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ABSTRACT

The human cytomegalovirus (HCMV) US12 gene family includes a group of 10 contiguous genes (US12 to US21) encoding pre-
dicted seven-transmembrane-domain (7TMD) proteins that are nonessential for replication within cultured fibroblasts. Never-
theless, inactivation of some US12 family members affects virus replication in other cell types; e.g., deletion of US16 or US18 ab-
rogates virus growth in endothelial and epithelial cells or in human gingival tissue, respectively, suggesting a role for some US12
proteins in HCMV cell tropism. Here, we provide evidence that another member, US20, impacts the ability of a clinical strain of
HCMV to replicate in endothelial cells. Through the use of recombinant HCMV encoding tagged versions of the US20 protein,
we investigated the expression pattern, localization, and topology of the US20-encoded protein (pUS20). We show that pUS20 is
expressed as a partially glycosylated 7TMD protein which accumulates late in infection in endoplasmic reticulum-derived pe-
ripheral structures localized outside the cytoplasmic virus assembly compartment (cVAC). US20-deficient mutants generated in
the TR clinical strain of HCMV exhibited major growth defects in different types of endothelial cells, whereas they replicated
normally in fibroblasts and epithelial cells. While the attachment and entry phases in endothelial cells were not significantly af-
fected by the absence of US20 protein, US20-null viruses failed to replicate viral DNA and express representative E and L mRNAs
and proteins. Taken together, these results indicate that US20 sustains the HCMV replication cycle at a stage subsequent to entry
but prior to E gene expression and viral DNA synthesis in endothelial cells.

IMPORTANCE

Human cytomegalovirus (HCMV) is a major pathogen in newborns and immunocompromised individuals. A hallmark of
HCMV pathogenesis is its ability to productively replicate in an exceptionally broad range of target cells, including endothelial
cells, which represent a key target for viral dissemination and replication in the host, and to contribute to both viral persistence
and associated inflammation and vascular diseases. Replication in endothelial cells depends on the activities of a set of viral pro-
teins that regulate different stages of the HCMV replication cycle in an endothelial cell type-specific manner and thereby act as
determinants of viral tropism. Here, we report the requirement of a HCMV protein as a postentry tropism factor in endothelial
cells. The identification and characterization of HCMV endotheliotropism-regulating proteins will advance our understanding
of the molecular mechanisms of HCMV-related pathogenesis and help lead to the design of new antiviral strategies able to ex-
ploit these functions.

Human cytomegalovirus (HCMV) is a ubiquitous opportunis-
tic pathogen that persists throughout the lifetime of the in-

fected host through both the chronic and latent states of infection.
Generally, HCMV causes asymptomatic or mildly symptomatic
infections in immunocompetent individuals. In contrast, primary
infections or reactivations are a major cause of morbidity and
mortality in immunocompromised hosts, such as transplant re-
cipients and immunosuppressed and AIDS patients. HCMV is
also the leading viral cause of congenital infections and birth de-
fects in the developed world (1–4).

The 236-kbp genome of HCMV is the largest and most com-
plex among those of the nine human herpesviruses (3, 5, 6). Even
though its annotation remains provisional and its coding capacity
has recently been proposed to be much greater than originally
thought (7, 8), it is generally accepted that the HCMV genome
encodes at least 170 canonical proteins (3, 5). Whole-genome
functional profiling of two HCMV laboratory strains revealed that
a set of only about 40 herpesvirus-common proteins, encoded by
genes mainly located in the central region of the UL domain, is
required for productive viral replication in primary fibroblasts (5,
9, 10). The remaining two-thirds of canonical HCMV protein-
coding genes, mostly betaherpevirus- or CMV-specific genes, are

confined in the terminal regions of the genome (including the US

domain) and are not essential in cultured fibroblasts. Although
specific functions have yet to be assigned to many of these nones-
sential genes, they are mainly thought to be involved in regulating
virus cell tropism, dissemination, and viral persistence within the
host, as well as in the modulation of intrinsic, innate, and acquired
host immune responses, thus contributing to viral pathogenesis in
a variety of ways (3, 8). Within the US domain, a large group of
nonessential genes cluster into families of related genes, each en-
coding 2 to 10 homologous open reading frames (ORFs) that can
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occur either as tandem arrays (US2, US6, and US12 families) or in
a dispersed manner within the US region or other parts of the
HCMV genome (US1, US22, and G-protein-coupled-receptor
[GPCR] families) (3, 6). The US gene families are involved in a
variety of accessory functions (3, 5, 8). Indeed, members of the
US2 and US6 families encode immunoevasion proteins that target
various phases of the major histocompatibility complex class I
(MHC-I) antigen-processing pathway, whereas the GPCR US27
and US28 genes encode potential seven-transmembrane (7TM)-
spanning proteins: the US27 protein contributes to the efficient
release of viral particles from infected cells, whereas the US28 gene
products operate as chemokine receptors, stimulating cellular ac-
tivation and migration (3, 5, 8). However, an unresolved issue in
the functional characterization of the US region concerns the
functions of the US12 gene family that have yet to be assigned.

The US12 gene family includes a set of 10 contiguous tandemly
arranged genes (US12 to US21) that are conserved only in HCMV
and in CMVs specific to higher primates, such as those of the
chimpanzee and of rhesus and cynomolgus macaques (7, 8, 11).
The identification of putative hydrophobic seven-transmembrane
domains (7TMD) in each of the US12 ORFs would predict a com-
mon structural framework that associates these proteins with cel-
lular membranes (11). In this regard, a low level of amino acid
sequence similarity was observed between some US12 family
ORFs and the BAX Inhibitor-1 (BI-1) protein, which modulates
apoptotic responses (11). Since deletion of individual US12 family
members or even the entire locus from the genome of HCMV
laboratory strains was not found to affect viral replication in fi-
broblasts, these genes were thus classified as nonessential (9, 10).
Consequently, it has been hypothesized that the US12 genes may
exert regulatory roles in the infection of specific cell types and/or
under different physiological conditions in vivo (11); indeed, their
conservation among clinical isolates sustains the idea of their im-
portance and requirement during HCMV infection in the host (6,
12). Nonetheless, very little is known about the expression pat-
terns and functions of individual US12 proteins in infected cells.
In this regard, the intracellular localization of the US14, US16,
US17, and US18 proteins was determined by immunofluores-
cence analyses that revealed an association with the cytoplasmic
virion assembly compartment (cVAC), thus suggesting that their
functions may be linked to virion maturation and egress (13, 14).
In support of this hypothesis, it was observed that inactivation of
the US17 gene in producer fibroblasts results in increased produc-
tion of noninfectious viral particles that can, in turn, deliver aug-
mented amounts of the pp65 immunomodulatory tegument pro-
tein to newly infected cells, thus altering the regulation of both
intrinsic and innate responses of cells infected with the US17-
deficient virus (15). These data suggest a role of US17 in regulating
adequate virion composition during HCMV maturation (15). In-
terestingly, two other US12 family members, US18 and US20,
were recently shown to affect in fibroblasts the expression of the
major histocompatibility complex class I (MHC-I) chain-related
molecule (MICA), an NKG2D ligand induced by HCMV infec-
tion (16). Although the mechanism(s) of US18- and US20-medi-
ated MICA downregulation remains to be established, these re-
sults suggest that US18 and US20 genes encode novel NK cell
evasion factors that, by targeting MICA surface expression in the
context of HCMV infection, contribute to the overall resistance of
infected cells to NK cells (16).

Deletion of some US12 genes has been reported to affect viral

growth in cell types other than fibroblasts. Indeed, a major defec-
tive-growth phenotype was observed for a US18-null virus in cul-
tured human gingival tissues (17), and we recently observed that
deletion of US16 completely abrogated the replication of a clinical
isolate in both epithelial and endothelial cells (ECs) (14). Interest-
ingly, both US16- and US18-deficient viruses failed to express im-
mediate-early (IE) genes in those cell types in which they were
unable to replicate (14, 17), and pp65 and viral DNA did not move
to the nucleus in endothelial and epithelial cells infected with a
US16-null virus, thus suggesting defects during viral entry or in
postentry events prior to IE gene expression, such as the transport
of capsids to nuclei and release of viral genomes (14). At least in
the case of genotypically US16-negative virions, the defective phe-
notype has since been related to a lack of adequate levels of the
envelope glycoprotein complex required for efficient entry into
endothelial and epithelial cells, which sustains the view that US16
exerts its function during the final stages of virus maturation (A.
Luganini and G. Gribaudo, unpublished data).

In the present study, we characterized the protein expression
and localization patterns of another US12 family member, US20,
and provide evidence that its inactivation abrogates viral replica-
tion in different types of endothelial cells without significantly
affecting the ability of a clinical strain to productively replicate in
both fibroblasts and epithelial cells. Although the adsorption and
entry phases were not significantly altered in endothelial cells in-
fected with a US20 mutant virus compared to cells infected with
the wild-type (wt) virus, the expression of representative E and L
mRNAs and proteins, as well as viral DNA synthesis, was severely
impaired. These results suggest that the US20 gene encodes a de-
terminant of HCMV endotheliotropism that is required to sustain
productive infection at a stage after entry but prior to the onset of
E gene expression and viral DNA replication.

MATERIALS AND METHODS
Oligonucleotides. All oligonucleotides used for PCR, mutagenesis,
and sequencing were obtained from Life Technologies. They are listed
in Table 1.

Bioinformatics. US20 topology was predicted using algorithms
SOSUI, TopPred 0.01, MEMSAT3, MEMSAT_SVM, and TMHMM 2.0.
NetGlyc 1.0 was used to predict glycosylation sites, and ClustalW 1.8 was
used to identify amino acid sequence alignments.

Cells and culture conditions. Low-passage-number primary human
foreskin fibroblasts (HFFs; passages 12 to 18) were grown as monolayers
in Dulbecco modified Eagle’s medium (DMEM) (Biowest) supplemented
with 10% fetal bovine serum (FBS) (Biowest), 2 mM glutamine, 1 mM
sodium pyruvate, 100 U/ml penicillin, and 100 �g/ml streptomycin sul-
fate. Human dermal microvascular endothelial cells (HMVECs) (CC-
2543) were obtained from Clonetics and cultured in endothelial growth
medium (EGM) (Clonetics) as previously described (14). Human umbil-
ical vein endothelial cells (HUVECs) were isolated by trypsin treatment of
umbilical cord veins and cultured as HMVECs (14, 18). Lymphatic endo-
thelial cells (LECs) were isolated and purified as previously described (18)
and cultured on collagen type I-coated wells with EGM containing vascu-
lar endothelial growth factor-C (VEGF-C) (25 ng/ml). All experiments
were performed using cells from the second to fifth passages for HUVECs
and LECs and from the fourth to eighth passages for HMVECs. Retinal
epithelial cell line ARPE-19 (ATCC CRL-2302) was cultured in a 1:1 mix-
ture of DMEM (Biowest) and Ham’s F12 medium (Life Technologies)
supplemented with 10% fetal calf serum (FCS), 15 mM HEPES, 2 mM
glutamine, 1 mM sodium pyruvate, 100 U/ml penicillin, and 100 �g/ml
streptomycin sulfate.
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Virus preparations and infections. The wild-type HCMV TR clinical
strain was reconstituted by transfecting HFFs with the corresponding TR
bacterial artificial chromosome (BAC) (a generous gift from Jay Nelson).
The TR strain was derived from an ocular specimen (19) and cloned into
a BAC (NCBI accession no. AC 146906) (12, 20).

TR mutants containing modifications in the US20 gene (Fig. 1) were
generated by a two-step replacement strategy using the galK recombineer-
ing method, as previously described (14, 21). In the first step, a galK-kan
cassette was amplified from pGalK-Kan plasmid (a gift from D. Yu) by
PCR using the US20-galK/kan primer set (Table 1) and then electropo-
rated in Escherichia coli SW102 harboring the TR BAC. Several single
kanamycin (Kan)- and Gal-positive TR�US20 colonies were further
characterized for US20 replacement by PCR and sequencing and used
to initiate the counterselection step. To generate TRUS20HA BAC,
TRUS20stop BAC, and TRUS20NV5-CHA BAC (TRUS20NV5-CHA is a
further variant of TRwt that expressed the US20 ORF with an HA epitope
at the C terminus and a V5 epitope at the N terminus), the galK-kan
cassette in TR�US20 BAC was replaced with the appropriate US20-mod-
ified gene cassette (generated with the primer sets shown in Table 1) as
previously described (14). Gal-negative colonies were further selected
for their inability to grow in the presence of Kan and then screened for
the replacement of galK-kan sequences with modified versions of the
US20 ORF by PCR, followed by restriction enzyme analysis and se-
quencing. Two independent TR�US20, TRUS20stop, TRUS20HA,
and TRUS20NV5-CHA BAC clones were selected and characterized to
ensure that their phenotypes did not result from an off-target mutation.

Infectious recombinant viruses (RV) TR�US20, TRUS20stop, TRUS20HA,
TRUS20NV5-CHA, and TRwt were reconstituted in HFFs by cotransfec-
tion of the corresponding viral BAC and a plasmid expressing HCMV

pp71 (a gift from T. Shenk) using SuperFect transfection reagent
(Qiagen). Transfected HFFs were then cultured until a marked cytopathic
effect was observed. Viral stocks and viral titers were obtained as previ-
ously described (14).

TABLE 1 Oligonucleotides used for cloning, BAC mutagenesis, and PCR analysis

Primer designation Sequence (5=¡ 3=)a

US20-galK/kan-F AGAGAAGGGTAGGTGCGCCGCAGCGGCTTTGTGCCGAGACCGTCGCCACCCCTGTTGACAATTAATCATCG
US20-galK/kan-R CGCGGCTGCTGTGAAAATGAGCGCGGTTTTATAGGCATTAGGACTTCCCGCTCAGCAAAAGTTCGATTTA
US20-HA-F AGAGAAGGGTAGGTGCGCCGCAGC
US20-HA-R1 CTAAGCGTAGTCTGGGACGTCGTATGGGTATCCTCCTCCCTGAAAATACAGGTTTTCTCCTCCGGACTTCCCGATCGTACTGG
US20-HA-R2 CGACAAGCGCGGCTGCTGTGAAAATGAGCGCGGTTTTATAGGCACTAAGCGTAGTCTGGGACGTC
US20-stop-F AGAGAAGGGTAGGTGCGCCGCAGCGGCTTTGTGCCGAGACCGTCGCCACCATGCAGGCGCAGGAGGCTAACGCGCTGCT

GCtctagaGCATGGAGGC
US20-stop-R ACAAGCGCGGCTGCTGTGAA
US20-NV5-F1 GACCGTCGCCACCATGGGTAAGCCAATCCCTAACCCGCTCCTAGGTCTTGATTCTACGGGCGCCCAGGCGCAGGAGGCTA

ACGC
US20-NV5-F2 AGAGAAGGGTAGGTGCGCCGCAGCGGCTTTGTGCCGAGACCGTCGCCACCATGGGTAAG

IE1 mRNA
Forward CACGACGTTCCTGCAGACTA
Reverse TTTTCAGCATGTGCTCCTTG

UL44 mRNA
Forward GTGGAAACTGACGCGGTTAT
Reverse ATCTAGATTTCGGCGTGGTG

UL99 mRNA
Forward GTGTCCCATTCCCGACTCG
Reverse TTCACAACGTCCACCCACC

�-actin mRNA
Forward GTTGCTATCCAGGCTGTG
Reverse TGTCCACGTCACACTTCA

IE1 forward GACTAGTGTGATGCTGGCCAAG
IE1 reverse GCTACAATAGCCTCTTCCTCATCTG
IE1 probe AGCCTGAGGTTATCAGTGTAATGAAGCGCC
a Lowercase boldface letters indicate restriction enzyme sites.

FIG 1 A schematic representation of the HCMV US20 gene region and the
modifications introduced into the US20 ORF. In TR�US20, the US20 ORF
was replaced by a cassette containing the galactose kinase (galK) and the ka-
namycin resistance (kan) gene. In TRUS20stop, two nucleotide changes were
introduced into codon 12, while a single nucleotide was changed in codon 13
of the US20 ORF to create a stop codon in the 12th codon, as well as a unique
restriction site for XbaI. TRUS20HA was generated from TR�US20 by rein-
troducing the US20 ORF fused with the coding sequence for an HA epitope tag
at its C terminus. TRUS20NV5-CHA was generated from TR�US20 by rein-
troducing the US20 ORF fused with the coding sequence for an HA epitope tag
at its C terminus and a V5 epitope at the N terminus.
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To determine the viral replication kinetics, HFFs, ARPE-19, or
HMVECs were infected with TR BAC-derived viruses at a multiplicity of
infection (MOI) of 0.01 PFU/cell for multistep growth analysis or an MOI
of 3 for single-step growth analysis. Virus adsorptions were carried out for
2 h at 37°C. For all experiments, the time at which the virus was first added
to the cells was considered time zero. At various times postinfection (p.i.),
cells and supernatants were harvested and disrupted by sonication. Viral
titers were then measured by an immediate-early antigen (IEA) (IE1 plus
IE2) indirect immunoperoxidase staining procedure on HFF cells, as pre-
viously described (14).

For attachment and entry assays (see below), TRwt and TRUS20stop
viral particles were concentrated from culture supernatants by centrifu-
gation at 6,000 � g for 1 h at 4°C and then partially purified by passage
through a 20% sorbitol cushion at 50,000 � g for 1 h at 4°C (14).

Immunofluorescence. Immunofluorescence analysis of viral antigens
was performed as previously described (22–24) using rat monoclonal an-
tibody (MAb) anti-hemagglutinin (anti-HA) (clone 3F10; Roche) and
mouse MAbs against IEA (IE1 plus IE2) (clone E13; Argene Biosoft),
UL44 (clone CH16; Virusys), UL99 (pp28) (clone CH19; Virusys),
GM130 (clone 35/GM130; BD Biosciences), EEA1 (clone 14/EEA1; BD
Biosciences), calreticulin (CALR) (clone 16/calreticulin; BD Biosciences),
CD63 (sc-5275; Santa Cruz), gB (clone CH28; Virusys), and V5 (clone
R960-25; Life Technologies). For selective permeabilization assays (25),
cells were treated either with 20 �M digitonin (Sigma-Aldrich)–KHM
buffer (110 mM potassium acetate, 20 mM HEPES, 2 mM MgCl2) for 4
min at 4°C to selectively permeabilize the plasma membrane or with 0.1%
Triton X-100 –KHM buffer for 5 min to permeabilize all cellular mem-
branes, as previously described (25). The binding of primary antibodies
was detected with CF594-conjugated rabbit anti-mouse IgG antibodies
(Sigma) or with CF488A-conjugated rabbit anti-rat IgG (Sigma). Nuclei
were counterstained with DAPI (4=,6-diamidino-2-phenylindole) where
indicated. Samples were then visualized with an Olympus IX50 fluores-
cence microscope equipped with Image-Pro Plus software. The intracel-
lular localization of proteins was examined using an Olympus IX70 in-
verted laser scanning confocal microscope, and images were captured
using FluoView 300 software (Olympus Biosystems).

Immunoblotting. Whole-cell protein extractions, determination of
protein concentrations, and immunoblot analysis were performed as pre-
viously described (14). In certain cases, extracts were digested with en-
doglycosidase H (EndoH) (NEB), according to the manufacturer’s in-
structions. Immunostaining was carried out with mouse MAbs against
IEA (IE1 plus IE2), UL44, UL99 (pp28), and V5 or with rat anti-HA MAb
conjugated to horseradish peroxidase (clone 3F10; Roche). Immunode-
tection of tubulin with a mouse MAb (clone TUB 2.1; Sigma) was used as
a control for cellular protein loading. Immunocomplexes were detected
with goat anti-mouse immunoglobulin antibodies conjugated to horse-
radish peroxidase (Life Technologies) and visualized by enhanced chemi-
luminescence (Western blotting Luminol reagent; Santa Cruz).

Quantification of immunoblot results was performed by densitometry
using ImageJ software (version 1.46r; http://rsb.info.nih.gov/ij/docs
/guide/146.html).

Attachment and entry assays. Attachment and entry assays in
HMVECs were performed as previously described (26). In brief, to eval-
uate viral attachment, prechilled HMVEC monolayers were infected with
equivalent amounts of precooled partially purified TRwt or TRUS20stop
virions (normalized to equivalent genome copy numbers by real-time
PCR). Cultures were centrifuged at 2,000 rpm for 15 min at 4°C and then
incubated for 1 h at 4°C. After removal of the viral inocula, infected cells
were washed twice with cold phosphate-buffered saline (PBS), harvested
by scraping, pelleted by centrifugation, and stored at �80°C until assayed.
As a control, separate infected cultures were washed twice with PBS at 4°C
and immediately incubated with trypsin (100 �g/ml) for 15 min at 37°C
(25). Protease inhibitor cocktail (Sigma P8340) (1�) was then added, and
the cells were harvested, pelleted, washed, and stored at �80°C.

To evaluate viral entry, precooled partially purified TRwt or

TRUS20stop virions were added to prechilled HMVECs and adsorbed
for 1 h at 4°C as described above and then cells were washed twice with
cold PBS, fed with fresh warm EGM, and incubated at 37°C. After 1, 2,
or 4 h, cultures were washed twice with PBS and treated with trypsin as
described above; cell pellets were then harvested and stored at �80°C.
As a control, separate infected cultures were trypsinized immediately
after adsorption at 4°C, washed twice with PBS, replated in fresh warm
EGM, and incubated at 37°C for 5 h before harvesting of cell pellets was
performed.

Quantitative viral nucleic acid analysis. Viral DNA was purified from
RV stocks as previously described (14). To purify DNA from infected
HMVECs, cell pellets were lysed in a digestion buffer containing protei-
nase K and the DNA was extracted twice using phenol-chloroform/iso-
amyl alcohol (25:24:1), and then was precipitated with ethanol (14). The
number of viral DNA genomes per nanogram of cellular reference DNA
(18S rRNA gene) was then assessed by real-time quantitative PCR (qPCR)
using the previously described probe and primers to amplify a segment of
the IE1 gene (Table 1) (14, 27, 28). Briefly, 50 ng of DNA from each sample
was amplified in triplicate using Luminaris Color Probe Low ROX qPCR
master mix (Thermo Scientific), containing the oligonucleotide primers
and the TaqMan IE1 probe, dually labeled (5=, fluorescein 6-carboxyfluo-
rescein [FAM]; 3=, 6-carboxytetramethylrhodamine [TAMRA] quencher)
(27). After activation of Hot Start Taq DNA polymerase for 10 min at
95°C, samples underwent 45 cycles of 15 s at 95°C and 1 min at 60°C in an
Mx 3000P real-time instrument (Stratagene) as previously described (14,
26). HCMV DNA copy numbers were normalized to the amount of hu-
man 18S rRNA gene (Assay-on-Demand 18S, assay no. HS99999901_s1;
Applied Biosystems) amplified per reaction mixture. Standard curves
were constructed using values from the serially diluted genomic cellu-
lar DNA from mock-infected HMVECs mixed with an IE1-encoding
plasmid (29).

Real-time reverse transcription (RT)-PCR analysis was performed on
an Mx 3000 P instrument (Stratagene) using SYBR green as a nonspecific
PCR product fluorescent label. Total cellular RNA was extracted from
infected cells using a NucleoSpin RNA kit (Macherey-Nagel) and retro-
transcribed using a RevertAid RT kit (Life Technologies). cDNAs (or wa-
ter, as a control) were then amplified in triplicate by real-time RT-PCR
using SsoAdvanced Universal SYBR green Supermix (Bio-Rad) in a final
volume of 20 �l. Primer sequences for assessing IE1, UL44, UL99 and
�-actin mRNA levels are listed in Table 1. The optimized cycling condi-
tions were as follows: polymerase activation and initial DNA denaturation
at 95°C for 30 s, followed by 40 cycles of denaturation at 95°C for 15 s,
primer annealing at 55°C for 1 min, and extension at 72°C for 1 min. For
relative quantification analyses, semilogarithmic plots were constructed
using delta fluorescence versus cycle number and a threshold was set for
the changes in fluorescence at a point in the linear PCR amplification
phase (threshold cycle [CT]). The CT values for each gene were normalized
to the CT values for the endogenous �-actin reference using the �CT

equation. The level of target RNA, normalized to the gene reference and
relative to the level determined for the TRwt 12-h-infected cells (calibra-
tor sample), was calculated by the comparative CT method with the
2���CT equation.

Statistical analysis. Data are expressed as the means and standard
deviations (SD) of the results of independent experiments. Data were
analyzed for significance using one-way analysis of variance (ANOVA)
with the Bonferroni posttest correction for multiple comparisons. A P
value of �0.05 was considered significant. All statistical tests were per-
formed using GraphPad Prism version 5.01 for Windows (GraphPad
Software).

RESULTS
Characterization of US20 protein expression. To characterize
the expression and localization patterns of the protein encoded by
the US20 gene, we generated a derivative of the TR clinical isolate,
termed TRUS20HA, expressing the US20 ORF as a fusion protein
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with an HA epitope at the C terminus (Fig. 1). Immunoblot anal-
ysis of the HA epitope of whole-cell protein extracts prepared at
various time intervals from HFFs infected with TRUS20HA
showed that US20 was expressed as a doublet of approximately 30
kDa and 25 kDa which could already be detected at 24 h p.i. (Fig.
2A). Accumulation of the pUS20HA doublet was insensitive to
foscarnet (phosphonoformate [PFA]), which inhibits viral DNA

replication, thus indicating that the US20 gene is expressed with
early (E) gene kinetics (Fig. 2A).

Since it has been reported that the US17 ORF is expressed in a
segmented manner yielding two different polypeptides (30), we
next investigated whether occurrence of the pUS20 doublet was
the result of segmented expression of the full-length protein with
a predicted size of 29.8 kDa. To verify this hypothesis, we gener-

FIG 2 Expression of US20 protein. (A) Kinetics of pUS20HA expression during HCMV infection. HFFs were infected with TRUS20HA (MOI � 1 PFU/cell), and
at the indicated times p.i., total protein cell extracts were prepared, fractionated by 12% SDS-PAGE (50 �g/lane), and analyzed by immunoblotting with anti-HA,
IEA, UL44, UL99, or tubulin MAbs. The expression levels of IEA (IE1 and IE2 proteins could not be not resolved by means of the 12% SDS-PAGE used), UL44,
and UL99 were assessed as controls for representative IE, E, and L HCMV proteins, respectively. The immunodetection of tubulin was performed as an internal
control. Cell extracts were from mock-infected cells (M); cells infected for 24, 48, 72, and 96 h; or cells infected and treated with PFA (200 �g/ml) for 72 h. (B)
The two US20HA protein bands share the same N terminus and C terminus. Protein extracts from HFFs infected with TRUS20HA or TRUS20NV5-CHA
(MOI � 1 PFU/cell) were prepared at 48 and 96 h p.i., fractionated by 15% SDS-PAGE (50 �g/lane), and analyzed by immunoblotting (IB) with anti-HA,
anti-V5, or tubulin MAbs. (C) EndoH treatment of pUS20HA. HFFs were infected with TRUS20HA (MOI � 1 PFU/cell), and at 48 and 96 h p.i., protein
extracts were prepared. Aliquots (20 �g) were treated with EndoH (�) or incubated in buffer alone (�), fractionated by 12% SDS-PAGE, and then
analyzed by immunoblotting with anti-HA or tubulin MAbs.
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ated TRUS20NV5-CHA, a further variant of TRwt that expressed
the US20 ORF with an HA epitope at the C terminus and a V5
epitope at the N terminus (Fig. 1), which enabled simultaneous
and independent detection of both ends of the full-length
US20 protein. Immunoblot assays of extracts prepared from
TRUS20NV5-CHA-infected HFFs revealed that the pUS20 dou-
blet could be detected using anti-V5 or anti-HA MAbs (Fig. 2B).
The molecular mass of the pUS20 doublet expressed by
TRUS20NV5-CHA was slightly greater than that of the pUS20
detected by the use of anti-HA MAb in extracts from cells infected
with TRUS20HA (Fig. 2B), thus confirming the successful addi-
tion of the V5 epitope tag at its N terminus. However, detection of
the US20NV5-CHA doublet by both anti-V5 and anti-HA MAbs
demonstrated that the faster-migrating pUS20s share terminal se-
quences at both ends with the slower migrating one, thus exclud-
ing segmented expression of the US20 ORF as a consequence of
either usage of an internal alternative translational codon or pro-
teolytic processing. This suggests that other posttranslational
modifications, such as glycosylation, may contribute to generating
the pUS20 doublet. To investigate this possibility, protein extracts
were prepared from TRUS20HA-infected HFFs, treated with en-

doglycosidase H (EndoH), and then analyzed by immunoblotting.
As shown in Fig. 2C, the doublet was converted by EndoH into a
single band of about 25 kDa, thus demonstrating that the occur-
rence of two pUS20HA bands was due to different degrees of gly-
cosylation and indicating that a fraction of pUS20 was not fully
glycosylated.

The intracellular localization of pUS20HA at time points
across the entire HCMV replication cycle in TRUS20HA-infected
HFFs was then investigated by immunofluorescence analysis us-
ing the anti-HA MAb. According to the results of immunoblot
analysis (Fig. 2A), anti-HA staining was first detectable at 24 h p.i.
and displayed a diffuse pattern throughout the cytoplasm of in-
fected cells up to 48 h p.i. (Fig. 3A). As infection progressed, start-
ing from 72 h p.i., the intracellular localization of pUS20HA
changed as it accumulated in distinct peripheral cellular cytoplas-
mic structures, which became increasingly evident at 96 h p.i.; by
120 h p.i., most of the pUS20HA was localized within these
peripheral structures (Fig. 3A). This time-dependent pattern of
pUS20HA cytoplasmic distribution was also observed in endothe-
lial cells (HMVECs) infected with TRUS20HA (Fig. 3A). More-
over, the same intracellular localization of pUS20 was observed in

FIG 3 Intracellular localization of US20HA during HCMV infection. (A) Cytoplasmic localization of US20HA proteins in different cell types. HFFs or HMVECs
were infected with TRUS20HA (MOI � 1 PFU/cell) or mock infected, and at various times p.i., cells were fixed, permeabilized, and immunostained with an
anti-HA MAb. (B) The N and C termini of US20HA proteins colocalized during HCMV infection. HFFs were infected with TRUS20NV5-CHA (MOI � 1
PFU/cell) or mock infected, and at 48 and 120 h p.i., cells were fixed, permeabilized, and immunostained with anti-HA and anti-V5 MAbs. (C) US20HA
accumulates late in infection outside the cVAC. HFFs or HMVECs were infected with TRUS20HA (MOI � 1 PFU/cell) or mock infected, and at 120 h p.i., cells
were fixed, permeabilized, and stained for pUS20HA, GM130, EEA1, CD63, or gB. (D) pUS20HA localizes to ER membranes. HFFs were infected with
TRUS20HA (MOI � 1 PFU/cell) or mock infected, and at various times p.i., cells were fixed, permeabilized, and immunostained for pUS20HA or calreticulin
(CALR). The images shown in each panel (A to D) are representative of the results of three independent experiments.
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HFFs infected with the TRUS20NV5-CHA derivative, which, in
addition to an HA epitope at the C terminus, expressed a V5
epitope at the N terminus of the US20 ORF (Fig. 3B). The exten-
sive overlapping of the V5 and HA signals at both 48 and 120 h p.i.
further supports the idea of the absence of any US20 segmentation
as already observed by immunoblot analysis (Fig. 2B).

Next, we examined the intracellular localization of pUS20 rel-
ative to components of the cell secretory pathway that accumulate
within the cytoplasmic virion assembly compartment (cVAC).
The cVAC is a specialized compartment in HCMV-infected cells
formed during the late stages of infection by modified and rear-
ranged host organelles, including the Golgi apparatus, the trans-
Golgi network, and endosomal structures. In the cVAC, HCMV
virions undergo maturation where they acquire the final tegu-
mentation and envelope before finally egressing from the cell (24,
31, 32). Since several US12 proteins, such as US14, US16, US17,
and US18, have been observed to accumulate within the cVAC
(13, 14), we investigated whether pUS20HA colocalized with any
cellular or viral markers of cVAC. To this end, HFFs were infected
with TRUS20HA and analyzed by immunofluorescence assay at
120 h p.i., a time when the cVAC was fully formed and the pro-
duction of infectious virions was well under way. Nonetheless, as
shown in Fig. 3C, we did not observe any significant colocalization
of pUS20HA with GM130 (a cis-medial Golgi marker), EEA1 (an
early endosomal marker), or CD63 (a late endosome marker) or
with viral glycoprotein B (gB), which is known to accumulate in
the cVAC. The displacement of pUS20HA from the cVAC was not
cell type specific, since it was also observed in TRUS20HA-in-
fected HMVECs (Fig. 3C). To define better the localization of
pUS20 relative to other cellular membrane compartments, we in-
vestigated the potential association of pUS20HA with the endo-
plasmic reticulum (ER), which is known to be excluded from the
cVAC formation site (24, 31, 32). To this end, the localization
pattern of the ER marker calreticulin (CALR) was assessed in
TRUS20HA-infected HFFs. As shown in Fig. 3D, at 24 and 48 h
p.i., calreticulin displayed a typical diffuse staining pattern similar
to that observed in mock-infected cells (Fig. 4A); however, by 72 h
p.i., this pattern changed and calreticulin accumulated in struc-
tures that seemed to be completely displaced from the site where
the cVAC was formed (Fig. 3D). Interestingly, calreticulin and
pUS20HA signals almost completely overlapped at 24 and 48
h p.i., while the peripheral cytoplasmic structure to which
pUS20HA accumulated became positive for calreticulin staining
at late times of infection (Fig. 3D), thus indicating that pUS20
associated with ER-derived membranes over the entire replication
cycle of HCMV. The same results were also obtained in HMVECs
infected with TRUS20HA (data not shown).

Finally, to investigate the membrane topology of pUS20, we
first predicted the potential transmembrane domain (TMD) re-
gions using five different algorithms: SOSUI (33), TopPred 0.01
(34), TMHMM 2.0 (35), MEMSAT3, and MEMSAT_SVM (36).
All algorithms were consistent in predicting a cytoplasmic N ter-
minus and seven TMDs, thus indicating a predicted C terminus
located on the luminal side of an internal membrane. To confirm
this prediction and to determine whether the N- and C-terminal
epitopes of pUS20NV5-CHA were cytosolic or luminal, an
epitope accessibility assay was performed following selective per-
meabilization (25). To this end, HFFs were permeabilized either
with 20 �M digitonin for 4 min, to permeabilize the plasma mem-
brane only (while leaving internal membranes, such as the Golgi

apparatus and the ER, intact), or with 0.1% Triton X-100 for 5
min, which allowed complete permeabilization and allowed anti-
bodies to access epitope tags regardless of their orientation on the
membrane (25). Protein markers of cell organelles, such as
GM130 (a protein that is tightly bound to the cytosolic side of
cis-Golgi membranes) (37) and calreticulin (a luminal ER pro-
tein) (38), were used to validate the selective permeabilization
assay. Following digitonin treatment, GM130, but not calreticulin
(CALR), was immunostained (Fig. 4A), thus validating these ex-
perimental conditions for the detection of membrane-associated
epitopes with a cytosolic or luminal orientation. The orientation
of both the N and C termini of pUS20 was therefore determined by
immunostaining HFFs infected with TRUS20NV5-CHA with an-
ti-V5 and anti-HA MAbs. Both digitonin treatment and Triton
X-100 treatment enabled the anti-V5 MAb to access the N termi-
nus of pUS20, with positive immunostaining results seen at both
48 and 96 h p.i. These results confirmed the cytosolic location of
the N terminus of pUS20 as predicted by bioinformatics (Fig. 4B).
In contrast, only complete cell permeabilization by Triton X-100
allowed immunostaining of the C-terminal HA tag of pUS20 (Fig.
4B), demonstrating that the C terminus of the protein was located
on the ER lumen and thus confirming the predicted 7TMD topol-
ogy of pUS20.

Taken together, the results shown in this section indicate that
the early HCMV US20 gene encodes a 7TMD protein that under-
goes partial glycosylation and accumulates late in infection within
cytoplasmic structures derived from the ER compartment and
localized outside the cVAC.

HCMV US20-deficient viruses are defective for growth in en-
dothelial cells. To investigate the requirement for US20 during
the HCMV replication cycle in cell types known to be relevant for
the virus’s replication and dissemination in the host (39), we gen-
erated different US20-deficient viruses from the TR clinical isolate
(19). Infectious viruses reconstituted from its BAC clone have
been shown to productively replicate in endothelial and epithelial
cells (20). In the derivative TR�US20, the entire US20 ORF was
replaced with a galK-kan cassette (Fig. 1), whereas in the stop
mutant termed TRUS20stop, the US20 coding sequence was
changed in 3 bp to create a stop codon near the start of the ORF
(Fig. 1). Infectious recombinant HCMVs were subsequently re-
constituted in HFFs from two independently derived BAC clones
for TR�US20 (clones 1.1 and 1.2) and TRUS20stop (clones 2.1
and 2.2) to reduce the chance of off-target mutations that might
affect the observed cell growth phenotypes in a nonspecific manner.
The growth exhibited by TR�US20 (clone 1.1) and TRUS20stop
(clone 2.1) in fibroblasts under conditions of multistep or single-
step growth was similar to the growth exhibited by TRwt and
TRUS20HA (Fig. 5), thus confirming that expression of pUS20
is not required for productive replication in fibroblasts. The
TRUS20HA derivative was included in all growth kinetics exper-
iments as a control for a US20 revertant virus, since it was gener-
ated by replacing the galK-kan cassette of TR�US20 (clone 1.1)
with the US20 coding sequence fused in frame with a C-terminal
HA epitope (Fig. 1).

To determine the viral growth kinetics of US20-deficient vi-
ruses in other cell types, endothelial cells (HMVECs) and epithe-
lial cells (ARPE-19) were infected with TRwt, TR�US20 (clone
1.1), TRUS20stop (clone 2.1), or TRUS20HA at an MOI of 0.01
for multistep growth analysis or at an MOI of 3 for single-step
growth analysis and were titrated for detection of infectious virus
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at 0, 2, 4, 6, 8, 10, and 12 days p.i. The replication kinetics of the
US20-deficient mutants in ARPE-19 cells at both MOIs were sim-
ilar to those of the parental TRwt and the revertant TRUS20HA
(Fig. 5). In contrast, under the multistep growth conditions,
US20-null viruses exhibited a decrease of more than 4 log units
in titer in HMVECs starting on day 8 and up to 12 days p.i. in
comparison to TRwt (Fig. 5). The severe replication defect of
TR�US20 and TRUS20stop viruses was observed even in single-
step growth curves (Fig. 5), thus indicating that the growth defect in
HMVECs cannot be overcome by infecting cells at higher multiplic-
ities of infection. Similar results were obtained with the infectious
recombinant viruses produced from the TR�US20 (clone 1.2) and
TRUS20stop (clone 2.2) BACs (data not shown). The replication ki-
netics of the US20 revertant virus (TRUS20HA) in HMVECs was

similar to that of TRwt (Fig. 5), thus indicating that the defective-
growth phenotype of the US20-deficient viruses in endothelial cells
was due to the specific inactivation of the US20 coding sequence.

pUS20 is required for efficient accumulation of E and L viral
mRNAs and proteins in various types of endothelial cells. To
gain further insight into the defective phenotype of US20-null
viruses in endothelial cells, we first evaluated the kinetics of viral
DNA synthesis by qPCR in HMVECs infected with the parental
TRwt or the TRUS20stop viruses. Compared with TRwt, DNA
replication of the US20-deficient virus in HMVECs was substan-
tially absent over the entire replication cycle (Fig. 6A), thus indi-
cating that inactivation of the US20 gene caused a defect in virus
replication in the endothelial cells that occurred prior to the onset
of viral DNA synthesis.

FIG 4 Membrane topology of pUS20. HFFs were infected with TRUS20NV5-CHA (MOI � 1 PFU/cell), and at 48 h or 96 h p.i., cells were selectively or
completely permeabilized using digitonin (�Digitonin) or Triton X-100 (�Triton), respectively, or were not permeabilized (NP). The pUS20 N- and C-terminal
tags were then immunostained with MAbs to V5 and HA, respectively (panel B). GM130 and calreticulin (CALR) staining of mock-infected cells was used to
control for selective permeabilization (panel A). Data are representative of the results of three independent experiments.
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To explore this observation further and to define better the
phase of the HCMV replication cycle affected by the lack of
pUS20, we evaluated the accumulation of representative IE, E, and
L proteins. To this end, immunoblot assays were performed with
cell extracts prepared at various times p.i. from HFFs and
HMVECs that had been infected with TRwt or TRUS20stop. Ex-
pression levels of IEA (IE1 and IE2), UL44, and UL99 were mea-
sured as controls for IE, E, and L proteins, respectively (Fig. 6B).
As expected, tested viral proteins accumulated with the same ki-
netics in HFFs infected with either TRwt or TRUS20stop. In con-
trast, in HMVECs infected with the US20 mutant virus, the ex-
pression of IEA was reduced by about 2-fold, as estimated by
densitometric quantification, in comparison to that seen with
TRwt, whereas that of UL44 and UL99 was substantially sup-
pressed (Fig. 6B). Therefore, the absence of pUS20 in these cells
prevented the normal progression of the viral replication cycle and
caused a major defect prior to the expression of E proteins.

To test whether the lack of E and L protein expression in en-

dothelial cells infected with the US20-null virus was due to an
impairment of their RNA accumulation, mRNA was purified at
various times p.i. from HMVECs that had been infected with ei-
ther TRwt or TRUS20stop and was analyzed by real-time RT-PCR
for IE1, UL44, and UL99 mRNA content. Figure 6C shows that, at
all times analyzed, TRUS20stop failed to express a significant level
of either UL44 or UL99 mRNA, whereas, according to the results
obtained by the immunoblot analysis of viral protein expression
(Fig. 6B), it produced reduced levels of IE1 mRNA. Thus, these
results indicate that the defective-growth phenotype of US20-de-
ficient viruses in endothelial cells arose from the lack of transcrip-
tion of E and L genes.

Next, to rule out the possibility that the lack of E and L gene
expression in endothelial cells was due to a defect restricted to
HMVECs only, different types of endothelial cells able to support
the productive replication of clinical isolates of HCMV (18, 20)
were infected with TRwt, TR�US20, TRUS20stop, or TRUS20HA;
viral titers and the frequency of IEA, E, and L expression were then

FIG 5 Growth kinetics of US20-deficient viruses in fibroblasts and epithelial and endothelial cells. HFFs, ARPE-19, and HMVECs were infected with TRwt,
TR�US20 (clone 1.1), TRUS20stop (clone 2.1), or TRUS20HA at an MOI of 0.01 PFU/cell for multistep growth analysis or at an MOI of 3 PFU/cell for single-step
growth analysis. The extent of virus replication at different times p.i. was then determined by titrating the infectivity of supernatants of cell suspensions on HFFs
and quantifying IEAs by immunoperoxidase staining. The data shown are the averages of the results of two experiments 	 SD.
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determined at various time intervals. As observed for HMVECs,
inactivation of the US20 ORF severely reduced virus replication in
both HUVECs and primary lymphatic endothelial cells (LECs)
(Fig. 7A). Again, the growth defect was associated with the failure
of US20-deficient viruses to express adequate amounts of E and L
proteins (Fig. 7B), thus indicating that the defective phenotype
does not depend on the origin of the endothelial cell.

Altogether, these results indicate a role for US20 protein in
regulating the efficient progression of the viral replicative cycle,
mostly beyond the IE phase, in different types of endothelial cells.

US20-null viruses are defective for a postentry event in endo-
thelial cells. Next, we investigated whether the reduction of IE
gene expression observed in endothelial cells infected with US20-
deficient viruses could result from inefficient adsorption and/or
entry of genotypically US20-negative virions. To evaluate the ad-
sorption, HMVECs were infected with equivalent amounts of par-
tially purified TRwt or TRUS20stop virions (normalized to equiv-
alent genome copy numbers by qPCR) for 1 h at 4°C, thus
allowing the attachment of virus particles only. The cells were then
extensively washed, and total DNA was purified in order to mea-

sure the amount of viral DNA associated with cells by qPCR. As
shown in Fig. 8A, the amounts of TRUS20stop DNA bound to
HMVECs were not significantly different from those measured for
TRwt, indicating the successful adsorption of both viruses to en-
dothelial cells. The addition of trypsin before DNA isolation from
samples of TRwt- or TRUS20stop-infected HMVECs severely re-
duced the amount of measurable HCMV DNA, thus confirming
that the majority of the quantified DNA was present in viral par-
ticles bound to endothelial cells.

To test entry, HMVEC cell monolayers were infected with
equal amounts of TRwt or TRUS20stop virions at 4°C for 1 h and
then shifted to 37°C for different times to allow entry of viral
particles bound to cell surfaces. Before DNA isolation, infected
cells were treated with trypsin to remove virions bound to the cell
surface but not yet internalized. Quantification of viral DNA by
qPCR showed that the amounts of cell-associated viral DNA at 1,
2, and 4 h were similar for TRwt and TRUS20stop (Fig. 8B). This
shows that the lack of the US20 gene does not affect the ability of
genotypically US20-negative HCMV virions to enter into endo-
thelial cells and further sustains the view that US20 regulates

FIG 6 Replication of US20-deficient viruses in endothelial cells is blocked at a stage prior to the expression of E genes. (A) Lack of viral DNA synthesis in
endothelial cells infected with a US20 mutant virus. HMVECs were infected with TRwt or TRUS20stop (MOI � 1 PFU/cell), and at the indicated times p.i., total
genomic DNA was isolated to quantify viral DNA levels by qPCR. The data shown are the mean values of the results of two independent experiments 	 SD. **,
P 
 0.001; ***, P 
 0.0001 (compared to the amount of viral DNA measured in cells infected with TRwt). (B) Expression of representative IE, E, and L proteins
in HFFs and HMVECs infected with TRwt or TRUS20stop viruses. HFFs and HMVECs were infected with TRwt or TRUS20stop (MOI � 1 PFU/cell). At the
indicated times p.i., total protein cell extracts were prepared and analyzed by immunoblotting with anti-IEA, UL44, or UL99 MAbs. Tubulin immunodetection
served as a control for equal protein loading. HMVECs panels were overexposed to detect the faint UL44 signal in extracts from TRUS20stop-infected cells. (C)
The US20 gene is required for E and L gene expression in endothelial cells. HMVECs were infected with TRwt or TRUS20stop (MOI � 1 PFU/cell). Total RNA
was isolated at the indicated hours p.i. and reverse transcribed. Real-time RT-PCR was carried out with the appropriate IE1, UL44, UL99, and �-actin primers
to quantify the expression levels of selected viral transcripts. For each time point, IE1, UL44, and UL99 mRNA amounts were normalized to the levels of the
�-actin mRNA. For quantification analysis, values at each time point are relative to the value observed with cells infected with TRwt for 12 h (calibrator sample),
which was set at 1. The results are shown as fold change of mRNA expression compared to the values of the calibrator sample and as the mean values of the results
of two independent experiments 	 SD of technical triplicates. **, P 
 0.001; ***, P 
 0.0001.
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postentry events involved in progression of the HCMV replication
cycle in endothelial cells.

DISCUSSION

In this study, we characterized the expression profile of the US20
gene product and provided evidence that the lack of the gene has a
significant impact on the ability of HCMV to replicate in endo-
thelial cells, thus suggesting an important role of this protein in
HCMV dissemination, pathogenesis, and persistence in the host.

The US20 gene of a clinical isolate of HCMV encodes a protein
doublet expressed with early kinetics during the viral replicative
cycle. This observation agrees with previous reports that demon-
strated the accumulation of an early 2.85-kb tricistronic mRNA
that spans the region initiating at the start of the US20 transcrip-
tion initiation site and terminating at the polyadenylation signal
downstream of US18 (7, 40, 41). Moreover, we showed that the
pUS20 doublet occurs as a consequence of differential degrees of
protein glycosylation, also sustained by the results of prediction
analyses that identified a potential site of N-glycosylation at posi-
tion 242 within the C-terminal tail of the US20 protein. Thus,
among the US12 family members that have been characterized at

the protein level to date (13, 14), pUS20 is the first to show a
posttranslational modification through the addition of sugar moi-
eties. Moreover, the complete EndoH sensitivity of the slower-
migrating pUS20 band from infected cell extracts prepared at late
times of infection (Fig. 2C) indicates that it contained immature,
high-mannose N-linked oligosaccharides and that it had not
reached the Golgi apparatus, to which most herpesvirus glycopro-
teins are transported and where their N-linked sugars processed to
more-complex EndoH-resistant oligosaccharides (42). The idea
of the localization and retention of pUS20 in the ER is sustained
further by the results of the immunofluorescence analysis that
showed an association with calreticulin-positive compartments
throughout the virus cycle (Fig. 3D). Furthermore, the lack of any
significant association of pUS20 with cellular and viral markers of
the cVAC (Fig. 3C), in contrast with that previously observed for
other US12 family members, such as US14, US16, US17, and US18
(13, 14), suggests that pUS20 is unlikely to be involved in the final
maturation and egress of HCMV virions. Finally, we predicted the
membrane topology of pUS20 using different algorithms; the re-
sults indicated a unique topology profile, consisting of seven
TMDs. Indeed, experimental investigation confirmed this predic-

FIG 7 US20-deficient viruses fail to express E and L proteins in different types of endothelial cells. (A) US20-null viruses are defective for growth in HUVECs and
LECs. HUVECs and LECs were infected with TRwt, TR�US20 (clone 1.1), TRUS20stop (clone 2.1), or TRUS20HA at an MOI of 0.1 PFU/cell. The extent of virus
replication at different days p.i. was determined by titrating the infectivity of supernatants of cell suspensions on HFFs by anti-IEA staining. The data shown are
the averages of the results of three independent experiments 	 SD. (B) Lack of expression of E and L proteins in HUVECs and LECs infected with US20 mutant
viruses. HUVECs and LECs were infected with TRwt, TR�US20 (clone 1.1), TRUS20stop (clone 2.1), or TRUS20HA at an MOI of 0.1 PFU/cell. At 24, 48, or 96
h p.i., cells were fixed, permeabilized, and immunostained with anti-IEA, UL44, or UL99 MAbs, respectively. Images of ECs infected with US20-null viruses for
48 and 96 h p.i. were purposely chosen to include positive cells to show virus addition, since random fields were in the majority negative for UL44 and UL99
staining. Data are representative of the results of three independent experiments.
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tion (Fig. 4), placing the N terminus of pUS20 on the cytosol side
of a membrane, for example, that of an ER-derived compartment,
and its C terminus on the luminal side. In this regard, a previous in
silico analysis of US12 family members suggested opposite mem-
brane orientations by analogy to G-protein-coupled receptors
(GPCRs) (11). In that study, however, a phylogenetic analysis of
US12 proteins in comparison to previously characterized viral and
cellular GPCRs and other 7TMD proteins indicated that US12
proteins represent a distinct branch of the 7TMD superfamily
(11). Thus, it is likely that the limited level of similarity to GPCRs
(11) explains the different membrane orientation observed for
pUS20. Moreover, in a preliminary bioinformatics analysis, we
observed that the US20 ORF shares about 20% amino acid iden-
tity with the Golgi antiapoptotic-associated protein (GAAP), a
member of the predicted transmembrane BAX inhibitor-1 motif
(TMBIM)-containing protein family. TMBIM proteins are a

group of at least six highly conserved cell death regulators ex-
pressed in mammals and with homologs in fish, insects, plants,
yeasts, and viruses (43). In particular, viral counterparts of human
GAAP (hGAAP) have been identified in some strains of vaccinia
virus (VACV) and camelpox virus (CMLV) and have been shown
to inhibit apoptosis induced by both intrinsic and extrinsic pro-
apoptotic stimuli (25, 44). A detailed experimental mapping of the
transmembrane topology of hGAAP and viral GAAP (vGAAP), as
well as of BAX inhibitor 1 (BI-1), revealed a cytosolic orientation
of their N termini, as we observed for pUS20, and a six-TMD
topology with a putative reentrant loop at the C terminus, thus
placing the C terminus of these TMBIM proteins on the cytosolic
side of a membrane (25). However, it is worth noting that our
bioinformatics analysis highlighted that the last predicted trans-
membrane domain of GAAP and BI-1 is less hydrophobic than
that of pUS20. Thus, this variance may account for the different
membrane topology of the C terminus of pUS20 in comparison to
those of the GAAP and BI-1 proteins.

It is therefore likely that the topology profile of pUS20 may
have important implications regarding its interactions with other
cellular and/or viral proteins and, therefore, its functions.

Indeed, we observed that genotypically US20-negative virions
selectively failed to replicate specifically in different types of endo-
thelial cells, whereas they grew normally in both fibroblasts and
epithelial cells. The growth defect of US20-null viruses in endo-
thelial cells was associated with an impairment of the capacity of
the viral replication cycle to progress beyond the entry and IE
phases. The endothelium-specific growth defect was observed us-
ing different US20 mutant viruses (two RVTR�US20 virus strains
from two independent clones and two US20stop mutants, gener-
ated by the insertion of a stop codon at its N terminus). This
observation indicates that the inability of US20-null viruses to
replicate in endothelial cells was likely due to the mutations made
to the US20 locus and not to potential second-site mutations that
could have affected neighboring or more-distant genes. The spec-
ificity of the US20-dependent growth defect was then further con-
firmed via restoration of the wild-type-level growth rate in endo-
thelial cells infected with the revertant virus TRUS20HA, in which
the US20 deletion was repaired by inserting the US20 ORF se-
quence back into the TR�US20 genome fused in frame with a
C-terminal HA tag.

The lack of a significant effect on entry into endothelial cells
suggests that pUS20 contributes to the HCMV tropism in this cell
type through a pathway that is distinct from that relevant to US16
(14). For the latter, in fact, we observed a requirement for IE gene
expression and delivery of the viral genome to the nucleus in both
endothelial and epithelial cells (14). The inability of US16-defi-
cient virions to express IE genes in these cell types has since been
related to a specific entry defect caused by the lack of adequate
amounts of the gH/gL/UL128 –UL131 envelope pentameric com-
plex, which mediates HCMV entry into endothelial and epithelial
cells (Luganini and Gribaudo, unpublished). Thus, it is likely that
pUS16 regulates HCMV cell tropism through a pathway that de-
velops in producer cells and in which pUS16 acts as a tropism
factor by dictating a critical stage in the late maturation of HCMV
related to the final assembly of endothelio- and epitheliotropic
progeny. Here, we observed that the replication of US20-null vi-
ruses in epithelial cells was not significantly different from that
observed in fibroblasts (Fig. 5); it is therefore unlikely that US20
influences the abundance of the virion pentameric complex, as

FIG 8 Attachment of a US20-deficient virus and entry of the virus into endo-
thelial cells. (A) Adsorption of a US20-null virus to HMVECs. HMVECs were
infected with equal numbers of TRwt or TRUS20stop virion particles at 4°C for
1 h to allow virus adsorption and then washed twice with PBS. To determine
the extent of virus attachment, cell-associated viral DNA was then quantified
by qPCR and normalized to the level of the 18S rRNA gene. Trypsin treatment
of samples of infected HMVECs before DNA isolation was performed as a
control to verify that the quantified DNA was from viral particles bound to
cells (control bars). (B) Entry of a US20 mutant virus in endothelial cells.
HMVECs were infected with equal numbers of TRwt or TRUS20stop virion
particles at 4°C for 1 h, washed twice with PBS, and then shifted to 37°C for 1,
2, or 4 h to allow virus entry into the cells. Before DNA isolation, at each time
point, infected HMVECs were treated with trypsin to remove virions bound to
cell surfaces but not internalized. To ensure the efficiency of the trypsin treat-
ment in removing bound virus, control cultures were treated immediately
after adsorption at 4°C, replated, and returned to 37°C for 5 h before DNA
isolation (control bars). Cell-associated HCMV DNA was then quantified by
qPCR and normalized to the level of the 18S rRNA gene. The data shown
represent the averages of the results of three independent experiments 	 SD.

US20 Is Required for Replication in Endothelial Cells

November 2015 Volume 89 Number 21 jvi.asm.org 11103Journal of Virology

 on O
ctober 3, 2015 by guest

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org
http://jvi.asm.org/


observed for US16-null viruses. However, an effect of pUS20 on
virion composition cannot be excluded, since we measured a re-
duced level of IE gene expression in endothelial cells infected with
a US20-deficient virus, which may indicate a lack of an adequate
content of tegument proteins, such as pUL82 (pp71) and pUL83
(pp65), known to be important for efficient IE gene expression in
the newly infected cell (45, 46). Further proteomics analysis of
purified US20-null virion particles may thus help to define their
content and elucidate the relationship between virion composi-
tion and the reduced level of IE protein expression observed in
infected endothelial cells.

Since it has been reported that the murine M45 gene mediates
murine cytomegalovirus (MCMV) replication in endothelial cells
by inhibiting apoptosis (47) and given the predicted similarity of
pUS20 to hGAAP and vGAAP (obtained by bioinformatics), we
hypothesized that the failure of US20 mutant viruses to replicate
in endothelial cells might stem from their inability to counteract
the apoptotic antiviral response in infected cells. However, pre-
liminary analyses did not reveal any significant differences in the
death rate of HMVECs infected with a US20-null virus compared
to cells infected with the parental TR virus, nor was any significant
variation in caspase-3 activity observed between cell extracts pre-
pared from TRUS20stop- or TRwt-infected HMVECs and stimu-
lated with a strong proapoptotic stimulus, such as doxorubicin
(data not shown). Thus, pUS20 does not seem to play a significant
role in regulating apoptosis despite its similarity to members of
the TMBIM family. However, the lack of any apparent antiapop-
totic activity of pUS20 may be explained by the absence of the
typical cluster of charged residues found in the C terminus of
hGAAP, vGAAP, and BI-1 proteins and required to counteract cell
apoptosis in response to both intrinsic and extrinsic stimuli (43,
44). Thus, the growth defect of US20-null viruses in endothelial
cells cannot be ascribed to a lack of an adequate viral antiapoptotic
activity, as previously observed for M45-deficient viruses (47).

During coevolution with its host, HCMV has developed the
capacity to replicate in a wide range of cell types by exploiting
different combinations of cell receptors, entry pathways, envelope
glycoprotein complexes, and requirements for postentry viral tro-
pism factors. So far, however, little is known about the functions
exerted by viral tropism factors that act at a postentry stage and
regulate, in a cell type-specific manner, subsequent stages of the
virus replication cycle. In addition to the HCMV US20 and
MCMV M45 (47) proteins, two other HCMV proteins were re-
cently reported to contribute to HCMV tropism in endothelial
cells by regulating post-immediate-early phases in the viral repli-
cation cycle (48, 49, 50). In these studies, the UL135 and UL136
proteins encoded within the UL133-to-UL138 locus of a clinical
strain of the virus (48) were found to be required for efficient
HCMV replication in primary endothelial cells (50). The genes
encoding those proteins were demonstrated to be dispensable for
virus entry and normal expression of representative IE, E, and L
proteins (49, 50). However, the failure of UL135- and UL136-
deficient viruses to produce infectious progeny in infected endo-
thelial cells was related to defects in different stages of the final
maturation of the virion, such as formation of the cVAC, the sec-
ondary envelopment, and egress (50). It was thus concluded that
UL135 and UL136 function as determinants of viral tropism for
endothelial cells by regulating the proper host membrane traffick-
ing pathway required for an efficient viral maturation process in
this specific cell type (50). Thus, UL135 and UL136 seem to act at

stages of the HCMV replication cycle downstream from that pri-
marily affected by the lack of functional pUS20. In fact, in endo-
thelial cells infected with a US20 mutant virus, we observed a
severe defect in the progression of the viral gene expression cas-
cade, mostly after the IE phase, and a failure in viral DNA replica-
tion (Fig. 6), both of which indicate a requirement of pUS20 for
efficient expression of E genes. Future studies will be required to
verify the involvement, if any, of pUS20 in promoting efficient
viral E gene expression in infected endothelial cells.

The requirement for the HCMV tropism in endothelial cells,
however, is not the sole function that can be assigned to US20. In
fact, it was recently reported that the US20 gene, in concert with
US18, reduces the cell surface expression of MICA by promoting
its lysosomal degradation (16). Nevertheless, no clear association
of pUS18 and pUS20 with lysosomes was observed in US18- or
US20-expressing U373 cells or in HCMV-infected HFFs (16).
Thus, pUS20 may represent a further example of a multifunc-
tional HCMV protein that regulates different features of the viral
replication cycle and virus-host interactions.

Although future investigations are required to define in more
detail the mechanism by which the US20 protein regulates the
tropism for endothelial cells, the results of the present study sus-
tain the view that the members of the US12 gene family encode a
series of regulatory proteins involved in a variety of different in-
tracellular regulatory networks within HCMV-infected cells. In
fact, inactivation of different members may affect the normal vi-
rion composition (15) and the virus’s ability to modulate the host
immune response (16) or, as we reported for US16 and US20, may
impact viral replication in specific cell types. Our current knowl-
edge about the functions of pUS12 proteins is therefore coherent
with the hypothesis that individual US12 gene family members
have evolved the ability to fulfill different and specific functions by
adapting a host-derived common and flexible structural protein
scaffold, one that is intimately associated with various cellular
membranes, to new purposes (11, 51). In this model, changes in
the highly divergent N- and C-terminal amino acid sequences in
the different US12 ORFs (11) may permit specific interactions
with other cellular and/or viral proteins to occur that may regulate
a broad range of specific activities within infected cells.
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