Eluates were subjected to
trypsin digestion, and the resulting peptides were identified using
nanospray liquid chromatography electrospray ionization-
tandem mass spectrometry (nLC-ESI-MS/MS). For UL35, we
conducted five FLAG immunoprecipitations (IPs; two with the
SPA tag and three with the triple FLAG tag), and for UL35a four
FLAG IPs (two with the SPA tag and two with the triple FLAG tag)
were performed. Four control affinity purifications also were con-
ducted using 293A cells transfected with the same plasmid con-
taining the LacZ open reading frame. MS data were subjected to
SAINT (for significance analysis of interactome) analysis (14), and
putative UL35/UL35a interactors with an average SAINT proba-
bility score of greater than 0.80 (AvgP) are listed in Fig. S1 in the
supplemental material. All of the hits also were cross-referenced
against a large in-house AP-MS database using ProHits (54). Pro-
teins observed in more than 20% of the AP-MS analyses in our
database (i.e., associated with a project frequency of >0.2) were
removed, as these proteins are likely to interact with the antibody
or solid-phase resin material in a nonspecific manner. Proteins
that met both the SAINT and the ProHits project frequency crite-
ria are included in Table 1 and represent those polypeptides with a
high probability of interacting specifically with UL35 and/or
UL35a. Despite displaying a project frequency of greater than
20%, we also included DDBI in Table 1, as it is known to associate
with DCAF1 and DDAL1 (68) and did not appear in the control
samples. Also, the high number of peptides recovered for DDB1
(spectral counts) in each experiment is considerably above that
seen for nonspecific interactions, showing that DDBI1 was effi-
ciently recovered with UL35. A complete list of the recovered cel-
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lular proteins and SAINT analysis is provided in Table S1 in the
supplemental material.

Since UL35 and UL35a share sequence identity, it is not sur-
prising that some cellular proteins associated with both viral
proteins. These include the ubiquitin-specific protease USP7,
O-linked N-acetylglucosaminyl (O-GlcNAc) transferase (OGT),
and the nuclear import factor importin 4 (IPO4). USP7 is an im-
portant regulator of p53 stability (49) and also is targeted by other
herpesviruses, namely, the herpes simplex virus protein ICP0 (21)
and the Epstein-Barr virus (EBV) protein EBNA1 (31). O-GlcNAc
is an important posttranslational modification catalyzed by OGT
that regulates several important nuclear events, including the reg-
ulation of p53 and several other transcription factors that help
control expression from the CMV MIEP, including NF-«B, Ying-
yang 1 (YY1), and CREB (69, 85).

Four proteins interacted specifically with UL35, of which three
(DCAF1, DDBI1, and DDAL1) are known to form an E3-ubiquitin
ligase complex with Cullin 4A (Cul4A) and Rocl that may regu-
late cell cycle and/or DNA repair processes (32, 68). DCAF1
(DDB1-Cul4 associated factor 1) also is known as Vpr binding
protein (VprBP) and was identified as a target of the human
immunodeficiency virus type 1 (HIV-1) Vpr protein (48).
DDBI1 (DNA damage binding protein 1) connects DCAF1 and
DDAI (DET1 and DDBI1 associated 1) to Cul4A (36, 68). The
fourth UL35-specific interaction identified was with SART3
(squamous cell carcinoma antigen recognized by T cells 3), an
RNA binding protein involved in tumor immunology and
mRNA splicing (28, 63).

Three proteins (TNPO1, G3BP2, and DDX18) were recovered
with UL35a only. Transportin 1 (TNPO1) is a nuclear import
factor, and G3BP2 (RasGAP SH3 binding protein 2) has been
implicated in regulating NF-«B activity (72) as well as p53 and
mdm?2 (43). DDX18 is a DEAD-box RNA helicase that may have a
role in regulating cell proliferation (18), but it is largely unchar-
acterized.

UL35 inhibits formation of USP7 NBs in a PML-independent
manner. We used coimmunoprecipitation to validate some of the
protein interactions identified by mass spectrometry. The USP7
interaction was further explored for several reasons. First, both
UL35 and UL35a were found to associate with this ubiquitin-
specific protease. Second, although other herpesvirus proteins are
known to interact with USP7, this is the first example of a beta-
herpesvirus interacting with this cellular target. Finally, USP7 is
known to associate with PML (22, 80), and UL35 has dramatic
effects on the organization of PML bodies in transfected cells (76,
77, 82). 293A cells were transfected with plasmids expressing
FLAG-tagged [3-galactosidase (LacZ), UL35, UL35a, or UL35N
(76) (Fig. 1). UL35N consists of the first 447 amino acids of UL35,
which do not contain the UL35a sequence (Fig. 1A). We analyzed
the levels of USP7 before FLAG IP and did not observe a change in
the overall levels of USP7 in the presence of UL35 or UL35a com-
pared to those in LacZ control transfections and actin loading
controls (Fig. 1) despite good expression and more than 90%
transfection efficiency (data not shown). Transfected proteins
were recovered by anti-FLAG immunoprecipitation and analyzed
for the recovery of USP7 by Western blotting (Fig. 1B). USP7
copurified with UL35 very strongly, while UL35a was recovered
less efficiently despite similar levels of expression and recovery by
IP (Fig. 1B). Unlike results with UL35 and UL35a, USP7 was not
recovered by UL35N to a greater degree than the -galactosidase
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FIG 1 UL35 and UL35a interact with USP7. (A) Schematic representation of
UL35, UL35a, and UL35N showing amino acid numbers. (B) Western blot
analysis of 293A cells transfected with FLAG-tagged LacZ, UL35, UL35a, or
UL35N plasmid and subjected to anti-FLAG immunoprecipitation (IP) at 48 h
posttransfection. Cell lysates (input) and post-IP elutions (FLAG IP) were
probed for USP7 and/or actin as indicated. Transfected proteins were detected
with anti-FLAG antibody, and their positions are indicated to the left of the
images. Molecular mass markers (in kDa) are indicated to the right of the
images.

negative control (Fig. 1B), suggesting that USP7 interacts with the
C terminus of UL35 (i.e., UL35a) but that additional UL35 se-
quences also contribute to the affinity or stability of the UL35-
USP?7 interaction.

USP7 has been shown previously to associate with PML NBs,
and we have recently demonstrated that USP7 is a negative regu-
lator of PML (80). We also have recently described the ability of
UL35 to alter PML NBs by recruiting PML to UL35 NBs (76).
Since USP7 associates with both PML and UL35, we tested if USP7
localization was affected by the expression of UL35. U20S cells
expressing FLAG-tagged UL35 or UL35a were immunostained for
FLAG and USP7 (Fig. 2A). In UL35-transfected cells, there was no
significant recruitment of USP7 to UL35 NBs (Fig. 2A, arrows). In
untransfected control cells, USP7 had a pan-nuclear staining, with
some cells containing a small number of NBs (Fig. 2A, arrow-
heads). The formation of USP7 NBs has been reported previously
and in some cases reflects the association of USP7 with PML NBs
(22, 80, 86). Similarly to untransfected cells, USP7 also formed
NBs in UL35a-transfected cells; however, the presence of USP7
NBs was noticeably reduced in UL35-transfected cells. Thus, al-
though USP7 did not associate with UL35 structures, UL35 did
appear to affect the ability of USP7 to form NBs. We quantified the
inhibition of USP7 NB formation by UL35 by determining the
percentage of transfected cells containing USP7 NB (Fig. 2B).
Cells transfected with the LacZ negative control showed amounts
of USP7 NBs similar to those of untransfected cells (~40%), in-
dicating that the transfection process did not alter USP7 NB for-
mation. Compared to untransfected control cells, both FLAG-
tagged UL35 (UL35-F) and untagged UL35 (UL35-wt) caused a
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significant decrease (P < 0.01) in USP7 NBs, resulting in only
~5% of transfected cells containing USP7 NBs. In contrast, un-
tagged UL35a (P = 0.02) and FLAG-tagged UL35a (P = 0.27) had
a much smaller effect on the level of USP7 NBs, while the LacZ
control vector had no appreciable effect on USP7 NB formation
(P = 0.57).

Since some USP7 NBs are associated with PML NBs and since
UL35 alters PML NBs, we investigated whether the apparent loss
of USP7 NBs is a consequence of UL35-mediated PML alterations
that could prevent USP7 association with PML. To this end, we
expressed UL35 in CNE-2Z cells in which all PML isoforms were
silenced with shRNA (Fig. 2C) (23, 80). As expected, compared to
wild-type PML-expressing CNE-2Z cells, UL35 expression inhib-
ited USP7 NB formation (Fig. 2D) (P < 0.01) and PML associa-
tion (Fig. 2C). Neighboring untransfected cells still formed USP7
NBs, which associated with PML (Fig. 2C, arrowheads). Interest-
ingly, in untransfected cells in which PML was silenced and PML
bodies therefore were absent, USP7 still formed NBs (Fig. 2C,
arrowheads), indicating that PML is not required for USP7 NB
formation. As with wild-type CNE-2Z cells, the expression of
UL35 inhibited USP7 NB formation in the absence of PML (P <
0.01) relative to untransfected control cells, indicating that the
effect of UL35 on USP7 NB formation is independent of PML. The
quantification of the results in CNE-2Z cells showed that although
UL35 did not inhibit USP7 NB formation as efficiently as it did in
U20S cells, the inhibition was very similar in wild-type and PML-
silenced cells (P > 0.05) (Fig. 2D). Thus, the data provide evidence
that UL35 interacts with USP7 in cells and can affect its subnuclear
localization.

UL35 associates with components of the CUL4A-DDBI-
DCAF]1 E3 ubiquitin ligase complex. In addition to USP7, UL35
was found to associate with DCAF1, DDB1, and DDAI1. These
three proteins all are components of a Cullin 4-based E3 ubiquitin
ligase complex (CuldPCAF) consisting of the scaffold protein
Cullin4A, the E3 ligase Rocl, the substrate recognition protein
DCAFI, and the adaptor protein components DDB1 and DDA1
(Fig. 3A) (36, 68). Interestingly, Cul4-DDB1 complexes are tar-
geted by several different viruses that hijack the ubiquitin ligase
activity of these complexes to direct specific cellular proteins for
degradation that may not normally be targeted by this E3 ligase
(94). In addition, CUL4-DDBI1-based complexes are associated
with DNA damage responses (DDR) and cell cycle control (68).
Given the complex interactions between CMV and host cells,
which often involve the manipulation of DDR and the cell cycle,
we chose to further explore the interaction of UL35 with this im-
portant cellular complex.

First, we confirmed the association between UL35 and DCAF1
and DDBI1 by coimmunoprecipitation and Western blotting (Fig.
3B). 293A cells were transfected with LacZ, UL35N, UL35, and
UL35a plasmids with FLAG tags. UL35 did not affect the levels of
DCAF1 or DDBI1 (Fig. 3A, input lanes). Consistently with our
mass spectrometry analysis, DCAF1 and DDB1 were recovered
with UL35 following FLAG immunoprecipitation but not with
UL35a. Similarly, UL35N did not recover detectable levels of
DDB1 or DCAF1, indicating that full-length UL35 is required for
association with these two cellular proteins (Fig. 3B). In addition,
the immunoprecipitation of endogenous DCAFI using an anti-
body directed against the N terminus of DCAF1 recovered UL35
but not UL35a (Fig. 3C).

We next examined whether the association of UL35 with
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FIG 2 UL35 inhibits formation of USP7 nuclear bodies. (A) U20S cells were transfected with plasmids expressing FLAG-tagged UL35 (UL35-F) or UL35a
(UL35a-F) and immunostained at 48 h posttransfection for FLAG and USP7 as indicated. The positions of selected UL35 NBs are indicated with arrows (UL35
panels). Arrowheads (control and UL35a panels) indicate USP7 NBs. (B) Cells from panel A were quantified for USP7 NBs. The percentage of transfected cells
containing at least one USP7 NB is presented. No Tfn, untransfected control cells; wt, untagged UL35 or UL35a; LacZ, transfection control plasmid expressing
B-galactosidase. (C) Wild-type CNE-2Z (WT) and CNE-2Z shPML cells were transfected with FLAG-tagged UL35, fixed at 48 h posttransfection, and immu-
nostained for USP7, PML, and UL35 (anti-FLAG) as indicated. Arrowheads in the WT panels indicate USP7 NBs that are associated with PML. Arrowheads in
the shPML panels show USP7 NBs formed in the absence of PML. (D) Quantification of USP7 NBs from panel C. The percentage of transfected cells containing
at least one USP7 NB is presented for WT and shPML cells. No Tfn, untransfected control cells. Values in panels B and D represent the means = standard errors;

n = 3 to 6. Scale bars in panels A and C are 10 wm.

DDBI was dependent on DCAF1, as would be expected if UL35
interacted with the Cul4PCAF! complex through DCAF1. To this
end, we depleted DCAF1 with siRNA and then expressed FLAG-
tagged UL35, UL35a, or 3-galactosidase (LacZ) followed by im-
munoprecipitation with anti-FLAG antibody (Fig. 3D). In cells
treated with siRNA directed against DCAF1, the expression of
this protein was decreased while there was no change in the
level of DDBI. In cells receiving the control siRNA treatment,
DCAFI1 and DDB1 both were recovered with UL35 but not with
UL35a or LacZ (Fig. 3D). However, the recovery of both
DCAF1 and DDB1 with UL35 was reduced in DCAF1-depleted
cells, in keeping with the degree of decrease in DCAF1 levels.
The decreased association of DDB1 with UL35 after DCAF1
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downregulation supports the hypothesis that UL35 associates
with DDBI1 through DCAF1 as part of a complex, such as the
Cul4PCAFT complex shown in Fig. 3A.

We also used immunofluorescence microscopy to determine if
DCAF1 localization was affected by UL35. U20S cells were trans-
fected with FLAG-tagged UL35 and stained with anti-FLAG and
anti-DCAFI antibodies (Fig. 4A). In untransfected cells, DCAF1
adopts a diffuse nuclear localization pattern; however, when UL35
is expressed, most of the visible DCAF1 becomes associated with
UL35 NBs, indicating the ability of UL35 to relocalize DCAF1.
Since DCAF1 forms part of an E3 ubiquitin ligase complex, we
wanted to determine if the recruitment of DCAF1 to UL35 NBs
was associated with an increase in polyubiquitinated substrates.
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FIG 3 UL35 interacts with DCAF1. (A) Cartoon of the Cul4P¢AF! complex showing previously defined interactions. The proteins isolated with UL35 are
indicated in gray. (B) Western blot analysis of 293A cells transfected with FLAG-tagged LacZ, UL35, UL35a, or UL35N expression plasmid and subjected to
anti-FLAG immunoprecipitation (IP) at 48 h posttransfection. Cell lysates (Input) and post-IP elutions (IP: FLAG) were probed for DCAF1 and DDB1, while
transfected proteins were detected with anti-FLAG antibody. Their positions are indicated to the left of the images. (C) Western blot analysis of 293A cells
transfected with FLAG-tagged UL35 or UL35a and subjected to immunoprecipitation with anti-DCAF1 antibody directed against the N terminus of DCAF1. Cell
lysates (Input) and post-IP elutions (DCAF1 IP) were probed for DCAFI and anti-FLAG (UL35 and UL35a). (D) Western blot analysis of 293A cells treated with
siRNA against DCAF1 (siDCAF1) or negative-control Allstars siRNA (siCtrl) and transfected with FLAG-tagged LacZ, UL35, or UL35a expression plasmid. Cell
lysates were subjected to anti-FLAG immunoprecipitation 72 h posttransfection. Whole-cell extracts (Input) and post-IP elutions (IP: FLAG) were probed for
DCAF1 and DDBI, while transfected proteins were detected with anti-FLAG antibody. Their positions are indicated to the left of the images.

Since the addition of polyubiquitin chains containing the lysine 48 presence of UL35, a portion of K48-Ub was found to localize to the
(K48-Ub) linkage targets proteins for proteasomal degradation, UL35 NBs in a pattern similar to that observed for DCAF1, while
we analyzed UL35-transfected cells for the accumulation of adjacent untransfected cells contained more diffuse K48-Ub
K48-Ub by immunofluorescence microscopy (Fig. 4B). In the staining. These results indicate that UL35 NBs can act as sites for
protein ubiquitination and are consistent with UL35 recruitment
of Cul4PCAF! E3 ligase complexes to UL35 NBs.

FLAG DCAF1 Merge UL35 interacts with the C terminus of DCAF1. The
C-terminal third of DCAF1 (amino acids 1000 to 1501) con-
tains the WD40 region (amino acids 1041 to 1377), which is
important for association with both DDB1 and Vpr (48). In
addition, the cellular protein Merlin negatively regulates the
Cul4-DCAF1 complex (51) through interactions with the
C-terminal region between amino acids 1417 and 1501 (33).
Thus, we wanted to determine if UL35 functions in a similar
manner by associating with the C-terminal region of DCAF1.
To this end, U20S cells were cotransfected with a plasmid ex-
pressing untagged UL35 (UL35-wt) and a second plasmid ex-
K48-Ub Merge pressing either full-length DCAF1 (FL) or DCAFI lacking the
part of the C terminus (1-1417) (Fig. 5A) that contains the
Merlin binding site. Both FL and 1-1417 contain N-terminal
FLAG and HA (FH) tags (Fig. 5A). In addition, U20S cells were
cotransfected with FLAG-tagged UL35 and a plasmid encoding
the DCAF1 C-terminal region that includes the WD40 motif
Flg (4U1L)3(£:3/)\Fldam'it gor‘il(l%atid u")i?Uitiff‘ kt’.calize.;?;&g ?IBS.CE%)L[;SZOlS Cel.ls (important for DDB1 and Vpr interactions) and the Merlin
yvlere immun?)rslta;/:ed(;; FLR(I;a;rfd lgagzgi.l?l;l)vgells transfei?&gg as descr}i)bzzn;)r bl'ndlng region (62,) ’ Full-le.ng'th DCAF1 showed col(?cahzatlon
with UL35 NBs (Fig. 5B) similar to that observed with endog-

panel A were immunostained for UL35 and lysine 48-conjugated polyubiquitin
chains (K48-UDb). Cellular DNA is stained with DAPI. Scale bar, 10 wm. enous DCAF1 (Fig. 4A). However, DCAF1 1-1417 did not co-
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FIG 5 C terminus of DCAFI is required for UL35 association. (A) Schematic of various DCAF1 mutants used in this figure showing the positions of the
FLAG-HA (FH) and myc tags. The gray region indicates the portion of DCAF1 required for association with Merlin. WD40 indicates the location of the WD40
motif required for association with DDBI. (B) U20S cells were cotransfected with the indicated DCAF1 and either UL35-wt (no tags; top two rows) or UL35-F
(bottom row) construct and fixed 48 h later for immunofluorescence microscopy. FL and 1-1417 DCAF1 proteins were detected with anti-FLAG, while UL35-wt
was detected with anti-UL35 antiserum (top two rows). In the bottom row, the WD40 construct was detected with anti-myc antibodies, while UL35-F was
detected with anti-FLAG antibodies (bottom row). (C) 293A cells were cotransfected with the plasmid expressing UL35-wt and a plasmid expressing either
full-length DCAF1 (FL), DCAF1 1-1417 (1417), or nothing (V) and harvested 48 h later. Cell lysates before (Input) and after FLAG immunoprecipitation (FLAG
IP) were analyzed by Western blotting for DCAF1 (WB: FLAG) and UL35 (WB: UL35). (D) Western blot analysis of 293A cells transfected with FLAG-tagged
UL35 or UL35a plasmids and subjected to immunoprecipitation with anti-DCAF1 antibody directed against the C terminus of DCAF]I. Cell lysates (Input) and
post-IP elutions (IP: DCAF1) were probed for DCAF1 and FLAG (UL35 and UL35a).

localize with UL35 in NBs (Fig. 5B), suggesting that the ex-
treme C terminus of DCAF1 is needed for association with
UL35. Consistently with this result, the WD40 DCAF1 frag-
ment, which contains the entire C terminus, was strongly asso-
ciated with UL35 NBs (Fig. 5B), indicating that the C terminus
of DCAF]1 is required for association with UL35.

We also used Western blot analysis to examine the importance
of the DCAF1 C terminus for association with UL35. First, 293A
cells were cotransfected with plasmids expressing UL35-wt and
FLAG-tagged FL or 1-1417 versions of DCAF1 (Fig. 5C). UL35
was recovered only with full-length DCAF1 and not with 1-1417
or the empty vector negative control (Fig. 5C). Second, we used an
antibody directed against the C terminus of DCAF1 (amino acids
1457 to 1507), which spans the Merlin binding site, and attempted
to immunoprecipitate endogenous DCAF1 in the presence of
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UL35 or UL35a (Fig. 5D). Contrary to results obtained with anti-
body directed against the N terminus of DCAF1 (Fig. 3B), when
UL35 was present the recovery of DCAF1 by the C-terminal
DCAF1 antibody was substantially reduced relative to that of
UL35a-expressing cells. These results suggest that the UL35 inter-
action with the DCAF1 C terminus prevents the DCAF1 antibody
from recognizing its epitope, whereas UL35a, which does not in-
teract with DCAF1, does not affect this interaction. Taken to-
gether, these results indicate that residues 1418 to 1501 of DCAF1
are important for interaction with UL35.

UL35 causes cells to accumulate in the G, phase of the cell
cycle. The interaction of HIV-1 Vpr with DCAF1 has been shown
to induce the accumulation of cells in the G, phase of the cell cycle
(32, 48, 88, 95). Therefore, we assessed whether UL35 caused an
increase in G, cells as an indicator of altered DCAF1 activity. To
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this end, 293A cells were transfected with plasmids expressing
FLAG-tagged UL35, UL35a, or 3-galactosidase (LacZ), and cell
cycle profiles were determined by flow-cytometric analyses for
DNA content. UL35-transfected cells consistently showed an ac-
cumulation of cells with the DNA content of the G, or M phase of
the cell cycle (39% on average) compared to the level for the LacZ
negative control (19% on average), as shown in the representative
experiment in Fig. 6A and the composite quantification of the
G,/M peaks in Fig. 6B. In contrast, UL35a expression did not
noticeably affect the cell cycle profile (Fig. 6A and B). To deter-
mine whether the increased G,/M peak seen with UL35 was due to
increased levels of G, or M cells, Western blotting for phosphor-
ylated histone H3 (pH 3), a marker of M phase, was performed on
samples from the same experiment. As shown in Fig. 6C, UL35 did
not increase pH 3 levels but rather decreased this cell population,
indicating that fewer cells had entered mitosis, as expected if pro-
gression through G, is slowed or arrested.

We analyzed effects of UL35 and UL35a on cell cycle progres-
sion in another cell line, HeLa-Fucci, which is engineered to
change colors at different stages of the cell cycle due to the expres-
sion of two fluorescently tagged proteins, Cdtl (mKO2-hCDT1)
and geminin (MAG-hGem) (75). mKO2-hCDT1 is expressed in
G,, resulting in red fluorescence, while mAG-hGem is expressed
in S, G,, and M, resulting in green fluorescence. Both proteins are
expressed at the G,/S interphase, resulting in yellow cells. These
cells were transfected with the LacZ, UL35, or UL35a plasmid, and
FLAG-expressing cells were visualized by microscopy and assessed
for green and red fluorescence. As shown in Fig. 6D, UL35 expres-
sion resulted in an increase in the proportion of cells with green
fluorescence relative to that of LacZ- and UL35a-expressing cells,
indicating that UL35 increased the size of the S/G,/M population.
These effects were quantified by FACS for cells with red, green,
and yellow fluorescence (Fig. 6E). UL35-expressing cells were
consistently seen to increase the S/G,/M population approxi-
mately 2-fold over that seen with the LacZ control (P = 0.01),
whereas UL35a had a much smaller (and not statistically signifi-
cant) effect on this population (P = 0.1). Therefore, these results
also are consistent with an increased accumulation of G, cells
caused by UL35 but not UL35a.

We further examined the cell cycle perturbation of UL35 by
determining if UL35 activated a G, checkpoint response, as can be
detected by the phosphorylation of cdc2 (at Tyr15). To this end,
we compared levels of total and Tyrl5-phosphorylated cdc2
(pedce2) in UL35-, UL35a-, and LacZ-transfected samples (Fig.
6F). UL35, but not UL35a, resulted in an increase in pcdc2 with-
out affecting total cdc2 levels, which is consistent with the activa-
tion of a G, checkpoint. This suggests that the activation of the G,
checkpoint by UL35 results in the observed accumulation of G,
cells. We then tested the hypothesis that G, checkpoint activation
involves the interaction of UL35 with DCAF1 by determining if
this effect of UL35 was dependent on DCAF1. Therefore, we
treated cells with siRNA against DCAF1 (or negative-control
siRNA) and then compared the abilities of UL35, UL35a, and LacZ
to induce cdc2 phosphorylation (Fig. 6G). As expected, UL35, but
not UL35a, induced cdc2 phosphorylation with control siRNA
treatment (Fig. 6G, lanes 1 to 3). However, this induction of pcdc2
was abrogated by the downregulation of DCAF1, such that the
level of pcdc2 was identical to that seen in the UL35a or LacZ
sample (Fig. 6G, lanes 4 to 6). We conclude that the UL35-
mediated G, checkpoint activation is dependent on DCAFI.
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UL35 induces a DNA damage response. In addition to induc-
ing G, arrest, Vpr has been shown to induce repair foci (contain-
ing y-H2AX and 53BP1), which are indicative of DNA damage, in
a DCAF1-dependent manner (3). Therefore, we examined UL35-
transfected cells for DNA damage markers. First, we transfected
cells with FLAG-tagged UL35, UL35a, or UL35N and immuno-
stained them for FLAG and 53BP1 (Fig. 7). By immunofluores-
cence microscopy, cells expressing UL35 but not UL35a or UL35N
showed an increase in 53BP1 foci in many cells (Fig. 7A). Occa-
sionally, some 53BP1 foci appeared to be associated with UL35
NBs (Fig. 7A, arrows). We quantified the ability of UL35 to induce
53BP1 foci by determining the percentage of cells with five or
more 53BP1 foci (Fig. 7B) and determining the overall average
number of 53BP1 foci in transfected cells (Fig. 7C). Only about
10% of untransfected control cells had five or more 53BP1 foci
with an average of about 1.5 foci per cell, which was similar to the
level for LacZ-transfected cells. Compared to untransfected con-
trol cells (No Tf), the expression of FLAG-tagged (UL35-F) and
untagged UL35 (UL35-wt) caused similar significant increases in
53BP1 foci (P < 0.01 for UL35-wt and UL35-F in Fig. 7B and C),
resulting in about 45% of transfected cells with five or more foci
and an average of more than six foci per cell. In contrast, neither
UL35a (tagged or untagged) nor UL35N induced 53BP1 foci.

We also examined y-H2AX as a marker for DNA damage by
comparing cells expressing FLAG-tagged UL35 or UL35a to un-
transfected (control) cells (Fig. 8A). Control cells and UL35a-
transfected cells looked similar, with very few to no y-H2AX foci
per cell, whereas UL35 induced an obvious increase in y-H2AX
foci in 20 to 30% of the transfected cells (Fig. 8A). There was no
obvious correlation between the number of UL35 NBs and the
number of y-H2AX foci, and y-H2AX foci did not obviously lo-
calize to UL35 NBs, suggesting that UL35 NB formation is not the
cause of these effects. We also quantified these effects by determin-
ing the percentage of cells with four or more y-H2AX foci per cell
(Fig. 8B). This population of cells was found to increase from
10.7% in untransfected cells and 18.0% in LacZ-transfected cells
to 40.3% in UL35-transfected cells (P < 0.05 for UL35 versus
LacZ; P < 0.01 for UL35 versus No Tf). In contrast, only 4.7% of
UL35a-transfected cells had four or more y-H2AX foci (P > 0.05
for UL35a versus LacZ or No Tf), indicating that only full-length
UL35 caused the activation of this DNA damage response. There-
fore, the results from both y-H2AX and 53BP1 foci show that
UL35, but not UL35a, induces DNA damage.

Given that UL35 interacts with components of the Cul4PCAF!
complex and this complex is known to function in DNA damage
responses, the results described above are consistent with the hy-
pothesis that UL35 interacts with and disrupts the normal func-
tion of DCAF]I, resulting in increased DNA damage. We further
investigated the involvement of DCAF1 in DNA damage induc-
tion by UL35 by examining the induction of y-H2AX protein
levels by UL35 with and without DCAF1 depletion (Fig. 6G). In
keeping with the effect on y-H2AX foci, UL35 but not UL35a
expression increased the levels of y-H2AX (Fig. 6G, lanes 1 to 3) in
control siRNA-treated cells. However, the UL35-mediated induc-
tion of y-H2AX was abrogated in cells with decreased levels of
DCAF1 (Fig. 6G, lanes, 4 to 6). Therefore, the results as a whole
suggest that UL35 induces DNA damage, leading to G, checkpoint
activation through interactions with DCAF1.
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FIG 6 UL35 causes the accumulation of cells in the G, phase of the cell cycle. (A) 293A cells were transfected with plasmids expressing FLAG-tagged
B-galactosidase (LacZ), UL35, or UL35a, and 72 h later they were stained with anti-FLAG antibody and propidium iodide and analyzed by flow cytometry for
FLAG and DNA content (top panels). The DNA content of the gated FLAG-positive cells is shown in the bottom panels, and the G,/M peak is indicated by the
arrows. (B) Quantification of the G,/M peak from two independent experiments as described for panel A. Average values with standard deviations are shown.
Standard deviations for UL35a samples were too small to be seen on the histogram. (C) Western blot of whole-cell extracts of 293A cells transfected with
FLAG-tagged LacZ and UL35 expression plasmids and probed with the antibodies against FLAG, phosphorylated histone H3 (pH 3), and actin (loading control).
(D) HeLa-Fucci cells were transfected with the same expression plasmids as those for panel A and then were fixed 24 h later and stained for anti-FLAG primary
antibody and an Alexa fluor 350-coupled secondary antibody to detect transfected cells. Cells on coverslips were imaged for Alexfluor 350 (FLAG; blue) as well
as for the fluorescent proteins mKO2-Cdt1 (G1; red) and mAG-geminin (S/G2/M; green). A representative image is shown for each plasmid, where images were
captured with the same exposure time. (E) HeLa-Fucci cells transfected as described for panel D were fixed 48 h posttransfection and stained with anti-FLAG
antibody followed by Alexa fluor 647-coupled secondary antibody. Cells then were analyzed for FLAG, mKO2-hCDT1 (G1), and mAG-hGem (S/G2/M) using
FACSCalibur flow cytometry, and the data were analyzed using FloJo software. Average results for FLAG-containing cells from two experiments are shown. G,/S
cells are those expressing both mKO2-hCDT1 and mAG-hGem. (F) Western blot of 293A whole-cell extracts transfected as described for panel A and probed with
antibodies against total (Cdc2) or phosphorylated (pCdc2) Cdc2, FLAG, or actin as indicated. Positions of full-length FLAG-tagged proteins are indicated on the
left. (G) Western blot of 293A cells treated with siRNA against DCAF1 (siDCAF1) or Allstars negative-control siRNA (siCtrl), transfected with plasmid expressing
FLAG-tagged UL35, UL35a, or 3-galactosidase (LacZ), and probed for the specific antibodies indicated on the right.
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FIG 7 UL35 increases 53BP1 foci. (A) U20S cells transfected with plasmid expressing FLAG-tagged UL35, UL35a, or UL35N were immunostained for FLAG and
53BP1 as indicated. Nuclei were visualized by DAPI staining (blue) in the merged panels. Arrows indicate the colocalization of UL35 NBs and 53BP1 foci. (B and
C) U20S cells were transfected with plasmids expressing the indicated wild-type (wt) or FLAG-tagged (-F) proteins and immunostained for FLAG and 53BP1.
No Tf, untransfected control cells; LacZ, transfection control plasmid expressing B-galactosidase. The percentage of transfected cells with five or more 53BP1 foci
(B) and the average number of 53BP1 foci per transfected cell (C) was determined. Values in panels B and C represent the means * standard errors; n = 3 to 4.

Scale bar, 10 pm.

DISCUSSION

Our analysis of the HCMV UL35 and UL35a proteins by AP-MS
revealed several unique and shared cellular targets, suggesting that
UL35 and UL35a both have distinct and overlapping roles during
the viral replication cycle. This notion is further supported by the
controlled differential expression of UL35 and UL35a throughout
the virus replication cycle, providing times when UL35 and UL35a
are expressed alone (UL35 at the pre-immediate-early stage and
UL35a at the early stage) or together (late in infection) (55). UL35
and UL35a also can interact with themselves and each other,
which could further regulate their interaction with their cellular
targets (76). Thus, the UL35 gene products may be involved in
coordinating the complex regulation of host cell manipulation
during the virus replication cycle.

To our knowledge, UL35 and UL35a are the first HCMV pro-
teins shown to associate specifically with OGT; however, at least
one CMV protein (UL32, a basic phosphoprotein) is modified by
this enzyme (27). O-GlcNAc modification is akin to phosphory-
lation and is a reversible posttranslational modification of serine
and threonine residues that can occur on cytoplasmic or nuclear
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proteins (69). Thus, O-GlcNAc modification can compete for and
regulate phosphorylation sites. Many important cellular proteins
are modified by OGT, including p53 (99), as are several transcrip-
tion factors involved in the regulation of the MIEP (e.g., NF-kB
[100], YY1 [29], and CREB [47]), making this enzyme an attrac-
tive target for subversion (69, 85). Alternatively (or in addition),
UL35 and/or UL35a may associate with OGT because they are
substrates for this enzyme and are modified by O-GIcNAc. Both
proteins contain multiple serine and threonine residues and are
known to be phosphorylated (55), thus O-GcINAc modification
could contribute to the regulation of UL35 and/or UL35a activity.

In addition to associating with OGT, UL35 and UL35a also
both associate with components of the nuclear import machinery
(TNPO1 and IPO4). This is perhaps not surprising, considering
that both proteins are nuclearly localized; however, UL35 and/or
UL35a may have other effects on nuclear-cytoplasmic shuttling,
since the deletion of the UL35 gene, and thus both UL35 and
UL35a, affects the trafficking of at least two viral proteins (pp65
and pp71) (81). Interestingly, only UL35a interacted with
TNPOI, and UL35a appears to be sufficient to affect pp71 nucle-
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with FLAG-tagged UL35 or UL35a were fixed and immunostained for FLAG
and y-H2AX as indicated. Control cells were untransfected. Nuclei were visu-
alized by DAPI staining. (B) U20S cells were transfected with plasmids ex-
pressing the indicated FLAG-tagged proteins (No Tf, no transfection; LacZ,
control plasmid expressing B-galactosidase) and immunostained for FLAG
and y-H2AX. y-H2AX foci were counted, and the percentages of cells with
four or more y-H2AX foci are shown. Values represent the means * standard
errors; n = 3. Scale bar, 10 wm.

ocytoplasmic transport (76), thus UL35a might affect pp71 local-
ization through alterations to TNPO1 rather than direct interac-
tion with pp71. Such effects on TNPOI also could result in
alterations to other cases of viral or cellular protein localization.
TNPOL typically is associated with the transport of mRNA bind-
ing proteins and ribosomal proteins (26); however, it has been
implicated in the nuclear transport of other cellular proteins. For
example, the chemokine receptor CCR2 has been shown to inter-
act with TNPOI, a process enhanced by ligand binding (24).
HCMYV encodes chemokine receptor homologues and immune
modulation is a prominent feature of HCMV infections, thus
HCMV might target nuclear transport machinery to gain finer
control over chemokine receptor signaling or other important
cellular processes (83).

UL35a also copurified with Ras-GTPase-activating protein-
SH3-domain-binding protein 2 (G3BP2). G3BP2 acts as a Ras
inhibitor by interacting with the SH3 domain of GTPase activat-
ing protein (GAP) (see the references in reference 43). G3BP2 also
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interacts with p53 and mdm2 and can modulate p53 activity (43).
Interestingly, USP7 (described below) is also a regulator of p53
and mdm?2 and is a target of UL35a. In addition, G3BP2 contrib-
utes to the retention of the transcription factor NF-«B in the cy-
toplasm in its inactive state (72), and NF-«B is an important tran-
scriptional activator for the CMV MIEP.

Both UL35 and UL35a interact with the ubiquitin-specific pro-
tease USP7, as determined by AP-MS (Table 1) and coimmuno-
precipitation (Fig. 2). USP7 is a deubiquitinating enzyme that
was first characterized as a target for the herpes simplex virus
protein ICPO (22). ICP0O has E3 ubiquitin ligase activity and is
susceptible to autoubiquitination (7). Association with USP7 pro-
motes the deubiquitinated state of ICPO, thereby enhancing ICP0O
stability (7). USP7 also is targeted by EBNAI of EBV, a gamma
herpesvirus (31, 78). Unlike ICPO, EBNA1 interacts with the
N-terminal TRAF domain of USP7 and acts as a competitive in-
hibitor of USP7 association with the tumor suppressor p53 (30).
This leads to p53 stabilization by blocking p53 deubiquitination
by USP7 (78). In addition, EBNA1 recruits USP7 to the viral reg-
ulatory sequences, where it may alter the chromatin structure by
removing monoubiquitin from histone H2B (79).

Here, we describe UL35 and UL35a as the first examples of
betaherpesvirus proteins that interact with USP7, further impli-
cating USP7 as an important and common target of herpesviruses.
UL35, but not UL35a, significantly inhibited the ability of USP7 to
form NBs, demonstrating that the interaction between UL35 and
USP7 is a functional one, but also suggesting that UL35 and UL35a
have divergent functions with respect to USP7. While the func-
tions of USP7 NBs are unknown, they often are associated with
PML NBs (22, 80). Interestingly, and perhaps not coincidentally,
ICP0O, EBNA1, and UL35 all associate with PML and cause its
degradation or alteration (12, 76, 87). In the case of EBNALI, the
disruption of PML is dependent on its ability to interact with
USP7 (87), and accordingly, USP7 recently has been shown to act
as a negative regulator of PML in the absence of EBNAL1 (80). We
have shown here that although UL35 forms NBs that recruit PML,
USP7 is not associated with these structures, possibly due to the
general inhibition of USP7 to form NBs. The lack of USP7 at UL35
NBs also may be due to the fact that the same region of UL35 that
mediates the multimerization that would occur in UL35 NBs also
mediates the USP7 interaction (our unpublished data), hence
UL35 may not be able to interact with USP7 and form NB as the
same time. In addition, the UL35-mediated inhibition of USP7
NB formation is independent of PML, which, combined with the
interaction data presented here, suggests that UL35 mediates spe-
cific and direct effects on USP7. Thus, although proteins from all
three herpesvirus subfamilies target USP7, their purposes in doing
so seem diverse, suggesting that USP7 is a regulatory hub for cel-
lular pathways relevant to successful virus infection.

In addition to interacting with the deubiquitinase USP7, UL35
also interacts with DCAF1, DDBI1, and DDA1, all of which are
components of the Cul4APCAF! E3 ubiquitin ligase complex. Al-
though the precise biological functions of DCAF1 and the
Cul4APCAF! complex are unclear, DCAF1 is involved in DNA rep-
lication and cell proliferation (32, 62), and this progrowth activity
is inhibited by the tumor suppresser Merlin (51). Since we did not
recover Cul4A in immunoprecipitations with UL35, we do not
know if UL35 interacts with an intact Cul4APCAF! complex. How-
ever, our results are consistent with similar affinity purifications of
Vpr or Merlin from human cells coupled to mass spectrometry,
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which also failed to identify Cul4A in the DCAF1-DDBI1 complex
(32, 33, 95). Rather, the importance of Cul4A in the Vpr-targeted
complex was determined from more directed assays (32, 88, 95).
However, the enrichment of lysine 48-conjugated polyubiquitin
at DCAF1-containing UL35 NBs suggests that, like Vpr and Mer-
lin, UL35 interacts with DCAFI in such a way that it allows asso-
ciation with the entire Cul4AP“AF! complex (48, 51, 95). The nor-
mal cellular targets of Cul4AP“AF! are unknown, making the
functional analysis of the direct effects of the UL35-DCAF1 inter-
action difficult. However, studies on the Merlin-DCAF1 interac-
tion showed that the inhibition of this complex can affect cell cycle
regulation and tumorigenesis (51), raising the possibility that
UL35 also affects these processes.

There is substantial precedence for viral proteins usurping and
subverting Cullin-based E3 ligase complexes (50, 94). Several di-
verse viruses encode proteins that target DDB1-based complexes,
including the paramyxovirus SV5 V protein, which binds directly
to DDBI in the absence of DCAFland promotes the ubiquitina-
tion and degradation of STAT (71). Similarly, the murine cyto-
megalovirus protein M27 binds to DDB1, which facilitates the
degradation of STAT2 to promote cell survival in interferon-
treated cells (92). This study is particularly relevant for our find-
ings with UL35, as it shows the importance of DDB1 for CMV
infection. Interestingly, in addition to binding DDB1, the SV5 V
protein causes cell cycle alterations, including G,/M arrest, as a
consequence of its association with DDB1, which is similar to our
observations with UL35 (53). In addition, the hepatitis B virus and
woodchuck hepatitis virus X proteins both bind to DDBI1, and
expression is associated with altered progression through S phase,
genomic instability, and apoptosis (4, 13, 50, 61). Another herpes-
virus, murine gamma herpesvirus 68 (MHV68), also targets
DDB1 through its M2 latency protein, which interacts with DDB1
as well as ATM and inhibits DNA damage-induced apoptosis (52).
Thus, like USP7, DDB1-based E3 ligase complexes appear to be a
convergence point for the virus manipulation of important host
cell pathways.

Of particular relevance to our findings is the association of HIV
Vpr with DCAF1. Like UL35, Vpr associates with DCAF1 (48, 95),
causes G, checkpoint activation (3, 32, 88), and increases y-H2AX
and 53BP1 foci (3). For Vpr, these effects are dependent on the
interaction between Vpr and the assembled Cul4APCAF! complex
(3, 32, 48, 88). Some Vpr mutants can bind DCAF1 but do not
cause G, arrest, suggesting that other cellular factors also are re-
quired for this effect, and it is hypothesized that these factors rep-
resent atypical targets for ubiquitination (48). Vpr forms
chromatin-associated nuclear foci, and the recruitment of DCAF1
to these foci is required for G, arrest and DDR activation (3).
UL35 also forms NBs that recruit DCAF1 and are associated with
polyubiquitin, although we did not see a strong correlation be-
tween the extent of UL35 NB formation and the ability to cause
v-H2AX or 53BP1 foci (Fig. 7 and 8 and data not shown), suggest-
ing that the formation of NBs by UL35 is not a requirement for the
DDR response. In keeping with this conclusion, most of the DNA
damage foci induced by UL35 did not colocalize with UL35 NBs
(Fig. 7 and 8). However, given the similarities between the cellular
effects of Vpr and UL35, it is likely that the UL35-mediated cell
cycle and DDR effects are due to the ability of UL35 to interact
with DCAF1 and impair its normal functions. In support of this
model, the induction of y-H2AX by UL35 was found to be DCAF1
dependent. In addition, since HCMV infection is known to pro-
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mote G,/S arrest as a requirement for viral replication, the G,
arrest that we observe with UL35 is likely a consequence of DDR
activation rather than the specific function of UL35 expression
during replication. However, we note that there is evidence that,
in some situations, HCMV infections result in some accumulation
of infected cells in the G,/M phase of the cell cycle (25,37, 57), and
it is possible that UL35 contributes to these effects. It also is worth
noting that the disruption of either Cul4, DDA1, or DDBI is as-
sociated with increased DNA damage and cell cycle alterations
(56, 68), further implicating UL35 as a potential regulator of
Cul4PCAFT activity. Further, since UL35a can interact with UL35
(76), it is possible that UL35a, which is expressed with UL35 late in
infection, could regulate or attenuate UL35 effects on DCAF1 by
competing with DCAF1 for association with UL35.

The manipulation of DNA damage and repair pathways is a
common feature of herpesvirus and DNA viruses in general. Con-
siderable evidence indicates that the manipulation of these path-
ways is necessary for ensuring viral DNA replication while limiting
apoptotic and other responses unfavorable to viral infection, and
that such manipulations are carried out by specific viral proteins.
We have now shown that UL35 is one such protein that stimulates
the DDR and suggest that, like Vpr, this effect is due to binding the
Cul4PCAFl complex. UL35 may disrupt normal Cul4-DCAF1
complex function by hijacking the complete complex or by se-
questering some of the components (DCAF1, DDB1, and DDA1)
and disrupting the complex. In either case, the expression of UL35
contributes to the activation of the DDR, likely through the alter-
ation of normal DCAF1 functions. Interestingly, among its many
roles, USP7 also has been shown to play a role in the DDR (42), so
the ability of UL35 to activate the DDR and induce G, arrest may
be multifactorial. Taken together, our results suggest that UL35
has important roles in the manipulation and fine-tuning of the
host cell to support efficient replication.
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