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Abstract

Human cytomegalovirus (HCMV) is a ubiquitous pathogen that can cause disability in new-

borns and serious clinical diseases in immunocompromised patients. HCMV has a large

genome with enormous coding potential; its viral particles are equipped with complicated

glycoprotein complexes and can infect a wide range of human cells. Although multiple host

cellular receptors interacting with viral glycoproteins have been reported, the mechanism of

HCMV infection remains a mystery. Here we report identification of adipocyte plasma mem-

brane-associated protein (APMAP) as a novel modulator active in the early stage of HCMV

infection. APMAP is necessary for HCMV infection in both epithelial cells and fibroblasts;

knockdown of APMAP expression significantly reduced HCMV infection of these cells. Inter-

estingly, ectopic expression of human APMAP in cells refractory to HCMV infection, such as

canine MDCK and murine NIH/3T3 cells, promoted HCMV infection. Furthermore, reduction

in viral immediate early (IE) gene transcription at 6 h post infection and delayed nucleus

translocation of tegument delivered pp65 at 4 h post infection were detected in APMAP-defi-

cient cells but not in the wildtype cells. These results suggest that APMAP plays a role in the

early stage of HCMV infection. Results from biochemical studies of APMAP and HCMV pro-

teins suggest that APMAP could participate in HCMV infection through interaction with gH/

gL containing glycoprotein complexes at low pH and mediate nucleus translocation of

tegument pp65. Taken together, our results suggest that APMAP functions as a modulator

promoting HCMV infection in multiple cell types and is an important player in the complex

HCMV infection mechanism.
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Author summary

Human cytomegalovirus (HCMV) is a prototypic β-herpesvirus that merits attention

because of its ubiquitous prevalence and clinical significance among immature and

immune compromised populations. Since its first isolation in 1956, there have been con-

tinuous efforts on understanding the infection mechanism of HCMV, which could serve

as the basis for antiviral drugs and vaccines. Unfortunately, understanding of HCMV

infection mechanisms and key host cellular factors involved in viral entry remain elusive,

partly due to the complexity of HCMV. We report here identification of a type II mem-

brane protein, adipocyte plasma membrane associated protein (APMAP), as a novel mod-

ulator promoting HCMV infection. We demonstrated that APMAP is both necessary and

sufficient for HCMV infection of multiple cell types. APMAP may function through the

interaction with viral gH/gL-containing glycoprotein complexes at low pH and mediate

nuclear translocation of pp65, a viral tegument protein. Taken together, our results indi-

cate that APMAP serves as an augmenting modulator of HCMV at the early stage of viral

infection.

Introduction

Human cytomegalovirus (HCMV), also known as human herpesvirus 5 (HHV-5), is a ubiqui-

tous pathogen belonging to the β-herpesviridae subfamily of the Cytomegalovirus genus.

HCMV infections usually show minor, nonspecific clinical symptoms in healthy individuals

and can establish life-long latency in hosts [1]. Yet, primary HCMV infection or reactivation

can cause high morbidity and mortality in immunocompromised patients such as those with

immunosuppression after organ or bone marrow transplantation [2]. Additionally, the virus is

frequently linked to congenital infections. The incidence of congenital HCMV infection ranges

from 0.3~1.2% worldwide [3]. Among congenitally infected infants, about 7–10% will suffer

from disabilities including mental retardation, loss of hearing or sight, microcephaly, and psy-

chomotor dysfunction [1,4]. Horizontal HCMV transmission happens through close contact,

while maternal-to-fetal transmission occurs when women contract HCMV during pregnancy

[1]. Despite close to five decades of effort, no vaccine against HCMV has been licensed.

Adverse effects and concerns of viral resistance limit the clinical use of antiviral drugs such as

ganciclovir and valganciclovir [5]. Thus, an effective preventive vaccine and new potent drugs

against HCMV infection are urgently needed. Understanding of viral entry mechanism may

provide a new scientific basis for design of novel drugs or vaccines.

HCMV possesses a large (~235 kb) double stranded DNA genome packaged inside an ico-

sahedral capsid with a diameter of 100–110 nm [1]. A protein layer known as tegument lies

between the genome containing capsid and glycoprotein-embedded viral envelope membrane

[1,6]. The HCMV genome is estimated to be capable of encoding more than 160 proteins.

About 70 viral proteins are incorporated into the mature viral particle [7,8]. The complexity of

the viral particle and long-term co-evolution with its host enable HCMV to infect a variety of

human cell types. These cell types include epithelial cells, endothelial cells, fibroblasts, hepato-

cytes, neurons, parenchyma cells, and mononuclear cells [9].

For enveloped viruses such as HIV-1, influenza virus, and Ebola virus, a single viral glyco-

protein is sufficient for cell attachment and membrane fusion that lead to successful infection

of target cells [10]. In contrast, cell attachment and membrane fusion for herpesvirus including

HCMV seem to be accomplished by different viral glycoprotein complexes. Together with gH

and gL, glycoprotein B (gB), a highly conserved class III fusion protein among herpesvirus
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[11], forms the minimal fusogenic machinery necessary for viral-cellular membrane fusion

[12]. For HCMV, two glycoprotein complexes, the gH/gL/gO (also termed trimer) and gH/gL/

pUL128-131 (termed pentameric complex, or pentamer), co-exist on low-passage clinical viral

strains. These complexes have been shown to play roles in modulation of viral cell tropism

through interaction with different cellular receptors [13,14]. The trimer is sufficient for

HCMV infection of fibroblast cells and the pentameric complex is specifically needed for

HCMV infection of epithelial cells, endothelial cells, monocytes, and macrophages [15–17].

Laboratory-adapted HCMV strains such as AD169 gain null mutations at the UL131-128 locus

during passage adaptation in fibroblast cells, resulting in failure of pentamer expression. These

tissue culture-adapted viruses cannot infect epithelial and endothelial cells [18–21]. Restora-

tion of pentamer expression by culture adaption or complementation can rescue viral tropism

in epithelial and endothelial cells. The restoration can also be accomplished by repairing muta-

tions in viral UL131-128 locus, as demonstrated for AD169 virus [18,21,22].

Multiple cellular molecules have been reported to be receptors or facilitators of HCMV

infection in vitro. Heparan sulfate proteoglycans (HSPG) and β1-integrin are necessary for ini-

tiation of HCMV infection through interaction with gB [23–26]. Epidermal growth factor

receptor (EGFR) activation by HCMV and its interaction with gB have been reported to play a

role, potentially as a receptor, in HCMV infection [27–29]. However, other studies dispute the

role of EGFR as a receptor necessary for HCMV infection [30,31]. The interaction of platelet-

derived growth factor receptor-α (PDGFR-α) with gH/gL/gO trimer to facilitate HCMV infec-

tion in fibroblast cells has been confirmed in several studies [32–34]. Interestingly, knockdown

of PDGFR-α only affects HCMV entry into fibroblast cells but not its entry into epithelial or

endothelial cells [31]. THY-1 cell surface antigen (CD90) is reported to play a role in the early

stage of HCMV infection, probably by facilitating viral entry via a macropinocytosis-like pro-

cess [35]. CD147 has been reported to promote pentamer-expressing HCMV entry into epi-

thelial and endothelial cells, but no direct interaction between CD147 and pentamer or trimer

was verified [36]. Neuropilin-2 has been identified as a pentamer-binding receptor responsible

for HCMV infection of epithelial and endothelial cells through screening a comprehensive

membrane protein library [37]. A recent study identified OR14I1 as an additional pentamer-

dependent host receptor associated with HCMV epithelial tropism [38]. Adding to the com-

plexity of its infection strategy, HCMV may enter different cell types via different routes or

mechanisms. For example, HCMV could enter fibroblast cells through direct fusion with the

plasma membrane or macropinocytosis [35,39–42]. On the other hand, its entry into epithelial

and endothelial cells may rely on endocytosis and low-pH [41,43,44]. With full appreciation of

the long evolution of HCMV infection in a variety of human cell types, it is not surprising that

more cellular factors are identified to play roles in HCMV entry process.

A previous study revealed that the laboratory-adapted HCMV strain is internalized into

epithelial cells at the same rate as that of low-passage clinical strain. However, the laboratory-

adapted strain was destined for degradation while the clinical strain somehow managed to

accomplish membrane fusion in a low pH-dependent manner [31]. Recombinantly expressed

soluble pentamer has been shown to inhibit HCMV infection of epithelial cells [45] and bind

to the surface of epithelial cells [14]. In this study, 23 potential pentamer-binding membrane

proteins were identified through pentamer pull-down. To validate their necessity for HCMV

infection, these pentamer-binding candidates were individually knocked out in epithelia-

derived ARPE-19 cells. One of the candidate proteins, adipocyte plasma membrane associated

protein (APMAP), was found necessary for HCMV infection in epithelial cells and fibroblast

cells. Over-expression of human APMAP promoted HCMV infection of two non-human cell

types less susceptible to HCMV entry, canine MDCK and murine NIH/3T3 cells. Dramatically

reduced immediate early gene (IE) transcription and delayed nuclear translocation of
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tegument protein pp65 were detected in APMAP-deficient cells at early stage HCMV infec-

tion. The in vitro interaction between APMAP and HCMV proteins by biochemical assays

supported the notion that APMAP may participate in HCMV infection through interaction

with gH/gL containing glycoprotein complexes at low pH and through mediating nuclear

translocation of pp65. Taken together, our results indicated that APMAP is a cellular factor

augmenting HCMV infection at the early stage of viral infection.

Results

Identification of APMAP as a cellular factor in HCMV infection

Soluble pentamer can inhibit HCMV infection of ARPE-19 cells in a dose-dependent manner

[45]. The binding of soluble pentamer, with 6×His-tag at C-terminus of the gH subunit [45],

to the surface of ARPE-19 cells was determined. Soluble pentamer was incubated with ARPE-

19 cells grown on chamber slides and stained with FITC-conjugated anti-His-tag antibodies.

As shown in Fig 1A and 1B, the fluorescent signal for pentamer was weak at the lowest con-

centration (10 μg/ml) tested, and the signal increased in correlation with the pentamer concen-

trations, indicating dose-dependent binding of pentamer to ARPE-19 cells. Since pentamer-

dependent HCMV infection of epithelial cells has been reported to rely on low pH [43], we

compared pentamer binding on ARPE-19 cells at neutral pH (7.4) and low pH (5.5) buffer by

flow cytometry assay. As shown in Fig 1C, pentamer binding in neutral pH buffer (green his-

togram) had a small but distinct shift in fluorescent intensity compared to that of a negative

control (grey histogram), while pentamer binding in low pH buffer (blue histogram) had a

more than one log of magnitude shift in fluorescent intensity as compared to the negative con-

trol. In contrast, no pentamer binding was detected on human MRC-5 fibroblast cells and

non-human MDCK cells (S1A and S1B Fig). These results demonstrated that pentamer binds

on ARPE-19 cells directly and the binding was enhanced by at least 10-fold at low pH.

To identify potential binding partners on ARPE-19 cells, a pentamer-specific monoclonal

antibody 2–25 [46,47] was used to pull down extracted ARPE-19 total membrane proteins that

were pre-incubated with soluble pentamer in low pH (5.5) buffer (S1C Fig). After mass spec-

trometry analysis of the pull-down sample, 23 candidates were chosen for further validation

based on the criterion that they are membrane proteins with defined extracellular domains

(S1D Fig). The CRISPR/Cas9 system was used to knockout these 23 targets individually in

ARPE-19 cells. Then the knockout (K/O) stable cells were sub-cloned and two representative

clones for each target were screened for infection by AD169rev, an AD169 revertant virus with

pentamer expression restored, at multiplicity of infection (MOI) of 0.13 [48]. Virus infection

in the cells was quantified by in-cell western assay through staining immediate early (IE) pro-

tein at 24 h after infection using a method as described [49]. Relative percentages of IE protein

expression in the knockout cell lines to those of infected parental APRE-19 cells were calcu-

lated. As shown in Fig 1D, the stable clones with APMAP gene knockout showed the lowest

levels of IE protein expression, correlated with the most pronounced effect on HCMV infec-

tion. Therefore, APMAP was chosen for further studies of its role in HCMV infection.

Necessity of APMAP for HCMV infection of epithelial cells

The APMAP knockout (K/O) ARPE-19 cells used in initial screening were characterized by

quantitation of APMAP mRNA using qRT-PCR and detection of APMAP protein by western

blot assay with APMAP-specific antibody, respectively. As shown in Fig 2A and 2B, APMAP

mRNA and protein levels in the K/O cells were significantly lower than those in ARPE-19 cells

or in vector control ARPE-19 cells with scrambled sgRNA which does not target any gene.

Sequencing analysis revealed that 6 nucleotides around the sgRNA targeting site were deleted.

The function of APMAP in HCMV infection
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Fig 1. Interaction of HCMV pentamer with ARPE-19 cells. (A) AREP-19 cells grown in chamber slides were fixed by 4% PFA and blocked with 1%

(W/V) BSA. Pentamer was diluted using 0.1% (W/V) BSA in PBS (pH7.4) at indicated concentrations and incubated with ARPE-19 cells for 1 h at 37˚C.

The cells were washed 3 times to remove unbound pentamer before staining with FITC-conjugated anti-His-tag antibodies which recognize recombinant

gH subunit of the pentamer. Nucleus was stained with DraQ5. The cells were imaged using a LEIKA confocal microscopy. Bar = 20 nm. (B) Quantitation

of pentamer specific fluorescence intensity in panel 1A. The unpaired two-tailed student t-test was used for significance analysis. (C) Pentamer was

incubated with ARPE-19 cells in suspension at a final concentration of 20 μg/ml in either neutral pH (7.4) or low pH (5.5) buffer for 1 h on ice. After

washing away of unbound pentamer, the cells were stained with FITC-conjugated anti-His tag antibodies and subjected to flow cytometry analysis. Cells

incubated in buffer without pentamer but stained with the FITC-conjugated anti-His tag antibodies served as a negative control. (D) Top 23 candidate

membrane proteins were knocked out (K/O) in ARPE-19 cells using the CRISPR/Cas9 system. These proteins were identified as candidates for pentamer

binder at low pH by Pull-down/Mass spectrometry assay. The stable K/O cells were infected with HCMV strain AD169rev at MOI = 0.1 for 24 h and then

subjected to IE protein staining by In-cell western assay. Data were shown as the percentage of IE signal in the K/O cells to that of infected wildtype

ARPE-19 cells. The bars represent means ± SD of replicate wells. The data shown are representative results of three independent experiments.

https://doi.org/10.1371/journal.ppat.1007914.g001
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These deletions resulted in loss of 2 amino acids near the transmembrane domain of APMAP

(Fig 2C). APMAP gene was not knocked out in APMAP K/O ARPE-19 cells per se, but

APMAP expression in the cells was substantially reduced. To better track further results in this

APMAP deficient cell line, the name APMAP K/O ARPE-19 was continue used for this cell

line. Next, we sought to confirm the effect of reduced expression of APMAP on HCMV infec-

tion. APMAP K/O cells were infected with AD169rev-GFP (MOI = 1.0), an AD169rev virus

with a GFP expression cassette [50]. Its counterpart is AD169-GFP, which has no pentamer

expression. As expected, AD169-GFP and AD169rev-GFP grew in MRC-5 fibroblast cells with

similar kinetics (S2A Fig). However, only AD169rev-GFP with restored pentamer expression

grew in ARPE-19 cells (S2A Fig). GFP expression driven by SV40 early promoter in

AD169rev-GFP or AD169-GFP infected cells enabled visualization of successful viral entry. As

shown in Fig 2D and 2E, at 48 h after infection with AD169rev-GFP, the number of GFP

Fig 2. Reduced HCMV infection in APMAP K/O ARPE-19 cells. (A) APMAP mRNA level in wildtype ARPE-19, vector control and APMAP K/O cells were quantified

by RT-qPCR. GAPDH mRNA served as internal control. The data were shown as relative APMAP mRNA level to that of wildtype ARPE-19 cells. The bars represent

means ± SD of replicate wells. (B) APMAP knockout in ARPE-19 cells were confirmed by western blot analysis using 4F6 mAb which recognizes APMAP. GAPDH

served as loading control. (C) Sequencing of APMAP gene of wildtype ARPE-19 and the APMAP K/O cells revealed two amino acids deletion in APMAP genes near the

transmembrane domain in the K/O cells. (D) Wildtype ARPE-19 and APMAP K/O cells grown in 96-well plate were infected with AD169rev-GFP at MOI = 1.0, and the

images were taken at 48 h after infection to detect GFP expression. Bar = 100 μm. (E) Quantitation of GFP positive cells in (D). Total number of GFP positive cells per well

were shown. The bars represent means ± SD of GFP positive cells in four replicate wells. (F) Detection of HCMV protein expression in (D) by western blot analysis using

anti-gH, anti-pp65, and anti-gO antibodies, respectively. β-actin served as loading control. The APMAP mRNA level (%) or number of GFP+ cells in vector control and

APMAP K/O cells were compared individually to that of wildtype ARPE-19 cells using unpaired two-tailed student t-test for significance analysis.

https://doi.org/10.1371/journal.ppat.1007914.g002
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positive cells among infected APMAP K/O cells was ~ 70% lower than the number of GFP pos-

itive cells among infected ARPE-19 cells or vector control cells. Accordingly, the expression

levels of HCMV proteins pp65, gH, and gO were lower in infected APMAP K/O cells com-

pared to that in infected wildtype and vector-control cells at 72 h after infection (Fig 2F). To

evaluate the effect of MOI, the cells were infected with AD169rev-GFP at different MOIs (0.2,

1.0 and 5.0). APMAP K/O cells had lower relative percentage of GFP positive cells than did

ARPE-19 or vector control cells at each tested MOI (S2B Fig). This result suggests that inhibi-

tion of virus infection in APMAP K/O cells is not affected by MOI. Taken together, these

results demonstrate that HCMV infection is inhibited in ARPE-19 cells with deficient APMAP

expression.

The effect of APMAP deficiency on HCMV entry in other epithelial cell lines were deter-

mined. HepG2 cells are derived from human hepatocellular carcinoma with human epithelial

cell characteristics. HepG2 cells support HCMV entry but not productive viral replication

[51]. A set of five short hairpin RNA (shRNA) constructs targeting APMAP were delivered

into HepG2 cells through lentiviral vectors to knockdown (K/D) APMAP expression. As

shown in S3A Fig, APMAP protein expression in stable cells with APMAP-specific shRNA,

but not in the control cells with scramble shRNA (sc-shRNA), was lower than in wildtype

HepG2 cells. At 48 h after infection with AD169rev-GFP, the number of GFP positive cells

among the APMAP K/D cells were significantly lower (up to 70%) than that in wildtype

HepG2 cells and cells with sc-shRNA. This pattern was observed regardless of testing MOI at

10, 2.0 or 0.4 (S3B and S3C Fig). RT-qPCR analysis of infected cells (MOI = 2.0) revealed that

viral IE mRNA levels were also significantly lower in APMAP K/D cells than in wildtype

HepG2 cells (S3D Fig). In addition, we tested the effect of APMAP knockdown in Hela cells.

As expected, APMAP protein expression were decreased in the stable cells with APMAP-spe-

cific shRNA (S4A Fig). The infectivity of AD169rev-GFP as indicated by the number of GFP

positive cells and IE mRNA levels at 48 h after virus infection (MOI = 1.0) were also signifi-

cantly decreased in APMAP K/D cells than in wildtype Hela cells and Hela cells with sc-

shRNA (S4B–S4D Fig). Taken together, these results indicated that APMAP is necessary for

HCMV infection of human epithelial cells.

Necessity of APMAP for HCMV infection of fibroblast cells

MRC-5 is a human fibroblast cell line susceptible to HCMV infection, regardless of the penta-

mer expression. To determine whether APMAP is necessary for HCMV infection of fibroblast

cells, stable APMAP K/D MRC-5 cells were generated as described above. Levels of APMAP

mRNA were much lower in APMAP K/D MRC-5 cells than in MRC-5 cells or in sc-shRNA

control cells (Fig 3A). We next sought to determine the function of APMAP in pentamer-asso-

ciated viral infection. AD169-GFP and AD169rev-GFP were used to infect APMAP K/D

MRC-5 cells at a MOI of 1.0. At 6 h post infection, viral IE mRNA levels were more than 95%

lower in APMAP K/D cells infected with either AD169-GFP or AD169rev-GFP than in control

cells (Fig 3B). At 48 h post infection, the numbers of GFP positive cells among AD169-GFP

and AD169rev-GFP infected APMAP K/D cells were significantly lower than that of infected

sc-shRNA control and wildtype MRC-5 cells (Fig 3C). Notably, the reduction in AD169-GFP

infection versus AD169rev-GFP infection in APMAP K/D cells were comparable. At 72 h post

infection, viral protein expression in the cells was assessed by western blot analysis. The

expression levels of viral proteins pp65 and gH were dramatically lower in APMAP K/D cells

than in wildtype and sc-shRNA control cells. These lower expression levels were in parallel to

the lower expression level of APMAP protein (Fig 3D and 3E). Lower viral protein expression

levels were consistent with lower levels of corresponding viral mRNA transcription as assessed

The function of APMAP in HCMV infection
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Fig 3. Reduction of HCMV infection in APMAP K/D MRC-5 cells. (A) APMAP knockdown MRC-5 stable cells were generated by infection with

lentivirus expressing APMAP specific shRNA under puromycin selection. APMAP mRNA level in the knockdown cells were detected by RT-qPCR.

GAPDH mRNA served as internal control. The data are shown as percentages of APMAP mRNA levels in knockdown cells relative to that of MRC-

5 cells. (B) Wildtype and APMAP K/D MRC-5 cells were infected with AD169rev-GFP and AD169-GFP at MOI = 1.0 in 96-well plate, respectively.

6 h after infection, the cells were collected for RNA extraction and RT-qPCR to detect viral IE mRNA level. The data were shown as percentages of

IE mRNA level in infected knockdown cells relative to that of MRC-5 cells. GAPDH mRNA served as internal control. (C-G) In another HCMV

infection experiment as in Fig 4B, (C) 48 h after infection, the plate was read by C.T.L. Immunospot machine to capture images under fluorescence

cell mode for GFP. GFP positive cells in each well were counted automatically using the software. The data are shown as means ± SD of total number

The function of APMAP in HCMV infection
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by qRT-PCR at 72 h after infection (S5 Fig). The number of cells with GFP expression at 72 h

post infection was also significantly lower in APMAP K/D cells than that of control cells (Fig

3F and 3G) for both AD169-GFP and AD169rev-GFP infection. These results indicate that

APMAP is necessary for HCMV infection of MRC-5 fibroblast cells and potentially acts before

transcription of IE gene. The entry of both AD169-GFP and AD169rev-GFP were affected in

APMAP K/D MRC-5 cells, suggesting that APMAP is not involved in HCMV infection in a

pentamer specific manner.

Promotion of HCMV entry by over-expression of APMAP

The current data suggest that APMAP was not one of the cellular receptors that interact specif-

ically with the pentamer for viral entry. However, results indicate a significant role for

APMAP in viral entry at the early stage of viral infection for the cell types tested. To better

understand the role of APMAP in viral entry, we over expressed human APMAP with a C-ter-

minal Myc/Flag-tag in ARPE-19 cells. Protein expression in ARPE-19 stable cells overexpres-

sing (O/E) APMAP was confirmed by western blotting using a Flag-tag specific antibody (Fig

4A). Further, a more than 60-fold increase in APMAP mRNA was measured by qRT-PCR (Fig

4B). At 8 h after infection by AD169rev-GFP (MOI = 1.0), relative mRNA levels of viral IE

and pp65 in APMAP O/E cells, as determined by qRT-PCR, were ~2-fold higher than that in

vector control cells (Fig 4C and 4D). In contrast, relative viral IE and pp65 mRNA levels in the

APMAP K/O cells, which were included as control, were ~ 90% lower than that of infected

wildtype or vector control cells (Fig 4C and 4D). The number of GFP positive cells was also

modestly higher in APMAP O/E ARPE-19 cells (Fig 4E). Consistent with higher viral mRNA

detected at 8 h post infection in APMAP O/E ARPE-19 cells, the western blot assay also

showed that expression of viral proteins pp65, gH, and gO in APMAP O/E ARPE-19 cells at 72

h post infection were slightly higher than those in the wildtype and control cells (Fig 4F).

Without pentamer expression, AD169 strain infects ARPE-19 cells poorly. To determine

whether over-expression of APMAP in ARPE-19 cells can bypass the requirement for penta-

mer expression, AD169-GFP was used to infect APMAP O/E cells (MOI = 1.0). GFP expres-

sion in the cells was recorded at 72 h post infection. As expected, only a few GFP positive cells

were captured in each image (S6A Fig) and the total numbers of GFP positive cells per well

were also a lot less than that of infected by AD169rev-GFP at same MOI (Fig 4E and S6B Fig).

The number of GFP positive cells was higher among infected APMAP O/E ARPE-19 cells and

significantly lower in infected APMAP K/O cells than in infected ARPE-19 cells (S6B Fig).

The levels of viral IE mRNA and pp65 mRNA were also significantly higher in infected

APMAP O/E cells and lower in infected APMAP K/O cells than in infected ARPE-19 cells

(S6C Fig). By western blot analysis, viral protein pp65 and gH were clearly detected in

APMAP O/E cells but barely detectable in control cells at 6 days after infection (S6D Fig). Col-

lectively, these results show that over expression of APMAP in ARPE-19 cells slightly

enhanced infection by HCMV strains with and without pentamer, which led to enhanced tran-

scription of viral genes and expression of viral proteins.

Two non-human cell lines were selected to test whether human APMAP can enhance

HCMV infection. MDCK, a dog kidney-derived epithelial cell line, was modified for

of GFP positive cells per well for four replicate wells. (D-G) 72 h after infection, (F-G) representative images (Bar = 100 μm) showing overall GFP

positive cells were captured by Olympus fluorescence microscopy; and then (D-E) the cells were collected for western blot assay to detect HCMV

protein expression using anti-pp65, anti-gH and anti-APMAP (4F6) antibodies, respectively. β-actin served as loading control. The APMAP mRNA

level (%), IE mRNA level (%), or number of GFP+ cells in sc-shRNA or shAPMAP expressing cells were compared individually to that of wildtype

MRC-5 cells using unpaired two-tailed student t-test for significance analysis. The data shown are representative results of two independent

experiments.

https://doi.org/10.1371/journal.ppat.1007914.g003
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overexpression of full length human APMAP with a C-terminal Myc/Flag-tag. Over expression

of APMAP protein was confirmed by blotting with both APMAP and the flag tag specific anti-

bodies (Fig 5A). Interestingly, the number of GFP positive cells significantly increased in

APMAP O/E cells than in control cells at 48 h post infection by either AD169-GFP or

Fig 4. Enhanced AD169rev-GFP infection of ARPE-19 cells over expressing APMAP. (A-B) APMAP O/E stable cells were established by infecting

ARPE-19 cells with lentivirus particles capable of expressing full length APMAP coding sequence with a Myc/Flag tag at C-terminus under

puromycin selection. APMAP over expression in ARPE-19 cells were confirmed by (A) western blot using mouse mAb anti-Flag tag and (B) RT-

qPCR, respectively. GAPDH served as internal control. (C-E) ARPE-19 APMAP K/O, APMAP O/E, and control cells were infected with AD169rev-

GFP at MOI = 1.0 in 96-well plate. At 8 h after infection, the cells were collected for RNA extraction and RT-PCR to detect (C) HCMV IE mRNA

level and (D) pp65 mRNA level, respectively, and shown as percentages to that infected ARPE-19 cells, with GAPDH mRNA served as internal

control. No significant signal for IE and pp65 mRNA in mock-infected cells could be detected by the primers and thus was not shown. Data analysis

was performed using the 2-ΔΔCT method. The data are shown as relative IE or pp65 mRNA level to that of infected wildtype cells. The black bars

represent means ± SD of replicate wells. (E) In another infection experiment, the plate was read by C.T.L. Immunospot machine at 48 h post

infection. Number of GFP positive cells were counted automatically using the software. The data are shown as means ± SD of total number of GFP

positive cells per well for triplicate wells. The APMAP mRNA level (%), IE mRNA level (%), or number of GFP+ cells in vector contol, APMAP K/O

and APMAP O/E cells were compared individually to that of wildtype MRC-5 cells using unpaired two-tailed student t-test for significance analysis.

(F) At 72 h after infection, the cells were collected to detect HCMV protein expression by western blot, using anti-pp65, anti-gH and anti-gO

antibodies, respectively. β-actin served as loading control.

https://doi.org/10.1371/journal.ppat.1007914.g004
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Fig 5. Expression of human APMAP permitted HCMV entry in MDCK cells. (A) APMAP O/E stable cells were

established by infecting MDCK cells with lentivirus particles capable of expressing human full length APMAP coding

sequence with a myc/flag tag at C-terminal under puromycin selection. APMAP over expression in MDCK cells were
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AD169rev-GFP (MOI = 1.0) (Fig 5B and 5C). Under fluorescent microscopy, wildtype

MDCK cells or those with vector control exhibited very low levels of HCMV infection as indi-

cated by GFP expression, while the APMAP O/E MDCK cells showed significantly more

HCMV infection as indicated by GFP expression (Fig 5D and 5E). Consistently, viral IE

mRNA and pp65 mRNA levels were also significantly higher in APMAP O/E MDCK cells

than in wildtype and vector control cells after infection by AD169-GFP and AD169rev-GFP

(Fig 5F and 5G). In addition, human APMAP was overexpressed in the mouse fibroblast cell

line NIH/3T3, which is not susceptible to HCMV infection (S7A Fig). Similarly, the infectivity

of both AD169-GFP and AD169rev-GFP were significantly increased in human APMAP O/E

NIH/3T3 cells than in control cells as indicated by GFP expression (S7B–S7E Fig) and viral

IE/pp65 mRNA levels (S7F and S7G Fig). Further experiments showed that viral protein pp65

were expressed at higher levels in both infected APMAP O/E MDCK and APMAP O/E NIH/

3T3 cells than in infected wildtype and vector control cells (S8A and S8B Fig). The infected

APMAP O/E MDCK cells or APMAP O/E NIH/3T3 cells also produced more infectious viri-

ons than corresponding infection in wildtype and vector control cells (S8C–S8F Fig). These

results demonstrate that human APMAP can improve HCMV infection in non-susceptible

cells in a pentamer non-specific manner, consistent with its impact in ARPE-19 and MRC-5

cells.

Characterization of cell-growth rates and endocytosis function of the APMAP modified

ARPE-19, MRC-5, Hela, HepG2, MDCK, and NIH/3T3 cell lines revealed that APMAP K/O,

K/D, and O/E had negligible impact on global health of the modified cells (S9 and S10 Figs).

Meanwhile, infection of the APMAP modified cells with herpesvirus simplex virus 2 (HSV-2)

showed that deficiency in or overexpression of APMAP did not consistently affect HSV-2

infection in the tested cell lines (S11 Fig). These results suggest that effects of APMAP expres-

sion on HCMV infection were unlikely due to a common non-specific cellular function.

Direct interaction of APMAP with HCMV structural proteins

APMAP was identified by pull-down with soluble pentamer at low pH (S1C Fig). To deter-

mine whether there is a direct interaction between APMAP and soluble pentamer, the extra-

cellular domain (62–416 aa) of APMAP with a C-terminal Fc-tag (APMAP-Fc) was generated

(S12A Fig). Production of soluble gH/gL dimer, which has a 6×His-tag at the C-terminal of

gH subunit, has been described previously [45]. The binding of soluble pentamer or gH/gL

dimer to APMAP-Fc was assessed by bio-layer interferometry (BLI) assay. In neutral pH based

kinetic buffer, a dose-related low binding of pentamer but not gH/gL to APMAP was detected

(S12B and S12C Fig). By ELISA with APMAP-Fc as capture antigen, positive binding of pen-

tamer was only detected at the highest concentration tested at neutral pH (7.4) and no positive

binding of gH/gL dimer was detected at all concentrations tested at neutral pH (7.4) (Fig 6A

confirmed by western blot analysis using mouse anti-Flag tag or anti-APMAP (4F6) antibodies. β-actin served as

loading control. (B-G) Wildtype MDCK and APMAP O/E stable cells were infected with AD169rev-GFP and

AD169-GFP at MOI = 1.0 in 96-well plate, respectively. (B-C) At 2 days post infection, the plate was read by C.T.L.

Immunospot machine to capture images under fluorescence cell mode for GFP. GFP positive cells in each well were

counted automatically using the software. The data are shown as means ± SD of total number of GFP positive cells per

well for four replicate wells. (D-E) Representative images (Bar = 100 μm) showing overall GFP positive cells at day 2

post infection by (D) AD169rev-GFP or (E) AD169-GFP were captured using an Olympus fluorescence microscope.

(F-G) The cells were collected at 2 days after infection for qRT-PCR detection of viral IE and pp65 mRNA. GAPDH

mRNA served as internal control. Data analysis was performed using the 2-ΔΔCT method. The data are shown as

relative percentages of IE or pp65 mRNA level to that of infected wildtype cells. The number of GFP+ cells, relative IE

mRNA level or pp65 mRNA level in vector contol and APMAP O/E cells were compared individually to that of

wildtype MDCK cells using unpaired two-tailed student t-test for significance analysis. The black bars represent

means ± SD for triplicate wells.

https://doi.org/10.1371/journal.ppat.1007914.g005
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Fig 6. Interactions of APMAP with HCMV proteins. (A-B) The interaction of (A) Pentamer or (B) gH/gL dimer to

APMAP at indicated concentrations in neutral pH 7.0 or acid pH 5.5 buffer was evaluated by ELISA assay. APMAP-Fc

served as coating antigen. Pentamer was detected with HRP conjugated anti-His-tag antibodies which recognizes gH

subunit of the pentamer. Samples with OD450nm readings that are 1.5 times higher than that of BSA control were

considered positive. The data shown are representative results of two independent experiments. The bars represent

means ± SD of replicate wells. (C-D) 1 μg APMAP-Fc or control CD47-Fc protein was incubated with 2.58×106 PFU of

AD169rev (C) in 500 μl PBS or (D) 500 μl RIPA buffer for 2 h at 4˚C. The protein complex was pulled down by Protein

G beads and analyzed by western blot assay using anti-gH mAb, anti-pp65 mAb and HRP conjugated anti-mouse IgG

antibodies. (E) 2 μg APMAP-Fc or control CD47-Fc protein was loaded onto Protein G beads and then incubated with

different amounts of His-tagged pp65 protein at room temperature for 1 h. After washing away of unbound protein,

the beads were suspended into SDS containing loading buffer for western blot assay using mouse anti-His-tag mAb
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and 6B), consistent with the results of BLI assay. Meanwhile, significantly increased and posi-

tive binding of both pentamer and gH/gL dimer were detected for all concentrations tested at

low pH (5.5) (Fig 6A and 6B). In addition, pre-incubation with anti-gL and anti-APMAP

polyclonal antibodies but not control antibodies inhibited the binding of pentamer to

APMAP-Fc at low pH (S12D and S12E Fig). These results confirmed the interaction of

APMAP with pentamer in low pH buffer and suggested that APMAP could bind pentamer

through gH/gL subunit. These results partially explained the impact of APMAP on infection of

AD169-GFP, which has gH/gL containing glycoprotein complexes other than pentamer.

Next, we sought to determine whether APMAP can interact with HCMV virions via the

gH/gL glycoprotein complex. Purified HCMV virus [52] was incubated with APMAP-Fc or a

control protein CD47-Fc in either PBS buffer or radio immunoprecipitation assay (RIPA)

buffer. After pull-down with protein G beads, the samples were analyzed by western blot. As

shown in Fig 6C, when HCMV virus was diluted in PBS, viral gH and pp65 were both detected

in APMAP-Fc but not in CD47-Fc pull-down samples. Major tegument protein pp65 of intact

virions should have no access to APMAP-Fc. This result suggests pull-down of whole virions

by APMAP-Fc through its potential interaction with gH containing glycoproteins on virus sur-

face. As shown in Fig 6D, when HCMV virus was diluted in RIPA buffer, which contains high

concentration of detergents that can solubilize viral membrane proteins and eliminate weak

protein-protein interactions, tegument protein pp65 would be exposed to APMAP-Fc. In this

case, viral protein pp65 but not gH was detected in the APMAP-Fc pull-down sample; no viral

protein could be detected in the CD47-Fc pull-down sample as expected. This result suggests a

possible interaction between APMAP and pp65. Furthermore, recombinant expressed full-

length pp65 with 6×His tag was pulled down by APMAP-Fc in a dose dependent manner (Fig

6E). The pp65 also showed a dose-related binding to APMAP-Fc by BLI assay (Fig 6F). These

results further support the possible interaction between pp65 and APMAP.

APMAP deficiency not affecting HCMV attachment and membrane fusion

Our data have shown that knockdown APMAP inhibits HCMV infection and overexpression

of APMAP enhances HCMV infection (Figs 2–5). Further, we have shown that APMAP inter-

acts with viral gH/gL containing glycoprotein complexes (Fig 6). Taken together, these results

indicate that APMAP may play a role in HCMV attachment to host cells or membrane fusion

with cell membrane. To test this hypothesis, we compared the attachment of AD169rev to

APMAP K/O, APMAP O/E, Vector control and wild type ARPE-19 cells at 4˚C. As shown in

Fig 7A, western blot analysis of pp65 and gH proteins in virus attached cells revealed no dis-

tinct changes in the levels of viral proteins among these cells with wide range of APMAP

expression levels. In addition, qPCR analysis of the HCMV viral genome after attachment

showed less than 10% change in viral genome copy numbers between APMAP K/O cells and

APMAP O/E cells (Fig 7B). Similar experiments were performed on MRC-5 cells. No reduc-

tion of HCMV viral attachment with APMAP K/D was measured by either western blot assay

or qPCR (Fig 7C and 7D). These results collectively indicate that APMAP was not directly

involved in viral attachment, and lower HCMV infection in APMAP deficient cells was not

due to reduced HCMV attachment. Although APMAP interacts with gH/gL containing glyco-

protein complexes, the interaction has negligible effect on HCMV attachment to ARPE-19 or

MRC-5 cells. In addition, pre-incubation of soluble APMAP-Fc with AD169rev-GFP exhibited

and HRP conjugated goat anti-mouse IgG secondary antibodies. (F) The binding of His-tagged pp65 to APMAP-Fc

was detected by BLI assay using protein A sensors. The binding of kinetic buffer to APMAP-Fc loaded sensor were

used as reference and subtracted before data analysis.

https://doi.org/10.1371/journal.ppat.1007914.g006
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marginally inhibiting effect on virus infection in ARPE-19 cells (S13A Fig). This result further

supports the conclusion that APMAP has no significant role in HCMV attachment.

Next, we sought to determine whether viral membrane fusion with target cells would be

inhibited in cells with compromised APMAP expression. We performed a polyethylene glycol

Fig 7. HCMV attachment was not affected in APMAP deficient target cells. (A-B) Wildtypte ARPE-19, APMAP K/

O and APMAP O/E cells were seeded in 24-well plate (1×105 cells/well) for 1 day. The cells were pre-cooled at 4˚C for

10 mins. After removing the medium, 2.4×106 PFU/well of AD169rev diluted in 200 μl complete medium was added to

the cells and incubated at 4˚C for 90 mins. After washing of unbound virus with cold PBS for 3 times, the cells were

collected to determine HCMV attachment either by (A) western blot assay to detect viral proteins pp65 and gH, and

APMAP with β-actin as loading controls; or by (B) qPCR using pp65 specific primers to quantify HCMV genome.

Cells genomic DNA and HCMV genome were extracted together using Qiagen kit. The DNA samples were quantified

by Nanodrop and same amount of DNA were used as template in qPCR. A plasmid inserted with pp65 genes, pET28a-

pp65, was used generated standard curve. The data are shown as percentages of HCMV genomes on cells surface

relative to that of wildtype ARPE-19 cells. Relative percentages of HCMV genome copies in vector control, APMAP K/

O and APMAP O/E cells were compared individually to that of wildtype ARPE-19 cells using unpaired two-tailed

student t-test for significance analysis. (C-D) AD169rev attachment on MRC-5 and APMAP K/D cells were

determined as described above by (C) western blot and (D) qPCR assay, respectively, as described above.

https://doi.org/10.1371/journal.ppat.1007914.g007
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treatment assay. Wildtype and APMAP K/D MRC-5 cells were infected with AD169-GFP or

AD169rev-GFP (MOI = 1.0) for 1 h, then treated with an artificial membrane fusion inducing

agent polyethylene glycol 8000 (PEG-8K), which is widely used to study HCMV membrane

fusion with target cells [43,53]. If viral membrane fusion was inhibited in the APMAP K/D

cells, PEG treatment should be able to rescue viral infection in the K/D cells. As shown in

S13B and S13C Fig, no significant difference of the numbers of GFP positive cells were

observed between APMAP K/D cells with and without PEG-treatment for infection by either

AD169-GFP or AD169rev-GFP. This result suggests that viral membrane fusion with target

cells were not affected in APMAP K/D MRC-5 cells.

Delayed nucleus translocation of pp65 in APMAP deficient cells

To further understand the role of APMAP in HCMV infection, we monitored the internaliza-

tion of HCMV at different times after infection. AD169rev was added to wildtype MRC-5 and

APMAP K/D cells grown in chamber slides. To synchronize virus attachment, attachment was

allowed to proceed at 4˚C for 1 h. The cells were then immediately transferred for incubation

at 37˚C for 0.5 h or 4 h. Subsequently, cells were fixed and stained with pp65 specific antibody

(green), early endosome antigen 1 (EEA1) specific antibodies (red), and nuclear stain DraQ5

(blue). Mock infected wildtype MRC-5 cells were stained and served as negative control (Fig

8A–8D). While pp65 were readily detected in both of wildtype and APMAP K/D MRC-5 cells

at 0.5 h after infection (Fig 8E–8H and 8M–8P), pp65 was primarily detected in the nucleus of

the wildtype cells. This result was in contrast to those observed in APMAP K/D cells, where

staining of pp65 occurred mostly in cytoplasm and co-localized with early endosome marker

EEA1 (Fig 8E–8H and 8M–8P). Strong pp65 staining was detected almost exclusively in the

nucleus of wildtype MRC-5 cells at 4 h after infection. On the other hand, relatively weak and

scattered pp65 staining was detected in the cytoplasm of APMAP K/D cells, partially co-local-

ized with EEA1 (Fig 8I–8L and 8Q–8T). Similarly, tegument delivered pp65 was also detected

in wildtype and APMAP K/O ARPE-19 cells at 3 h post infection. The number of pp65 positive

cells was comparable in wildtype or vector control ARPE-19 cells versus in APMAP K/O

ARPE-19 cells (Fig 9A–9D and 9E). This result suggests that HCMV internalization is not

affected in APMAP K/O ARPE-19 cells. Furthermore, pp65 was not efficiently translocated to

the nucleus in most APMAP K/O ARPE-19 cells (Fig 9A’–9D’). The percentage of pp65 posi-

tive nucleus relative to total pp65 positive cells was significantly lower in APMAP K/O cells

than in wildtype or vector control ARPE-19 cells (Fig 9A’–9D’ and 9F). These results indicate

that nuclear translocation of tegument protein pp65 were delayed in APMAP deficient MRC-5

and ARPE-19 cells.

Discussion

Herpesviruses use distinct cellular receptors and entry routes to infect different cell types. For

example, Epstein-Bar virus (EBV) utilizes CD21, CD35, and HLA class II to enter B cells via

endocytosis and pH-independent fusion with endosome membrane [54,55]. On the other

hand, it utilizes ephrin receptor A2 (EphA2), integrins, and NMHCIIA to infect epithelial cells

through direct fusion with the plasma membrane [56]. HSV-1 relies on one of the gD-interact-

ing cellular receptors such as herpes virus entry mediator (HVEM), nectin-1, or 3-O-sulfated

heparan sulfate to enter Vero and Hep2 cells via direct fusion at the plasma membrane. In con-

trast, entry into CHO, HeLa, and retinal pigment epithelial cells, primary human keratino-

cytes, and human conjunctival epithelial cells, occurs via pH-dependent or independent

endocytosis [57–59]. Similarly, HCMV entry into different cell types may rely on different cel-

lular receptors and routes, as illustrated for epithelial cells versus fibroblast cells [21,32,43]. In
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this study, APMAP was identified as a novel modulator in the early stage of HCMV infection.

APMAP deficiency caused significantly lower HCMV infection in both epithelial and fibro-

blast cells (Figs 2 and 3 and S3 and S4 Figs) while over-expression of APMAP increased

HCMV infection of less susceptible cells (Figs 4 and 5 and S5–S7 Figs), all in a pentamer non-

specific manner. APMAP had a higher binding to gH/gL containing glycoprotein complexes

at low pH than at neutral pH (Fig 6A and 6B). APMAP may also interact with viral tegument

protein pp65 (Fig 6D and 6F). Although no significant decrease in HCMV attachment and

viral internalization was observed between APMAP deficient versus wildtype cells (Fig 7 and

S13 Fig), APMAP deficiency was correlated with lower nuclear translocation of pp65 and

lower IE mRNA level at the early stage of HCMV infection (Figs 8 and 9). Taken together, our

results implicate APMAP as a broad modulator at early stage HCMV infection.

Phosphorylated tegument protein pp65 is a primary component of HCMV particle [8].

Nuclear translocation of viral tegument delivered pp65 occurs shortly after virus entry into the

cytoplasm and does not depend on other viral proteins [60]. pp65 has been reported to modu-

late host immune responses to facilitate HCMV replication in multiple ways [61]. Yet the func-

tion of pp65 throughout viral life cycle is still poorly understood. Deletion of pp65 from

AD169 does not significantly affect virus growth and morphogenesis in fibroblast cells, which

Fig 8. Delayed pp65 nucleus translocation in APMAP K/D MRC-5 cells. (A-L) Wildtype MRC-5 and (M-T)

APMAP K/D cells were seeded in chamber slides (1.5×104 cells/well) for 1 day. The cells were pre-cooled at 4˚C before

adding AD169rev for attachment at 4˚C for 1 h to synchronize virus infection. Then, the cells were transferred to 37˚C

and cultured for 0.5 h or 4 h before fixation with 4% PFA. The cells were double stained with mouse anti-pp65 and

Rabbit anti-EEA1 antibodies and corresponding Fluorescence labelled secondary antibodies. Nuclei were stained by

DraQ5. The pictures were taken using LEIKA confocal microscopy. Bar = 25 μm.

https://doi.org/10.1371/journal.ppat.1007914.g008
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suggests that pp65 is dispensable for virus replication in fibroblast cells [62]. However, specific

modification of pp65 was shown to inhibit HCMV infection of fibroblast cells [63]. Also, pp65

is shown essential for viral replication in monocytes-derived macrophages [64]. Nuclear trans-

location of HCMV tegument protein pp71, also called pUL82, has been reported to stimulate

Fig 9. APMAP deficiency reduced pp65 translocation into nucleus. (A-B, A’-B’) Wildtype ARPE-19, (C, C’) vector control and (D, D’) APMAP K/O cells

were seeded in chamber slides (1.5×104 cells/well) for 1 day. The cells were pre-cooled at 4˚C before adding AD169rev for attachment at 4˚C for 1 h to

synchronize virus infection. Then, the cells were transferred to 37˚C and cultured for 3 h before fixation with 4% PFA. The cells were stained with mouse anti-

pp65 antibodies and Alexa Fluo-488 conjugated anti-mouse IgG antibodies. Nuclei were stained by Hoechst. (A, A’) Mock-infected ARPE-19 cells were stained

to serve as negative control. The images were captured using an Olympus fluorescence microscope. Panels A-D are representative images showing overall pp65

staining at lower magnification (Bar = 100 μm). Panels A’-D’ are representative images showing pp65 staining at higher magnification (Bar = 20 μm). (E) The

number of pp65 positive cells were counted in four independent images for each sample as shown in panels A-D and plotted as Mean ± SD of GFP positive

cells per field. (F) The number of pp65 positive nucleus in four independent images for each sample as shown in panels A-D were counted, respectively, and

shown as percentages to the number of total pp65 positive cells in each image. Pairs of samples as indicated in the Fig 9E and 9F were compared individually

using unpaired two-tailed student t-test for significance analysis. The data shown are representative results of two independent experiments.

https://doi.org/10.1371/journal.ppat.1007914.g009
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viral IE protein expression and initiate the lytic viral infection cycle. Failed nucleus transloca-

tion of pp71 can lead to silence of IE protein expression and promote the latent viral infection

cycle [65]. In our study, APMAP deficiency led to a substantial decrease in viral IE mRNA

transcription at 6 h post viral infection and also significant reduction of late viral protein

expression (Figs 3 and 4), consistent with the notion that APMAP may modulate HCMV

infection at early stage, probably prior to transcription of IE gene. A potential interaction

between APMAP and pp65 was demonstrated by biochemical assays (Fig 7D–7F). Efficient

nuclear translocation of pp65 at early stage HCMV infection was detected in wildtype ARPE-

19 and MRC-5 cells but not in APMAP deficient cells (Figs 8 and 9). This result suggests a role

for APMAP in pp65 nuclear translocation after virus internalization. Whether pp65 nuclear

translocation has similar regulatory role as pp71 in HCMV infection is an interesting topic to

pursue.

The APMAP K/O in ARPE-19 cells in our study was not ideal; it caused only a two amino

acid deletion (residues 77–78) near the transmembrane domain of APMAP. However, the

deletion resulted in over 70% decrease of APMAP mRNA and protein expression (Fig 2A–

2C). Furthermore, results of multiple experiments demonstrated significantly reduced HCMV

infection in the ARPE-19 cells with defect APMAP expression. These experiments included

monitoring viral infection indicated by GFP expression, viral protein detection at a late stage

infection by western blot (Fig 2D–2F), and viral IE and pp65 mRNA level assessment at an

early stage of infection (Fig 4C and 4D). These results indicate the importance of APMAP in

HCMV infection of ARPE-19 cells. To further confirm the role of APMAP in HCMV infec-

tion, APMAP expression was silenced in two human epithelia-derived cell lines, HepG2 and

Hela, and human fibroblast cells (MRC-5). Consistent with the results in APMAP K/O ARPE-

19 cells, knockdown of APMAP expression significantly reduced HCMV infection in HepG2

and Hela cells (S3 and S4 Figs) and HCMV infection in MRC-5 cells (Fig 3). Thus, APMAP is

necessary for HCMV infection in multiple cell lines. Further studies are needed to address the

question of whether APMAP is important for HCMV infection of monocytes, myeloid lineage

cells, or other primary cells.

HCMV is strictly a human pathogen. One hypothesis suggests that viral entry is one point

at which there is a block against cross-species infection. Our data support this hypothesis;

there was minimal viral entry in MDCK and NIH/3T3 cells. Interestingly, over-expression of

APMAP not only enhanced HCMV infection in human cells (Fig 4 and S6 Fig) but also pro-

moted HCMV entry in less susceptible canine MDCK and murine NIH/3T3 cells (Fig 5 and

S7 Fig). Enhanced HCMV entry led to increased IE mRNA transcription in the APMAP O/E

cells (Fig 4C, Fig 5F and 5G, S6C Fig and S7F and S7G Fig), which is a prerequisite for initia-

tion of lytic infection cycle [65].

APMAP is a type II transmembrane protein with cellular localizations at both plasma mem-

brane and endoplasmic reticulum (ER) in adipocytes [66,67]. APMAP plays a role in adipocyte

differentiation [67–69]. It is associated with pathogenesis of gestational diabetes [70] and liver-

specific metastasis in patients with colorectal cancer [71]. APMAP has also been reported as an

endogenous suppressor of Aβ production in brain [72]. To our knowledge, no role has been

described for APMAP in viral infection. The interaction of APMAP with HCMV may involve

both gH/gL containing glycoproteins and pp65. Soluble pentamer and gH/gL dimer had stron-

ger binding to APMAP at low pH (Fig 6A and 6B). This result is consistent with the identifica-

tion of APMAP by pentamer pull-down at low pH (S1B Fig). The stronger binding of gH/gL

to APMAP at low pH partially explains the influence of APMAP on laboratory-adapted strain

with no pentamer expression (Figs 2–5 and S6 and S7 Figs). The gH/gL has been reported to

exist on HCMV virion as different functional glycoprotein complexes including gB-gH/gL,

gH/gL/gO and gH/gL/pUL128-131 [73,74], which underlines the importance of gH/gL in
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HCMV infection. The fact that interaction between APMAP and gH/gL is enhanced at low pH

makes it possible for APMAP to play a role in low-pH dependent HCMV membrane fusion.

We observed a potential interaction between APMAP and pp65 (Fig 6C–6F). This prompted

further examination, which revealed that nuclear translocation of pp65 was delayed in

APMAP deficient cells (Figs 8 and 9). The impact of delayed pp65 nuclear translocation at

early stage HCMV infection is unknown. APMAP may influence pp65 nuclear translocation

directly. Alternatively, APMAP may influence pp65 nuclear translocation indirectly through

low-pH dependent viral membrane fusion. Further investigations are needed to identify the

mechanism by which APMAP affects low pH-dependent or -independent HCMV infection.

In summary, APMAP was identified as a novel modulator active at an early stage of HCMV

infection. APMAP could have a role in HCMV infection through interaction with gH/gL con-

taining glycoprotein complexes at low pH or through mediating nucleus translocation

of pp65. Further efforts are needed to clearly define the mechanism of APMAP in HCMV

infection of different cells.

Materials and methods

Cells, virus strains and reagents

Human retinal pigment epithelia cells ARPE-19 (ATCC, CRL-230) were cultured in DMEM/

F12 (50/50) plus 10% FBS. Human MRC-5 (ATCC, CCL-171) embryonic lung fibroblast cells,

dog kidney epithelial cells MDCK (ATCC, CCL-34) and mouse embryo fibroblast NIH/3T3

cells (ATCC, CRL-1658) were cultured in DMEM plus 10% FBS. The generation of HCMV

strains, AD169-GFP, AD169rev, and AD169rev-GFP were described previously [48,50].

Growth curves of AD169-GFP and AD169rev-GFP were determined by infection of both

ARPE-19 cells and MRC5 cells at MOI = 0.1. The infected culture supernatants were collected

at indicated times post infection, and the viral titers were determined by standard TCID50

assay. To construct HSV-2 with GFP reporter, a CMV promoter derived GFP-expressing cas-

sette was inserted between UL37 and UL38 of the genome of HSV-2 (MS strain) using

CRISPR/Cas9 technology. The sgRNA was designed to avoid disrupting the reading frames of

any ORFs. The reporter virus with GFP expression was grown in ARPE-19 cells and subjected

to several rounds of plaque purification before use. Growth curve analysis showed that inser-

tion of GFP-expressing cassette did not compromise the growth of HSV-2 in ARPE-19 cells as

compared with parental virus (Data not shown). The HSV-2 virus with GFP reporter was

titrated by standard TCID50 assay.

HCMV pentamer specific human antibody 2–25 and gH specific rabbit antibody (223.4)

were described previously [46]. HCMV gO specific rabbit polyclonal antibodies were gener-

ated in house. Briefly, gO (pUL74 of AD169, amino acid 31–466) with a C-terminal 6X his tag

was expressed in E. coli. Recombinant gO was solubilized from inclusion bodies and purified

to 85% purity. New Zealand White rabbits were immunized three times and the immune sera

were screened for anti-gO activity in ELISA. Anti-gO antibodies were purified by protein G

from the pooled rabbit serum. Rabbit anti-gL antibodies and rabbit anti-APMAP antibodies

were generated in a same way. IE specific mouse mAb (clone L-14) was obtained from ATCC

(HB6554). Odyssey blocking buffer (Cat#: 927–40000), IRDye 800CW Streptavidin (Cat#:

926–32230) and Sapphire700 (Cat#: 928–40022) were from LI-COR Biosciences. Li-DraQ5

(Cat#: 4084S) was from Cell Signaling. A mouse mAb 4F6 that recognizes APMAP was

obtained from OriGene (Cat#: TA504220). His-tagged pp65 protein (Cat#: Ab43041), a mouse

mAb that recognizes pp65 (Cat#: Ab6503), and rabbit polyclonal antibodies that recognize

EEA1 (Cat#: ab2900) were obtained from Abcam. Flag tag specific mouse mAb (Cat#: F3165)

The function of APMAP in HCMV infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007914 July 29, 2019 20 / 34

https://doi.org/10.1371/journal.ppat.1007914


and β-actin specific mouse mAb (Cat#: A5316) were obtained from Sigma. HRP conjugated

mouse anti-His tag mAb was obtained from R&D (Cat#: mab050h).

SDS-PAGE and Western blot assay

Protein samples were separated on pre-cast 10% SDS-PAGE gels purchased from BioRad. The

proteins on the gel were either stained with coomassie blue R-250 or transferred to nitrocellu-

lose membrane for blotting. The membrane was blocked in 5% non-fat milk in PBST (PBS

containing 0.05% Tween-20) at room temperature (RT) for 2 h followed by incubation with

indicated primary antibodies at RT for 2 h. After washing with PBST 3 times (10 min/each),

the membrane was incubated with corresponding horseradish peroxidase (HRP)-conjugated

secondary antibodies at RT for 1 h. After washing 5 times (5 min/each) with PBST, chemilumi-

nescent HRP subtracts solution was added to the membrane for development. The digital

image was captured on a FluorChem M machine.

Protein expression and purification

Soluble gH/gL dimer and pentamer (gH/gL/pUL128-131) glycoprotein complexes were

expressed in CHO cells, purified and characterized to have> 95% purity as described previ-

ously [45]. The gH subunit of gH/gL and pentamer were designed with a truncation of its cyto-

plasmic and transmembrane domains. They have a strep and His-tag fused at the C-terminus

via a flexible linker to facilitate purification and detection. For generation of APMAP-Fc, the

coding sequence of human APMAP was amplified from cDNA of ARPE-19 cells. The gene for

the extracellular domain of APMAP (amino acids 62–416) was amplified and inserted into a

vector containing expression cassette with a C-terminal Fc tag of mouse IgG2a, which binds

both protein A and protein G. The construct was confirmed by sequencing before transfection

into Expi293 cells for protein expression. APMAP-Fc was purified from the culture medium of

transfected cells using protein-A resin. The purified protein was confirmed by SDS-PAGE/

coomassie blue staining assay and quantified by Nanodrop-2000.

Pulldown of membrane proteins by pentamer

Membrane proteins were extracted from ARPE-19 cells using a BioVision (Mountain View,

CA) plasma membrane protein extraction kit according to the manufacturer’s instructions.

The concentration of extracted membrane proteins was determined using BCA Protein Assay

Kit according to the manufacturer’s instructions (Thermo Fisher Scientific). For pull-down

assay, soluble pentamer was mixed with extracted membrane proteins in citric acid buffer (pH

5.5) at a final concentration of 30 μg/ml and incubated at room temperature for 1 h. Then, the

pH of the mixtures was adjusted to neutral using 1 M Tris-HCl buffer. The pentamer in the

mixture was pulled down by protein A/G Magnetic Beads (Thermo Fisher Scientific) which

were pre-incubated with pentamer specific antibody 2–25. After extensive washing, the pull-

down proteins were separated on SDS-PAGE gel and analyzed by mass spectrometry analysis.

Generation of stable cell lines

The 23 target genes identified from the pull-down assay were knocked out individually in

ARPE-19 cells using a CRISPR/Cas9 system. ARPE-19 cells stably overexpressing Cas9

(ARPE-19-Cas9) were generated by Lentivirus (Purchased from Sigma) transduction and

selection under 40 μg/ml of blasticidin for 2 weeks. Overexpression of Cas9 in ARPE-19 cells

was confirmed by western blot assay using Cas9 specific antibody (Data not shown). Then, the

ARPE-19-Cas9 cells were infected with lentivirus particles containing the 23 targets specific

The function of APMAP in HCMV infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007914 July 29, 2019 21 / 34

https://doi.org/10.1371/journal.ppat.1007914


sgRNAs (designed and made by Sigma) separately and cultured for selection with 2 μg/ml of

puromycin plus 40 μg/ml blasticidin for two weeks. The resulting puromycin and blasticidin

resistant mixture cells were not confirmed further before use in screening of HCMV infection.

ARPE-19 cells expressing Cas9 and a control sgRNA that does not target any genes were used

as vector control. The target sequence of all sgRNA are shown in S1 Table.

Overexpression of APMAP in ARPE-19, MDCK, and NIH/3T3 cells was achieved by infect-

ing the cells with lentiviral particles carrying full length human APMAP ORF with a c-terminal

Myc/Flag tag (purchased from OriGene) and then cultured for selection with puromycin for at

least two weeks. Overexpression of APMAP in the cells was confirmed by western blot assay

using flag tag specific antibody before use. Cells infected with lentivirus particles containing

empty vector were used as vector controls.

For knockdown of APMAP, five validated APMAP targeting shRNA constructs based on

pLKO.1-puro vector were purchased from Sigma. Lentivirus particles were prepared in house

through co-transfection of 293T cells with pLKO.1-puro vector, pCMV-Δ8.9 and pVSV-G

plasmids. Knockdown of APMAP in MRC-5, HepG2 and Hela cells was achieved by infecting

the cells with lentivirus particles carrying APMAP specific shRNA and then selected under

puromycin at appropriate concentrations for at least two weeks. Cells expressing a scramble

shRNA were used as vector controls. The shRNA target sequences are shown in S1 Table.

In-Cell western assay

A high throughput neutralization assay was used with minor modification to determine

HCMV entry in ARPE-19 cells through IE staining [49]. Briefly, ARPE-19 and the 23 knockout

cells were seeded in 96-well plate (1.4×104 cells/well) and cultured overnight to reach ~ 90%

confluence. The cells were infected with AD169rev at a MOI = 0.1 with at triplicate wells.

About 22 h after infection, the medium was gently removed and the cells were fixed by addi-

tion of 100 μl/well of 3.7% formaldehyde at room temperature for 20 min without shaking.

After removal of the fixing solution, the cells were washed with 200 μl/well of 0.1% Triton X-

100/PBS for five times with 4 min interval incubation at RT between washes. The plate was

blocked using 100 μl/well of Odyssey blocking buffer for 1h at RT with gently rotation. After

each of the following steps, the plate was washed 5 times with PBS plus 0.05% Tween-20 and

all the antibodies were diluted in Odyssey Blocking Buffer plus 0.05% Tween-20. The plate was

reacted with 50 μl/well of HCMV IE specific L-14 mAb (2 μg/ml) at RT for 2 h followed by

50 μl/well of biotinylated anti-mouse IgG at RT for 1 h. Then, 50 μl/well of a cocktail contain-

ing IRDye 800CW Streptavidin (1:1000 final dilution), Sapphire700 (1:1000 final dilution),

and 5 mM DraQ5 solution (1:10,000 final dilution) was added to the plate and incubated at RT

for 1 h. After the final wash, the plate was air-dried in the dark for 10–20 min and scanned

using a Li-Cor Aerius IRDye plate reader. The fluorescence intensities at 800 nm and 700 nm

were collected and the 800/700 ratio were used to calculate the relative % of IE-1 expression.

HCMV infection, imaging and quantification of GFP positive cells

The cells were seeded in a 96-well plate and then infected after a day with AD169rev-GFP or

AD169-GFP at indicated MOI for three or four replicate wells. 4 h after infection, virus con-

taining medium was replaced with fresh medium and the cells were cultured at 37˚C incubator

for 48 or 72 h. The cells in each well were imaged under a LEIKA fluorescence microscopy to

see GFP expression. For quantitation of GFP positive cells, single-well images of the 96-well

plate were captured by C.T.L. Immunospot machine using Immunospot 7.0 Pro FluoRo-X

suite software under fluorescence cell mode for GFP. The number of GFP positive cells in each
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well were counted automatically using the “Count” module of the software under a basic count

mode.

Flow cytometry assay

ARPE-19 cells, MRC-5 or MDCK cells were detached from culture dish using an enzyme free

cell disassociation solution. After blocking with 3% BSA in PBS for 30 min, pentamer was

incubated with cells at a final concentration of 20 μg/ml in either neutral pH (7.4) or low pH

(5.5) citric buffer for 1 h on ice. After washing away of unbound pentamer with PBS, the cells

were stained with FITC-conjugated anti-His tag antibodies for 1 h on ice. The cells were exten-

sively washed before detection on a Guava easycyte HT machine. Cells with no pentamer incu-

bation but stained with the FITC-conjugated anti-His tag antibodies were used as negative

control for gating.

Immunofluorescence assay

ARPE-19 cells grown in chamber slides were fixed by 4% PFA for 20 mins at RT and then

blocked with 1% BSA for 1h. For detection of pentamer binding on ARPE-19 cells, soluble

pentamer was incubated with ARPE-19 cells at indicated concentrations in 0.1% BSA in PBS

for 1 h at 37˚C. The cells were washed 3 times with PBS to remove unbound pentamer and

then stained with FITC-conjugated anti-His tag antibody which recognizes gH subunit of the

pentamer. Nucleus was stained with DraQ5. Cells incubated with buffer only were stained in

the same way and used as negative control. The cells were imaged using a LEIKA confocal

microscopy.

For detection of internalization of HCMV, the MRC-5 cells (wildtype and APMAP K/D

cells) were seeded in chamber slides (1×104 cells/well) a day in advance. The cells were pre-

cooled at 4˚C before adding 2.4×106 PFU/well of AD169rev for attachment at 4˚C for 1 h to

synchronize virus infection. Then, the cells were transferred to 37˚C and cultured for 0.5 h or

4 h before fixation with 4% PFA and permeabilized with 0.05% NP-40 in PBS. The cells were

blocked with 1% BSA and double stained with mouse anti-pp65 and Rabbit anti-EEA1 anti-

bodies for 1 h at room temperature. After washing with PBS for 3 times, 1/1000 diluted cross

adsorbed AlexaFluo 488 conjugated goat anti-Mouse IgG antibodies and Texas red conjugated

goat anti-rabbit IgG antibodies were added to the cells and reacted at room temperature for 1

h. Nuclei were stained by 1/1000 diluted DraQ5 for 30 min at room temperature. The images

were taken under a LEIKA confocal microscopy and processed using LAS AF lite software at

same parameters. HCMV internalization into wildtype and APMPA K/O ARPE-19 cells were

detected as described above except that only pp65 specific antibodies were used to stain the

cells and the images were captured using an Olympus fluorescence microscope.

Pull down of HCMV virion by APMAP-Fc

1 μg APMAP-Fc was incubated with 2.58×106 PFU of AD169rev diluted in 500 μl PBS. Control

CD47-Fc protein was incubated with 2.58×106 PFU of AD169rev diluted in RIPA buffer (50

mM Tris-HCl, 150 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 5 mM

EDTA). These incubations were carried out for 2 h at 4˚C with gentle rotation. Dynabeads

Protein G was added to the mixtures and incubated with gentle rotation at 4˚C for 1 h. The

beads were washed 3 times with PBST and suspended into SDS containing loading buffer

before boiling at 100˚C for 5 min. The samples were separated on 10% SDS-PAGE and ana-

lyzed by western blot assay using rabbit anti-gH (Mab 223.4) and mouse anti-pp65 antibodies.

APMAP-Fc and CD47-Fc were detected by HRP-conjugated goat anti-mouse IgG antibodies.
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ELISA assay

APMAP-Fc and a control CD47-Fc in PBS (4 μg/ml) were coated (50 μl/well) in Costar

96-well high binding plate overnight at 4˚C. The coating antigens were removed. The plate

was blocked with 200 μl/well of 5% non-fat milk in PBST for 1 h at 37˚C. 50 μl/well of soluble

pentamer or gH/gL dimer diluted in PBS (pH7.0) was added to the plate at indicated concen-

trations for reaction with APMAP-Fc. 50 μl/well of soluble pentamer or gH/gL dimer diluted

in citric acid buffer (pH5.5) at indicated concentrations was added to the plate for reaction

with CD47-Fc. Plates were incubated at 37˚C for 1h. After washing with PBST 5 times, bound

pentamer or gH/gL dimer were detected with HRP conjugated anti-His tag antibodies which

recognizes gH subunit at 37˚C for 1h. After washing with PBST 5 times, TMB substrate mix-

ture was used for color development. Absorbance at 450nm was read on a Molecular Devices

Spectra Max M4 machine.

RT-qPCR assay

Total RNA was extracted from cells with or without HCMV infection using Trizole (Invitro-

gen). Then, 1 μg RNA was reverse transcribed to cDNA using iScript TM Select cDNA synthesis

kit (Biorad, Catalog No.: 170–8896). The resulting cDNA was used as template for qPCR using

BioRad SsoAdvancedTM Universal SYBR1 green supermix kit and BioRad CFX96 C1000 ther-

mal cycler system. The primers for APMAP are APMAP-RT-F: CATTGCCCGGTTTGGTTCG

and APMAP-RT-R: CACTTCACGTTTCCAGGGATTTA; for HCMV IE are IE-RT-F: TCTG

CCAGGACATCTTTCTCG and IE-RT-R: GGAGACCCGCTGTTTCCAG; for pp65 are pp65-

RT-F: GCAGAACCAGTGGAAAGAGC and pp65-RT-R: CAGCGTGACGTGCATAAAGA;

for internal control GAPDH are GAPDH-RT-F: GAAGGTGAAGGTCGGAGTC and GAP

DH-RT-R: GAAGATGGTGATGGGATTTC. The cycling conditions consisted of a denatur-

ation step at 95˚C for 30 s and 40 cycles of 95˚C for 5 s and 60˚C for 30 s. Data analysis was

performed using the 2-ΔΔCT method. The CT values of all samples were first normalized with

GADPH and then compared to that of the wildtype cells.

HCMV attachment assay

The cells were seeded into a 24-well plate (1×105 cells/well) one day in advance and pre-cooled

at 4˚C for 10 mins. After removing the medium, 2.4×106 PFU/well of AD169rev diluted in

200 μl medium was added to the cells and incubated at 4˚C for 90 min. The unbound virus

was removed by washing with cold PBS for 3 times. Then, the cells were lysed in SDS contain-

ing buffer for western blot assay using indicated antibodies, or subjected to total DNA extrac-

tion and qPCR for quantification of HCMV genome. Specifically, cell genomic DNA and

HCMV genome were extracted together using a QIAamp DNA blood mini kit. The DNA sam-

ples were quantified by Nanodrop-2000 and adjusted to same concentration. The same

amount of DNA was used as template for qPCR using BioRad SsoAdvancedTM Universal

SYBR1 green supermix kit and BioRad CFX96 C1000 thermal cycler system as described

above. The primers used for HCMV genome detection are as described above. A plasmid

with pp65 gene insert, pET28a-pp65, was used to generate standard curve for calculation of

HCMV genome copies in unknown samples. Cells incubated with medium only were used as

negative control.

Bio-layer interferometry assay

The binding of pentamer and gH/gL dimer to APMAP-Fc was detected by bio-layer interfer-

ometry (BLI) assay on an Octet RED 96 system (ForteBio). After a brief rinse in kinetics buffer,
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the protein A biosensor tips were dipped into 20 μg/ml of APMAP-Fc or CD47-Fc in kinetics

buffer for 10 min. Following a 60 sec rinse in kinetics buffer, the APMAP-Fc or CD47-Fc

loaded sensors were allowed to associate with pentamer or gH/gL dimer or pp65 at indicated

concentrations for 10 min and then dissociate in kinetics buffer for 10 min. The APMAP-Fc

or CD47-Fc loaded sensors were also allowed to associate with kinetics buffer alone to serve as

reference and subtracted before data analysis.

PEG treatment assay

MRC-5, sc-shRNA control and the APMAP K/D cells were seeded in 96-well cell culture plate

a day in advance. AD169rev-GFP and AD169-GFP were added to the cells at a MOI = 1.0 and

cultured at 37˚C for 1 h to allow virus infection. The uninfected virus was removed by washing

with warm PBS twice. Then, the cells were treated with 150 μl/well of pre-warmed 44% (W/V)

PEG-8K for 30 sec and followed by washing with 200 μl/well of warm PBS 4 times to remove

PEG-8K. After that, fresh medium was added to cells and the plate was incubated for 48 h.

Then, a C.T.L. Immunospot analyzer using Immunospot 7.0 Pro FluoRo-X suite software was

used to capture images under fluorescence cell mode for GFP. The number of GFP positive

cells in each well was counted automatically using the software under a basic count mode.

Statistical analysis

Data were plotted and analyzed using GraphPad Prism1 8. The unpaired two-tailed student

t-test was used to determine the significance of differences between pairs of samples as indi-

cated in figures or figure legend of Figs 1–5, 7 and 9, supplementary Figs 2–8 and 11–13. Two-

way ANOVA analyses was used to compare the growth rates of vector control, APMAP K/O

(K/D), or APMAP O/E cells with the corresponding wildtype cells in supplementary Fig 9. Sta-

tistical significance was indicated as follows: n.s., P> 0.05; �, P<0.05; ��, P<0.01; ���, P<0.001;

or ����, P<0.0001. All results are presented as mean values ± standard deviation (SD).

Supporting information

S1 Fig. (A-B) Binding of soluble pentamer to (A) MRC-5 cells and (B) MDCK cells. 2×105

cells per sample of suspended MRC-5 or MDCK cells were blocked with 3% BSA in PBS for 30

min and then incubated with 200 μl soluble pentamer diluted in PBS at a concentration of

25 μg/ml for 1 h on ice. The cells were washed to remove unbound pentamer and followed by

staining with FITC-conjugated anti-His tag antibodies for 1 h on ice. The cells were washed

extensively before detection on a Guava easycyte HT machine. Cells incubated in buffer with-

out pentamer but stained with the FITC-conjugated anti-His tag antibodies served as negative

control. (C) A diagram showing the procedure for pull-down assay. ARPE-19 cells membrane

proteins were extracted and mixed with recombinant pentamer protein at 30 μg/ml in citric

acid buffer (pH 5.5) and incubated at room temperature for 1 h. Then, the mixtures were

adjusted to neutral pH using 1M Tris-HCl buffer. The pentamer in the mixture was pulled

down by a pentamer-specific antibody 2–25 along with Protein A/G Magnetic Beads. The

pull-down proteins were separated on SDS-PAGE and analyzed by mass spectrometry. (D) 23

membrane proteins were chosen from the list of proteins identified by mass spectrometry

assay using membrane protein with extracellular domain as criteria.

(TIF)

S2 Fig. Viral growth curves and the effects of MOI on HCMV infection of APMAP K/O

cells. (A) Single step growth curves of AD169-GFP and AD169rev-GFP in MRC-5 or ARPE-

19 cells. The infectious viral particles were measured in TCID50 assays. (B) Wildtype ARPE-
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19, vector control and APMAP K/O cells cultured in 96-well plate were infected with

AD169rev-GFP at indicated MOIs. Four replicate wells were infected at each MOI. 72 h later,

the plate was read by C.T.L. Immunospot machine to capture images under fluorescence cell

mode for GFP. GFP positive cells in each well were counted automatically. The data are shown

as relative percentages of the number of GFP positive cells to that of infected wildtype ARPE-

19 cells at same MOI. The relative % of GFP+ cells in vector control and APMAP K/O cells

were compared individually to that of wildtype ARPE-19 cells at same MOI using unpaired

two-tailed student t-test for significance analysis.

(TIF)

S3 Fig. APMAP knockdown reduced AD169rev-GFP entry into HepG2 cells. (A) APMAP

knockdown in HepG2 cells was achieved by infecting HepG2 cells with lentivirus expressing

APMAP-specific shRNA under puromycin selection. APMAP protein expression in the stable

knockdown cells were detected by western blot assay using APMAP specific mAb 4F6, β-actin

served as loading control. (B-D) Wildtype HepG2 and the APMAP knockdown cells were

infected with AD169rev-GFP at indicated MOIs in 96-well plate. (B) The plate was read by C.

T.L. Immunospot to capture images under fluorescence cell mode for GFP at 48 h after infec-

tion. GFP positive cells in each well were counted automatically using the software. The data

are shown as relative percentages of the number of GFP positive cells to that of infected wild-

type HepG2 cells. The bars represent means ± SD for four replicate wells. (C) Representative

images showing overall GFP positive cells in infected (MOI = 2.0) wildtype and APMAP

knockdown HepG2 cells. Images were captured using an Olympus fluorescence microscope.

Bar = 100 μm. (D) The cells were collected at 2 days after infection for qRT-PCR detection of

viral IE mRNA. GAPDH mRNA served as internal control. Data analysis was performed using

the 2-ΔΔCT method. The data are shown as relative percentages of IE mRNA level to that of

infected wildtype HepG2 cells. The black bars represent means ± SD for triplicate wells. The

relative % of GFP positive cells or relative IE mRNA (%) in sc-shRNA or shAPMAP treated

cells were compared individually to that of wildtype HepG2 cells infected at same MOIs using

unpaired two-tailed student t-test for significance analysis.

(TIF)

S4 Fig. APMAP knockdown reduced AD169rev-GFP entry into HeLa cells. (A) APMAP

knockdown in HeLa cells was achieved by infection with lentivirus particles expressing

APMAP-specific shRNA under puromycin selection. APMAP protein expression in the stable

knockdown cells was detected by western blot assay using APMAP specific mAb 4F6, β-actin

served as loading control. (B-D) Wildtype HeLa and the APMAP knockdown cells were

infected with AD169rev-GFP (MOI = 1.0) in 96-well plate. (B) The plate was read by C.T.L.

Immunospot machine at 48 h after infection and GFP positive cells in each well were counted

automatically using the software. The data were shown as the number of GFP positive cells per

well. The black bars represent means ± SD for four replicate wells. (C) Representative images

showing overall GFP positive cells in wildtype and APMAP knockdown HeLa cells. Images

were captured using Olympus fluorescence microscopy. Bar = 100 μm. (D) The cells were col-

lected at 2 days after infection for qRT-PCR detection of viral IE mRNA. GAPDH mRNA

served as internal control. Data analysis was performed using the 2-ΔΔCT method. The data are

shown as relative percentages of IE mRNA level to that of infected wildtype Hela cells. The

black bars represent means ± SD for triplicate wells. The number of GFP positive cells, and rel-

ative IE mRNA (%) in sc-shRNA and shAPMAP expressing cells were compared individually

to that of wildtype HeLa cells using unpaired two-tailed student t-test for significance analysis.

(TIF)
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S5 Fig. APMAP knockdown reduced HCMV infection of MRC-5 cells. Wildtype and

APMAP K/D MRC-5 cells were infected with (A-B) AD169rev-GFP and (C-D) AD169-GFP

at a MOI = 1.0 in 96-well plate, respectively. The cells were collected for RNA extraction and

RT-qPCR to detect viral (A, C) IE and (B, D) pp65 mRNA level at 72 after infection. GAPDH

mRNA served as internal control. Data analysis was performed using the 2-ΔΔCT method. The

data are shown as percentages of IE or pp65 mRNA level in infected knockdown cells relative

to that of infected wildtype MRC-5 cells. The black bars represent means ± SD of four wells.

The relative IE mRNA (%) in sc-shRNA or shAPMAP expressing cells were compared individ-

ually to that of wildtype MRC-5 cells using unpaired two-tailed student t-test for significance

analysis.

(TIF)

S6 Fig. Enhanced AD169-GFP infection in APMAP O/E ARPE-19 cells. (A) APMAP K/O,

O/E and wildtype ARPE-19 cells grow in 96-well plate were infected with AD169-GFP

(MOI = 1.0), respectively. The cells were imaged under Fluorescence microscopy to see GFP

expression at 2 days post infection using Olympus Fluorescence microscopy. Bar = 100 μm.

(B) The plate was read by C.T.L. Immunospot machine at 48 h after infection and GFP positive

cells in each well were counted automatically using the software. The data were shown as the

number of GFP positive cells per well. The black bars represent means ± SD for four wells. (C)

The cells were collected at 2 days after infection for qRT-PCR detection of viral IE and pp65

mRNA. GAPDH mRNA served as internal control. Data analysis was performed using the 2-

ΔΔCT method. The data are shown as relative IE or pp65 mRNA level to that of infected wild-

type cells. The black bars represent means ± SD for triplicate wells. The number of GFP posi-

tive cells, relative IE mRNA and relative pp65 mRNA in vector control, APMAP K/O and

APMAP O/E cells were compared individually to that of wildtype ARPE-19 cells using

unpaired two-tailed student t-test for significance analysis in S6B and S6C Fig. (D) Determina-

tion of HCMV protein expression of AD169-GFP infected cells at 6 days post infection by

western blot assay using anti-pp65 and anti-gH antibodies. β-actin served as loading control.

(TIF)

S7 Fig. Overexpression of APMAP enhanced HCMV entry in NIH/3T3 cells. (A) APMAP

O/E stable NIH/3T3 cells were established with lentivirus particles carrying APMAP expres-

sion cassette with full length sequence with a Myc/Flag tag at its C-terminus. APMAP overex-

pression in NIH/3T3 cells were confirmed by western blot analysis using mouse anti-Flag tag

or anti-APMAP (4F6) antibodies. β-actin served as loading control. (B-F) NIH/3T3 wildtype

and APMAP O/E stable cells were infected with AD169rev-GFP and AD169-GFP at

MOI = 1.0 in 96-well plate, respectively. (B-C) The plate was read by C.T.L. Immunospot

machine to capture images under fluorescence cell mode for GFP at 2 days post infection. GFP

positive cells in each well were enumerated automatically using the software. The data were

shown as means ± SD of the number of GFP positive cells of four replicate wells. (D-E) Repre-

sentative images (Bar = 100 μm) showing overall GFP positive cells at day 3 post infection by

(D) AD169rev-GFP or (E) AD169-GFP were captured by Olympus fluorescence microscopy.

(F-G) The cells were collected at 2 days after infection for qRT-PCR detection of viral IE

and pp65 mRNA. GAPDH mRNA served as internal control. Data analysis was performed

using the 2-ΔΔCT method. The data are shown as relative IE or pp65 mRNA level to that of

infected wildtype cells. The black bars represent means ± SD for triplicate wells. The number

of GFP positive cells, relative IE mRNA and relative pp65 mRNA in vector control and

APMAP O/E cells were compared individually to that of wildtype NIH/3T3 cells using

unpaired two-tailed student t-test for significance analysis in S7B, S7C, S7F and S7G Fig.

(TIF)
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S8 Fig. HCMV infection in MDCK and NIH/3T3 cells. Wildtype, vector control, and

APMAP O/E MDCK or NIH/3T3 cells were seeded (1.5×105 cells/well) in a 24-well plate. The

next day, the cells were infected with AD169rev-GFP at a MOI = 1.0 for 3 h at 37˚C. Virus con-

taining medium was removed and 1 ml of fresh medium was added to each well. After 4 days

of culture, the cells were harvested. (A-B) Western blot analysis was performed for detection

of viral protein pp65. β-actin served as loading control. The cell culture medium was centri-

fuged at 10,000×g for 5 mins to remove cell debris. 100 μl supernatant was added to one well of

MRC-5 cells grown in a 96-well plate for detection of virus release. 48 h later, images of GFP

positive cells among infected MRC-5 cells were captured using a C.T.L. Immunospot machine

and counted using the instrument’s software. (C-D) Titer of infectious virion released from

infected MDCK and NIH/3T3 cells. One GFP positive cell was counted as one PFU. Black bars

represent means ± SD for three replicate wells. The titer of infectious virion produced by vec-

tor control and APMAP O/E cells were compared individually to corresponding wiltype cells

using unpaired two-tailed student t-test for significance analysis. (E-F) Representative whole-

well images of culture medium infected MRC-5 cells. Infection experiments were performed

in triplicate wells. Data were representative results of two independent experiments.

(TIF)

S9 Fig. Growth curve of the APMAP modified cells. The APMAP K/O, K/D or O/E (A)

ARPE-19 cells, (B) MRC-5 cells, (C) HepG2 cells, (D) Hela cells, (E) NIH/3T3 cells and (F)

MDCK cells were seeded in 96-well culture plate at 2000 cells per well and cultured for 3–5

days. AlamarBlue solution was added to the cells shortly after seeding and then every 24 h.

Fluorescence intensity was measured at 4 h post addition of alamarBlue as instructed by the

manufacture. At each time point, 6 replicate wells were detected for each cell line. Data were

shown as mean ± SD of fluorescence intensity. Two-way ANOVA analyses was used to com-

pare the growth rates of vector control, APMAP K/O (K/D), or APMAP O/E cells with the cor-

responding wildtype cells.

(TIF)

S10 Fig. Uptake of AlexaFluo-488-transferrin by cells. (A) ARPE-19 wt, APMAP K/O and

APMAP O/E cells grown in chamber slides were pre-treated with 30 μm chlorpromazine

(CPZ) or equal volume of solvent (DMSO) in serum free medium for 1h. Old medium was

removed. 100 μl/well of AF488-Tfr (0.1 mg/ml) in fresh medium was incubated with the cells

at 37˚C for 30 min. The cells were washed once with citrate buffer (40 mM citric acid, 10 mM

KCl, 135 mM NaCl, pH 3.0) and 3 times with PBS to remove cell surface AF488-Tfr before fix-

ation with 4% paraformaldehyde and nucleus staining with DraQ5. Pictures were taken using

a LEIKA confocal microscopy. Bar = 20 μm. (B-G) Quantification of AF488-Tfr uptake in

APMAP K/O K/D or O/E (B) ARPE-19 cells, (C) MRC-5 cells, (D) HepG2 cells, (E) Hela cells,

(F) MDCK cells and (G) NIH/3T3 cells by flow cytometry assay. Cells grown in 12-well plate

were pre-treated with CPZ and incubated with AF488-Tfr as described in (A). After washing

with citrate buffer to remove cell surface AF488-Tfr, the cells were suspended by treatment

with trypsin and detected using on a Guava easycyte HT machine. Data were shown as mean

fluorescent intensities of green signal for each samples.

(TIF)

S11 Fig. The effect of APMAP on HSV-2 infection. The cells (1.4×104 cells per well) were

seeded in 96-well plate one day ahead infection. Cells with about 95% confluency were infected

with HSV-2 GFP reporter virus at about 60 PFU/well for ARPE-19 cells, 300 PFU/well for

MRC-5, HepG2 and Hela cells, 1500 PFU/well for NIH/3T3 and MDCK cells with at least
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three replicate wells. Medium was removed at 48 h post infection. The plate were imaged at

same exposure time and gain using Immunospot 7.0 Pro FluoRo-X suite for GFP detection on

a C.T.L. Immunospot machine. (A) Representative single-well images of infected cells. (B-G)

GFP positive viral plaques in the wells were counted manually. Data were shown as mean ± SD

of the number of GFP positive viral plaques. The number of GFP positive cells in vector con-

trol, APMAP K/O, K/D or O/E cells were all compared individually to that of corresponding

wildtype cells using unpaired two-tailed student t-test for significance analysis.

(TIF)

S12 Fig. (A) 10 μg of purified APMAP-Fc and a control CD47-Fc protein analyzed by

SDS-PAGE and coomassie blue staining assay. (B-C) The binding of (B) pentamer and (C)

gH/gL dimer to APMAP-Fc at indicated concentrations were detected by biolayer interferom-

etry (BLI) assay using protein A sensors. The binding of kinetic buffer to APMAP-Fc loaded

sensor were used as reference and subtracted before data analysis. (D-E) Inhibition of soluble

pentamer binding to APMAP by gL or APMAP specific rabbit polyclonal antibodies. Costar

96-well high binding plates were incubated with APMAP-Fc (4 μg/ml in PBS, 50 μl/well) over-

night at 4˚C. Unbound APMAP-Fc was removed. The plate was blocked with 5% non-fat milk

for 1 h. Soluble pentamer (final concentration 5 μg/ml) was incubated with purified rabbit

anti-gL polyclonal IgGs, rabbit anti-APMAP polyclonal IgGs or rabbit anti-HSV polyclonal

IgGs (as control IgG) at indicated concentrations in low pH buffer (150 mM Citric acid, 50

mM NaCl, pH 5.5) at room temperature for 30 mins. Pentamer incubated without antibody

served as positive control. 50 μl/well of the mixture was added to APMAP coated plate and

incubated at 37˚C for 2 h. BSA diluted in low pH buffer served as negative control. Wells were

tested in triplicate for each concentration. The plate was washed with PBST five times. HRP

conjugated anti-His tag antibody (1:2000 dilution) that recognizes the gH subunit were added

to plate for detection of soluble pentamer. The plate was washed with PBST five times then

developed using TMB substrate mixture. Absorbance at 450nm was recorded on a Molecular

Devices Spectra Max M4. Data are presented as mean values ± standard deviation (SD). The

OD450nm values of all samples were compared individually to that of pentamer-only control

using the unpaired two-tailed student t-test for significance analysis.

(TIF)

S13 Fig. Inhibiting effect of APMAP-Fc on HCMV infection and PEG treatment assay in

APMAP K/D MRC-5 cells. (A) 50 μl APMAP-Fc or CD47-Fc control were mixed with equal

volume of AD169rev-GFP (about 100 PFU/well) at indicated concentrations and incubated at

37˚C for 30 min before adding to pre-seeded ARPE-19 cells in 96-well plate. 2 hours later the

virus mixtures were replaced with fresh medium. The cells were continue cultured for 3 days

before quantitation of GFP positive cells in each well. Pairs of samples were compared inividu-

ally using the unpaired two-tailed student t-test for significance analysis. (B-C) Wildtype, sc-

shRNA control and the APMAP K/D MRC-5 cells were seeded in 96-well plate 1 day before.

(B) AD169rev-GFP and (C) AD169-GFP were added to the cells at a MOI = 1.0 and cultured

at 37˚C for 1 h. The uninfected virus was removed by washing with warm PBS for 2 times.

Then, the cells were treated with150 μl/well of pre-warmed 44% (W/V) PEG-8K for 1 min and

followed by washing with 200 μl/well of warm PBS for 4 times to remove PEG-8K. After that,

fresh medium was added to cells and the plate was continue cultured for 48 h before read by C.

T.L. Immunospot machine to capture images under fluorescence cell mode for GFP. The num-

ber of GFP positive cells in each well was counted using the software. The data are shown as

means ± SD of the number of GFP positive cells in four replicate wells. The number of GFP

positive cells in PEG8K treated cell lines were compared to corresponding non-treated cell
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lines using the unpaired two-tailed student t-test for significance analysis.

(TIF)

S1 Table. Target host sequences for sgRNA and shRNA.

(DOCX)

Acknowledgments

We thank Yaping Liu and Yi Pei of Merck & Co., Inc. for their guidance on sgRNA design and

technical assistance, and Dr. Edward Mocarski of Emory University for his critical review and

helpful comments. We also want to acknowledge Dr. Georgina Salazar of University of Texas

for her careful and critical editing of the manuscript.

Author Contributions

Conceptualization: Tong-Ming Fu, Zhiqiang An.

Data curation: Xiaohua Ye, Xun Gui, Daniel C. Freed, Xi He, Dai Wang, Tong-Ming Fu.

Formal analysis: Daniel C. Freed, Dai Wang, Ningyan Zhang, Tong-Ming Fu, Zhiqiang An.

Funding acquisition: Daniel C. Freed, Tong-Ming Fu, Zhiqiang An.

Investigation: Xiaohua Ye, Xun Gui, Leike Li, Yuanzhi Chen, Dai Wang, Tong-Ming Fu.

Methodology: Xiaohua Ye, Xun Gui, Zhiqiang Ku, Leike Li, Wei Xiong, Xuejun Fan, Hang

Su, Xi He, Richard R. Rustandi, John W. Loughney, Amy S. Espeseth, Jian Liu, Hua Zhu,

Dai Wang, Tong-Ming Fu.

Resources: Zhiqiang Ku, Wei Xiong, Richard R. Rustandi, John W. Loughney, Amy S. Espe-

seth, Jian Liu, Hua Zhu.

Supervision: Ningning Ma, Ningyan Zhang, Tong-Ming Fu, Zhiqiang An.

Writing – original draft: Xiaohua Ye, Tong-Ming Fu.

Writing – review & editing: Tong-Ming Fu, Zhiqiang An.

References
1. Schottstedt V, Blumel J, Burger R, Drosten C, Groner A, et al. (2010) Human Cytomegalovirus (HCMV)

—Revised. Transfus Med Hemother 37: 365–375. https://doi.org/10.1159/000322141 PMID:

21483467

2. Steininger C (2007) Clinical relevance of cytomegalovirus infection in patients with disorders of the

immune system. Clin Microbiol Infect 13: 953–963. https://doi.org/10.1111/j.1469-0691.2007.01781.x

PMID: 17803749

3. Hamprecht K, Jahn G (2007) [Human cytomegalovirus and congenital virus infection]. Bundesgesund-

heitsblatt Gesundheitsforschung Gesundheitsschutz 50: 1379–1392. https://doi.org/10.1007/s00103-

007-0194-x PMID: 17999131

4. Britt WJ (2017) Congenital Human Cytomegalovirus Infection and the Enigma of Maternal Immunity. J

Virol 91.

5. Ahmed A (2011) Antiviral treatment of cytomegalovirus infection. Infect Disord Drug Targets 11: 475–

503. PMID: 21827432

6. Kalejta RF (2008) Tegument proteins of human cytomegalovirus. Microbiol Mol Biol Rev 72: 249–265,

table of contents. https://doi.org/10.1128/MMBR.00040-07 PMID: 18535146

7. Murphy E, Yu D, Grimwood J, Schmutz J, Dickson M, et al. (2003) Coding potential of laboratory and

clinical strains of human cytomegalovirus. Proc Natl Acad Sci U S A 100: 14976–14981. https://doi.org/

10.1073/pnas.2136652100 PMID: 14657367

The function of APMAP in HCMV infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007914 July 29, 2019 30 / 34

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1007914.s014
https://doi.org/10.1159/000322141
http://www.ncbi.nlm.nih.gov/pubmed/21483467
https://doi.org/10.1111/j.1469-0691.2007.01781.x
http://www.ncbi.nlm.nih.gov/pubmed/17803749
https://doi.org/10.1007/s00103-007-0194-x
https://doi.org/10.1007/s00103-007-0194-x
http://www.ncbi.nlm.nih.gov/pubmed/17999131
http://www.ncbi.nlm.nih.gov/pubmed/21827432
https://doi.org/10.1128/MMBR.00040-07
http://www.ncbi.nlm.nih.gov/pubmed/18535146
https://doi.org/10.1073/pnas.2136652100
https://doi.org/10.1073/pnas.2136652100
http://www.ncbi.nlm.nih.gov/pubmed/14657367
https://doi.org/10.1371/journal.ppat.1007914


8. Varnum SM, Streblow DN, Monroe ME, Smith P, Auberry KJ, et al. (2004) Identification of proteins in

human cytomegalovirus (HCMV) particles: the HCMV proteome. J Virol 78: 10960–10966. https://doi.

org/10.1128/JVI.78.20.10960-10966.2004 PMID: 15452216

9. Sinzger C, Digel M, Jahn G (2008) Cytomegalovirus cell tropism. Curr Top Microbiol Immunol 325: 63–

83. PMID: 18637500

10. Weissenhorn W, Dessen A, Calder LJ, Harrison SC, Skehel JJ, et al. (1999) Structural basis for mem-

brane fusion by enveloped viruses. Mol Membr Biol 16: 3–9. PMID: 10332732

11. Burke HG, Heldwein EE (2015) Crystal Structure of the Human Cytomegalovirus Glycoprotein B. PLoS

Pathog 11: e1005227. https://doi.org/10.1371/journal.ppat.1005227 PMID: 26484870

12. Lopper M, Compton T (2004) Coiled-coil domains in glycoproteins B and H are involved in human cyto-

megalovirus membrane fusion. J Virol 78: 8333–8341. https://doi.org/10.1128/JVI.78.15.8333-8341.

2004 PMID: 15254205

13. Ciferri C, Chandramouli S, Donnarumma D, Nikitin PA, Cianfrocco MA, et al. (2015) Structural and bio-

chemical studies of HCMV gH/gL/gO and Pentamer reveal mutually exclusive cell entry complexes.

Proc Natl Acad Sci U S A 112: 1767–1772. https://doi.org/10.1073/pnas.1424818112 PMID: 25624487

14. Chandramouli S, Malito E, Nguyen T, Luisi K, Donnarumma D, et al. (2017) Structural basis for potent

antibody-mediated neutralization of human cytomegalovirus. Sci Immunol 2.

15. Wille PT, Knoche AJ, Nelson JA, Jarvis MA, Johnson DC (2010) A human cytomegalovirus gO-null

mutant fails to incorporate gH/gL into the virion envelope and is unable to enter fibroblasts and epithelial

and endothelial cells. J Virol 84: 2585–2596. https://doi.org/10.1128/JVI.02249-09 PMID: 20032184

16. Revello MG, Gerna G (2010) Human cytomegalovirus tropism for endothelial/epithelial cells: scientific

background and clinical implications. Rev Med Virol 20: 136–155. https://doi.org/10.1002/rmv.645

PMID: 20084641

17. Vanarsdall AL, Johnson DC (2012) Human cytomegalovirus entry into cells. Curr Opin Virol 2: 37–42.

https://doi.org/10.1016/j.coviro.2012.01.001 PMID: 22440964

18. Gerna G, Revello MG, Baldanti F, Percivalle E, Lilleri D (2017) The pentameric complex of human Cyto-

megalovirus: cell tropism, virus dissemination, immune response and vaccine development. J Gen Virol

98: 2215–2234. https://doi.org/10.1099/jgv.0.000882 PMID: 28809151

19. Wang D, Shenk T (2005) Human cytomegalovirus UL131 open reading frame is required for epithelial cell

tropism. J Virol 79: 10330–10338. https://doi.org/10.1128/JVI.79.16.10330-10338.2005 PMID: 16051825

20. Adler B, Scrivano L, Ruzcics Z, Rupp B, Sinzger C, et al. (2006) Role of human cytomegalovirus

UL131A in cell type-specific virus entry and release. J Gen Virol 87: 2451–2460. https://doi.org/10.

1099/vir.0.81921-0 PMID: 16894182

21. Wang D, Shenk T (2005) Human cytomegalovirus virion protein complex required for epithelial and

endothelial cell tropism. Proc Natl Acad Sci U S A 102: 18153–18158. https://doi.org/10.1073/pnas.

0509201102 PMID: 16319222

22. Hahn G, Revello MG, Patrone M, Percivalle E, Campanini G, et al. (2004) Human cytomegalovirus

UL131-128 genes are indispensable for virus growth in endothelial cells and virus transfer to leukocytes.

J Virol 78: 10023–10033. https://doi.org/10.1128/JVI.78.18.10023-10033.2004 PMID: 15331735

23. Compton T, Nowlin DM, Cooper NR (1993) Initiation of human cytomegalovirus infection requires initial

interaction with cell surface heparan sulfate. Virology 193: 834–841. https://doi.org/10.1006/viro.1993.

1192 PMID: 8384757

24. Carlson C, Britt WJ, Compton T (1997) Expression, purification, and characterization of a soluble form

of human cytomegalovirus glycoprotein B. Virology 239: 198–205. https://doi.org/10.1006/viro.1997.

8892 PMID: 9426459

25. Boyle KA, Compton T (1998) Receptor-binding properties of a soluble form of human cytomegalovirus

glycoprotein B. J Virol 72: 1826–1833. PMID: 9499033

26. Feire AL, Roy RM, Manley K, Compton T (2010) The glycoprotein B disintegrin-like domain binds beta 1

integrin to mediate cytomegalovirus entry. J Virol 84: 10026–10037. https://doi.org/10.1128/JVI.00710-

10 PMID: 20660204

27. Wang X, Huong SM, Chiu ML, Raab-Traub N, Huang ES (2003) Epidermal growth factor receptor is a

cellular receptor for human cytomegalovirus. Nature 424: 456–461. https://doi.org/10.1038/

nature01818 PMID: 12879076

28. Chan G, Nogalski MT, Yurochko AD (2009) Activation of EGFR on monocytes is required for human

cytomegalovirus entry and mediates cellular motility. Proc Natl Acad Sci U S A 106: 22369–22374.

https://doi.org/10.1073/pnas.0908787106 PMID: 20018733

29. Kim JH, Collins-McMillen D, Buehler JC, Goodrum FD, Yurochko AD (2017) Human Cytomegalovirus

Requires Epidermal Growth Factor Receptor Signaling To Enter and Initiate the Early Steps in the

Establishment of Latency in CD34(+) Human Progenitor Cells. J Virol 91.

The function of APMAP in HCMV infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007914 July 29, 2019 31 / 34

https://doi.org/10.1128/JVI.78.20.10960-10966.2004
https://doi.org/10.1128/JVI.78.20.10960-10966.2004
http://www.ncbi.nlm.nih.gov/pubmed/15452216
http://www.ncbi.nlm.nih.gov/pubmed/18637500
http://www.ncbi.nlm.nih.gov/pubmed/10332732
https://doi.org/10.1371/journal.ppat.1005227
http://www.ncbi.nlm.nih.gov/pubmed/26484870
https://doi.org/10.1128/JVI.78.15.8333-8341.2004
https://doi.org/10.1128/JVI.78.15.8333-8341.2004
http://www.ncbi.nlm.nih.gov/pubmed/15254205
https://doi.org/10.1073/pnas.1424818112
http://www.ncbi.nlm.nih.gov/pubmed/25624487
https://doi.org/10.1128/JVI.02249-09
http://www.ncbi.nlm.nih.gov/pubmed/20032184
https://doi.org/10.1002/rmv.645
http://www.ncbi.nlm.nih.gov/pubmed/20084641
https://doi.org/10.1016/j.coviro.2012.01.001
http://www.ncbi.nlm.nih.gov/pubmed/22440964
https://doi.org/10.1099/jgv.0.000882
http://www.ncbi.nlm.nih.gov/pubmed/28809151
https://doi.org/10.1128/JVI.79.16.10330-10338.2005
http://www.ncbi.nlm.nih.gov/pubmed/16051825
https://doi.org/10.1099/vir.0.81921-0
https://doi.org/10.1099/vir.0.81921-0
http://www.ncbi.nlm.nih.gov/pubmed/16894182
https://doi.org/10.1073/pnas.0509201102
https://doi.org/10.1073/pnas.0509201102
http://www.ncbi.nlm.nih.gov/pubmed/16319222
https://doi.org/10.1128/JVI.78.18.10023-10033.2004
http://www.ncbi.nlm.nih.gov/pubmed/15331735
https://doi.org/10.1006/viro.1993.1192
https://doi.org/10.1006/viro.1993.1192
http://www.ncbi.nlm.nih.gov/pubmed/8384757
https://doi.org/10.1006/viro.1997.8892
https://doi.org/10.1006/viro.1997.8892
http://www.ncbi.nlm.nih.gov/pubmed/9426459
http://www.ncbi.nlm.nih.gov/pubmed/9499033
https://doi.org/10.1128/JVI.00710-10
https://doi.org/10.1128/JVI.00710-10
http://www.ncbi.nlm.nih.gov/pubmed/20660204
https://doi.org/10.1038/nature01818
https://doi.org/10.1038/nature01818
http://www.ncbi.nlm.nih.gov/pubmed/12879076
https://doi.org/10.1073/pnas.0908787106
http://www.ncbi.nlm.nih.gov/pubmed/20018733
https://doi.org/10.1371/journal.ppat.1007914


30. Isaacson MK, Feire AL, Compton T (2007) Epidermal growth factor receptor is not required for human

cytomegalovirus entry or signaling. J Virol 81: 6241–6247. https://doi.org/10.1128/JVI.00169-07 PMID:

17428848

31. Vanarsdall AL, Wisner TW, Lei H, Kazlauskas A, Johnson DC (2012) PDGF receptor-alpha does not

promote HCMV entry into epithelial and endothelial cells but increased quantities stimulate entry by an

abnormal pathway. PLoS Pathog 8: e1002905. https://doi.org/10.1371/journal.ppat.1002905 PMID:

23028311

32. Wu Y, Prager A, Boos S, Resch M, Brizic I, et al. (2017) Human cytomegalovirus glycoprotein complex

gH/gL/gO uses PDGFR-alpha as a key for entry. PLoS Pathog 13: e1006281. https://doi.org/10.1371/

journal.ppat.1006281 PMID: 28403202

33. Stegmann C, Hochdorfer D, Lieber D, Subramanian N, Stohr D, et al. (2017) A derivative of platelet-

derived growth factor receptor alpha binds to the trimer of human cytomegalovirus and inhibits entry

into fibroblasts and endothelial cells. PLoS Pathog 13: e1006273. https://doi.org/10.1371/journal.ppat.

1006273 PMID: 28403220

34. Kabanova A, Marcandalli J, Zhou T, Bianchi S, Baxa U, et al. (2016) Platelet-derived growth factor-

alpha receptor is the cellular receptor for human cytomegalovirus gHgLgO trimer. Nat Microbiol 1:

16082. https://doi.org/10.1038/nmicrobiol.2016.82 PMID: 27573107

35. Li Q, Fischer E, Cohen JI (2016) Cell Surface THY-1 Contributes to Human Cytomegalovirus Entry via

a Macropinocytosis-Like Process. J Virol 90: 9766–9781. https://doi.org/10.1128/JVI.01092-16 PMID:

27558416

36. Vanarsdall AL, Pritchard SR, Wisner TW, Liu J, Jardetzky TS, et al. (2018) CD147 Promotes Entry of

Pentamer-Expressing Human Cytomegalovirus into Epithelial and Endothelial Cells. MBio 9.

37. Martinez-Martin N, Marcandalli J, Huang CS, Arthur CP, Perotti M, et al. (2018) An Unbiased Screen for

Human Cytomegalovirus Identifies Neuropilin-2 as a Central Viral Receptor. Cell.

38. E X, Meraner P, Lu P, Perreira JM, Aker AM, et al. (2019) OR14I1 is a receptor for the human cytomeg-

alovirus pentameric complex and defines viral epithelial cell tropism. Proc Natl Acad Sci U S A 116:

7043–7052. https://doi.org/10.1073/pnas.1814850116 PMID: 30894498

39. Compton T, Nepomuceno RR, Nowlin DM (1992) Human cytomegalovirus penetrates host cells by pH-

independent fusion at the cell surface. Virology 191: 387–395. https://doi.org/10.1016/0042-6822(92)

90200-9 PMID: 1329327

40. Topilko A, Michelson S (1994) Hyperimmediate entry of human cytomegalovirus virions and dense bod-

ies into human fibroblasts. Res Virol 145: 75–82. PMID: 8059068

41. Bodaghi B, Slobbe-van Drunen ME, Topilko A, Perret E, Vossen RC, et al. (1999) Entry of human cyto-

megalovirus into retinal pigment epithelial and endothelial cells by endocytosis. Invest Ophthalmol Vis

Sci 40: 2598–2607. PMID: 10509655

42. Hetzenecker S, Helenius A, Krzyzaniak MA (2016) HCMV Induces Macropinocytosis for Host Cell Entry

in Fibroblasts. Traffic 17: 351–368. https://doi.org/10.1111/tra.12355 PMID: 26650385

43. Ryckman BJ, Jarvis MA, Drummond DD, Nelson JA, Johnson DC (2006) Human cytomegalovirus entry

into epithelial and endothelial cells depends on genes UL128 to UL150 and occurs by endocytosis and

low-pH fusion. J Virol 80: 710–722. https://doi.org/10.1128/JVI.80.2.710-722.2006 PMID: 16378974

44. Sinzger C (2008) Entry route of HCMV into endothelial cells. J Clin Virol 41: 174–179. https://doi.org/

10.1016/j.jcv.2007.12.002 PMID: 18203656

45. Loughney JW, Rustandi RR, Wang D, Troutman MC, Dick LW Jr., et al. (2015) Soluble Human Cyto-

megalovirus gH/gL/pUL128-131 Pentameric Complex, but Not gH/gL, Inhibits Viral Entry to Epithelial

Cells and Presents Dominant Native Neutralizing Epitopes. J Biol Chem 290: 15985–15995. https://doi.

org/10.1074/jbc.M115.652230 PMID: 25947373

46. Ha S, Li F, Troutman MC, Freed DC, Tang A, et al. (2017) Neutralization of Diverse Human Cytomega-

lovirus Strains Conferred by Antibodies Targeting Viral gH/gL/pUL128-131 Pentameric Complex. J Virol

91.

47. Xia L, Tang A, Meng W, Freed DC, He L, et al. (2017) Active evolution of memory B-cells specific to

viral gH/gL/pUL128/130/131 pentameric complex in healthy subjects with silent human cytomegalovirus

infection. Oncotarget 8: 73654–73669. https://doi.org/10.18632/oncotarget.18359 PMID: 29088734

48. Wang D, Freed DC, He X, Li F, Tang A, et al. (2016) A replication-defective human cytomegalovirus

vaccine for prevention of congenital infection. Sci Transl Med 8: 362ra145. https://doi.org/10.1126/

scitranslmed.aaf9387 PMID: 27797961

49. Tang A, Li F, Freed DC, Finnefrock AC, Casimiro DR, et al. (2011) A novel high-throughput neutraliza-

tion assay for supporting clinical evaluations of human cytomegalovirus vaccines. Vaccine 29: 8350–

8356. https://doi.org/10.1016/j.vaccine.2011.08.086 PMID: 21888937

The function of APMAP in HCMV infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007914 July 29, 2019 32 / 34

https://doi.org/10.1128/JVI.00169-07
http://www.ncbi.nlm.nih.gov/pubmed/17428848
https://doi.org/10.1371/journal.ppat.1002905
http://www.ncbi.nlm.nih.gov/pubmed/23028311
https://doi.org/10.1371/journal.ppat.1006281
https://doi.org/10.1371/journal.ppat.1006281
http://www.ncbi.nlm.nih.gov/pubmed/28403202
https://doi.org/10.1371/journal.ppat.1006273
https://doi.org/10.1371/journal.ppat.1006273
http://www.ncbi.nlm.nih.gov/pubmed/28403220
https://doi.org/10.1038/nmicrobiol.2016.82
http://www.ncbi.nlm.nih.gov/pubmed/27573107
https://doi.org/10.1128/JVI.01092-16
http://www.ncbi.nlm.nih.gov/pubmed/27558416
https://doi.org/10.1073/pnas.1814850116
http://www.ncbi.nlm.nih.gov/pubmed/30894498
https://doi.org/10.1016/0042-6822(92)90200-9
https://doi.org/10.1016/0042-6822(92)90200-9
http://www.ncbi.nlm.nih.gov/pubmed/1329327
http://www.ncbi.nlm.nih.gov/pubmed/8059068
http://www.ncbi.nlm.nih.gov/pubmed/10509655
https://doi.org/10.1111/tra.12355
http://www.ncbi.nlm.nih.gov/pubmed/26650385
https://doi.org/10.1128/JVI.80.2.710-722.2006
http://www.ncbi.nlm.nih.gov/pubmed/16378974
https://doi.org/10.1016/j.jcv.2007.12.002
https://doi.org/10.1016/j.jcv.2007.12.002
http://www.ncbi.nlm.nih.gov/pubmed/18203656
https://doi.org/10.1074/jbc.M115.652230
https://doi.org/10.1074/jbc.M115.652230
http://www.ncbi.nlm.nih.gov/pubmed/25947373
https://doi.org/10.18632/oncotarget.18359
http://www.ncbi.nlm.nih.gov/pubmed/29088734
https://doi.org/10.1126/scitranslmed.aaf9387
https://doi.org/10.1126/scitranslmed.aaf9387
http://www.ncbi.nlm.nih.gov/pubmed/27797961
https://doi.org/10.1016/j.vaccine.2011.08.086
http://www.ncbi.nlm.nih.gov/pubmed/21888937
https://doi.org/10.1371/journal.ppat.1007914


50. Wang D, Bresnahan W, Shenk T (2004) Human cytomegalovirus encodes a highly specific RANTES

decoy receptor. Proc Natl Acad Sci U S A 101: 16642–16647. https://doi.org/10.1073/pnas.

0407233101 PMID: 15536129

51. Lepiller Q, Abbas W, Kumar A, Tripathy MK, Herbein G (2013) HCMV activates the IL-6-JAK-STAT3

axis in HepG2 cells and primary human hepatocytes. PLoS One 8: e59591. https://doi.org/10.1371/

journal.pone.0059591 PMID: 23555719

52. Fu TM, Wang D, Freed DC, Tang A, Li F, et al. (2012) Restoration of viral epithelial tropism improves

immunogenicity in rabbits and rhesus macaques for a whole virion vaccine of human cytomegalovirus.

Vaccine 30: 7469–7474. https://doi.org/10.1016/j.vaccine.2012.10.053 PMID: 23107592

53. Isaacson MK, Compton T (2009) Human cytomegalovirus glycoprotein B is required for virus entry and

cell-to-cell spread but not for virion attachment, assembly, or egress. J Virol 83: 3891–3903. https://doi.

org/10.1128/JVI.01251-08 PMID: 19193805

54. Ogembo JG, Kannan L, Ghiran I, Nicholson-Weller A, Finberg RW, et al. (2013) Human complement

receptor type 1/CD35 is an Epstein-Barr Virus receptor. Cell Rep 3: 371–385. https://doi.org/10.1016/j.

celrep.2013.01.023 PMID: 23416052

55. Hutt-Fletcher LM (2007) Epstein-Barr virus entry. J Virol 81: 7825–7832. https://doi.org/10.1128/JVI.

00445-07 PMID: 17459936

56. Zhang H, Li Y, Wang HB, Zhang A, Chen ML, et al. (2018) Ephrin receptor A2 is an epithelial cell recep-

tor for Epstein-Barr virus entry. Nat Microbiol 3: 1–8.

57. Milne RS, Nicola AV, Whitbeck JC, Eisenberg RJ, Cohen GH (2005) Glycoprotein D receptor-depen-

dent, low-pH-independent endocytic entry of herpes simplex virus type 1. J Virol 79: 6655–6663.

https://doi.org/10.1128/JVI.79.11.6655-6663.2005 PMID: 15890903

58. Reske A, Pollara G, Krummenacher C, Chain BM, Katz DR (2007) Understanding HSV-1 entry glyco-

proteins. Rev Med Virol 17: 205–215. https://doi.org/10.1002/rmv.531 PMID: 17295428

59. Akhtar J, Shukla D (2009) Viral entry mechanisms: cellular and viral mediators of herpes simplex virus

entry. FEBS J 276: 7228–7236. https://doi.org/10.1111/j.1742-4658.2009.07402.x PMID: 19878306

60. Schmolke S, Drescher P, Jahn G, Plachter B (1995) Nuclear targeting of the tegument protein pp65

(UL83) of human cytomegalovirus: an unusual bipartite nuclear localization signal functions with other

portions of the protein to mediate its efficient nuclear transport. J Virol 69: 1071–1078. PMID: 7815485

61. Biolatti M, Dell’Oste V, De Andrea M, Landolfo S (2018) The human cytomegalovirus tegument

protein pp65 (pUL83): a key player in innate immune evasion. New Microbiol 41: 87–94. PMID:

29384558

62. Schmolke S, Kern HF, Drescher P, Jahn G, Plachter B (1995) The dominant phosphoprotein pp65

(UL83) of human cytomegalovirus is dispensable for growth in cell culture. J Virol 69: 5959–5968.

PMID: 7666500

63. Becke S, Fabre-Mersseman V, Aue S, Auerochs S, Sedmak T, et al. (2010) Modification of the major

tegument protein pp65 of human cytomegalovirus inhibits virus growth and leads to the enhancement of

a protein complex with pUL69 and pUL97 in infected cells. J Gen Virol 91: 2531–2541. https://doi.org/

10.1099/vir.0.022293-0 PMID: 20592110

64. Chevillotte M, Landwehr S, Linta L, Frascaroli G, Luske A, et al. (2009) Major tegument protein pp65 of

human cytomegalovirus is required for the incorporation of pUL69 and pUL97 into the virus particle and

for viral growth in macrophages. J Virol 83: 2480–2490. https://doi.org/10.1128/JVI.01818-08 PMID:

19116255

65. Penkert RR, Kalejta RF (2010) Nuclear localization of tegument-delivered pp71 in human cytomegalovi-

rus-infected cells is facilitated by one or more factors present in terminally differentiated fibroblasts. J

Virol 84: 9853–9863. https://doi.org/10.1128/JVI.00500-10 PMID: 20686028

66. Ilhan A, Gartner W, Nabokikh A, Daneva T, Majdic O, et al. (2008) Localization and characterization of

the novel protein encoded by C20orf3. Biochem J 414: 485–495. https://doi.org/10.1042/BJ20080503

PMID: 18513186

67. Albrektsen T, Richter HE, Clausen JT, Fleckner J (2001) Identification of a novel integral plasma mem-

brane protein induced during adipocyte differentiation. Biochem J 359: 393–402. https://doi.org/10.

1042/0264-6021:3590393 PMID: 11583587

68. Pessentheiner AR, Huber K, Pelzmann HJ, Prokesch A, Radner FPW, et al. (2017) APMAP interacts

with lysyl oxidase-like proteins, and disruption of Apmap leads to beneficial visceral adipose tissue

expansion. FASEB J 31: 4088–4103. https://doi.org/10.1096/fj.201601337R PMID: 28559441

69. Bogner-Strauss JG, Prokesch A, Sanchez-Cabo F, Rieder D, Hackl H, et al. (2010) Reconstruction of

gene association network reveals a transmembrane protein required for adipogenesis and targeted by

PPARgamma. Cell Mol Life Sci 67: 4049–4064. https://doi.org/10.1007/s00018-010-0424-5 PMID:

20552250

The function of APMAP in HCMV infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007914 July 29, 2019 33 / 34

https://doi.org/10.1073/pnas.0407233101
https://doi.org/10.1073/pnas.0407233101
http://www.ncbi.nlm.nih.gov/pubmed/15536129
https://doi.org/10.1371/journal.pone.0059591
https://doi.org/10.1371/journal.pone.0059591
http://www.ncbi.nlm.nih.gov/pubmed/23555719
https://doi.org/10.1016/j.vaccine.2012.10.053
http://www.ncbi.nlm.nih.gov/pubmed/23107592
https://doi.org/10.1128/JVI.01251-08
https://doi.org/10.1128/JVI.01251-08
http://www.ncbi.nlm.nih.gov/pubmed/19193805
https://doi.org/10.1016/j.celrep.2013.01.023
https://doi.org/10.1016/j.celrep.2013.01.023
http://www.ncbi.nlm.nih.gov/pubmed/23416052
https://doi.org/10.1128/JVI.00445-07
https://doi.org/10.1128/JVI.00445-07
http://www.ncbi.nlm.nih.gov/pubmed/17459936
https://doi.org/10.1128/JVI.79.11.6655-6663.2005
http://www.ncbi.nlm.nih.gov/pubmed/15890903
https://doi.org/10.1002/rmv.531
http://www.ncbi.nlm.nih.gov/pubmed/17295428
https://doi.org/10.1111/j.1742-4658.2009.07402.x
http://www.ncbi.nlm.nih.gov/pubmed/19878306
http://www.ncbi.nlm.nih.gov/pubmed/7815485
http://www.ncbi.nlm.nih.gov/pubmed/29384558
http://www.ncbi.nlm.nih.gov/pubmed/7666500
https://doi.org/10.1099/vir.0.022293-0
https://doi.org/10.1099/vir.0.022293-0
http://www.ncbi.nlm.nih.gov/pubmed/20592110
https://doi.org/10.1128/JVI.01818-08
http://www.ncbi.nlm.nih.gov/pubmed/19116255
https://doi.org/10.1128/JVI.00500-10
http://www.ncbi.nlm.nih.gov/pubmed/20686028
https://doi.org/10.1042/BJ20080503
http://www.ncbi.nlm.nih.gov/pubmed/18513186
https://doi.org/10.1042/0264-6021:3590393
https://doi.org/10.1042/0264-6021:3590393
http://www.ncbi.nlm.nih.gov/pubmed/11583587
https://doi.org/10.1096/fj.201601337R
http://www.ncbi.nlm.nih.gov/pubmed/28559441
https://doi.org/10.1007/s00018-010-0424-5
http://www.ncbi.nlm.nih.gov/pubmed/20552250
https://doi.org/10.1371/journal.ppat.1007914


70. Ma Y, Gao J, Yin J, Gu L, Liu X, et al. (2016) Identification of a Novel Function of Adipocyte Plasma

Membrane-Associated Protein (APMAP) in Gestational Diabetes Mellitus by Proteomic Analysis of

Omental Adipose Tissue. J Proteome Res 15: 628–637. https://doi.org/10.1021/acs.jproteome.

5b01030 PMID: 26767403

71. Mekenkamp LJ, Haan JC, Koopman M, Vink-Borger ME, Israeli D, et al. (2013) Chromosome 20p11

gains are associated with liver-specific metastasis in patients with colorectal cancer. Gut 62: 94–101.

https://doi.org/10.1136/gutjnl-2011-301587 PMID: 22267596

72. Mosser S, Alattia JR, Dimitrov M, Matz A, Pascual J, et al. (2015) The adipocyte differentiation protein

APMAP is an endogenous suppressor of Abeta production in the brain. Hum Mol Genet 24: 371–382.

https://doi.org/10.1093/hmg/ddu449 PMID: 25180020

73. Vanarsdall AL, Howard PW, Wisner TW, Johnson DC (2016) Human Cytomegalovirus gH/gL Forms a

Stable Complex with the Fusion Protein gB in Virions. PLoS Pathog 12: e1005564. https://doi.org/10.

1371/journal.ppat.1005564 PMID: 27082872

74. Si Z, Zhang J, Shivakoti S, Atanasov I, Tao CL, et al. (2018) Different functional states of fusion protein

gB revealed on human cytomegalovirus by cryo electron tomography with Volta phase plate. PLoS

Pathog 14: e1007452. https://doi.org/10.1371/journal.ppat.1007452 PMID: 30507948

The function of APMAP in HCMV infection

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1007914 July 29, 2019 34 / 34

https://doi.org/10.1021/acs.jproteome.5b01030
https://doi.org/10.1021/acs.jproteome.5b01030
http://www.ncbi.nlm.nih.gov/pubmed/26767403
https://doi.org/10.1136/gutjnl-2011-301587
http://www.ncbi.nlm.nih.gov/pubmed/22267596
https://doi.org/10.1093/hmg/ddu449
http://www.ncbi.nlm.nih.gov/pubmed/25180020
https://doi.org/10.1371/journal.ppat.1005564
https://doi.org/10.1371/journal.ppat.1005564
http://www.ncbi.nlm.nih.gov/pubmed/27082872
https://doi.org/10.1371/journal.ppat.1007452
http://www.ncbi.nlm.nih.gov/pubmed/30507948
https://doi.org/10.1371/journal.ppat.1007914

