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ABSTRACT

Lytic infection by herpesviruses induces cell cycle arrest at the G1/S transition. This appears to be a function of multiple herpes-
virus proteins, but only a minority of herpesvirus proteins have been examined for cell cycle effects. To gain a more comprehen-
sive understanding of the viral proteins that contribute to G1/S arrest, we screened a library of over 200 proteins from herpes
simplex virus type 1, human cytomegalovirus, and Epstein-Barr virus (EBV) for effects on the G1/S interface, using HeLa fluores-
cent, ubiquitination-based cell cycle indicator (Fucci) cells in which G1/S can be detected colorimetrically. Proteins from each
virus were identified that induce accumulation of G1/S cells, predominantly tegument, early, and capsid proteins. The identifica-
tion of several capsid proteins in this screen suggests that incoming viral capsids may function to modulate cellular processes.
The cell cycle effects of selected EBV proteins were further verified and examined for effects on p53 and p21 as regulators of the
G1/S transition. Two EBV replication proteins (BORF2 and BMRF1) were found to induce p53 but not p21, while a previously
uncharacterized tegument protein (BGLF2) was found to induce p21 protein levels in a p53-independent manner. Proteomic
analyses of BGLF2-interacting proteins identified interactions with the NIMA-related protein kinase (NEK9) and GEM-interact-
ing protein (GMIP). Silencing of either NEK9 or GMIP induced p21 without affecting p53 and abrogated the ability of BGLF2 to
further induce p21. Collectively, these results suggest multiple viral proteins contribute to G1/S arrest, including BGLF2, which
induces p21 levels likely by interfering with the functions of NEK9 and GMIP.

IMPORTANCE

Most people are infected with multiple herpesviruses, whose proteins alter the infected cells in several ways. During lytic infec-
tion, the viral proteins block cell proliferation just before the cellular DNA replicates. We used a novel screening method to iden-
tify proteins from three different herpesviruses that contribute to this block. Several of the proteins we identified had previously
unknown functions or were structural components of the virion. Subsets of these proteins from Epstein-Barr virus were studied
for their effects on the cell cycle regulatory proteins p53 and p21, thereby identifying two proteins that induce p53 and one that
induces p21 (BGLF2). We identified interactions of BGLF2 with two human proteins, both of which regulate p21, suggesting that
BGLF2 induces p21 by interfering with the functions of these two host proteins. Our study indicates that multiple herpesvirus
proteins contribute to the cell proliferation block, including components of the incoming virions.

Herpesviruses are extremely successful DNA viruses that alter-
nate between latent and lytic modes of infection to establish

lifelong persistence in the host. Herpesviruses are divided into
alpha, beta, and gamma classes typified by the human herpesvi-
ruses herpes simplex type 1 (HSV-1), cytomegalovirus (CMV),
and Epstein-Barr virus (EBV), respectively. Lytic infection by
HSV-1, CMV, and EBV involves expression of approximately 80
(HSV-1 and EBV) to 200 (CMV) proteins that function to manip-
ulate cellular processes, including cell cycle progression, DNA
damage responses, apoptosis, and immune responses. For all three
viruses, lytic infection has been shown to result in cell cycle arrest
(1), and most studies indicate that cells arrest in late G1 phase or at
the G1/S interface such that host DNA replication is blocked (2–8).
The observation that this arrest occurs prior to host DNA synthe-
sis is thought to provide a favorable environment for viral DNA
replication and may also enable immediate early viral gene expres-
sion (9–12). Therefore, understanding how herpesviruses induce
G1/S arrest is important for understanding lytic infections of this
class of virus.

To date, several immediate early (IE) and tegument proteins
have been found to contribute to cell cycle arrest (1). This is not
surprising, since their early expression or delivery into the cell
makes them well positioned to alter the cellular environment to
facilitate lytic infection. For example, the HSV-1 IE protein ICP0
has been shown to block cells from entering S phase (13, 14). In

agreement with this observation, ICP0 induced the expression of
the CDK inhibitor, p21, in both p53-dependent and p53-indepen-
dent manners (14). However, studies with an ICP0-null virus
showed that this virus can still induce G1/S arrest, indicating that
other HSV-1 proteins must also contribute to this phenomenon
(13). In keeping with this conclusion, ICP27 of HSV-1 was shown
to be required for G1 arrest and to reduce cyclin D1 and Cdk4
levels in conjunction with ICP4 and Vhs (15). Interestingly, the
CMV homologue of ICP27, UL69, also arrests cells in G1, although
the mechanism remains uncharacterized (4, 16, 17). In addition,
the CMV IE2 protein induces a G1 arrest by interacting with and
stabilizing p53 (18–20). For EBV, the first two proteins expressed
in lytic infection, BZLF1 (also called Zta) and BRLF1 (also called
Rta), have been shown to induce G1 or G1/S arrest. BZLF1 does so
by increasing p53, p21, and p27 levels (9, 21), while BRLF1 in-
duces p21 and 14-3-3 alpha in the absence of p53 induction (22).
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Although herpesviruses express 80 to 200 proteins during lytic
infection, the functions of many of these proteins are not yet
known. As a first step toward a more comprehensive understand-
ing of the functions of herpesvirus proteins, we previously gener-
ated an expression library of 234 proteins from HSV-1, CMV, and
EBV fused to a C-terminal sequential purification affinity (SPA)
tag, which includes a FLAG tag (23, 24). The subcellular localiza-
tion of each protein was determined by immunofluorescence mi-
croscopy for the FLAG tag, and the nuclear proteins were screened
for effects on promyelocytic leukemia (PML) nuclear bodies,
which are known to suppress lytic viral infection (23). This iden-
tified several proteins that altered or induced the loss of PML
bodies and provided initial functional information for approxi-
mately 120 previously unstudied proteins (23, 25). This expres-
sion library provides a tool to explore the role of specific proteins
in many viral processes, including G1/S arrest.

Traditionally, monitoring changes at the G1/S transition has
been difficult since it represents a small proportion of the cell cycle
and this interface cannot be distinguished by cellular morphology
or by DNA content. Significant headway on this problem was
made by Sakaue-Sawano et al. (26) through the generation of
fluorescent, ubiquitination-based cell cycle indicator (Fucci) cells.
Fucci cells are HeLa cells that express two fluorescently labeled
probes; a truncated version of Cdt1 tagged with monomeric Kusa-
bira orange (mKO2) and a truncated version of geminin tagged
with monomeric Azami green (mAG) (26). Cdt1 and geminin
expression oscillate during the cell cycle, with Cdt1 being ex-
pressed during G1 and geminin expressed during S/G2/M (27, 28).
As a result, Fucci cells appear red during the G1 phase, green dur-
ing the S/G2/M phases, and yellow at the G1/S interface when both
Cdt1 and geminin are present. Therefore, these cells offer a simple,
colorimetric-based method for detecting changes in the G1/S tran-
sition.

In our current study, we used the Fucci cells to screen our
library of herpesvirus proteins for those that contribute to the
G1/S cell cycle arrest typical of herpesvirus lytic infection. In this
way, we identified several proteins from EBV, HSV-1, and CMV
that increase the proportion of cells at G1/S. As expected, these
included tegument and early proteins, but, unexpectedly, several
capsid proteins were also found to induce G1/S accumulation,
suggesting that incoming capsids might contribute to G1/S arrest.
An uncharacterized EBV tegument protein, BGLF2, was among
those with the most pronounced effects on the G1/S transition. We
show that BGLF2 protein induces p21 accumulation indepen-
dently of p53 and present evidence that this involves an interac-
tion with the cellular proteins, NIMA-related protein kinase
(NEK9) and GEM-interacting protein (GMIP).

MATERIALS AND METHODS
Cell lines. Fucci cells are HeLa cells stably transformed with fluorescently
tagged Cdt1 (mKO2-hCDT1) and geminin (mAG-hGem) as previously
described (26). Fucci cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS).
CNE2Z is a human EBV-negative nasopharyngeal carcinoma cell line (29)
and was maintained in alpha-minimal essential medium with 10%
FBS. H1299 is a p53-null, human non-small cell lung carcinoma cell
line (30) that was cultured in RPMI 1640 medium containing 10%
FBS. Media for all cells were also supplemented with penicillin-strep-
tomycin (100 IU/ml).

Expression constructs and transfection. Mammalian expression
constructs for EBV (strain B95-8), HSV-1 (strain 17), and CMV (strain

Ad169) were prepared by PCR amplification of predicted open reading
frames (ORF) and subsequent insertion into the multiple cloning site of
the PMZS3F vector as previously described (23). PMZS3F is a SPA-tag-
ging vector comprised of a calmodulin-binding peptide, tobacco etch vi-
rus protease cleavage site, and triple-FLAG epitope expressed at the C-ter-
minal end of the protein (24). PMZS3F-LacZ, expressing SPA-tagged
�-galactosidase, is described in reference 31. Cells were transfected using
either Lipofectamine 2000 (Invitrogen) or PolyJet transfection reagent
(SignaGen Laboratories) at a ratio of 1 �g DNA to 2 �l transfection re-
agent, as outlined by the manufacturers. Cells were collected 24 h after
transfection and processed as described below.

Antibodies. Rabbit primary antibodies against p21 and phosphory-
lated p53 (on S15) were purchased from Cell Signaling. Mouse antibodies
against p53 and rabbit antibody against E2F-associated phosphoprotein
(EAPP) were from Santa-Cruz Biotechnology. Other primary antibodies
used were mouse anti-FLAG (M2; Sigma-Aldrich), rabbit anti-FLAG
(Bethyl Laboratories), and rabbit anti-GMIP (ab133975; Abcam). Rabbit
peptide antibody against NEK9 was kindly provided by P. Whyte
(McMaster University) and was previously described (32). Goat anti-
mouse, goat anti-rabbit, and donkey anti-goat horseradish peroxidase-con-
jugated secondary antibodies were purchased from Santa Cruz Biotechnolo-
gies. Fluorescein isothiocyanate (FITC)-conjugated mouse anti-BrdU and
Alexa Fluor-conjugated secondary antibodies were from BD Pharmingen and
Invitrogen, respectively.

Immunofluorescence microscopy. Cells seeded at 50% confluence on
coverslips in 6-well tissue culture dishes were transfected with 2 �g of
pMZS3F, pMZS3F-BORF2, or pMZS3F-BGLF2. Twenty-four hours later,
cells were fixed in 3.7% formaldehyde (15 min), permeabilized in 1%
Triton X-100 (15 min), and then blocked for 30 min in phosphate-buff-
ered saline (PBS) containing 4% bovine serum albumin (BSA). Cells were
incubated with primary antibody (in 5% BSA in PBS) against FLAG (M2;
Sigma-Aldrich), NEK9, or GMIP and a corresponding Alexa Fluor-con-
jugated secondary antibody for 1 h (Alexa Fluor 488 for FLAG and Alexa
Fluor 555 for NEK9 or GMIP). Coverslips were mounted onto slides with
ProLong Gold antifade mounting medium (Invitrogen), and images were
acquired using a Leica DM IRE2 inverted fluorescence microscope. Im-
ages were processed with OpenLab software (version 4.0.2). For Fucci
analysis, mKO2-Cdt1 and mAG-geminin fluorescent expression was de-
tected using Tx2 (560/40-nm band-pass [BP]) and yellow fluorescent pro-
tein (YFP; 500/20-nm BP) filter cubes, respectively. Cells expressing FLAG
were detected by primary antibody incubation with mouse anti-FLAG
(M2; Sigma-Aldrich) and goat anti-mouse Alexa Fluor 350 secondary
antibody (360/40-nm BP filter).

Cell cycle analysis in Fucci cells. Fucci cells were seeded in 10-cm
tissue culture plates and transfected with 8 �g of expression plasmid using
Lipofectamine 2000 (Invitrogen) as outlined by the manufacturer. Har-
vested cells were then fixed and permeabilized in 70% ethanol in PBS and
stored at �20°C. Samples were blocked with 5% BSA in PBS for 30 min
prior to incubation with rabbit anti-FLAG antibody (in 5% BSA in PBS
with 0.5% Tween) and subsequently with goat anti-rabbit Alexa Fluor
647 secondary antibody, each for 1 h. Cells were analyzed using a
FACSCalibur flow cytometer (Becton, Dickinson). Cdt1 (mKO2-
hCDT1) and geminin (mAG-hGem) were excited using a 488-nm laser,
and fluorescent signals were collected at 585 nm (585/42-nm BP filter,
FL2) and 530 nm (530/30-nm BP filter, FL1). FLAG expression was de-
tected using a 661/16-nm BP filter cube (FL4). Samples were initially
sorted on the expression of the FLAG epitope, and then Cdt1 (G1), gemi-
nin (S/G2/M), or both (G1/S) were gated as described in Sakaue-Sawano et
al. (26) in FLAG-positive and FLAG-negative populations. The data were
analyzed using FlowJo software (Tree Star).

Cell cycle analysis by DNA content. CNE2Z cells were transfected and
harvested and then fixed and permeabilized in 70% ethanol as noted
above. Cells were blocked with 5% BSA in PBS for 30 min prior to incu-
bation with anti-FLAG antibody as described above. Samples were subse-
quently incubated in propidium iodide (PI; 50 �g/ml) with RNase A (100
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�g/ml) prepared in PBS for 30 min at room temperature. Samples were
analyzed using a FACSCanto II flow cytometer (Becton, Dickinson), with
FLAG expression and PI stain collected using 660/20-nm and 695/40-nm
BP filters, respectively. Samples were initially sorted on the expression of
the FLAG epitope and then gated based on PI stain. The data were ana-
lyzed using FlowJo software (Tree Star), with the Dean-Jett-Fox model
being used to generate and analyze the DNA content profiles.

BrdU incorporation. CNE2Z cells were transfected as described
above, and BrdU (10 �g/ml) was added to culture medium 24 h later for
45 min prior to harvesting. Cells were fixed, permeabilized, and blocked as
described above and then incubated with 2 N HCl (20 min) followed by
0.1 M sodium borate (pH 8.5; 2 min) to denature the DNA. Samples were
then incubated with mouse anti-BrdU-FITC and rabbit anti-FLAG pri-
mary antibodies for 1 h followed by incubation with goat-anti rabbit Alexa
Fluor 647 secondary antibody for 45 min. Samples were incubated with PI
and RNase A as noted above and then examined using a FACSCalibur flow
cytometer (Becton, Dickinson), with FLAG expression, PI stain, and
BrdU collected using 660/20-nm, 695/40-nm, and 525/50-nm BP filters,
respectively. Samples were initially sorted based on the expression of the
FLAG epitope and then gated based on PI stain or BrdU stain in FLAG-
positive and FLAG-negative populations. The data were analyzed using
FlowJo software (Tree Star). For DNA content profiles, the Dean-Jett-Fox
model was used.

Western blotting. Transfected cells were lysed in 9 M urea and 5 mM
Tris (pH 6.5) as previously described (33). Equal amounts of total protein
(40 �g) were separated on 10% SDS-PAGE gels and transferred to a poly-
vinylidene difluoride (PVDF) membrane (Millipore). Membranes were
blocked for 1 h in 5% milk prepared in Tris-buffered saline with 0.5%
Tween (TBS-T) and then incubated with primary antibody overnight at
4°C followed by secondary antibody for 1 h at room temperature. Protein
bands were visualized using Western lighting chemiluminescent reagent
(PerkinElmer) and exposed to photographic film (Amersham).

Immunoprecipitation. Cells in three 10-cm tissue culture dishes were
transfected and then harvested 24 h later and pooled. Samples were lysed,
and IPs were performed as described by Salsman et al. (31) using 20 �l
(bed volume) of mouse anti-FLAG resin (Sigma-Aldrich) with 1 mg of cell
lysate diluted to 6 mg/ml with lysis buffer (150 mM Tris [pH 8.0], 150 mM
NaCl, 0.1% Triton X-100, 5% glycerol, 2 mM EDTA, protease inhibitor
cocktail [p8340; Sigma-Aldrich]). Western blot analyses were then per-
formed as described above.

Quantitative PCR. RNA was collected from transfected cells using the
TRIzol reagent, according to the manufacturer’s protocol (Invitrogen Life
Technologies), and quantified by absorbance at 260 nm (A260) in a Nano-
Drop spectrophotometer (ND-1000; Thermo Scientific). Reverse tran-
scription (RT)-PCR was conducted using 2 �g of RNA, 200 ng of random
primers, and 200 U of Superscript III reverse transcriptase (Invitrogen) in
a total volume of 20 �l in a PTC-100 thermocycler (MJ Research Inc.). For
quantitative PCR (qPCR) analysis, cDNA was diluted 1:10 and then com-
bined with LightCycler 480 DNA SYBR green I master mix (Roche; cata-
log no. 04707516001) and specific primer sets (0.5 �M) prior to process-
ing in a Rotor-Gene qPCR machine (Corbett Research). The primers used
to measure p21 and GAPDH transcripts were previously reported (34).
Data were analyzed using the cycle threshold (��CT method), with tran-
script levels being normalized to GAPDH. p21 transcript levels deter-
mined after transfection with pMZS3F-BGLF2 were expressed as fold
change over those determined after transfection with the pMZS3F empty
vector. When etoposide treatment was used, it was added into the me-
dium at a concentration of 5 mM for 24 h.

Mass spectrometry. Five 15-cm dishes of CNE2Z cells were trans-
fected with pMZS3F, pMZS3F-LacZ, or pMZS3F-BGLF2 (20 �g per
plate) and, 24 h later, were harvested and pooled. Cells were lysed and
immunoprecipitations were performed with anti-FLAG resin as in refer-
ence 31. Following IP, anti-FLAG resin was rinsed in 10 volumes of 50
mM ammonium bicarbonate (pH 8.0) containing 75 mM KCl. Protein
was eluted from the resin with three washes of 0.5 M ammonium hydrox-

ide (15 min each at 4°C with rotation). Samples were lyophilized in a
SpeedVac (Savant DNA120; Thermo Electron Corp.) and washed with
400 �l of high-performance liquid chromatography (HPLC)-grade water
(Gibco). Samples were lyophilized once more to remove traces of ammo-
nium hydroxide and then subjected to trichloroacetic acid (TCA) precip-
itation, tryptic digestion, and tandem mass spectrometry (MS/MS) as
previously described (35), except that desalting was performed using
ZIP-TIPs according to the manufacturer’s instructions (Millipore; catalog
no. ZTC18M960). For protein and peptide identification, RAW files
were submitted for database searching using X! TANDEM (version
2007.07.01.3) and TPP (version 4.3) under standard workflow and a mod-
ified UniProt/Swiss-Prot protein database FASTA file. The modification
consisted of adding BSA (Swiss-Prot accession number P02769). Search
parameters were set to allow for two missed cleavage sites, variable mod-
ification by methionine oxidation, and one fixed modification by cysteine
carbamidomethylation. A 10-ppm filter was used for peptide identifica-
tion. The search results were uploaded to ProHits (36) and compared
using at least 99% TPP probability.

Silencing experiment. Cells were seeded into 6-cm tissue culture
dishes at 50% confluence and immediately transfected with 100 pmol of
small interfering RNA (siRNA) against NEK9, GMIP, AllStars negative-
control siRNA (Qiagen) using Lipofectamine 2000. Forty-eight hours
later, cells were subjected to a second round of siRNA treatment. Twenty-
four hours after this, cells were either harvested directly or transfected
with pMZS3F or pMZS3F-BGLF2 using Lipofectamine 2000 and then
harvested 24 h later. The NEK9-targeted siRNA was that reported by Pelka
et al. (32) with the sequence GACCAUCCGUUCCAAUAGCTT. The
GMIP-targeted siRNA was designed using the BLOCK-iT RNA interfer-
ence (RNAi) designer (Invitrogen), and the sequence was GGAAGAGGU
ACAGUGACAUTT. siRNAs were synthesized by Invitrogen.

RESULTS
Identification of herpesvirus proteins that induce G1/S accumu-
lation. To gain a more comprehensive understanding of which
herpesvirus proteins contribute to G1/S arrest of the cell cycle, we
screened a plasmid library consisting of 234 FLAG-tagged open
reading frames (ORFs) from HSV-1, EBV, and CMV for effects on
Fucci cells (26). For a list of all the proteins in our screen, see Table
S1 in Salsman et al. (23). Fucci cells express red (mKO2)-tagged
Cdt1 in G1 and green (monomeric Azami green [mAG])-tagged
geminin in S/G2/M. Expression of the two tagged proteins over-
laps at G1/S, allowing detection of cells in this cell cycle phase by
their yellow fluorescence. Fucci cells were transfected with indi-
vidual plasmids from the library and imaged by fluorescence mi-
croscopy, using anti-FLAG antibody to detect cells expressing the
viral protein. Cells in G1 and S/G2/M cell cycle phases were distin-
guished by the expression of red and green fluorophores, respec-
tively. To identify cells in the G1/S phase, red and green layers for
each image were overlaid, giving rise to cells expressing orange to
yellow fluorescence (see the example in Fig. 1A). Effects of each
expression plasmid on the cell cycle phases were quantified using
flow cytometry. To this end, cells were stained with anti-FLAG
antibody and sorted into FLAG-positive and FLAG-negative pop-
ulations, which were then analyzed for red (G1), green (S/G2/M),
and yellow/orange (G1/S) fluorescence as shown in Fig. 1B. The
difference in the proportion of cells in each phase of the cell cycle
was compared between FLAG-positive and FLAG-negative cells
(see example in Fig. 1C), and the fold-change in each cell cycle
phase was calculated. Control experiments in which Fucci cells
were transfected with the empty plasmid were also conducted, and
the percentage of G1/S cells in these cells was found to be very
similar to that in untransfected cells (see Fig. 2C).

The flow cytometry assay was used to analyze the cell cycle
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effects of 207 herpesvirus proteins in triplicate (the expression of
the remaining 27 proteins being insufficient to generate reliable
data), and the numbers of proteins from each virus that increased
G1/S phase cells 1.8-fold or more are shown in Table 1. The 1.8-
fold cutoff was chosen to limit further analyses to �20% of the
screened proteins with the strongest effects. EBV had the highest
proportion of proteins that induced G1/S accumulation, while
CMV had the lowest. Many of the functionally characterized pro-
teins that we identified as increasing G1/S 1.8-fold or more could
be categorized as early, tegument, or capsid/capsid assembly pro-
teins, while several were completely uncharacterized (Table 1).
While it is not unexpected that early and tegument proteins have
roles in altering the cell cycle, we were surprised to find that capsid
proteins consistently did so. This suggests that, like the incoming
tegument proteins, capsids that are delivered to the cell may have
roles in altering cell cycle progression. Results with individual
EBV, HSV-1, and CMV proteins that increase G1/S are shown in
Tables 2, 3, and 4, respectively, along with their subcellular local-
ization.

Validation of cell cycle effects of selected EBV proteins. In
order to validate the cell cycle results seen in the Fucci cell screen,
we selected seven EBV proteins for further study, representing the
capsid, replication, and tegument classifications of the G1/S-
inducing proteins. These included two replication proteins
(BMRF1, BORF2), three functionally uncharacterized tegument
proteins (BGLF2, BKRF4, BLRF2), and two capsid proteins
(BORF1, BFRF3). Note that, because the BDLF1 capsid protein

was expressed only in a very small proportion of cells, we did not
conduct further studies on this protein. In addition, the BGLF4
kinase tegument protein was not studied further, since there are
already many publications on its functions, including cell cycle
effects (37, 38). We expressed the seven FLAG-tagged EBV pro-
teins (by transient transfection) in CNE2Z cells, an EBV-negative
nasopharyngeal carcinoma cell line that is biologically relevant for
EBV because EBV infection induces this cancer. The cells were
stained with anti-FLAG antibody and propidium iodide, and then
the cellular DNA content of the FLAG-positive and FLAG-nega-
tive cells was analyzed by fluorescence-activated cell sorting
(FACS) as a measure of cell cycle phases (as shown in Fig. 2A and
B for BORF1 and BGLF2). Since G1/S cells have the same DNA
content as G1 cells, we expected proteins that increased G1/S ac-
cumulation to display increased G1 DNA content and decreased S
phase DNA content using this assay. This was confirmed to vari-
ous degrees for all of the EBV proteins examined but was not seen
when the FLAG epitope was expressed on its own as a negative
control (Fig. 2C). We also quantified effects of the proteins on S
phase by measuring incorporation of bromodeoxyuridine (BrdU)
in FLAG-positive and FLAG-negative transfected CNE2Z cells
(sorted by FACS), after pulse-labeling with this nucleotide ana-
logue. Consistent with the DNA content analysis, all of the pro-
teins decreased BrdU incorporation, indicating that fewer cells
were in S phase (Fig. 2A, B, and C). These results are consistent
with a role for these proteins in causing G1/S accumulation, indi-
cating that this cell cycle effect is not particular to Fucci cells.

FIG 1 Screening cell cycle progression using Fucci cells. (A) Fucci cells were transfected with pMZS3F-BORF1 or left untreated and then stained for the FLAG
tag on BORF1 and imaged for mKO2 (G1 cells; red), mAG (S/G2/M cells; green), and FLAG (blue). An overlay of red and green image layers revealed cells in G1/S,
which display a yellow to orange color (bottom). (B) Fucci cells transfected with pMZS3F-BORF1 and stained for the FLAG tag on BORF1 were FACS sorted into
FLAG-positive and FLAG-negative cells (left) and then further separated based on the expression of mKO2-Cdt1 and AG-geminin (middle and right). (C) Cell
cycle stages determined from FACS analysis (as for panel B) were quantified for FLAG-positive (BORF1) and FLAG-negative cells from three independent
experiments.
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FIG 2 Cell cycle effects of EBV proteins in CNE2Z cells. CNE2Z cells were transfected with plasmids expressing FLAG-tagged BORF1 (A) or BGLF2 (B) and, 24
h later, were either pulse labeled with BrdU (top) or harvested directly and stained with propidium iodide (PI). Cells were sorted into FLAG-positive and
FLAG-negative cells by FACS and then analyzed for BrdU (S phase) and PI (DNA content) in the top panels or PI alone (bottom). (C) A comparison of the cell
cycle alterations caused by seven EBV proteins as determined in Fucci cells and in CNE2Z cells using the methods described for panels A and B. Fold-change
relative to FLAG-negative cells is shown. Effects of the empty FLAG vector are shown in the top row.
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Five of the seven EBV proteins analyzed above have homo-
logues in HSV-1 and CMV. To determine if the cell cycle effect of
the EBV proteins is conserved in other herpesviruses, we com-
pared the effects of the available homologues in the FACS-based
colorimetric assay in Fucci cells. For each of the five EBV proteins,
at least 1 homologue in HSV-1 or CMV also caused an increase in
G1/S cells, suggesting a conservation of the cell cycle function
(Table 5).

Effects of EBV G1/S-inducing proteins on p53 and p21. p53
plays an integral role in eliciting a G1/S arrest and utilizes several
mechanisms to do so, including the induction of p21 expression
(39). Considerable evidence indicates that manipulation of p53
and p21 is an important part of the mechanisms by which herpes-
viruses elicit cell cycle arrest (1). Therefore, we examined the effect
of the set of G1/S-inducing EBV proteins on p53 levels, p53 acti-
vation by phosphorylation (at serine 15), and p21 levels (Fig. 3A).
These proteins were examined in CNE2Z cells after transfection
with the EBV expression plasmid, the pMZS3F empty plasmid as a
negative control, or a BZLF1 expression plasmid. The latter served
as a positive control, since BZLF1 is known to induce p53, leading
to cell cycle arrest (9). In addition, etoposide treatment was used a

positive control and, as expected, greatly increased the levels of
p53, phosphorylated p53, and p21. Two EBV proteins consistently
induced p53 levels, BMRF1 and BORF2, both of which are early
proteins involved in DNA replication (Fig. 3A and B). However,
neither of these proteins induced p21 above the pMZ3F negative
control. In contrast, the BGLF2 tegument protein failed to induce
p53 but substantially increased p21 levels (Fig. 3A and C).

BGLF2 induces p21 expression independently of p53 activa-
tion. Since the p21 induction by BGLF2 was particularly striking
and no functional studies have been published on this protein, we
focused subsequent studies on this protein. Because our initial
screen of G1/S effects was conducted in Fucci cells, we first exam-
ined whether BGLF2 had similar effects on p21 in this cell line. In
keeping with the results in CNE2Z cells, transient expression of
BGLF2 in Fucci cells increased the level of p21 without affecting
p53 levels or phosphorylation at Ser 15, suggesting that p21 induc-
tion is independent of p53 (Fig. 4A). To test the requirement of
p53 for p21 induction more directly, BGLF2 was expressed in
H1299 p53-null cells, and effects on p21 were examined. As
shown in Fig. 4B, p21 expression levels were increased when
cells contained the BGLF2 expression plasmid relative to the
empty plasmid control, confirming that BGLF2 can induce p21
independently from p53. The expression of E2F-associated
phosphoprotein (EAPP) is also important for activating p21 tran-
scription and can act independently of p53 (40, 41). Therefore, we
also examined possible effects of BGLF2 on EAPP levels; however,
BGLF2 did not significantly alter EAPP levels relative to those of
the empty plasmid control (Fig. 4C).

We next examined whether the p53-independent induction of
p21 by BGLF2 resulted from increased p21 transcription. To this
end, we compared the levels of p21 transcripts by quantitative
PCR in CNE2Z and H1299 cells after transient transfection with

TABLE 1 Summary of herpesvirus proteins that increase G1/S in Fucci
cells

Virus

No. of
proteins
examined

No. of
proteins
with G1/S
change
(�1.8 fold)

No. of proteins increasing G1/S by category

Early Tegument
Capsid/capsid
assembly Unknown

EBV 55 24 9 5 7 3
HSV-1 47 11 2 2 3 4
HCMV 105 10 1 2 1 6

TABLE 2 EBV proteins that increase G1/S in Fucci cells

Protein Subcellular localization Category Function
Fold
increase SD

BLLF3 Nuclear Replication dUTPase 2.5 0.34
BDLF1 Pancellular Capsid Minor capsid protein 2.3 0.14
BORF1 Nuclear Capsid Capsid structural protein 2.2 0.36
BMRF1 Nuclear Replication DNA polymerase accessory protein 2.0 0.23
BALF1 Cytoplasmic Early gene Inhibits apoptosis 2.0 0.13
BYRF1 Cytoplasmic Uncharacterized Unknown 2.0 0.28
BSRF1 Subcytoplasmic Tegument Cytoplasmic egress facilitator 1 2.0 0.17
BGLF2 Pancellular Tegument Unknown, homologue of CMV UL94, HSV-1 UL16, KSHV ORF33 2.0 0.17
BKRF4 Nuclear Tegument Unknown 2.0 0.33
BDRF1 Nuclear Capsid assembly Proteinase/scaffold protein 2.0 0.36
BCRF1 Subcytoplasmic Early gene Immunomodulation, viral interleukin 10 (IL-10) 2.0 0.15
BBLF4 Pancellular Replication Helicase-primase ATPase subunit 2.0 0.21
BGLF3 Pancellular Capsid assembly Encapsidation chaperone protein 1.9 0.35
BARF1 Subcytoplasmic Early gene Immunomodulation 1.9 0.21
BcRF1 Subcytoplasmic Uncharacterized Unknown, herpesvirus UL87 family 1.9 0.14
BDLF4 Pancellular Capsid assembly DNA packaging protein 1.9 0.07
BVRF2 Nuclear Capsid assembly Proteinase/scaffold protein 1.9 0.35
BFLF2 Nuclear Early gene Egress 1.9 0.23
BGLF4 Cytoplasmic Tegument Serine/threonine kinase 1.9 0.08
BTRF1 Pancellular Uncharacterized Unknown 1.9 0.17
BFRF3 Nuclear Capsid Small capsid protein; capsid transport 1.8 0.19
BORF2 Subcytoplasmic Replication Ribonucleotide-reductase, large subunit 1.8 0.28
BKRF3 Pancellular Replication Uracil DNA glycolase 1.8 0.14
BBLF1 Cytoplasmic Tegument Egress 1.8 0.08
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the BGLF2 expression plasmid or empty plasmid (Fig. 4D and E).
Etoposide treatment was used as a positive control in these exper-
iments and, as expected, greatly increased the level of p21 tran-
scripts. BGLF2 did not significantly increase the levels of p21 tran-
scripts in either cell line, suggesting that it did not affect the
generation or stability of p21 mRNA but rather affected p21 at the
protein level.

BGLF2 interacts with two host proteins that affect cell cycle
progression. To gain insight into how BGLF2 might be affecting
cell cycle progression, we conducted a proteomic experiment in
which BGLF2, transiently expressed in CNE2Z cells, was recov-
ered from cell lysates by virtue of its FLAG tag, and copurifying
proteins were trypsinized and identified by mass spectroscopy
(liquid chromatography [LC]-MS/MS). Proteins recovered with
BGLF2 were compared to those recovered on anti-FLAG resin
from CNE2Z cells containing the empty plasmid (pMZS3F) or
pMZS3F-expressing LacZ (Fig. 5A). The most prevalent proteins
that interacted with BGLF2 in two independent experiments but
were not recovered with the negative-control samples were NEK9
and GMIP. Interestingly, NEK9 has multiple effects on the cell
cycle, including modulating G1/S progression (42). GMIP is a
member of the ARHGAP family of Rho/Rac/Cdc42-like GTPase-
activating proteins, which specifically stimulate the GTPase activ-
ity of RhoA (43). Although a direct role for GMIP during G1/S
progression has not been established, RhoA has been shown to
influence G1/S transition by several mechanisms, including p21
regulation (44) and modulation of INK4 family members (45).

Interactions of BGLF2 with NEK9 and GMIP were confirmed

by FLAG immunoprecipitation of BGLF2 from CNE2Z extracts,
followed by Western blotting with antibodies specific to NEK9
and GMIP (Fig. 5B). In contrast, NEK9 and GMIP were not re-
covered in FLAG immunoprecipitations performed with CNE2Z
extracts containing pMZS3F or pMZS3F-LacZ. We also examined
the effect of BGLF2 on the localization of NEK9 and GMIP by
immunofluorescence microscopy. In untransfected cells (data not
shown) or CNE2Z cells transfected with pMZS3F (Fig. 5C), NEK9
appeared largely cytoplasmic in virtually all (�95%) of the cells.
However, in the presence of BGLF2, NEK9 was largely pancellular,
reflecting the localization of BGLF2 (Fig. 5C). The pancellular
localization of NEK9 was seen in 93% of BGLF2-expressing cells.
In untransfected or pMZS3F-transfected cells, GMIP was pre-
dominantly cytoplasmic, with a lesser amount of staining in the
nucleus (Fig. 5C). In cells expressing BGLF2, the nuclear staining
of GMIP was increased to various degrees, resulting in more pan-
cellular staining, similar to that of BGLF2. The results confirm the
mass spectrometry data that BGLF2 interacts with NEK9 and
GMIP.

NEK9 and GMIP regulate p21 and are required for BGLF2 to
induce p21. We next tested the hypothesis that BGLF2 induces
p21 by altering the function of NEK9 or GMIP. To begin with, we
asked whether silencing NEK9 or GMIP affected p21 levels. As
shown in Fig. 6A, treatment of CNE2Z cells with siRNA targeting
NEK9 or GMIP greatly induced p21 levels compared to negative-
control (AllStars) siRNA treatment, showing that both proteins
contribute to p21 regulation. Interestingly, like BGLF2 expres-
sion, depletion of NEK9 or GMIP induced p21 without inducing

TABLE 3 HSV-1 proteins that increase G1/S in Fucci cells

Protein name
Subcellular
localization Category Function

Fold
increase SD

UL56 Nuclear Uncharacterized Unknown but reduces virulence 2.1 0.22
UL24 Nuclear Tegument Localization of viral glycoproteins 2.1 0.19
ICP35 Pancellular Capsid assembly Protease, interacts with major capsid protein (VP5) 2.0 0.10
ORF O Cytoplasmic Uncharacterized Related to ORFP, antisense to 34.5 2.0 0.13
UL26 Nuclear Capsid assembly Maturation protease 2.0 0.32
UL42 Nuclear Replication Processivity subunit of HSV DNA polymerase 1.9 0.07
UL32 Cytoplasmic Capsid assembly Capsid transport to replication compartments 1.9 0.21
UL20.5 Nuclear Uncharacterized Unknown 1.9 0.35
ICP34.5 Pancellular Tegument Neurovirulence factor, immunomodulation 1.9 0.28
UL52 Cytoplasmic Replication Part of helicase-primase complex 1.8 0.19
UL8.5 Nuclear Uncharacterized Unknown 1.8 0.29

TABLE 4 CMV proteins that increase G1/S in Fucci cells

Protein
Subcellular
localization Category Function

Fold
increase SD

UL80 Nuclear Capsid assembly Scaffold protein 2.5 0.23
UL69 Nuclear Tegument RNA binding and shuttling, cell cycle modulation 2.1 0.21
UL96 Pancellular Uncharacterized Unknown 2.0 0.08
UL76 Nuclear Tegument Regulates expression of some viral genes, induces IL-8, protein

sequestration to aggresomes
2.0 0.28

J1L Cytoplasmic Uncharacterized Unknown 2.0 0.16
TRL5 Nuclear Uncharacterized Unknown 1.9 0.22
UL101 Nuclear Replication Putative subunit of helicase/primase complex 1.9 0.00
UL12 Cytoplasmic Uncharacterized Unknown 1.9 0.08
UL3 Nuclear Uncharacterized Unknown 1.8 0.12
Us30 Cytoplasmic Uncharacterized Unknown 1.8 0.22
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p53. We then asked whether BGLF2 could induce p21 in the ab-
sence of NEK9 and GMIP. To this end, NEK9 or GMIP was si-
lenced prior to transient transfection with the BGLF2 expression
plasmid or empty plasmid (Fig. 6B). As expected, BGLF2 induced
p21 but not p53 in cells treated with negative-control siRNA
(compare lanes 1 and 2 in Fig. 6B), but after depletion of NEK9 or
GMIP, BGLF2 either did not affect the level of p21 (compare lanes
5 and 6) or slightly decreased it (compare lanes 3 and 4). The
results suggest that NEK9 and GMIP are regulators of p21 and that
BGLF2 induces p21 at least in part by altering the functions of
NEK9 and GMIP.

DISCUSSION

As part of their lytic mode of infection, herpesviruses induce cell
cycle arrest predominantly at the G1/S interface. Various viral pro-
teins have been implicated in this growth arrest, but only a small
proportion of the encoded proteins have been studied for cell
cycle effects. To gain a more comprehensive view of herpesvirus
proteins that contribute to G1/S arrest, we screened a library of
over 200 HSV-1, CMV, and EBV proteins for the ability to in-
crease the proportion of cells in G1/S, using the HeLa Fucci cell
line in which the G1/S phase can be identified colorimetrically. In
this way, we identified several proteins from each virus that impact
the G1/S transition, including 13 proteins with no previously as-
signed functions.

Herpesviruses can impact cellular processes immediately upon
infection by packaging specific viral proteins in the tegument of
the virion, such that they are delivered to the cell upon initial
infection. Therefore, it is not unexpected that some of the G1/S-
inducing proteins would be tegument proteins. Indeed, our screen
identified five tegument proteins (3 from EBV, 2 from CMV, 1
from HSV-1) that increased the population of cells at G1/S, and
two of these (EBV BGLF2 and BKRF4) have not been previously
studied. Of the three EBV tegument proteins that we identified as
inducing G1/S, only the BGLF4 Ser/Thr protein kinase has been
functionally characterized. Among the various functions reported
for BGLF4 is the ability to inhibit cell cycle progression, particu-
larly at the G1/S interface (37). Our results are in agreement with
this conclusion. One of the two CMV tegument proteins that we
identified as increasing G1/S cells was UL69, which was previously
reported to shift cells to the G1 compartment according to DNA
content analysis (16, 17). This observation is consistent with our
result that UL69 induces G1/S accumulation, which is indistin-
guishable from G1 based on DNA content. The other CMV tegu-

TABLE 5 Comparison of EBV protein homologues for effects on G1/S
progression in Fucci cells

Viral protein
function

EBV HSV-1 CMV

Protein

G1/S
(fold
increase) Protein

G1/S
(fold
increase) Protein

G1/S
(fold
increase)

Processivity
factor

BMRF1 2.0 UL42 1.9 UL44 1.0

Uncharacterized BGLF2 2.0 UL16 1.0 UL94 1.6
Ribonucleotide

reductase,
large subunit

BORF2 1.8 UL39 NDa UL45 2.6

Capsid BDLF1 2.3 UL18 1.2 UL85 1.6
Capsid BORF1 2.0 UL38 1.8 UL46 ND
Capsid BFRF3 1.8 UL35 1.5 UL48A ND

a ND, not determined; plasmid not present in the plasmid library.

FIG 3 Effect of EBV proteins on p53 and p21. (A) CNE2Z cells were trans-
fected with the indicated EBV expression plasmids or empty expression plas-
mid (pMZS3F), and, 24 h later, cell lysates were analyzed by Western blotting
using antibodies specific to the indicated proteins or to the FLAG tag on the
EBV proteins. CNE2Z cells treated with etoposide are shown as a positive
control for p53 activation. p53 (B) and p21 (C) levels from CNE2Z cells trans-
fected with expression plasmids as described for panel A were quantified from
Western blots from three independent experiments. Average values with stan-
dard deviations are shown relative to pMZS3F samples, which were set to one.
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ment protein identified in our screen was UL76, which has been
reported to have a variety of functions, including induction of cell
cycle arrest (46–50). This protein is conserved in all herpesviruses,
and, interestingly, its homologue in HSV-1 (UL24) was also a top
hit in our screen for induction of G1/S. UL24 also appears to have
multiple functions, contributing to viral egress, affecting the lo-
calization of some cellular nucleolar proteins and, like CMV
UL76, was reported to induce cell cycle arrest (48, 51, 52). The
EBV homologue of CMV UL76, BXRF1, has not been studied and
was not tested in our screen since it failed to express. Our data
suggest that UL24 and its homologues also contribute to the G1/S
arrest during lytic infections.

In addition to tegument proteins, our screen for proteins in-
ducing G1/S accumulation identified several capsid protein and
capsid-interacting proteins. While capsid proteins have tradition-
ally been thought of as strictly structural proteins, our findings
suggest that, like tegument proteins, capsid proteins may also be
able to impact cellular processes upon their delivery into the cell.
These findings are consistent with those of Dargan and Subak-
Sharpe (53), who found that infection with HSV-1 L-particles
(which do not contain viral DNA) inhibited cellular growth, sug-
gesting that virion constituents alter cell cycle progression. While
nonstructural roles of herpesvirus capsid proteins have been
largely unexplored, there are several examples of other viruses that
use their capsid proteins to affect cellular processes. For example,
several RNA viruses, including flaviviruses, togaviruses, and coro-

naviruses, use their capsid proteins to inhibit apoptosis and innate
antiviral responses and to stimulate viral gene expression (re-
viewed in reference 54). Additionally, coronavirus nucleocapsid
(N) protein has been shown to inhibit S phase progression by
modulating cyclin-CDK activity (55), a cell cycle effect similar to
that which we observed for three EBV capsid proteins. Capsid
proteins from two DNA viruses have also been reported to interact
with host proteins to alter cellular processes. Adenovirus capsid
protein VI interacts with Daxx to counteract its transcriptional
repression of the Ad1A promoter (56), while the L2 minor capsid
protein of human papillomavirus type 33 modulates the compo-
sition of PML nuclear bodies, including decreasing Sp100 and
increasing Daxx (57, 58). In light of these data and our results with
EBV capsid proteins, we propose that incoming herpesvirus cap-
sids, after release from the envelope and tegument, have a role in
altering cellular processes, including cell cycle progression, either
as intact capsids or as individual proteins or subassemblies once
capsids are disassembled.

There are many ways that viral proteins could block cells in G1

or at the G1/S transition, including inducing or activating p53,
pRB (retinoblastoma protein), ATM, or Chk2 (reviewed in refer-
ences 1, 59, and 60). Seven of the EBV proteins identified in our
screen as G1/S inducers were examined for their effect on all these
proteins. While we did not see consistent induction or activation
(phosphorylation) of pRB, ATM, or Chk2, BMRF1 and BORF2
were found to consistently induce the level of total and Ser15-

FIG 4 BGLF2 induces p21 protein levels in a p53-independent manner. (A) Fucci cells were transfected with pMZS3F or pMZS3F-BGLF2 and, 24 h later, cell
lysates were analyzed by Western blotting for p53, phosphorylated p53 [p-p53 (ser15)], and p21, using actin as a loading control. (B and C) H1299 p53-null cells
were transfected as described for panel A and then lysates were Western blotted for p21 (B) or EAPP (C) in addition to FLAG-BGLF2 and actin. CNE2Z (D) and
H1299 (E) cells were transfected as described above, and then p21 transcript levels were determined by quantitative PCR and normalized to GAPDH. Average
values with standard deviations are shown from three independent experiments.

Paladino et al.

4488 jvi.asm.org Journal of Virology

http://jvi.asm.org


phosphorylated p53. Interestingly, despite inducing p53, both
proteins failed to induce the p53 target gene p21, suggesting that
they disable downstream functions of p53. While both BMRF1
and BORF2 have roles in DNA replication, as the DNA polymer-
ase processivity factor and the ribonucleotide reductase large sub-
unit (RR1), respectively, there is reason to believe that these pro-
teins may have additional functions in affecting cellular processes.
While cellular effects of BMRF1 have not been studied directly, the
HSV-1 homologue of BMRF1 (UL42) has been reported to inter-
act with NF-�B subunits p65 and p50 and inhibit their nuclear
translocation (61). In addition, the CMV homologue (UL44) was
found to inhibit the ability of p53 to induce p21 expression (62).
This might explain our observation that BMRF1 failed to induce
p21 despite induction of p53. For the RR1 proteins, the HSV-2
RR1 homologue (UL39) has been reported to bind caspase-8 and
protect against tumor necrosis factor alpha (TNF-�)- and FasL-
induced apoptosis, although these properties were not seen with
the EBV homologue, BORF2 (63). In addition, the RR1 homo-
logues in human and mouse CMV (UL45 and M45, respectively)
have been shown to contribute to viral infectivity despite having
mutations that make them incapable of reducing ribonucleotides
(64, 65). The fact that CMV has retained these proteins that are
inactive for DNA replication and packages them in the tegument
(64) suggests that they have roles outside DNA replication. Our
results suggest that these roles include effects on the G1/S transi-
tion and part of the p53 pathway.

In contrast to the results with BMRF1 and BORF2, we found
that BGLF2, a functionally uncharacterized tegument protein, in-
creased p21 levels without inducing the level or phosphorylation
of p53. Furthermore, experiments in p53-null cells showed that
p53 was not required for BGLF2 to induce p21. BGLF2 did not
increase the level of p21 transcripts or EAPP protein, which is
known to activate transcription of the p21 gene, suggesting that
the p21 protein itself was stabilized. p21 can be stabilized by
changes to its phosphorylation state or by protein interactions
(66). For example, AKTI/PKB and PIM-2 increase p21 stability by
phosphorylating it at Ser 146 and Thr 145, respectively (67, 68),
while GSK-3 destabilizes p21 by phosphorylating it at Thr 57 (69).
In contrast, cyclin D1 binding to p21 stabilizes p21 by preventing
its interaction with the proteasome, and Ras stabilizes p21 by in-
ducing the formation of the cyclin D1-p21complex (70). The
mechanism by which BGLF2 stabilizes p21 remains to be deter-
mined, but we have not detected an interaction between BGLF2
and p21 by coimmunoprecipitation (co-IP) experiments.

Using a proteomics approach, we found that BGLF2 interacts
with two cellular proteins, GMIP and NEK9. GMIP was discov-
ered as a binding partner of GEM and also binds and stimulates
the GTPase activity of RhoA (43). Although a direct role for GMIP
during G1/S progression or in p21 regulation has not been previ-
ously investigated, both GEM and RhoA have been shown to affect
the G1/S transition (45, 71), and RhoA has a role in regulating p21
(44). NEK9 is a protein kinase that has multiple effects on the cell

FIG 5 BGLF2 interacts with host NEK9 and GMIP. (A) CNE2Z cells were transfected with pMZS3F or pMZS3F-expressing LacZ or BGLF2. Twenty-four hours
later, FLAG-tagged proteins were recovered on anti-FLAG resin, and copurifying proteins were identified by LC-MS/MS. Total spectral counts recovered for
NEK9 and GMIP for each construct from two independent experiments are shown (separated by an asterisk), as are the spectral counts for BGLF2. (B) CNE2Z
cells transfected as described for panel A were subjected to FLAG immunoprecipitation, followed by Western blotting for NEK9, GMIP, and FLAG. Input samples
prior to IP are also shown (5% of lysate used for immunoprecipitation). (C) CNE2Z cells transfected with pMZS3F or pMZS3F-BGLF2 were stained with
antibodies against FLAG and NEK9 (top) or FLAG and GMIP (bottom) and counterstained with 4=,6-diamidino-2-phenylindole (DAPI).
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cycle, including maintaining proper G1/S progression through in-
teractions with FACT (42). Downregulation of NEK9 by RNA
interference has been found to slow the progression from G1 phase
to S phase, suggesting that NEK9 function is required for this
transition (42). We found that silencing of either NEK9 or GMIP
resulted in induction of p21, suggesting that p21 regulation might
contribute to the cell cycle effects of these proteins. Interestingly,
this p21 induction was not accompanied by p53 induction, sug-
gesting that the p21 regulation is p53 independent and pheno-
copying the effect of BGLF2 expression. Furthermore, BGLF2 did
not further increase p21 levels when NEK9 or GMIP were silenced.
The results as a whole suggest that BGLF2 induces p21 by inter-
fering with the functions of NEK9 and GMIP. Interestingly, this is
not the first report of a viral protein targeting NEK9, as adenovirus
E1A was previously shown to interact with NEK9 and alter its
subcellular localization (32).

In conclusion, we have used the Fucci cell system to identify
several herpesvirus proteins that induce cells to accumulate at the
G1/S interface. This provided the first functional information for 5
EBV, 3 HSV-1, and 6 CMV proteins, including BGLF2, which we
have shown to induce p21 protein levels in a manner that is p53
independent but involves NEK9 and GMIP. In addition, our re-
sults provide the first indication that herpesvirus capsid proteins
can affect cellular processes, including cell cycle progression. Our
study as a whole suggests that multiple viral proteins and mecha-
nisms contribute to G1/S arrest typical of herpesvirus lytic infec-
tions.
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ADDENDUM IN PROOF

Just after this paper was accepted, Chudasama et al. (Chudasama
P, Konrad A, Jochmann R, Lausen B, Holz P, Naschberger E,
Neipel F, Britzen-Laurent N, Stürzl M, Oncogene, 27 January
2014, http://dx.doi.org/10.1038/onc.2013.595) reported a role for
the ORF25 Kaposi’s sarcoma-associated herpesvirus capsid pro-
tein in inhibiting p53-mediated apoptosis.
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