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Abstract

The genomes of HCMV clinical strains (e.g. FIX, TR, PH, etc) contain a 15 kb region that en-
codes 20 putative ORFs. The region, termed ULb’, is lost after serial passage of virus in
human foreskin fibroblast (HFF) cell culture. Compared to clinical strains, laboratory strains
replicate faster and to higher titers of infectious virus. We made recombinant viruses with
22,14, or 7 ORFs deleted from the ULb’ region using FIX and TR as model clinical strains.
We also introduced a stop codon into single ORFs between UL133 and UL138 to prevent
protein expression. All deletions within ULb’ and all stop codon mutants within the UL133 to
UL 138 region increased to varying degrees, viral major immediate early RNA and protein,
DNA, and cell-free infectious virus compared to the wild type viruses. The wild type viral pro-
teins slowed down the viral replication process along with cell-free infectious virus release
from human fibroblast cells.

Introduction

Human cytomegalovirus (HCMV) is a large, complex DNA virus belonging to the Herpesviri-
dae family. It establishes a lifelong latent infection in the majority of the human population [1].
In individuals with compromised T cell immunity, the virus can reactivate to cause morbidity
and mortality [2]. In permissive cells, viral gene expression occurs in three temporal phases,
designated immediate-early (IE), early, and late. Transcription of the IE genes is independent
of any de novo viral protein synthesis. IE gene products activate early viral gene expression, in-
hibit apoptosis, and neutralize intrinsic and innate cellular immunity (Review in [3, 4]). Early
viral proteins participate in viral DNA synthesis. The late genes, which primarily encode struc-
tural proteins, are expressed after viral DNA replication.

The major immediate-early (MIE) gene locus, UL122 and UL123, is the most abundantly
expressed region under IE conditions and gene products IE1-p72 and IE2-p86 are major fac-
tors for determining the fate of the viral replication cycle [3, 5]. There are viral factors
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Fig 1. Comparison of ORF organization between HCMV Towne, and two clinical strains. (A) From the left, the Towne genome contains TRL1-14, UL1-
132, IRL14-1, IRS1, US1-36 and TRS1. Towne laboratory strain contains a block of ORFs, UL147-UL154. Clinical strains contain RL1-14, UL1-151, IRS1,
US1-36, and TRS1. The BAC inserts are identified (B), and viral ORFs deleted during BAC insertions are listed in parentheses (Murphy, et al. (2003) Proc.

Natl. Acad. Sci. USA 100, 14976-14981). (B) Predicted ORFs and their direction of expression within ULb’ region were indicated by black arrow as described

previously (Petrucelli et al. (2009)

J Virol 83, 5615-5629). Schematic representation of ORF deletions to make the mutant recombinant virus are depicted.

doi:10.1371/journal.pone.0120946.g001

associated with the virions that stimulate MIE gene expression, such as tegument protein pp71
and envelope glycoprotein gB [6, 7]. Whether the virions of clinical strains contain additional
factors that stimulate or repress MIE gene expression is currently not known.

The HCMYV genome has a coding capacity for hundreds of proteins. Of these proteins, ap-
proximately 43 are highly conserved among all members of the herpesvirus subfamilies and are
essential for viral replication in cell culture [1]. All clinical strains of HCMV contain a unique
region of the genome, termed ULD’, that encodes approximately 20 predicted open reading
frames (ORFs) including UL133 to UL151 [8, 9]. The ULb’ region is lost in strains of the virus
adapted for replication in cultured human fibroblast cells (Fig. 1). Since these genes are nones-
sential for viral replication in human fibroblast cells, they are hypothesized to be important for
virus dissemination, latency, or pathogenesis in the human host [10, 11]. The cellular and viral
mechanisms that determine the balance between latent states and infectious virus replication
are best investigated with the clinical strains of HCMV. An understanding of these mecha-
nisms is critical for designing strategies to control HCMYV infection and viral pathogenesis.
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Fig 2. A schematic section of the ULb’ region of recombinant viruses. (A) Predicted ORFs and their direction of expression indicated by black arrows as
described previously (Petrucelli A, J Virol. 2009 Jun;83(11):5615-29). (B) Stop codon mutations were introduced into individual ORFs between UL133 and
UL 138 of clinical strains FIX and TR. Calculated length of individual transcripts in nucleotide (nt) and proteins in amino acid (aa) residues were indicated
below each ORF. The amino acid number for the introduction of a stop codon is indicated.

doi:10.1371/journal.pone.0120946.9002

Within the ULD’, the viral protein coding potential studies have concentrated on the UL133
to UL138b region (Fig. 2A). Polycistronic RNAs of 3.6, 2.7, and 1.4 kb are encoded within the
region with unique 5’ ends and a common 3’ end [12]. Viral protein expression is determined
by protein translation start sites near the 5’ ends of the viral mRNAs and by canonical and
non-canonical internal protein translation initiations sites [13]. Within this region, the UL138
OREF has been investigated in more detail. With clinical strains of HCMV (FIX), this viral pro-
tein promotes latency in CD34" progenitor cells [10]. With a variant of strain AD169, the
UL138 protein increases TNF-o receptors (TNFR-1) [14, 15], which may promote replication
in the presence of the cytokine TNF-o. Three additional proteins encoded by UL133, UL135,
and UL136 form a viral protein complex with UL138 [13, 16]. These viral proteins are express-
ed early during productive infection and are detected within the Golgi complex as trans mem-
brane proteins [12, 16]. While these viral proteins promote replication in endothelial cells, they
paradoxically retard replication in human CD34" macrophage progenitors and therefore,
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promote latency [16]. How these viral proteins affect the pathogenesis of HCMYV in various cell
types is currently not understood and their affects on virus replication are controversial.

We further investigated the affect of the UL’ region on the efficiency of viral replication in
human fibroblast cells by comparing the replication of clinical strains FIX and TR to mutant
recombinant viruses with deletions of 22, 14, and 7 ORFs within the ULb’ region (Fig. 1B). All
deletions induced more efficient replication in human fibroblast cells, which includes the 7
ORFs between UL133 and UL138b. We also made ORF deletions and stop codon mutations
within individual ORFs to determine the affect of the UL133-138b gene cluster on viral replica-
tion efficiency. Mutations in these ORFs increased, to varying degrees, all temporal stages of
viral RNA and protein, DNA, and infectious virus in the extracellular fluid. The clinical strain
ULb’-associated genes slowed down the viral replication process in human fibroblast cells.
How these viral gene products might retard the efficiency of viral replication in human fibro-
blast cells is discussed here.

Materials and Methods
Plasmids, BACs, and recombinant viruses

Two recombinant HCMV BAC clinical strains ({HCMV-BAC), FIX-GFP (a gift from Felicia
Goodrum, University of Arizona, Tucson, AZ) and TR-GFP (a gift from Dong Yu, Washington
University, St. Louis, MO) were used in this study and are referred to as wtFIX-BAC and
wtTR-BAG, respectively (Fig. 1A). To delete ORFs or modify a single ORF, the RspL-neo selec-
tion and Counter Selection BAC Modification kit (Gene Bridges, Dresden, Germany) was
used. The recombination procedure was a modification of Isomura et al. [17] in E. coli strain
DY380 [18]. Oligonucleotide primers (Table 1) were used to amplify a marker cassette contain-
ing the neomycin resistance and RpsL (streptomycin sensitive) genes and to simultaneously in-
troduce 50-70 homologous nucleotides at either end of the cassette. Gel purified, linear,
double-stranded DNA was subjected to electrophoresis into recombination competent DY380
carrying the targeted rHCMV-BAC DNA for first stage recombination. Intermediate DY380
colonies containing rHCMV with RspL-neo were kanamycin resistant and streptomycin sensi-
tive. To remove the RspL-neo marker cassette, another set of primer pairs with overlapping 3’
ends were used to make a small stretch of double stranded DNA by Pfu DNA polymerase (Life
Technologies, Grand Island, NY) extension with oligonucleotides homologous to both ends of
the targeted region. Gel purified linear double-stranded DNA was electroporated into recombi-
nation competent DY380 carrying the intermediate tHCMV-BAC DNA for second stage re-
combination. The final form of rHCMV-BAC with the desired deletion was selected on
streptomycin containing LB agar plates. FIX-dl 151-148 (22 ORF deletion) and FIX-dl133-145
(17 OREF deletion) were produced using the recombination procedure mentioned above and
the primer set listed in Table 1.

The region between UL133 and UL138b was replaced with the RpsL-neo marker cassette to
generate FIX-dl133-138b (7 ORF deletion) as well as stop codon mutant recombinant BACs.
Primers UL133 RpsLR and UL138b RpsL F (Table 1) were used to amplify the RpsL-neo cas-
sette with ends homologous to UL133 and UL138b by PCR using Platinum PFX Polymerase
(Life Technologies, Grand Island, NY). The 1.5 kb PCR product was fractionated on a 0.8%
agarose gel in 1X TBE and purified with the Qiagen Gel Extraction Kit (Qiagen). Homologous
recombination was performed with 100 ng of PCR product electroporated into DY380 contain-
ing wtFIX-BAC or wtTR-BAC DNA to generate the clones FIX-dl133-138b and TR-dl133-
138b, respectively.

The RpsL-neo cassette flanked by UL135 sequence was amplified by PCR with pRpsL-neo
as template and the primers UL135RpsLF and UL135RpsLR. Homologous recombination with
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Table 1. List of oligonucleotides used to construct recombinant FIX and TR viruses.

Name of the primer

UL133 F
UL138B R
UL133 C26* F
UL133 C26* R
UL134 Y44* F
UL134 Y44* R
UL135 S44* F
UL135 S44* R
UL136 M11* F
UL136 M11* R
UL138 C25* F
UL138 C25* R
UL133 RpsL R

UL138B RpsL F
UL135 RpsL F
UL135 RpsL R

UL135 F
UL135 R
UL151-rspl

UL148-rspl
UL151-Hf
UL148-Hr
UL133-rspl
Ul145-rspl
UL-133-Hf

Ul145-Hr

doi:10.1371/journal.pone.0120946.t1001

Sequence of oligonucleotide (5'—3’)

CGGAGGAAGTTACGTGGGTA

CCAGCTACTGCCGTTAGAGG
ACACCAAATTCCCAAGGCCGCTTAAGTTATCCAAATCACGATGATC
GATCATCGTGATTTGGATAACTTAAGCGGCCTTGGGAATTTGGTGT
AAGGGCCGGTGTACGGACATTTAAACCTTGGATTTCTGG
CCAGAAATCCAAGGTTTAAATGTCCGTACACCGGCCCTT
GGCCTCGGCGCTGGGTAAATAATCATATGGCCAGGACC
GGTCCTGGCCATATGATTATTTACCCAGCGCCGAGGCC
CGTCCAAGTCCCACGTCTAGACTGGCATCTCCACGCCC
GGGCGTGGAGATGCCAGTCTAGACGTGGGACTTGGACG
CCAATGGTAAGCTAGATATCAGAGAATGGCCACGAT
ATCGTGGCCATTCTCTGATATCTAGCTTACCATTGG

GCCGCTGCCGATGGGCGCCGGCGGACGTGACTCGGCAGCCACTG
TAGGGATATAGTGCGATGGCGTCAGAAGAACTCGTCAAGAAGGC

GTTGTGTACATTCGTACTGACAGGGAACCCCCGGTGATGTGCACA
TTATACTCTTTCATTCTGGGGGGCCTGGTGATGATGGCGGGATCG

ACGTCGGGGATCTCGAATCGCGCCGGAGGAAACTCGGGTTTATCT
ATCGGCAGACCATCCTCTCCTGGCCTGGTGATGATGGCGGGATCG

TAAGGAATTTTCCGACTTGGCCCACATCTCCTTCTTCAGTGTTTGG
ACAATAAACACATTCCTTGCCTCAGAAGAACTCGTCAAGAAGGC

GAGCAATGCGACGGAGAT
CATCAGACCGGAACGTAACC

GTGGCGCCGGAGACACGGGGTGACGTCGGAGACAGGGGCCTTTTG
CGGCAGGGACGGGCCTGGTGATGATGGCGGGATCG

CGATGAATCTGTCTAGTGACACCAGCCAACCCTCTGCTTTTGCGGGC
AAGCGCGCTTCAGAAGAACTCGTCAAGAAGGCG

GGGACGGAGGTGGCGCCGGAGACACGGGGTGACGTCGGAGACAG
GGGCCTTTTGCGGCAGGGACGAGCGCGCTTGCCCGC

TCAGCAATGTGTTGAGGTACTGCACGATGAATCTGTCTAGTGACACC
AGCCAACCCTCTGCTTTTGCGGGCAAGCGCGCT

TTCAAAGATTCCATAATCGACATTTTAACTTGCCGATGGGTGCGCTA
CTGCAGCTGGGCCTGGTGATGATGGCGGGATCG

CGGCTGTCACGGCACTGTATCGATGTAACACTAGGGACTTTCTTTG
CGATGTAGCCTCAGAAGAACTCGTCAAGAAGGCG

CGGGAATTTTTCAAAGATTCCATAATCGACATTTTAACTTGCCGATGG
GTGCGCTACTGCAGCTGGGCTACATCGCAAAG

CAACAGGCATGAGCTGCAGGGCCACGGCTGTCACGGCACTGTATCG
ATGTAACACTAGGGACTTTCTTTGCGATGTAGCC

100 ng of the gel purified PCR product and wtFIX or wtTR in DY380 generated intermediate
FIX-dIUL135 and TR-dIUL135, respectively.

To introduce stop codons into respective ORFs, the plasmid pGEM+UL133-138b was gen-
erated by amplifying the UL133 to UL138b region of wtFIX-BAC by PCR. Platinum PFX Poly-
merase (Life Technologies, Grand Island, NY) was used according to the manufacturer’s
recommendations with the primers UL133F and UL138bR (Table 1) to produce a 4,457 base
pair DNA product. The PCR product was purified with the Qiagen PCR purification kit (Qia-
gen, Valencia, CA) and then incubated with Taq polymerase (New England Biolabs, Ipswich,
MA) at 72°C for 10 min in the presence of 0.2 mM dNTPs to add an adenosine residue to the
3’ end of the DNA. The resulting DNA was cloned into pGEM using the pPGEM-T-Easy kit
(Promega, Madison,WI) to generate pPGEM+UL133-138b. pPGEM+UL133-138b was used as
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template to generate mutations in the genes between UL133 and UL138b with the QuikChange
XL kit (Agilent Technologies, Inc. Santa Clara, CA) and the primer pairs listed in Table 1. Plas-
mids generated were pPGEM+UL133-138b UL133 C26, pPGEM+UL133-138b UL134 Y44",
pGEM+UL133-138b UL135 S44*, pPGEM+UL133-138b UL136 M11* and pGEM+UL133-
138b UL138 C25*. The region containing UL133-UL138b was amplified from the above plas-
mids using Platinum PFX Polymerase and the primers UL133F and UL138bR. The 4.5 kb PCR
product from different plasmid templates was separately fractionated on a 0.8% agarose gel in
1X TBE and purified with the Qiagen Gel Extraction Kit (Qiagen). Homologous recombination
was performed with 100 ng of PCR product from each template subjected to electrophoresis
into DY380 containing HCMV FIX-BAC-dIUL133-138b to generate FIX-133*, FIX-134*, FIX-
135, FIX-136" and FIX-138" (* indicates the insertion of a stop codon as diagramed in

Fig. 2B). To replace the methionine codon at position 97 of UL135 with a stop codon, another
round of mutagenesis was performed. The QuikChange Mutagenesis Kit with pGEM+UL133-
138b UL1355844* as template and primers UL135 M97* F and UL135 M97* R was used to gen-
erate pPGEM+UL133-138b UL135544*M97*. PCR to amplify the UL135 S44*M97* mutation
was performed using Platinum PFX Polymerase, pPGEM+UL133-138b UL135544*M97* as
template and the primers UL135F and UL135R. The mutation in UL135 at S44 and M97 was
introduced into wtTR-BAC by homologous recombination. The 0.7 kb PCR product was frac-
tionated on a 0.8% agarose gel in 1X TBE and purified with the Qiagen Gel Extraction Kit (Qia-
gen). Homologous recombination was performed with 100 ng of PCR product electroporated
into DY380 containing intermediate TR-dIUL135 to generate TR-135* S44, M97.

Reverting the FIX-135" into wild type genome sequence was made by recombination be-
tween UL135 PCR product (using primer UL135F and UL135R along with FIX-wt as template)
and FIX-135*-BAC DNA in DY380. It was designated as RevFIX-135*. All recombinant
HCMYV BAC DNAs were digested with the endonuclease HindIII, fractionated in a 0.6% aga-
rose gel, and analyzed for any spurious viral genome deletions or rearrangements. All site-spe-
cific mutations in recombinant HCMV BAC DNAs were confirmed by DNA sequencing
(University of Iowa DNA Core Facility).

Recombinant virus isolation

Anonymous samples of human foreskins to prepare primary fibroblast cells were obtained from
the University of Iowa Hospital and Clinics. The University of Iowa Hospital and Clinics does not
have a consent procedure regarding the storage of human fibroblast from discarded human fore-
skins. At the time for the start and the completion of this project, there was not a need to obtain
informed consent from the University of Iowa Institutional Review Board 01 (Biomedical) for ob-
taining normally discarded human foreskin tissues that could not be linked to private identifiable
information. Also we have had no contact with patients. HFF cells were isolated and grown in Ea-
gle’s minimal essential medium (MEM; Mediatech, Herndon, VA) supplemented with 10% new-
born calf serum (Sigma, St. Louis, MO), as described previously [19, 20]. Cells were transfected
with either 2 or 5 pg of each recombinant BAC DNA in the presence of 1 g of plasmid pSVpp71
and 1 ug of salmon sperm DNA (carrier) by the calcium phosphate precipitation method of Gra-
ham and Van der Eb [21]. After 5 days, viral cytopathic effect (CPE) appeared. Media was re-
placed every 3 to 4 days. Seven days after 100% CPE, the extracellular fluid and monolayer of cells
were collected. Cell associated virus was released by three freeze and thaw cycles. Cell and super-
natant media containing virions were pelleted through a 20% sorbitol cushion by ultracentrifuga-
tion as described previously [19]. The virus containing pellet was suspended in 50% newborn calf
serum and stored at —80°C. Each virus stock was titrated for plaque forming units (PFU/ml) using
a GFP-based plaque assay method on HFF cells with agar overlay as described previously [22].
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Western blotting

Cells were harvested, lysed, and processed for Western blot analysis as described previously [23,
24]. Briefly, cell lysates were fractionated by SDS-PAGE in a 4 to 15% gradient gel. Proteins were
transferred to polyvinylidene difluoride (PVDF) membranes, and the following antibodies (Ab)
were used: anti-MIE monoclonal Ab (MADb) 810 (Chemicon, Temecula, CA), anti-UL99 MAb
(Fitzgerald, Concord, MA), anti-pp65 MADb (Fitzgerald), anti-pp71 MAb (Acris, Herford, Ger-
many) and anti-glyceraldehyde3-phosphate dehydrogenase (anti-GAPDH; Chemicon), Proteins
were detected using secondary horseradish peroxidase (HRP)-conjugated goat anti-mouse im-
munoglobulin G (IgG) and SuperSignal West Pico chemiluminescence detection reagent (Pierce,
Rockford, IL) according to the manufacturer’s instructions. To determine equal amounts of in-
fectious virus input, virion tegument protein pp65 was assayed by Western blot analysis at 3
hours post infection (h p.i.). Rabbit polyclonal antibodies to UL133 and UL135 were a kind gift
from F. Goodrum (Univ. of Arizona). Image ] program was used to calculate the band intensity
and the ratio of corresponding proteins from scan pictures of equally exposed films.

Real-time PCR analysis

HCMYV gB DNA was detected and quantified using multiplex real-time PCR for either viral
DNA input or viral DNA synthesis. Whole-cell DNA was harvested at 3 h p.i. for viral DNA
input or at various days post infection (d p.i.) for viral DNA synthesis assay as described previ-
ously [23, 24]. Real-time PCR was performed using 0.4 g DNA in a final volume of 20 ul of
the Platinum PCR Supermix-UDG cocktail (Invitrogen, Carlsbad, CA). HCMV gB primers
and 6-carboxyfluorescein-6-carboxytetramethylrhodamine probe, and cellular 18§ DNA prim-
ers and VIC-6-carboxytetramethylrhodamine probe (Applied Biosystems, Foster City, CA)
were used simultaneously. Thermal cycling conditions and quantification of gB DNA were as
described previously [25]. The relative amount of input viral DNA was expressed relative to ei-
ther wtFIX, RevFIX-135%, or wtTR in three respective sets of experiments.

HCMV MIE, IE1, IE2 and cellular 18S RNAs were detected and quantified using real-time
PCR. HFF cells were infected in triplicate with recombinant virus wtFIX, FIX-133*, FIX-135%,
FIX-136*, FIX-138" and FIX-dl133-138b at an MOI of 0.5. After 3, 18, 24, 36 and 48 h, total
RNAs were isolated using TRIreagent (Invitrogen) and treated with RNase-free DNase. 1 pg of
total RNA was converted to cDNA using SUPERSCRIPT II RNase H-negative reverse tran-
scriptase (RT) (Life Technologies, Gaithersburg, Md) according to the manufacturer protocol.
Multiplex real-time PCR was performed using 2 ul of 1:5 diluted cDNA in a final volume of
20 pl of the Platinum PCR SuperMix-UDG cocktail (Invitrogen). Primers and probes for
HCMYV MIE, IE1, and IE2, genes were described previously [26, 27]. The primers and the VIC-
labeled probe used to amplify the ribosomal 18S were obtained from PE Applied Biosystems
(Branchburg, NJ). Viral MIE, IE1, and IE2 RNA levels were normalized to cellular 185 RNA
and the values for wild-type virus at 3 h p.i. were set as 1.

Immunofluorescence assay

HEFF cells in 24 multiwell plates with a coverslip on the bottom were infected with wt or mutant
recombinant viruses at an MOI of 0.5 and harvested for immunofluorescence assay at 24 h p.i.
as described previously [28]. Cells were examined and photographed with an Olympus DX-51
fluorescence microscope. The primary antibody was anti-IE1-p72 (Chemicon International)
and the secondary antibody was goat anti-mouse antibody conjugated to Alexa Fluor 555 (Mo-
lecular Probes Invitrogen, Eugene, OR).
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Results
Effect of ULb’-associated gene deletion on MIE protein expression

Clinical HCMYV strains, like FIX and TR, have additional ORFs between UL133 and UL151
when compared to laboratory strains Towne and AD169 [9]. During repeated passage of the
Towne strain in human fibroblast cells, part of the genome was deleted and the terminal repeat
was duplicated (Fig. 1A). Since clinical strains like FIX and TR replicate slowly in HFF cells
compared to Towne, we investigated whether the clinical gene products have an affect on viral
MIE gene expression. We deleted 22 ORFs from wtFIX-BAC to generate FIX-dl151-148 using
a RspL-neo two step recombination procedure as described in Materials and Methods. To nar-
row down the target sequences, two additional deletion mutant recombinant FIX viruses, FIX-
dl133-145 (14 ORFs) and FIX-dl133-138b (7 ORFs), were also constructed (Fig. 1B). HFF cells
were infected with the above recombinant mutant viruses at an MOI of 0.5 PFU/ cell. After
washing the cell monolayer three times with PBS, pH 7.4, the cells were harvested at 3 h p.i. for
either Western blot analysis of tegument protein pp65 or for quantitative PCR for viral DNA
to demonstrate equal virion input. Fig. 3A shows that approximately the same amount of pp65
protein was associated with the virus-infected cells at 3 h p.i. FIX-dl133-145 and FIX-dl133-
138b had qualitatively higher levels of IE1-p72 and IE2-p86 at 3 h p.i. and at 2 d p.i. (Fig. 3B).
In addition, approximately the same amount of viral DNA (gB DNA) was associated with the
virus-infected cells at 3 h p.i. (Fig. 3C insert). This indicates that the steady state levels of MIE
protein was higher when the ULb’-associated genes were deleted.

Effect of deleting the ULb’-associated genes on viral DNA replication
and growth

To determine what effect the ULb’-associated genes had on viral replication, HEF cells were in-
fected with wtFIX, FIX-dl151-148, FIX-dl133-145 and FIX-dl133-138b at an MOI of 0.5 PFU/
cell. We analyzed the total amount of viral gB DNA at 3 h p.i. (Fig. 3C insert) and after various
times of infection. gB DNA was normalized to cellular 18S DNA and was made relative to
wtFIX gB DNA at 3 h p.i. FIX-dl151-148, FIX-dl133-145 and FIX-dl133-138b produced ap-
proximately 10- to 60-fold more viral DNA than wtFIX at 5 d p.i. (Fig. 3C). To determine the
proportion of cells with an active infection, we used expression of the GFP gene recombined
into the viral genome as described previously [9] and counted the number of green fluores-
cence cells from 10 independent fields using Image] software. Fig. 3D compares wtFIX and
FIX-dl133-145 at 3 d p.i. at both 40X and 100X magnification. FIX-dl133-145 had approxi-
mately 4-fold more green fluorescent cells than wtFIX. Higher MIE gene expression with the
mutant recombinant viruses correlated with higher viral DNA replication and infectious virus
growth relative to wtFIX.

Effect of stop codon mutation of individual ORFs between UL133 to
UL138

To determine whether it was simply the removal of viral DNA from the viral genome or ab-
sence of a particular protein that facilitated viral replication, we introduced stop codons into
each individual ORF into the smallest region (7 ORFs) of UL133 to UL138. Fig. 2A shows that
the gene locus has at least three transcription start sites with a common transcription stop site
downstream of UL138b [12]. We introduced stop codons into each ORF so as to not alter the
expression of overlapping or opposite directional ORFs. Schematic representation of the ORFs
along with the position of stop codon mutations in mutant recombinant FIX virus are shown
in Fig. 2B. These viral proteins have been demonstrated by Western blot analysis at higher
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(C) Quantification of gB DNA normalized to 18S DNA using Real Time PCR at various d p.i. The viral DNA input at 3 h p.i. is in the insert. (D) GFP
fluorescence or bright field microscopy of cells infected with wtFIX virus genome modified with a GFP expression cassette or recombinant virus FIX-dI133—
145 at 3 d p.i. Average number of GFP positive cells were counted from 6 independent fields using ImagedJ program and plotted in a bar graph.

doi:10.1371/journal.pone.0120946.g003

MOIs [16, 29]. Western blot analysis of the mutant recombinant virus-infected HFF cells using
polyclonal antibody against UL133 and UL135 showed the absence of the corresponding pro-
tein (S1 Fig.). UL135 may have expressed shorter length polypeptides from downstream Met
codons. HFF cells were infected with either wtFIX or revertant (Rev)FIX-135* and the mutant
recombinant viruses at an MOI of 0.5 PFU/cell. To prove equal amount of infectious virus
input, we assayed for viral tegument protein pp65 and viral gB DNA at 3 h p.i. Fig. 4A shows
that the HFF cells had the same input of viral tegument protein pp65 for the wt or revertant vi-
ruses and the various mutant recombinant viruses. All mutant recombinant viruses had quali-
tatively higher steady state levels of viral MIE protein and late protein pp28 (UL99) than wtFIX
or RevFIX-135" (Fig. 4B). FIX-135" had a relatively lower steady state level of pp28 compared
to FIX-133*, FIX-134*, FIX-136" and FIX-138" at both 2 and 5 d p.i. (Fig. 4B). In addition, the
inserts to Fig. 4C and 4D show that the same amount of viral DNA was associated with the
virus-infected cells.

We also determined the amount of viral DNA (gB DNA) by real time PCR. The amount of
gB DNA was expressed relative to either wtFIX or RevFIX-135*. Viral DNA replication was 5
to 30 fold more efficient for stop codon and deletion mutations (Fig. 4C and 4D). However, the
stop codon mutation for FIX-135" had less of an effect than the deletion mutation for FIX-
dl135 (Fig. 4D). These data indicated that the proteins of UL133 to UL138 affect viral protein
and DNA levels in HCMV-infected HFF cells.

We also determined the relative amount of MIE RNA using three different sets of primer
and probe mix to identify the IE1, IE2 and total MIE transcripts in a different set of experi-
ments. HFF cells were infected with wtFIX and the mutant recombinant viruses at an MOI of
0.5 PFU/cell. To prove equal amount of infectious virus input, we assayed for viral tegument
protein pp65 and viral gB DNA at 3 h p.i. Fig. 5A shows that the HFF cells had the same input
of viral tegument protein pp65 for the wt and the various mutant recombinant viruses. In addi-
tion, Fig. 5B showed that the same amount of viral DNA was associated with the virus-infected
cells. The relative amount of IE1, IE2 and total MIE transcripts was plotted in Fig. 5C, 5D
and 5E respectively. All stop codon mutant recombinant viruses along with the deletion mu-
tant had higher steady state levels of all MIE transcripts compare to wtFIX at 3 to 48 h p.i. FIX-
135* had a relatively lower level of all three transcripts compared to FIX-133*, FIX-134*, FIX-
136" and FIX-138"*. The relative steady state levels of MIE RNA correlated with the relative lev-
els of MIE protein.

To determine whether a higher relative level of pp71 affected the relative amount of MIE
RNA and protein, we determined the amount of cell-associated pp71 as well as pp65 at 3 h p.i.
S2A Fig. shows that with an equal MOI of 0.5 PFU/cell, there was an equal relative amount
of pp71 protein for wtFIX and the various recombinant viruses. S2B Fig. shows the ratio
between pp71 and pp65 normalized to GAPDH from two biologically separate experiments an-
alyzed on three independent Western blots. There were no statistically significant differences
(P<0.5) between wtFIX and the various recombinant viruses. These data indicate that changes
in the level of pp71 were not related to changes in the level of MIE gene expression. To deter-
mine whether an increase in steady state MIE protein was due to more cells expressing MIE
protein or more MIE protein being produced per cell, we did immunofluorescence assay for
IE1-p72 antigen at 24 h p.i. as described in the Materials and Methods. S3 Fig. shows more IE1
antigen in the infected cell nuclei with the mutant recombinant virus-infected cells than with
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Fig 4. Effect of viral gene deletion and ORF mutation in the UL133-138b region on viral protein and
DNA. HFF primary cells were infected with wt and recombinant FIX virus with ORF mutations at an MOI of
0.5 PFU/cell and a separate batch of cells were harvested for both viral protein and DNA analysis. (A)
Western blot analysis to determine equivalent virus particle input by quantifying the pp65 protein associated
with the infected cell at 3 h p.i. (B) Western blot analysis of MIE and late viral protein. GAPDH served as a
loading control. (C and D) Quantification of gB DNA normalized to 18S DNA using real time PCR. The insert
shows equal viral DNA input at 3 h p.i.

doi:10.1371/journal.pone.0120946.9004

wt FIX. We conclude that with approximately equal virion input (pp65) and viral DNA input
(gB), the wt proteins encoded by UL133 to UL138 suppress MIE gene expression in HFF cells.

Infectious virus production with the different recombinant FIX viruses

To determine if the various mutant recombinant viruses produced more infectious virus than
wtFIX or RevFIX135%, we infected HFF cells at an MOI of 0.5 PFU/cell. We determined the
titer of cell-associated plus extracellular virus (Total virus) or the infectious virus in the cell-
free supernatant. At 5 d p.i., there was approximately 10-fold more infectious virus with the
various mutant recombinant viruses than with wtFIX or RevFIX-135*. However, by 7 d p.i.,
total virus production was relatively similar (Fig. 6A and 6B). In contrast, there were 10- to
100-fold more infectious mutant recombinant viruses in the cell- free supernatant by 5 and 7 d
p-i. than wtFIX or RevFIX-135* (Fig. 6C and 6D). FIX-135" infectious virus titers were higher
compared to wtFIX or Rev-FIX-135%, but lower compared to the other mutant recombinant vi-
ruses with ORF stop codons (Fig. 6C and 6D). These data indicate that the viral proteins en-
coded by UL133 to UL138 slow down the rate of infectious virus production in HFF cells,
which is particularly demonstrable in the amount of infectious virus that accumulates in the
extracellular fluid.

Stop codon mutations and deletions in the UL133—-138b locus in HCMV
TR

We selected another HCMV clinical isolate, TR-BAC (Fig. 1A), to substantiate the observations
with FIX-BAC. To further investigate the role of the UL135 ORF, we constructed a double stop
codon mutation in UL135 ORF (TR-135* S44, M97) (Fig. 2B) as described in the Materials and
Methods. The rate of wtTR replication in HFF cells was compared to TR-dl133-138b, TR-
dl135, and TR-135%544, M97. We established equal infectious virus input by determining the
amount of tegument protein pp65 and gB DNA associated with the virus-infected cells at 3 h
p.i. (Fig. 7A insert and 7C insert, respectively). With the mutant recombinant viruses, IE1-

p72 and IE2-p86 and late viral protein pp28 (UL99) had higher relative levels at 2 and 5 d p.i.
than wtTR (Fig. 7B). Like FIX-135" (see Fig. 4B), TR-135* $44,M97 had intermediate levels of
IE1-p72 and IE2-p86 (5 d p.i.) and pp28 (2 and 5 d p.i.), whereas TR-dl135 had higher levels
like FIX-dl1135 (Fig. 7B). In addition, viral DNA replication was 2- to 10-fold higher with the
mutant recombinant viruses relative to wtTR (Fig. 7C). While a difference in total virus pro-
duction between wild type and the various recombinant viruses was detected at 5 d p.i

(Fig. 7D), there was 10- to 50-fold more infectious virus in the cell-free supernatant with the
mutant recombinant viruses relative to wtTR (Fig. 7E). There was also significantly more infec-
tious virus in the cell free supernatant with TR-dl135 and TR-d1133-138b than with TR-135"
S44, M97 (Fig. 7E). These data with wtTR and the various mutant recombinant TR viruses con-
firm the observations in Figs. 2, 4, and 5 with wtFIX and the various mutant recombinant vi-
ruses. In addition, the replication of TR-135%S44, M97 was similar to FIX-135*. It is possible
that the deletion of UL135 may have affected the expression of UL136 to UL138 by altering the
transcription start site of the 2.7 kb RNA (see Fig. 2A). The UL135 mutations suggested that
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Fig 5. Effect of viral gene deletion and ORF mutation in the UL133-138b region on MIE transcript. HFF
primary cells were infected with wt and recombinant FIX virus with ORF mutations at an MOI of 0.5 PFU/cell
and a separate batch of cells were harvested for both viral protein and DNA analysis. (A) Western blot
analysis to determine equivalent virus particle input by quantifying the pp65 protein associated with the
infected cell at 3 h p.i. (B) Quantification of gB normalized to 18S DNA using real time PCR to show equal
viral DNA input at 3 h p.i. (C, D, and E) RT-PCR to show IE1, IE2, and MIE RNA at various times after
infection with wt and mutant recombinant viruses, respectively.

doi:10.1371/journal.pone.0120946.g005
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Fig 6. Growth curve analysis of wtFIX and recombinant viruses with ORF mutations in the UL133-
138b region. HFF cells were infected at an MOI of 0.5 PFU/cell. (A and B) Total virus at various d p.i. Cells
and supernatant were harvested from individual wells and subjected three times to freeze thaw lyses. (C and
D) Extracellular virus at various d p.i. Cell free supernatant was collected from individual wells.

doi:10.1371/journal.pone.0120946.g006

UL135 is important in slowing down HCMYV clinical virus replication, but to a lesser extent
than UL133, 134, 136, and 138.

Taken together, the mutant recombinant FIX and TR viruses demonstrate that the protein
products of the ULb’-associated genes, particularly the region between UL133 and UL138b,
slowed down the replication of the virus in HFF cells at all levels, i.e. MIE RNA and protein,
late viral proteins, viral DNA, and infectious virus release.

Discussion

The ULb’ region is nonessential for replication of laboratory strains Towne and AD169 in HFF
cell culture. The coding potential of ULb’ region has been shown for eight of the 20 putative
ORFs. These include UL133, 135, 136, 138, 141, 142, 144 and 146 [10, 16]. Genes in the ULb’
region likely relate to viral adaptations necessary for latent and persistent infection of the host
and immune evasion. Using a recombination mediated deletion procedure, we found that the
ULb’ region modulates the kinetics of HCMV temporal gene expression. Deletions within the
ULb’ region of 22, 14, and 7 ORFs increased MIE viral gene expression, viral DNA replication,
and infectious virus production. To identify the viral ORFs that affect the efficiency of viral rep-
lication, we focused on the 7 ORFs between UL133 and UL138b. Using mutant recombinant
viruses of FIX or TR clinical isolates, we demonstrated that deletion of UL133 to UL138 up-
regulated IE1-p72 and IE2-p86 steady state levels of protein. As expected, viral DNA replica-
tion and late viral protein steady state levels were also up-regulated. We tried to identify this
function to a single ORF by making stop codon mutations in individual ORFs between UL133
and UL138. However, all stop codon mutations within this gene cluster up-regulated MIE
RNA, MIE protein, viral DNA synthesis, and late protein expression. UL133, 136, and 138 af-
fected viral RNA, protein, and DNA synthesis in a very similar pattern, that correlates with
these viral proteins being in a protein complex [16]. The UL135 stop codon mutations affected
viral RNA and protein and DNA synthesis at a level intermediate between wtFIX and the other
stop codon mutations (see Fig. 4). Single and double stop codon mutations within UL135 with
FIX or TR, respectively, gave the same results. The double stop codon mutation does not elimi-
nate the possibility of UL135 gene expression due to the remaining downstream ORF. Howev-
er, expression of the remaining downstream ORF was not observed in HCMV genome wide
protein coding potential scanning using the ribosome profiling method [30]. In contrast, the
mutant recombinant virus with a deletion of UL135, behave like the other deletion and stop
codon mutations (see Fig. 4). Since these genes are expressed from the 2.7 kb polycistronic
mRNA (see Fig. 2), the deletion of UL135 might have affected the 5’-end of the mRNA and
hampered the expression of the downstream UL136 to UL138 genes. These data suggest that
UL135 may have a regulatory function that affects the UL133, UL134, UL136, and UL138 pro-
tein complex formation. Further investigation is necessary to understand how UL135 affects
the other proteins within the gene cluster.

The increase in viral MIE RNA and protein, viral DNA, and late viral protein, also increased
cell-free infectious virus production. When we assayed for total cell-associated plus cell free in-
fectious virus, there were differences between wtFIX and wtTR and the various mutant recom-
binant viruses at 5 d p.i., but little to no difference by 7 d p.i. (see Fig. 5). Similar results were
reported by Umashankar et al. [16] comparing wtFIX or wtTB40E with mutant recombinant
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Fig 7. Effect of viral gene deletion and mutation in the UL133-138b region on recombinant TR viruses.
HFF cells were infected with recombinant wt and mutant TR virus at an MOI of 0.5 PFU/cell. Separate
batches of cells were harvested for both protein and DNA analysis. (A) Western blot analysis to determine
equivalent virus particle input by quantifying the pp65 protein associated with the infected cells at 3 h p.i. (B)
Western blot analysis of MIE and late viral protein. GAPDH served as a loading control. (C) Quantification of
gB DNA normalized to 18S DNA using real time PCR. The insert shows equal viral DNA input at 3 h p.i. (D)
Total virus at various d p.i. Cells and supernatant were harvested and subjected three times to freeze and
thaw lyses. (E) Extracellular virus at various d p.i.

doi:10.1371/journal.pone.0120946.9007

viruses using the 50% tissue culture infective dose (TCIDsq) assay. When we assayed for cell
free infectious virus only, there were 10- to 100-fold more mutant recombinant viruses at 5 and
7 d p.i. than with wtFIX or wtTR. These data indicate that the UL133 to UL138 complex of pro-
teins also affects viral egress as well as steady state levels of viral MIE protein.

To demonstrate equal virus input of the different mutant recombinant viruses and the wt
virus or revertant virus, we assayed for tegument protein pp65 and viral DNA at 3 h p.i. Re-
gardless of the clinical strain, the mutant recombinant viruses expressed qualitatively higher
levels of MIE proteins IE1-p72 and IE2-p86 than the wt viruses. However, we could not attri-
bute these results to differences in the relative levels of virion-associated protein pp71. While
differences in the virions or viral nucleocapsids could explain these results, it is unlikely that
these viral proteins affect viral gene expression upon entry since UL138 is reported to be absent
from viral particles [12]. Since these wt viral gene products are expressed early after infection,
they may directly or indirectly inhibit MIE transcription. However, using a luciferase activity
assay, it was shown that UL138 had no effect on MIE promoter activity [12]. At higher MOlIs
than used in this report, deletion of UL138 or UL133-138b did not affect MIE protein steady
state levels [31], which is in contrast to our results using a lower MOI. The differences in their
results may be due to the virion-associated factors like pp71 and gB stimulating MIE transcrip-
tion at the higher MOls.

The inhibition of MIE gene expression may explain why clinical viruses containing the
UL133 to UL138 gene cluster establish latency in CD34+ cells more efficiently than the labora-
tory strains [12]. However, the UL133 to UL138 gene cluster increases efficient viral replication
in endothelial cells in culture [16]. One explanation for these paradoxical results is that the
UL133 to UL138 gene cluster may modulate the cell-type specific outcome of infection [16].
The higher cell-free infectious virus production with the mutant recombinant viruses com-
pared to the wt viruses supports the possibility that the wt viral proteins also suppress egress
while not being virion-associated. The location of these viral proteins in the trans Golgi appara-
tus at late times after infection would support this possibility [12]. Therefore, the wt viral pro-
teins of the UL133 to UL138 gene cluster have a dual role in keeping viral replication
suppressed in HFF cells. The mechanism of how these viral proteins from the UL133 to UL138
gene cluster accomplish control of virus production is important to investigate for understand-
ing latency and persistent infection by HCMV.

Supporting Information

S1 Fig. Effect of deletion and stop codon mutation on corresponding viral gene expression.
HEFF cells were infected with mutant recombinant FIX viruses at an MOI of 1 PFU/cell. Cells
were harvested for protein expression at 36 h p.i. Western blot analysis was performed using
polyclonal anti-UL133 and anti-UL135 antibody as described in the Materials and Methods.
GAPDH served as a loading control.

(TTF)
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S2 Fig. Viral gene deletion and mutation do not alter the relative amount of pp71 antigen.
HEFF cells were infected with wt and mutant recombinant FIX viruses at an MOI of 0.5 PFU/
cell. Cells were harvested at 3 h p.i. (A) Western blot analysis was performed using monoclonal
anti-pp71 antibody as described in the Materials and Methods. GAPDH served as a loading
control. (B) Ratio of pp71 and pp65 normalized to GAPDH for two biologically separate exper-
iments analyzed by three independent Western blots.

(TIF)

S3 Fig. Effect of viral gene deletion and mutation on IE1-p72 antigen expression at an early
time point. HFF cells were infected with wt and mutant recombinant viruses at an MOI of 0.5
PFU/cell. Cells were harvested for immunofluorescence assay of IE1-p72 antigen at 24 h p.i.
Nuclei were visualized using 4',6'-diamidino-2-phenylindole (DAPI).

(TTF)

Acknowledgments

We thank Guixin Du for valuable comments and suggestions. We are grateful to Prof. Felicia
Goodrum for her valuable comments.

Author Contributions

Conceived and designed the experiments: ND MFS. Performed the experiments: ND PL. Ana-
lyzed the data: ND PL MFS. Contributed reagents/materials/analysis tools: JY JM. Wrote the
paper: ND MES.

References

1. Mocarski ES, Shenk T, Pass RF. Cytomegalovirus. In: Knipe DM, Howley PM, editors. Fields virology.
Lippincott Williams & Wilkins, Philadelphia, PA; 2007.

2. Boeckh M, Geballe AP. Cytomegalovirus: pathogen, paradigm, and puzzle. J Clin Invest. 2011; 121:
1673—-1680. doi: 10.1172/JCl45449 PMID: 21659716

3. Stinski MF, Petrik DT. Functional roles of the human cytomegalovirus essential IE86 protein. In: Shenk
T, Stinski MF, editors. Human Cytomegalovirus. Current Topics in Microbiology and Immunology,
Springer-Verlag Berlin Heidelberg; 2008. pp. 133—152.

4. Meier JL, Stinski MF. Majorimmediate-early enhancer and its gene products. In: Reddehase MJ, edi-
tors. Cytomegaloviruses Molecular Biology and Immunology, Caister Academic Press, Norfold. U.K;
2006. pp. 151-166.

5. Stenberg RM, Thomsen DR, Stinski MF. Structural analysis of the major immediate early gene of
human cytomegalovirus. J Virol. 1984; 49: 190-199. PMID: 6317889

6. Homer EG, Rinaldi A, Nicholl MJ, Preston CM. (1999) Activation of herpesvirus gene expression by the
human cytomegalovirus protein pp71. J Virol. 1999; 73: 8512-8518. PMID: 10482604

7. Compton T, Kurt-Jones EA, Boehme KW, Belko J, Latz E, Golenbock DT, et al. Human cytomegalovi-
rus activates inflammatory cytokine responses via CD14 and Toll-like receptor 2. J Virol. 2003; 77:
4588-4596. PMID: 12663765

8. ChaTA, Tom E, Kemble GW, Duke GM, Mocarski ES, Spaete RR. Human cytomegalovirus clinical iso-
lates carry at least 19 genes not found in laboratory strains. J Virol. 1996; 70: 78—-83. PMID: 8523595

9. Murphy E, Yu D, Grimwood J, Schmutz J, Dickson M, Jarvis MA, et al. Coding potential of laboratory
and clinical strains of human cytomegalovirus. Proc Natl Acad Sci U S A. 2003; 100: 14976-14981.
PMID: 14657367

10. Goodrum F, Reeves M, Sinclair J, High K, Shenk T. Human cytomegalovirus sequences expressed in
latently infected individuals promote a latent infection in vitro. Blood. 2007; 110: 937-945. PMID:
17440050

11.  Wang W, Taylor SL, Leisenfelder SA, Morton R, Moffat JF, Smirnov S, et al. Human cytomegalovirus
genes in the 15-kilobase region are required for viral replication in implanted human tissues in SCID
mice. J Virol. 2005; 79: 2115-2123. PMID: 15681414

PLOS ONE | DOI:10.1371/journal.pone.0120946 March 23, 2015 18/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120946.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0120946.s003
http://dx.doi.org/10.1172/JCI45449
http://www.ncbi.nlm.nih.gov/pubmed/21659716
http://www.ncbi.nlm.nih.gov/pubmed/6317889
http://www.ncbi.nlm.nih.gov/pubmed/10482604
http://www.ncbi.nlm.nih.gov/pubmed/12663765
http://www.ncbi.nlm.nih.gov/pubmed/8523595
http://www.ncbi.nlm.nih.gov/pubmed/14657367
http://www.ncbi.nlm.nih.gov/pubmed/17440050
http://www.ncbi.nlm.nih.gov/pubmed/15681414

@’PLOS | ONE

ULb' Affects on HCMV Replication

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

Petrucelli A, Rak M, Grainger L, Goodrum F. Characterization of a novel Golgi apparatus-localized la-
tency determinant encoded by human cytomegalovirus. J Virol. 2009; 83: 5615-5629. doi: 10.1128/
JVI1.01989-08 PMID: 19297488

Grainger L, Cicchini L, Rak M, Petrucelli A, Fitzgerald KD, Semler BL, et al. Stress-inducible alternative
translation initiation of human cytomegalovirus latency protein pUL138. J Virol. 2010; 84: 9472-9486.
doi: 10.1128/JV1.00855-10 PMID: 20592073

Montag C, Wagner JA, Gruska |, Vetter B, Wiebusch L, Hagemeier C. The latency-associated UL138
gene product of human cytomegalovirus sensitizes cells to tumor necrosis factor alpha (TNF-alpha) sig-
naling by upregulating TNF-alpha receptor 1 cell surface expression. J Virol. 2011; 85: 11409-11421.
doi: 10.1128/JV1.05028-11 PMID: 21880774

Le VT, Trilling M, Hengel H. The cytomegaloviral protein pUL138 acts as potentiator of tumor necrosis
factor (TNF) receptor 1 surface density to enhance ULb'-encoded modulation of TNF-a signaling. J
Virol. 2011; 85: 13260-13270. doi: 10.1128/JVI.06005-11 PMID: 21976655

Umashankar M, Petrucelli A, Cicchini L, Caposio P, Kreklywich CN, Rak M, et al. A novel human cyto-
megalovirus locus modulates cell type-specific outcomes of infection. PLoS Pathog. 2011; 7:
€1002444. doi: 10.1371/journal.ppat.1002444 PMID: 22241980

Isomura H, Stinski MF, Kudoh A, Murata T, Nakayama S, Sato Y, et al. Noncanonical TATA sequence
in the UL44 late promoter of human cytomegalovirus is required for the accumulation of late viral tran-
scripts. J Virol. 2008; 82: 1638—-1646. PMID: 18057245

Lee EC, Yu D, Martinez de Velasco J, Tessarollo L, Swing DA, Court DL, et al. A highly efficient Escher-
ichia coli-based chromosome engineering system adapted for recombinogenic targeting and subclon-
ing of BAC DNA. Genomics. 2001; 73: 56-65. PMID: 11352566

Stinski MF. Human cytomegalovirus: glycoproteins associated with virions and dense bodies. J Virol.
1976; 19:594-609. PMID: 183016

Du G, Stinski MF. Interaction network of proteins associated with human cytomegalovirus IE2-p86 pro-
tein during infection: A proteomic analysis. PLoS ONE. 2013; 8: e81583. doi: 10.1371/journal.pone.
0081583 PMID: 24358118

Graham FL, van der Eb AJ. A new technique for the assay of infectivity of human adenovirus 5 DNA. Vi-
rology. 1973; 52: 456-467. PMID: 4705382

Du G, Dutta N, Lashmit P, Stinski MF. Alternative splicing of the human cytomegalovirus major immedi-
ate-early genes affects infectious-virus replication and control of cellular cyclin-dependent kinase. J
Virol. 2011; 85: 804—-817. doi: 10.1128/JVI.01173-10 PMID: 21068259

Petrik DT, Schmitt KP, Stinski MF. Inhibition of cellular DNA synthesis by the human cytomegalovirus
IE86 protein is necessary for efficient virus replication. J Virol. 2006; 80: 3872-3883. PMID: 16571804

Petrik DT, Schmitt KP, Stinski MF. The autoregulatory and transactivating functions of the human cyto-
megalovirus IE86 protein use independent mechanisms for promoter binding. J Virol. 2007; 81: 5807—
5818. PMID: 17376893

Isomura H, Stinski MF, Kudoh A, Nakayama S, Murata T, Sato Y, et al. A cis element between the
TATA Box and the transcription start site of the major immediate-early promoter of human cytomegalo-
virus determines efficiency of viral replication. J Virol. 2008; 82: 849-858. PMID: 17989180

Meier JL, Keller MJ, McCoy JJ. Requirement of multiple cis-acting elements in the human cytomegalo-
virus major immediate-early distal enhancer for viral gene expression and replication. J Virol. 2002; 76:
313-26. PMID: 11739696

Sanchez V, McElroy AK, Yen J, Tamrakar S, Clark CL, Schwartz RA, et al. Cyclin-dependent kinase ac-
tivity is required at early times for accurate processing and accumulation of the human cytomegalovirus
UL122—-123 and UL37 immediate-early transcripts and at later times for virus production. J Virol. 2004;
78:11219-11232. PMID: 15452241

Liu X, Yuan J, Wu AW, McGonagill PW, Galle CS, Meier JL. Phorbol ester-induced human cytomegalo-
virus major immediate-early (MIE) enhancer activation through PKC-delta, CREB, and NF-kappaB
desilences MIE gene expression in quiescently infected human pluripotent NTera2 cells. J Virol. 2010;
84:8495-8508. doi: 10.1128/JVI.00416-10 PMID: 20504934

Petrucelli A, Umashankar M, Zagallo P, Rak M, Goodrum F. Interactions between proteins encoded
within the human cytomegalovirus UL133-UL138 locus. J Virol. 2012; 86: 8653-8662. doi: 10.1128/
JV1.00465-12 PMID: 22674978

Stern-Ginossar N, Weisburd B, Michalski A, Le VT, Hein MY, Huang SX, et al. Decoding human cyto-
megalovirus. Science. 2012; 338: 1088—1093. doi: 10.1126/science.1227919 PMID: 23180859

Bughio F, Elliott DA, Goodrum F. An endothelial cell-specific requirement for the UL133-UL138 locus of
human cytomegalovirus for efficient virus maturation. J Virol. 2013; 87: 3062—3075. doi: 10.1128/JVI.
02510-12 PMID: 23283945

PLOS ONE | DOI:10.1371/journal.pone.0120946 March 23, 2015 19/19


http://dx.doi.org/10.1128/JVI.01989-08
http://dx.doi.org/10.1128/JVI.01989-08
http://www.ncbi.nlm.nih.gov/pubmed/19297488
http://dx.doi.org/10.1128/JVI.00855-10
http://www.ncbi.nlm.nih.gov/pubmed/20592073
http://dx.doi.org/10.1128/JVI.05028-11
http://www.ncbi.nlm.nih.gov/pubmed/21880774
http://dx.doi.org/10.1128/JVI.06005-11
http://www.ncbi.nlm.nih.gov/pubmed/21976655
http://dx.doi.org/10.1371/journal.ppat.1002444
http://www.ncbi.nlm.nih.gov/pubmed/22241980
http://www.ncbi.nlm.nih.gov/pubmed/18057245
http://www.ncbi.nlm.nih.gov/pubmed/11352566
http://www.ncbi.nlm.nih.gov/pubmed/183016
http://dx.doi.org/10.1371/journal.pone.0081583
http://dx.doi.org/10.1371/journal.pone.0081583
http://www.ncbi.nlm.nih.gov/pubmed/24358118
http://www.ncbi.nlm.nih.gov/pubmed/4705382
http://dx.doi.org/10.1128/JVI.01173-10
http://www.ncbi.nlm.nih.gov/pubmed/21068259
http://www.ncbi.nlm.nih.gov/pubmed/16571804
http://www.ncbi.nlm.nih.gov/pubmed/17376893
http://www.ncbi.nlm.nih.gov/pubmed/17989180
http://www.ncbi.nlm.nih.gov/pubmed/11739696
http://www.ncbi.nlm.nih.gov/pubmed/15452241
http://dx.doi.org/10.1128/JVI.00416-10
http://www.ncbi.nlm.nih.gov/pubmed/20504934
http://dx.doi.org/10.1128/JVI.00465-12
http://dx.doi.org/10.1128/JVI.00465-12
http://www.ncbi.nlm.nih.gov/pubmed/22674978
http://dx.doi.org/10.1126/science.1227919
http://www.ncbi.nlm.nih.gov/pubmed/23180859
http://dx.doi.org/10.1128/JVI.02510-12
http://dx.doi.org/10.1128/JVI.02510-12
http://www.ncbi.nlm.nih.gov/pubmed/23283945


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


