
Kobe University Repository : Kernel

PDF issue: 2026-09-22

ESCRT-III is recruited by human herpesvirus 6A
nuclear egress complex to promote nuclear
egress of the nucleocapsid

(Citation)
Journal of Virology,99(9):e00844-25

(Issue Date)
2025-09-23

(Resource Type)
journal article

(Version)
Version of Record

(Rights)
© 2025 Gulijiahani et al.
This is an open-access article distributed under the terms of the Creative Commons
Attribution 4.0 International license.

(URL)
https://hdl.handle.net/20.500.14094/0100497643

Gulijiahani, Aila ; Arii, Jun ; Isakovic, Vuk ; Huang, Jing Rin ;
Kawaguchi, Yasushi ; Mori, Yasuko



 | Virology | Full-Length Text

ESCRT-III is recruited by human herpesvirus 6A nuclear egress 
complex to promote nuclear egress of the nucleocapsid

Aila Gulijiahani,1 Jun Arii,1 Vuk Isakovic,1 Jing Rin Huang,1 Yasushi Kawaguchi,2,3,4,5 Yasuko Mori1

AUTHOR AFFILIATIONS See affiliation list on p. 21.

ABSTRACT Herpesviruses replicate their genomes and package them into capsids 
within the host cell nucleus. These capsids must then translocate from the nucleus to 
the cytoplasm through a process designated nuclear egress. The virus-encoded nuclear 
egress complex (NEC), consisting of a nuclear matrix protein and a nuclear membrane 
protein, plays a crucial role in this process. Although the role of NEC for nucleo-cytoplas­
mic transport of capsids is conserved in Herpesviridae, some of the binding partners 
of the NEC components are specific for individual viruses. The NECs of alpha- and 
gammaherpesviruses recruit the Endosomal Sorting Complex Required for Transport 
III (ESCRT-III) to the inner nuclear membrane for efficient nuclear egress of capsids. In 
contrast, the role of ESCRT-III for nuclear egress of betaherpesviruses, including human 
cytomegalovirus (HCMV) and human herpesvirus 6A (HHV-6A), has not been elucidated. 
Here, we show that ESCRT-III is recruited to the nuclear rim in cells expressing the NEC 
of HCMV or of HHV-6A. Inhibition of ESCRT-III impaired HHV-6A replication and nuclear 
egress of the capsids. Mechanistically, ESCRT-III adaptor ALIX interacts with HHV-6A 
NEC membrane protein U34 and thus contributes to HHV-6A replication. From these 
observations, we conclude that, like at least some alpha- and gammaherpesviruses, 
HHV-6A NEC recruits ESCRT-III through ALIX to promote viral capsid nuclear egress.

IMPORTANCE ESCRT-III performs reverse-topology scission involved in many diverse 
cellular processes, including cytokinesis, endosome maturation, autophagy, membrane 
repair, and viral budding. Nucleo-cytoplasmic transport of herpesvirus capsids requires 
scission at the inner nuclear membrane. In alpha- and gammaherpesviruses, this process 
requires ESCRT-III, but it is not known whether this is also the case for betaherpesvi­
ruses. Here, we show that ESCRT-III is also important for nuclear egress of capsids of 
the betaherpesvirus human herpesvirus 6A. These results imply that ESCRT-III-mediated 
inner nuclear membrane scission is a conserved feature in the virion maturation process 
of Herpesviridae. Our findings thus suggest that ESCRT-III is a potential therapeutic target 
also for betaherpesvirus infections.

KEYWORDS ESCRT-III, nuclear egress, HHV-6, herpesviruses

T here are nine species of human herpesviruses that cause lifelong persistent infection. 
The Herpesviridae family is subdivided into Alphaherpesvirinae, Betaherpesvirinae, and 

Gammaherpesvirinae subfamilies, based on their molecular and biological properties. 
Herpesviruses replicate their genomes and package them into capsids within the host 
cell nucleus (1–3). These nucleocapsids must then be transported to the cytoplasm 
through a process designated nuclear egress. First, the nascent nucleocapsids bud at 
the inner nuclear membrane (INM) to form primary virions in the perinuclear space. 
Next, the envelopes of primary virions fuse with the outer nuclear membrane (ONM), 
releasing the nucleocapsids into the cytoplasm (1–3). In the cytoplasm, capsids bud into 
vesicles derived from trans-Golgi networks or endosomes in a process called secondary 
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envelopment. Finally, enveloped virions are released from the cells through an exocytotic 
pathway (1).

The nuclear egress complex (NEC), composed of two viral proteins, plays a crucial 
role in the nucleocytoplasmic transport of newly-assembled nucleocapsids (1–3). In the 
alphaherpesvirus herpes simplex virus 1 (HSV-1), these proteins are designated UL31 and 
UL34, while in the betaherpesvirus human cytomegalovirus (HCMV) and gammaherpes­
virus Epstein-Barr virus (EBV), they are designated UL50 and UL53, and BFRF1 and BFLF2, 
respectively (Fig. 1A). The UL34 homologs are membrane proteins targeted to both the 
INM and the ONM (4–8), whereas the UL31 homologs are nuclear matrix proteins held in 
close apposition to the inner and outer surfaces of the INM and ONM through interaction 
with individual nuclear membrane proteins (4–8). Conversely, INM localization of the 
nuclear membrane protein is enhanced in the presence of the nuclear matrix protein (4–
8). Molecular biological and biochemical analyses revealed that the HSV-1 NEC recruits 
capsids into vesicles and mediates scission of the INM to finalize envelopment (4, 9–12). 
The solved crystal structures of the core region of the NEC from herpesviruses reveal the 
highly conserved features of this complex (13–19). However, it is not known whether 
the NEC is completely conserved, due to the diversity of amino acid sequences of NEC 
components.

The Endosomal Sorting Complex Required for Transport (ESCRT)-III is part of the cell 
membrane remodeling machinery (20, 21). ESCRT-III employs polymer formation to 
catalyze inside-out membrane fission processes involved in many diverse cellular 
processes, including budding of endosomal vesicles and enveloped viruses as well as 
cytokinesis (20, 21). ESCRT-III activity is considered to be crucial for secondary envelop­
ment of herpesviruses (22–24). In addition, NECs from alpha- and gammaherpesviruses 
recruit ESCRT-III to the nuclear membrane to mediate scission of the INM for capsid 
nucleocytoplasmic transport (25–28), utilizing the ALIX adaptor protein to link ESCRT-III 
and the NEC (25, 26, 28). In contrast, a role for ESCRT-III in nuclear egress of betaherpesvi­
ruses has not been shown, although it is known that ESCRT-III is not critical for HCMV 
replication (29, 30).

Human herpesvirus 6A (HHV-6A) is a lymphotropic virus belonging to the Roseolovirus 
genus within the Betaherpesvirinae subfamily (31). HHV-6A is frequently found in patients 
with neuro-inflammatory diseases such as multiple sclerosis and Hashimoto’s thyroiditis 
(32, 33). The roles of HHV-6A NEC components have not been well-studied. Recently, we 
found that the HHV-6A nuclear matrix protein U37 specifically induces a heat shock 
response through binding to heat shock factor 1 to promote viral replication (8). In the 
present study, we further analyze the role of HHV-6A NEC and show that ESCRT-III 
machinery is also important for nuclear egress of HHV-6A capsids and, therefore, for 
replication of this virus.

RESULTS

NEC components from HHV-6A and HCMV interact with each other

To investigate the roles of HHV-6A NEC, we first analyzed the subcellular localization of 
these proteins by transient expression of HHV-6A U34-Strep, HCMV UL50-Strep, Flag-
HHV-6A U37, or Flag-HCMV UL53 in HEK293T cells. Forty-eight hours after transfection, 
the cells were analyzed by immunoblotting and fluorescence assays. As expected, 
HHV-6A U34-Strep and HCMV UL50-Strep were detected in cytoplasmic membranous 
structures or the nuclear rim, whereas Flag-HHV-6A U37 and Flag-HCMV UL53 were 
present in the nucleoplasm (Fig. 1B and C) as previously reported (8, 34). Immunoblot­
ting confirmed the expression of each NEC component in transfected cells (Fig. 1D and 
E). To determine whether HCMV and HHV-6A NEC components interact, these plasmids 
were co-transfected into HEK293T cells. After 48 hours, the cells were analyzed by 
fluorescence assays. As previously reported (8, 34), Flag-HHV-6A U37 and Flag-HCMV 
UL53 co-localized with HHV-6A U34-Strep or HCMV UL50-Strep at the nuclear rim, 
respectively (Fig. 2). Similarly, HCMV UL53 or HHV-6A U37 was re-localized to the nuclear 
rim in the presence of HHV-6A U34 or HCMV UL50, respectively (Fig. 2), indicating that 
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HHV-6A and HCMV NEC components do interact. These observations suggest that the 
structures and at least some functions of NECs are conserved among betaherpesviruses.

HHV-6A NEC recruits ESCRT-III protein CHMP4B to the nuclear rim

It has been reported that NEC from alpha- and gammaherpesviruses recruit ESCRT-III to 
the nuclear rim (25, 26), whereas the role of ESCRT-III on nuclear egress of betaherpesvi­
ruses has not been established. We therefore investigated whether the HCMV and 
HHV-6A NECs recruit ESCRT-III. To this end, HeLa-CHMP4B-EGFP cells stably expressing a 
fusion protein of the ESCRT-III component CHMP4 and EGFP (26, 35) were transfected 
with plasmids for co-expression of HHV-6A U34-Strep/Flag-HHV-6A U37 or for HCMV 
UL50-Strep/Flag-HCMV UL53. The former encodes the fusion protein of HHV-6A U34-
Strep, P2A self-cleaving peptides, and HHV-6A Flag-U37 to produce U34-Strep-P2A and 
Flag-U37; the latter similarly produces UL50-Strep-P2A and Flag-UL53 (8). Immunoblot­
ting of the lysate of the transfected cells after 48 hours showed that these cells produced 
the NEC components separately (Fig. 3A). The cells were then stained with anti-Strep and 
anti-Lamin B1 antibodies and analyzed by immunofluorescence. As previously reported, 
CHMP4B-EGFP was observed throughout the nucleus and cytoplasm (Fig. 3B). In cells 
transfected with each co-expression plasmid, U34-Strep or UL50-Strep localized to the 

FIG 1 Exogenous expression of the NEC components from human herpesvirus 6A (HHV-6A) and HCMV. (A) Description of the NEC components in each virus. (a) 

(4); (b) (7); (c) (6); (d) (5); and (e) (8). (B to E) HEK293T cells were transfected with plasmids encoding HHV-6A U34-Strep, HCMV UL50-Strep, Flag-HHV-6A U37, or 

Flag-HCMV UL53. After 48 hours, the cells were harvested, fixed, and analyzed by confocal microscopy (B and C) or immunoblotting (D and E). EV, empty vector. 

Bar, 10 µm.
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nuclear rim. CHMP4B-EGFP formed punctate structures along the nuclear membrane, 
marked by Lamin B1, and colocalized with U34-Strep or UL50-Strep. Quantification of 
CHMP4B-positive puncta at the nuclear envelope revealed a significant increase in NEC-
expressing cells compared to controls (Fig. 3C). These results suggest that the NEC 
recruits ESCRT-III machinery to the nuclear rim and that this ability is conserved among 
Herpesviridae. Of note, the expression of either U34-Strep or UL50-Strep alone was 
sufficient to induce punctate structures of CHMP4B-EGFP on the domains composed of 
U34 or UL50 (Fig. 4A), consistent with previous observations on HSV-1 and EBV (25, 28).

CHMP6 is a component of the ESCRT-III complex and functions to link the upstream 
ESCRT-II complex with CHMP4 proteins. Expression of HHV-6A or HCMV NEC did not alter 
the subcellular localization of CHMP6 (Fig. 4B), suggesting that the recruitment of 
CHMP4B by these NECs is specific and that HHV-6A and HCMV NECs activate ESCRT-III 
independently of ESCRT-II. Consistently, expression of U34 or UL50 alone also did not 
affect CHMP6 localization, further supporting the specificity of CHMP4B recruitment by 
the complete NEC. Although CHMP6 was used here as a reference for non-recruitable 
ESCRT-III components, we acknowledge that it is not an ideal negative control, as it 

FIG 2 Co-localization of NEC components from HHV-6A and HCMV. HEK293T cells were co-transfected with the indicated combinations of plasmids encoding 

NEC components from HHV-6A or HCMV. After 48 hours, the cells were fixed and stained with antibodies specific for the Strep and Flag tags and visualized by 

confocal microscopy. Bar, 10 µm.
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exhibits partial nuclear membrane localization even in cells transfected with an empty 
vector. Nevertheless, quantitative analysis revealed a significant increase in the number 
of CHMP4B-positive dots at the nuclear rim in NEC-expressing cells (Fig. 3C), supporting 

FIG 3 ESCRT-III protein CHMP4B is recruited to the nuclear rim by NEC components of HHV-6A and 

HCMV. HeLa-CHMP4B-EGFP cells were transfected with plasmids encoding HHV-6A U34-Strep/Flag-U37 

or HCMV UL50-Strep/Flag-UL53. After 48 hours, the cells were analyzed by immunoblotting (A) and 

immunofluorescence (B) with the indicated antibodies. Each image in the right-hand panels is the 

magnified image of the boxed area in the left-hand panels. Arrowheads indicate the accumulation of 

CHMP4B. EV, empty vector. Bar, 10 µm. (C) The CHMP4B-EGFP-positive punctate structures at the nuclear 

rim in the experiment in (B) were quantified. Data are shown as the mean ± standard errors for 37 (EV), 36 

(HHV-6A NEC), or 40 (HCMV NEC) cells and are representative of three independent experiments (***, P < 

0.001, Tukey’s test).
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the conclusion that NEC components promote the recruitment of CHMP4B to the nuclear 
envelope.

To determine whether ESCRT-III is localized at the nuclear rim in infected cells, 
we constructed JJhan cells producing CHMP4B-EGFP in the presence of doxycycline 
(Dox). These were designated JJhan-tetCHMP4B-EGFPneo. JJhan cells were infected with 
HHV-6A in the presence of Dox and analyzed by immunofluorescence 72 hours later. 

FIG 4 HHV-6A U34 and HCMV UL50 accumulate ESCRT-III protein CHMP4B. (A) HeLa-CHMP4B-EGFP cells 

were transfected with plasmids encoding HHV-6A U34-Strep or HCMV UL50-Strep. After 48 hours, the 

cells were analyzed by immunofluorescence with the anti-Strep antibody and Hoechst. Arrowheads

indicate the accumulation of CHMP4B. (B) HeLa-CHMP6-EGFP cells were transfected with plasmids 

encoding HHV-6A U34-Strep, HHV-6A U34-Strep/Flag-U37, HCMV UL50-Strep, or HCMV UL50-Strep/

Flag-UL53. After 48 hours, the cells were analyzed by immunofluorescence with the anti-Strep antibody 

and Hoechst. EV, empty vector. Bar, 10 µm.
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Viral glycoprotein gQ1 was detected in about 15% of the infected cells but not in 
mock-infected controls (Fig. 5). In the latter, CHMP4B-EGFP was mainly detected in the 
cytoplasm. In the gQ1-expressing cells, CHMP4B-EGFP formed punctate structures at the 
nuclear rim as well as in the cytoplasm (Fig. 5). Although CHMP4B-EGFP is overexpressed 
in JJhan cells upon Dox induction, its expression level appears lower than that in the 
HeLa-CHMP4B-EGFP cells used in earlier figures, likely accounting for the relatively weak 
nuclear rim signal observed here. Given the difference in cellular context and expression 
background, the CHMP4B localization pattern is not expected to completely match that 
seen in HeLa cells. It is also important to note that we were unable to investigate the 
localization of the NEC in HHV-6A–infected cells due to the lack of available antibodies 
against U34 or U37. Nevertheless, it is plausible that the NEC colocalizes with CHMP4B, 
as CHMP4B-EGFP puncta were observed at the nuclear periphery, which is clearly 
delineated by Hoechst staining. These results suggest that HHV-6A infection results in 
the recruitment of ESCRT-III machinery, similar to what has been reported for alpha- and 
gammaherpesviruses (25, 26, 28).

ESCRT-III is important for nuclear egress and replication of HHV-6A

VPS4 AAA-ATPases disassemble ESCRT-III filaments to the monomeric state, which is 
essential for membrane scission and recycling of ESCRT-III proteins (20, 21). Thus, 
expression of a VPS4 dominant-negative allele (VPS4-DN) severely impairs ESCRT-III-
mediated scission (36, 37). To investigate the role of ESCRT-III in HHV-6A replication in 
T cell lines, we first constructed JJhan cells producing the fusion protein of EGFP and 
VPS4-DN in the presence of Dox. These were designated JJhan-tetEGFP-VPS4-DN. JJhan 
cells expressing EGFP in the presence of Dox were also constructed as a control (JJhan-
tetEGFP). These cells were treated with Dox for 72 hours, followed by immunoblotting 
with anti-GFP antibody. As shown in Fig. 6A, JJhan-tetEGFP or JJhan-tetEGFP-VPS4-DN 
cells produced EGFP or EGFP-VPS4-DN in the presence of Dox, although the expression 
level of EGFP-VPS4-DN was substantially lower than that of EGFP alone. This treatment 
had no effect on cell viability (Fig. 6B). These cells were also analyzed by immunofluor-
escence with Hoechst dye in the presence or absence of Dox treatment, revealing 
that about 50% of EGFP-VPS4-DN-expressing cells were multi-nucleated or possessed 
fragmented nuclei (Fig. 6C), which is a hallmark of defective ESCRT-III function (38–40).

Next, these cells were infected with HHV-6A and incubated for 72 hours in the 
presence of Dox. As shown in Fig. 7A, EGFP-VPS4-DN induced cytoplasmic domains 
in which gQ1 was partially colocalized in infected JJhan-tetEGFP-VPS4-DN cells. Line 

FIG 5 ESCRT-III protein CHMP4B accumulates at the nuclear rim and in the cytoplasm of HHV-6A-infected JJhan cells. JJhan-tetCHMP4B-EGFPneo cells were 

either mock-infected or infected with HHV-6A for 24 hours, followed by an additional 48 hour incubation in medium containing Dox. Then, the cells were fixed 

and stained with antibody against HHV-6A gQ1. Bar, 10 µm. Fluorescence intensities along the dotted lines of the images are shown to the right of each set of 

images.
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intensity profile analysis (Fig. 7A, bottom) demonstrated partial overlap between 
EGFP-VPS4-DN and gQ1 signals at these cytoplasmic domains. These results suggest 
that EGFP-VPS4-DN was localized to a cytoplasmic compartment that may serve as the 
site of secondary envelopment, as previously reported (41, 42). These cells exhibited 
multinucleation or nuclear fragmentation without any reduction in viability (Fig. 7C) 
and produced viral protein gQ1 and U14 at similar levels to controls, suggesting that 
EGFP-VPS4-DN had no effect on expression of viral genes and genome replication (Fig. 
7D), in contrast to what has been reported for HCMV (29). Using quantitative PCR 
(qPCR), we also analyzed yields of viral progeny in the supernatants of infected cells. The 
number of copies of the HHV-6A genome in the supernatant of infected JJhan-tetEGFP-
VPS4-DN cells was moderately decreased in comparison to infected JJhan-tetEGFP cells 
(Fig. 7E). Furthermore, we quantified the titers of infectious viruses from these cells. 

FIG 6 Expression of VPS4-DN in JJhan cells impairs cytokinesis. JJhan, JJhan-tetEGFP (EGFP) or JJhan-tetEGFP-VPS4-DN 

(EGFP-VPS4-DN) cells were incubated in medium with or without Dox for 72 hours and then analyzed by immunoblotting 

(A), cell viability assays (B), or immunofluorescence to detect cells with multinucleated or fragmented nuclei (C). Data are 

shown as means of three independent experiments ± standard error (ns, not significant; Student’s t-test for B; ****, P < 0.0001, 

Tukey’s test for C).
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FIG 7 Expression of VPS4-DN in JJhan cells reduces progeny viral yields in infected cells. (A through 

D) JJhan-tetEGFP (EGFP) or JJhan-tetEGFP-VPS4-DN (EGFP-VPS4-DN) cells were infected with HHV-6A 

or mock-infected and incubated with medium containing Dox for 72 hours. The cells were fixed and 

visualized by confocal microscopy (A), and the number of cells with multinucleated or fragmented nuclei 

was quantified (B). The cells were also collected for cell viability assays (C) and immunoblot analysis 

(D). Fluorescence intensities of HHV-6A-infected JJhan-tetEGFP and JJhan-tetEGFP-VPS4-DN cells along 

the dotted lines of the images are shown at the bottom of each set of images. Bar, 10 µm. ***, P < 

0.001, Student’s t-test. (E) JJhan, JJhan-tetEGFP (EGFP), or JJhan-tetEGFP-VPS4-DN (EGFP-VPS4-DN) cells 

were infected with HHV-6A or mock-infected and incubated with medium containing Dox. After 72 

hours, viral DNA in the supernatant of the cells was collected and analyzed by qPCR. Viral genome 

copy numbers from JJhan-tetEGFP or JJhan-tetEGFP-VPS4-DN cells relative to JJhan cells are shown. 

Results are shown as means and standard errors of four independent experiments (*, P < 0.05, Student’s 

t-test). (F) JJhan-tetEGFP (EGFP) or JJhan-tetEGFP-VPS4-DN (EGFP-VPS4-DN) cells were infected with 

HHV-6A-BAC and incubated in medium with or without Dox. After 72 hours, the cells and the supernatant 

were collected, and 50% tissue culture infectious dose (TCID50) was determined using JJhan cells. Results

are shown as means and standard errors of four independent experiments (*, P < 0.05; **, P < 0.01, Tukey’s 

test).
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JJhan-tetEGFP-VPS4-DN or JJhan-tetEGFP cells were infected with HHV-6A BAC harboring 
an EGFP expression cassette under the control of the HCMV IE promoter (43) in the 
presence or absence of Dox. At 72 hours post-infection, infected cells were collected 
and titrated using JJhan cells. As shown in Fig. 7F, the viral titer produced by JJhan-
tetEGFP-VPS4-DN cells treated with Dox was significantly lower than that without Dox or 
JJhan-tetEGFP cells. Taken together, these observations suggest that ESCRT-III promotes 
viral replication at a stage after viral gene expression. We also examined the effect 
of CHMP4B-EGFP expression on viral replication, given that overexpression of ESCRT-III 

FIG 8 Expression of CHMP4B-EGFP in JJhan cells reduces yields of viral progeny in infected cells. 

(A) JJhan-tetEGFPneo (EGFP) or JJhan-tetCHMP4B-EGFPneo (CHMP4B-EGFP) cells were infected with 

HHV-6A-BAC for 24 hours, followed by further incubation in medium with or without Dox for 48 hours. 

The cells and supernatants were collected, and TCID50 was determined using JJhan cells. Results are 

shown as means and standard errors of four independent experiments (*, P < 0.05; **, P < 0.01, Tukey’s 

test). (B through D) JJhan-tetEGFPneo (EGFP) or JJhan-tetCHMP4B-EGFPneo (CHMP4B-EGFP) cells were 

mock-infected or infected with HHV-6A for 24 hours, followed by further incubation in medium with or 

without Dox for 48 hours. The cells were analyzed by cell viability assays (B and C) or immunoblotting 

(D). Data are shown as means of three independent experiments ± standard error (*, P < 0.05, Student’s 

t-test).
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components can impair ESCRT-III functions similar to VPS4-DN (44). As shown in Fig. 
8A, viral titers 72 hours post-infection were lower in JJhan-tetCHMP4B-EGFPneo than 
in the control JJhan-tetEGFPneo cells or the same cells cultured without Dox. Notably, 
CHMP4B-EGFP expression led to a reduction in the accumulation of viral proteins and 
exhibited a degree of cytotoxicity (Fig. 8B through D).

Next, we analyzed the role of ESCRT-III in HHV-6A capsid nuclear egress. To determine 
the efficacy of this process, we performed subcellular fractionation experiments. In both 
JJhan-tetEGFP and JJhan-tetEGFP-VPS4-DN cells, α-tubulin and lamin B1 were detected 
only in the cytoplasmic and nuclear fractions, respectively (Fig. 9A), suggesting that 
fractionation of nucleus and cytoplasm had been appropriately accomplished. Next, 
JJhan-tetEGFP or JJhan-tetEGFP-VPS4-DN cells were infected with HHV-6A for 72 hours in 
the presence of Dox, followed by subcellular fractionation. Viral genomes were collected 

FIG 9 Expression of VPS4-DN in JJhan cells impairs the nucleo-cytoplasmic transport of HHV-6A capsids. (A) Nuclear (Nuc) 

and cytoplasmic (Cyto) fractions of Jhan-tetEGFP (EGFP) or JJhan-tetEGFP-VPS4-DN (EGFP-VPS4-DN) cells were separated 

and analyzed by immunoblotting using antibodies against α-tubulin (cytoplasmic marker) and lamin B1 (nuclear marker). 

(B through D) JJhan-tetEGFP or JJhan-tetEGFP-VPS4-DN cells were infected with HHV-6A. After 72 hours, nuclear (B) and 

cytoplasmic fractions (C) were separated, followed by quantification of viral genome copy numbers by qPCR. (D) The ratios 

of nuclear to cytoplasmic viral genome copies are shown. Results are means and standard errors of four independent 

experiments (**, P < 0.01, Student’s t-test).
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from both fractions and quantified by qPCR. As shown in Fig. 9B and C, the cytoplas­
mic viral genome copy number tended to be reduced in EGFP-VPS4-DN-expressing 
cells, although the difference was not statistically significant. Notably, the cytoplasmic-
to-nuclear ratio of viral genome copies was modestly decreased in these cells (Fig. 
9D). These observations suggested that ESCRT-III is important for nucleocytoplasmic 
transport of HHV-6A nucleocapsids.

ESCRT-III adaptor ALIX is important for HHV-6A replication

The ESCRT-III adaptor ALIX is reported to be important for the recruitment of ESCRT-III 
to nuclear membranes through HSV-1 UL34 or EBV BFRF1 (25, 26, 28), both of which 
are homologs of HHV-6A U34. In particular, the ALIX N-terminal domain (NTD) has been 
reported to interact with both HSV-1 UL34 and EBV BFRF1. To address whether ALIX 
interacts with HHV-6A U34, we performed three series of experiments. First, HEK293T 
cells transfected with plasmids to express HHV-6A U34-Strep, Strep-HHV-6A U37, 
U34-Strep/Flag-U37, or empty plasmid coupled with AcGFP-ALIX-NTD were analyzed by 
immunofluorescence. ALIX-NTD was distributed diffusely in the nucleus and cytoplasm 
in the cells transfected with empty plasmid, but HHV-6A U34 expression redistributed 
ALIX-NTD to punctate structures in the cytoplasm (Fig. 10A and B). However, HHV-6A U37 
expression did not result in any punctate ALIX-NTD structures. Notably, co-expression of 
HHV-6A U34 and U37 led to the redistribution of ALIX-NTD punctate structures at the 
nuclear rim. In a second experiment, we performed co-precipitation of HEK293T cells 
transfected with HHV-6A U34-Strep, Strep-HHV-6A U37, or empty plasmid coupled with 
AcGFP-ALIX-NTD. These cells were then lysed and precipitated with Strep Tactin beads. 
As shown in Fig. 10C, AcGFP-ALIX-NTD was not precipitated from the lysates of the cells 
transfected with Strep-HHV-6A U37 expression plasmid or empty plasmid. In contrast, 
AcGFP-ALIX-NTD was precipitated from lysates of cells expressing Strep-HHV-6A U34. 
Third and last, ALIX-NTD was localized in the nucleus and formed punctate structures at 
the nuclear rim of HHV-6A-infected cells (Fig. 10D). Taken together, these results suggest 
that HHV-6A U34 specifically interacts with ALIX, similar to HSV-1 UL34 and EBV BFRF1 
(25, 26, 28).

We next investigated the role of ALIX in HHV-6A replication. As ALIX is essential for 
cytokinesis (38, 39), we aimed to transiently inhibit ALIX and ESCRT-III interactions. It 
has been reported that ALIX NTD binds ESCRT-III component CHMP4 and that this is 
crucial for ALIX-dependent ESCRT-III function (45). Solved crystal structures have revealed 
that CHMP4A residues 205-222 form an amphipathic helix that binds across the concave 
surface of ALIX-NTD (45). Stapled peptides are peptides locked into their bioactive 
alpha-helical conformation through site-specific introduction of a chemical brace, an 
all-hydrocarbon staple to enhance stability and cell permeability (46). Accordingly, 
we synthesized stapled peptides harboring CHMP4A205-222 to inhibit the interaction 
between ALIX and CHMP4 proteins (Fig. 11A). Using live imaging, we first analyzed 
whether the CHMP4A205-222 peptide inhibits ALIX and CHMP4 interactions. HEK293T 
cells were transfected with a plasmid to express AcGFP-ALIX-NTD and TagRFP-CHMP4B 
in the presence or absence of the CHMP4A205-222 peptide. As expected, AcGFP-ALIX-
NTD and TagRFP-CHMP4B formed punctate structures in the cytoplasm (Fig. 11B), 
but CHMP4A205-222 peptide significantly reduced the fraction of cells exhibiting such 
structures in a dose-dependent manner (Fig. 11C), suggesting that this peptide impairs 
ALIX-mediated ESCRT-III function. It is important to note that we did not employ a 
control peptide in this experiment; instead, we equalized the amount of dimethyl 
sulfoxide (DMSO), the solvent used for peptide delivery, across all conditions. There­
fore, the observed effect of the stapled peptide may potentially result from non-spe­
cific interactions independent of its sequence. JJhan cells treated with CHMP4A205-222 
peptide for 72 hours did not show any cytotoxicity (Fig. 11D), indicating that the peptide 
does not compromise cell viability under these conditions. JJhan cells infected with 
HHV-6A were then treated or mock-treated with the CHMP4A205-222 peptide for 72 
hours. Viral genomes were then collected from the supernatants for quantification. In 
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FIG 10 ESCRT-III adaptor ALIX interacts with HHV-6A U34 and localizes at the nuclear rim in infected cells. (A and 

B) HEK293T cells were transfected with empty vector (EV) or plasmids HHV-6A U34-Strep, Strep-HHV-6A U37, or HHV-6A 

U34-Strep/Flag-U37 coupled with AcGFP-ALIX-NTD plasmid. These cells were analyzed at 48 hours after transfection by 

immunofluorescence (A), and the percentage of cells displaying punctate structures of AcGFP-ALIX-NTD was determined 

by counting 100 cells (B). Each image in the right-hand panels is the magnified image of the boxed area in the left-hand 

panels. Results are means and standard errors of three independent experiments (***, P < 0.001; ****, P < 0.0001, Tukey’s test). 

Arrowheads indicate the accumulation of ALIX-NTD. (C) The cells transfected as described in (A) were lysed, and the extracts 

were precipitated using Strep-Tactin beads, followed by immunoblotting. (D) JJhan-tetAcGFP-ALIX-NTDneo cells were either 

mock-infected or infected with HHV-6A. After 72 hours, the cells were fixed, stained with an antibody against HHV-6A gQ1. Bar, 

10 µm. Fluorescence intensities along the dotted lines of the images are shown to the right of each set of images. EV, empty 

vector. Bar, 10 µm.
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a separate experiment, JJhan cells were infected with HHV-6A BAC, in the presence or 
absence of the CHMP4A205-222 peptide. After 72 hours, both the cells and supernatants 
were subjected to freeze–thaw cycles, and the resulting lysates were used to infect 

FIG 11 The stapled peptide CHMP4A205-222 blocks ALIX and CHMP4B interactions. (A) Schematic 

diagram of stapled peptide CHMP4A205-222, designed to impair ALIX-mediated ESCRT-III function. (B 

and C) HEK293T cells were transfected with plasmids for AcGFP-ALIX-NTD and TagRFP-CHMP4B and 

incubated in the indicated concentrations of the CHMP4A205-222 peptide. After 48 hours, the cells were 

analyzed by confocal microscopy (B). Arrowheads indicate the accumulation of CHMP4B and ALIX-NTD. 

Bar, 50 µm. Percentages of cells displaying punctate structures of AcGFP-ALIX-NTD and TagRFP-CHMP4B 

were estimated by counting 100 cells (C). (D) JJhan cells were treated with 20 µM of CHMP4A205-222 

peptide or DMSO for 72 hours, followed by cell viability assays. Data are shown as means of three 

independent experiments ± standard error (*, P < 0.05; ****, P < 0.0001, Tukey’s test for C; ns, not 

significant; Student’s t-test for D).
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fresh JJhan cells to assess viral infectivity, including both cell-associated and released 
virions. As shown in Fig. 12A, the same amount of viral gQ1 and U14 was produced in 
the presence or absence of the CHMP4A205-222 peptide. However, both the quantity of 
progeny viral genomes and the infectious viral titers were reduced in the presence of the 
CHMP4A205-222 peptide (Fig. 12B and C). These results suggest that the ESCRT-III adaptor 
ALIX promotes HHV-6A replication.

Finally, we investigated whether ALIX contributes to the nuclear egress of HHV-6A. 
To address the role of ALIX in CHMP4B recruitment by the HHV-6A NEC, HeLa-CHMP4B-
EGFP cells were transfected with an HHV-6A NEC expression plasmid in the presence 
or absence of the CHMP4A205-222 peptide. Consistent with the results shown in 
Fig. 3B, CHMP4B-EGFP formed punctate structures colocalizing with U34-Strep in the 
absence of the CHMP4A205-222 peptide. In contrast, treatment with the CHMP4A205-222 
peptide reduced the number of CHMP4B-EGFP puncta at the nuclear rim (Fig. 13A 
and B). We next examined the role of ALIX in HHV-6A capsid nuclear egress. JJhan 
cells were incubated with or without the CHMP4A205-222 peptide, followed by subcel­
lular fractionation. In both peptide-treated and untreated cells, α-tubulin and lamin 
B1 were detected exclusively in the cytoplasmic and nuclear fractions, respectively 
(Fig. 13C), indicating successful separation of nuclear and cytoplasmic components. 
Subsequently, JJhan cells were infected with HHV-6A for 72 hours in the presence or 
absence of the CHMP4A205-222 peptide and then subjected to subcellular fractionation. 
Viral genomes were extracted from both fractions and quantified by qPCR. While the 
absolute copy number of viral genomes in the cytoplasmic fraction was not reduced 
upon CHMP4A205-222 treatment (Fig. 13D and E), the cytoplasmic-to-nuclear ratio of viral 
genome copy number was decreased in peptide-treated cells (Fig. 13F). Although this 
difference reached statistical significance at P = 0.05, the relatively large variability in viral 
genome quantification and the pronounced difference in genome abundance between 
nuclear and cytoplasmic fractions limit the strength of this conclusion, and we therefore 

FIG 12 The stapled peptide CHMP4A205-222 impairs HHV-6A replication. (A) JJhan cells were mock-infected or infected with 

HHV-6A and incubated with medium containing DMSO or 20 µM of the stapled peptide CHMP4A205-222. After 72 hours, 

the cells were collected and analyzed by immunoblotting. (B) JJhan cells were mock-infected or infected with HHV-6A and 

incubated with medium containing DMSO or 20 µM of the stapled peptide CHMP4A205-222 or medium without DMSO. 

After 72 hours, viral DNA in the supernatant of the cells was collected and analyzed by qPCR. Viral genome copy numbers 

relative to cells incubated without DMSO are shown. Results are means and standard errors of four independent experiments 

(**, P < 0.01, Student’s t-test). (C) JJhan cells were infected with HHV-6A-BAC in the presence or absence of 20 µM of the 

stapled peptide CHMP4A205-222 for 72 hours. Cells and supernatants were subjected to freeze–thaw cycles, and TCID50 was 

determined using JJhan cells. Results are shown as means and standard errors of four independent experiments (*, P < 0.05, 

Student’s t-test).
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FIG 13 The stapled peptide CHMP4A205-222 impairs nucleo-cytoplasmic transport of HHV-6A capsids. 

(A) HeLa-CHMP4B-EGFP cells were transfected with plasmids encoding HHV-6A U34-Strep/Flag-U37, 

followed by incubation in medium containing 20 µM of the stapled peptide CHMP4A205-222. After 

48 hours, the cells were analyzed by immunofluorescence with the indicated antibodies. Arrowheads 

indicate the accumulation of CHMP4B. EV, empty vector. Bar, 10 µm. The CHMP4B-EGFP-positive punctate 

structures at the nuclear rim in the experiment in (A) were quantified. Data are shown as the mean ± 

standard errors for 60 cells and are representative of three independent experiments (*, P < 0.05; ****, P < 

0.0001, Tukey’s test). (C) Nuclear (Nuc) and cytoplasmic (Cyto) fractions of Jhan cells treated with 20 µM of 

the stapled peptide CHMP4A205-222 for 72 hours were separated and analyzed by immunoblotting using 

antibodies against lamin B1 (nuclear marker) and α-tubulin (cytoplasmic marker). (D through F) JJhan 

cells were mock-infected or infected with HHV-6A and incubated with medium containing DMSO or 

20 µM of the stapled peptide CHMP4A205-222. After 72 hours, nuclear (D) and cytoplasmic fractions 

(E) were separated, followed by quantification of viral genome copy numbers by qPCR. (F) The ratios of 

nuclear to cytoplasmic viral genome copies are shown. Results are means and standard errors of four 

independent experiments (*, P < 0.05, Student’s t-test).
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interpret this finding as a trend rather than a definitive effect. Nevertheless, these results 
suggest that the ESCRT-III adaptor ALIX interacts with HHV-6A NEC to facilitate efficient 
nuclear egress of viral capsids and promote viral replication, potentially in cooperation 
with other adaptor proteins (Fig. 14).

DISCUSSION

Virion structures and mechanisms of their formation are widely conserved in Herpes­
viridae (47). However, although ESCRT-III is crucial for nuclear egress and secondary 
envelopment in alpha- and gammaherpesviruses (48), it has recently been reported 
that it is not required for replication of the betaherpesvirus HCMV (29). Here, we 
show that exogenous expression of the NEC from HHV-6A or HCMV resulted in the 
recruitment of ESCRT-III to the nuclear rim in a similar manner to what is observed in 
alpha- and gammaherpesviruses (22–24). Consistent with this, ESCRT-III was detected 
at the nuclear rim in HHV-6A-infected cells. Notably, overexpression of CHMP4B-EGFP 
can sometimes exert dominant-negative effects on ESCRT-III function. Therefore, the 
possibility that the recruitment of CHMP4B to the nuclear rim observed in our experi­
ments is non-functional cannot be entirely excluded. Nevertheless, inhibition of this 
pathway, either by expression of VPS4-DN or treatment with the peptide that blocks 
the ALIX-CHMP4 interaction, led to modestly reduced production of viral progeny and 
impaired nucleocytoplasmic transport of viral DNA, highlighting the important role of 
ESCRT-III in nuclear egress and replication of HHV-6A.

ESCRT-III is the sole cellular system responsible for reverse-topology scission and is 
exploited by many viruses for the final stage of viral budding (49). Some viruses, such 
as the influenza virus, can replicate independently of ESCRT-III by mediating scission 
with their own proteins (50). Similar to the influenza M2 protein, purified HSV-1 NEC 
was reported to cleave giant unilamellar vesicles in vitro (11). Thus, nuclear egress of 
herpesviruses may not necessarily require ESCRT-III activity. However, there is currently 
no evidence that NEC cleaves the nuclear membrane in cells without the aid of host 
factors. Our results revealed that NEC of all three subfamilies in Herpesviridae have the 
ability to recruit ESCRT-III protein to the nuclear rim, suggesting a common contribution 
of this mechanism to nuclear egress. It is currently unclear why inhibition of ESCRT-III 
reportedly fails to inhibit HCMV. Possibly both ESCRT-III as well as viral proteins mediate 
membrane scission redundantly, such that the contribution of ESCRT-III is not crucial for 
HCMV nuclear egress under some conditions.

The interspecies interaction of NEC components was analyzed in detail previously 
in HCMV and murine cytomegalovirus (MCMV) (34). Interactions between HCMV 
UL50 and MCMV M53 (UL53 homolog), as well as MCMV M50 (UL50 homolog) and 
HCMV UL53, were documented by co-immunoprecipitation and immunofluorescence, 
whereas no interactions with alpha- or gammaherpesvirus homologs were detected (34). 

FIG 14 Schematic illustration of nuclear egress of herpesviruses. After genome replication in the nucleus, viral capsids in the nucleus bud through the INM 

to form vesicles in the perinuclear space that fuse with the ONM for release into the cytoplasm. During budding at the INM, the NEC mediates scission by 

recruitment of ESCRT-III via ALIX or NEDD4.
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Furthermore, recombinant MCMV harboring HMCV UL50 instead of M50 replicates to the 
same extent as wild-type MCMV (34). Similarly, we have shown that the NEC components 
of HCMV and HHV-6A form a complex at the nuclear rim. Thus, the NEC components 
from the same subfamily may be interchangeable, and their function is highly conserved. 
Several host factors are known to interact with HCMV NEC. For example, the viral 
protein kinase UL97 and cellular protein p32 associate with HCMV NEC and increase 
lamin phosphorylation to disrupt the lamina meshwork (3). These features are possibly 
conserved in HHV-6A NEC.

ESCRT-III has an important role not only in virion formation but also in cell divi­
sion, nuclear membrane maintenance, and resistance to cell death. The present results 
using VPS4-DN or peptide do not exclude an indirect effect on the broad function of 
ESCRT-III. Notably, in the case of HCMV, earlier reports indicated that inhibition of the 
ESCRT machinery does not prevent viral particle formation, but may instead impair viral 
replication through indirect mechanisms (29). Since we found an interaction between 
ALIX and HHV-6A NEC, the importance of ESCRT-III in nuclear egress may be analyzed 
more precisely in the future by inhibiting these protein-protein interactions, coupled 
with electron microscopic analysis. A limitation of the present study is that we did not 
address whether ESCRT-III contributes to secondary envelopment of HHV-6A. VPS4-DN 
has been shown to co-localize with several viral factors in the HCMV and HHV-6A 
assembly compartment (29, 30, 41) (Fig. 7A).

Three ESCRT-III adaptors are known to mediate budding of different viruses from 
many families (51, 52). These ESCRT-associated proteins facilitate virus egress through 
conjugation with characteristic motifs designated late or L-domains (51, 52). Briefly, the 
ESCRT-I protein TSG101 binds the PTAP motif, and ALIX binds the YPXL motif, whereas 
proteins of the NEDD4 ubiquitin ligase family bind the PPXY motif (51, 52). We have 
shown that the NEC component HHV-6A U34 interacts with ALIX, despite L-domain 
motifs not being present in the HHV-6 U34 sequence. It has been reported that the HSV-1 
NEC interacts with ALIX, whereas the EBV NEC interacts with ALIX and NEDD4 family 
proteins (25–28). In addition, compounds targeting the N-terminal domain of the ESCRT-I 
protein TSG101 impair HSV-1 and EBV nuclear egress, suggesting a potential role of 
TSG101 in nuclear egress (53, 54). In the present study, we showed that inhibition of ALIX 
reduced HHV-6A replication but did not completely block it. Thus, multiple adaptors in 
addition to ALIX may promote nuclear egress and/or secondary envelopment of HHV-6A.

MATERIALS AND METHODS

Cells and viruses

HEK293T cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemen­
ted with 8% fetal bovine serum (FBS) (26, 55). HeLa-CHMP4B-EGFP and Plat-GP cells were 
cultured in DMEM supplemented with 10% FBS, and 1 µg/mL puromycin was addition­
ally added for the selection of HeLa-CHMP4B-EGFP cells (26). The human T-lymphoblas­
toid cell line JJhan was cultured in RPMI-1640 medium containing 8% FBS (56). Umbilical 
cord blood mononuclear cells (CBMCs) were cultured as described previously (57). 
CBMCs were purchased from the Cell Bank of the RIKEN BioResource Center, Tsukuba, 
Japan, and used to make viral stocks. The HHV-6A strain U1102 was used for this study, 
and HHV-6A cell-free virus was prepared from CBMCs as described previously (57). Briefly, 
CBMCs infected with HHV-6A U1102 were lysed by freezing and thawing once at −80°C. 
Cell debris was removed by centrifugation at 1,500 × g for 5 minutes, and the superna­
tants were then used for virus infections. For infecting the target cell line JJhan with 
HHV-6A virus stock, 2 × 105 cells were collected by centrifugation, resuspended in 1.5 mL 
of RPMI medium with 200 µL of virus stock containing 1 × 107 genome copies of the virus 
or medium only as a mock control. The cells were then centrifuged at 35°C for 30 minutes 
at 1,700 × g in 24-well plates, followed by culturing in RPMI supplemented with 2% FBS. 
The recombinant virus HHV-6A BAC, which contains the genome of the HHV-6A strain 
U1102 along with a BAC sequence and an EGFP expression cassette driven by the HCMV 
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IE1 promoter inserted between the U53 and U54 loci (43), was also used in this study. 
The virus was propagated and handled using the same procedures as described for the 
HHV-6A U1102 strain. Transfection experiments were performed using Lipofectamine 
3000 (Thermo Fisher Scientific).

Titration of infectivity

A total of 1 × 10⁵ JJhan cells was collected by centrifugation and resuspended in 500 µL 
of RPMI medium. Subsequently, 100 µL of virus stock containing 2 × 106 genome 
copies was added to the cell suspension. The mixture was transferred to a 24-well 
plate and centrifuged at 1,700 × g for 30 minutes at 35°C to enhance viral adsorption. 
After centrifugation, the cells were cultured in RPMI medium with 2% FBS. Three days 
post-infection, the cells were subjected to a freeze–thaw cycle to release progeny virus. 
The harvested supernatant was serially diluted and incubated with 1 × 104 JJhan cells 
in 96-well plates. Four days later, infectivity was assessed based on fluorescence in 
infected cells. The 50% tissue culture infectious dose (TCID50) was calculated using the 
Spearman–Kärber method.

Plasmids

HHV-6A U34-Strep, Flag-HHV-6A U37, Strep-HHV-6A U37, HCMV UL50-Strep, and 
Flag-HCMV UL53 plasmids were described previously (8). The HHV-6A U34-Strep/
Flag-HHV-6A U37 and HCMV UL50-Strep/Flag-HCMV UL53 co-expression plasmid 
encodes the bipartite fusion protein of HHV-6A U34-Strep or HCMV UL50-Strep, P2A 
self-cleaving peptides, and Flag-HHV-6A U37 or Flag-HCMV UL53 to produce U34-Strep-
P2A and Flag-U37 or UL50-Strep-P2A and Flag-UL53 separately (8).

Plasmid pPIDCB (Addgene plasmid # 169899) is an empty Dox-inducible vector with 
piggyBac (58). The coding sequence of mScarlet-1 in pPIDCB was replaced with that 
of EGFP or EGFP-VPS4-DN amplified from pEGFP-VPS4A-EQ (44) (kindly provided by W. 
I. Sundquist) to construct Dox-inducible EGFP or EGFP-VPS4-DN vectors with piggy­
Bac designated pPIDCB-EGFP or pPIDBC-EGFP-VPS4-DN, respectively. Plasmid pTagRFP-
CHMP4B encoding a fusion protein of TagRFP and CHMP4B (TagRFP-CHMP4B) was 
constructed by cloning CHMP4B cDNA, amplified by PCR from pCMV(Δ5)-CHMP4B (59) 
(kindly provided by W. I. Sundquist), into pTagRFP-N1 (35). Plasmid pAcGFP-ALIX-NTD 
encoding a fusion protein of AcGFP and ALIX-NTD (AcGFP-ALIX-NTD) was constructed by 
cloning ALIX cDNA amino acid 1-358, amplified by PCR from pCI-FLAG-ALIX (60) (kindly 
provided by W. I. Sundquist), into pAcGFP-C1 (Clontech).

The coding sequence of mClover3 in pPIDCB was replaced with that of the Neomy­
cin resistance gene amplified from pcDNA3.1 (Thermo Fisher Scientific) to construct 
pPIDCBneo. The coding sequence of mScarlet-1 in pPIDCBneo was replaced with that 
of EGFP, CHMP4B-EGFP, or AcGFP-ALIX-NTD from pEGFP-N1 (Clontech), pCHMP4B-EGFP 
(26), or pAcGFP-ALIX-NTD and designated pPIDCBneo-EGFP, pPIDBCneo-CHMP4B-EGFP,
or pPIDBCneo-AcGFP-ALIX-NTD, respectively.

pCHMP6-EGFP encoding a fusion protein of CHMP6 and EGFP was constructed by 
cloning CHMP6 cDNA, amplified by PCR from pGEX-CHMP6 (kindly provided by W. 
I. Sundquist), into pEGFP-N1 in-frame with EGFP. DNA fragments of pCHMP6-EGFP 
encoding CHMP6-EGFP were cloned into pMxs-puro to construct pMxs-CHMP6-EGFP-
puro.

Construction of cells

JJhan cells were transfected with pPIDCB-EGFP or pPIDBC-EGFP-VPS4-DN coupled with 
the hyPBase expression cassette amplified by PCR from pPB[Exp]-Puro-CAG>hyPBase 
(Vector Builder), using the NEPA Super Electroporator (NEPAGENE) following the 
manufacturer’s instructions. GFP-positive cells were then sorted by On-chip Sort (On-chip 
Biotechnologies, Tokyo) and designated JJhan-tetEGFP and JJhan-tetEGFP-VPS4-DN cells, 
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respectively. For induction of EGFP or EGFP-VPS4-DN, these cells were treated with 
1 µg/mL Dox for 72 hours.

JJhan cells were transfected with pPIDCBneo-EGFP, pPIDBCneo-CHMP4B-EGFP, or 
pPIDBCneo-AcGFP-ALIX-NTD coupled with the hyPBase expression cassette described 
above. These cells were cultured with RPMI medium containing 500 µg/mL G418 
to construct JJhan-tetEGFPneo, JJhan-tetCHMP4B-EGFPneo, and JJhan-tetAcGFP-ALIX-
NTDneo cells, respectively. For induction of EGFP, CHMP4B-EGFP, or AcGFP-ALIX-NTD, 
these cells were treated with 1 µg/mL Dox for 48 hours.

Plat-GP cells, a 293T-derived murine leukemia virus-based packaging cell line, were 
co-transfected with pMxs-CHMP4B-EGFP-puro and pMDG encoding vesicular stomatitis 
virus envelope protein G (26). Supernatants were harvested 48 hours post-transfection. 
HeLa cells were then transduced with the retrovirus-containing supernatants of the 
transfected Plat-GP cells and selected with 1 µg puromycin/mL. Resistant cells trans­
duced by recombinant retrovirus derived from pMxs vectors were cloned from single 
colonies and designated HeLa-CHMP6-EGFP.

Antibodies

For immunoblotting and immunofluorescence analysis, we used mouse monoclonal 
antibodies against α-tubulin (DM1A; Sigma), FLAG-tag (M2; Sigma), Strep-tag II (4F1; 
MBL), GFP (JL-8; TaKaRa), and ALIX (sc-53540; Santa Cruz Biotechnology); rabbit 
polyclonal antibody against FLAG-tag (F7425; Sigma), Lamin B1 (ab16048, Abcam), and 
CHMP4B (ab105767; Abcam). Monoclonal antibodies to gQ1 (AgQ1-119) and rabbit 
polyclonal antibody against HHV-6B U14 were used as previously described (61, 62).

Immunoblotting and immunofluorescence

Immunoblotting and immunofluorescence were performed as described previously 
(63, 64). For immunofluorescence, the cells were fixed with 4% paraformaldehyde and 
stained with the indicated antibodies. Nuclear DNA was stained with Hoechst 33342, 
and specific signals were detected using a confocal laser-scanning microscope (LSM800 
microscope; Zeiss).

Affinity precipitation

HEK293T cells were transfected with a plasmid expressing HHV-6A U34-Strep, Strep-
HHV-6A U37, or an empty plasmid coupled with AcGFP-ALIX-NTD. After 48 hours, 
the cells were collected and lysed with 0.1% NP-40 buffer (50 mM Tris-HCl [pH 8.0], 
150 mM NaCl, 0.5% NP-40) containing a protease inhibitor cocktail (Nacalai Tesque). After 
centrifugation, the supernatants were treated with MagStrep “type3” Strep-Tactin beads 
(IBA) with rotation for 2 hours at 4°C. The precipitates were collected by brief centrifuga­
tion, washed extensively with 0.1% NP-40 buffer, and analyzed by immunoblot.

Calculation of virus genome copy numbers

A total of 2 × 105 cells (JJhan) were infected with U1102 (1 × 107 genome copies). 
After 72 hours, viral DNA was extracted from the supernatant of the cells using the 
DNeasy Blood & Tissue Kit (QIAGEN). The genome copy number per milliliter of infected 
cells was quantified by qPCR using SYBR Select master mix (Thermo Fisher Scientific). 
The sequences of primers used for this purpose were 5ʹ-CGCTAGGTTGAGAATGATCGA
-3ʹ (forward) and 5ʹ-CAAAGCCAAATTATCCAGAGCG-3ʹ (reverse) as described previously 
(56). For membrane fractionation assays, the cells were lysed and fractionated using the 
LysoPure Nuclear and Cytoplasmic Extractor Kit (Fuji Wako) according to the manufactur­
er’s protocol.

Stapled peptide

To impair ALIX-CHMP4 interactions, stapled peptide that mimics the ALIX binding helix 
in CHMP4A residues 205-222 (PKVDEDEEALKQLAEWVS), conjugated with octa-arginine 

Full-Length Text Journal of Virology

September 2025  Volume 99  Issue 9 10.1128/jvi.00844-2520

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
23

 S
ep

te
m

be
r 

20
25

 b
y 

13
3.

30
.1

69
.2

9.

https://doi.org/10.1128/jvi.00844-25


at its C-terminus (46) was purchased from Peptide Institute Inc. Briefly, E212 and E219 in 
CHMP4A205-222 were replaced with (R)-4-pentenylAla and (S)-7-octenylAla, respectively, 
conjugated to form stapled peptide and dissolved in DMSO (Fig. 9A). To analyze the 
effect of this peptide on ALIX and CHMP4B interactions, HEK293T cells were transfected 
with AcGFP-ALIX-NTD and TagRFP-CHMP4B and incubated with 20 µM of CHMP4A205-222 
for 3 days. These cells were analyzed by confocal microscopy. To analyze the effect 
of CHMP4A205-222 on viral infection, JJhan cells were infected with HHV-6A U1102 as 
described above, followed by incubation with DMSO or 20 µM of CHMP4A205-222 or 
mock-treated for 72 hours.

Cell viability determination

A total of 1 × 104 cells were cultured in 96-well plates in the presence or absence of 
1 µg/mL Dox or 20 µM CHMP4A205-222 for 72 hours. Three hours prior to determining 
cell viability, 10 µL of Cell Counting Kit-8 solution (Dojindo) was added. The amount 
of formazan dye generated by the dehydrogenase in living cells was determined by 
measuring the absorbance at 450 nm using a microplate reader, following the manufac­
turer’s instructions.

Ratio of multinucleated or fragmented nuclei

A total of 1 × 105 cells were cultured in the presence of 1 µg/mL Dox for 72 hours. 
Nuclear DNA was stained with Hoechst 33342, and specific signals were detected using 
a confocal laser-scanning microscope. The ratio was calculated as the number of cells 
exhibiting multinucleated or fragmented nuclei among EGFP-positive cells. At least 44 
cells were counted per sample.

Statistical analysis

For comparisons of two groups, statistical analysis was performed using the unpaired 
Student’s t-test. Tukey’s test was used for multiple comparisons. A P-value >0.05 was 
considered not significant (n.s.).

ACKNOWLEDGMENTS

We thank Yasuyo Ueda for excellent technical assistance, as well as R. Schneider and W. I. 
Sundquist for kindly providing reagents. We thank lab members for helpful comments.

This study was supported by Grants for Scientific Research from the Japan Society 
for the Promotion of Science (JSPS), the Ministry of Education, Culture, Science, Sports, 
and Technology of Japan (MEXT) Leading Initiative for Excellent Young Researchers 
Grant, grant for Scientific Research on Innovative Areas from the MEXT (19H05286), 
contract research funds from the Japan Program for Infectious Diseases Research and 
Infrastructure (20wm0325005h) and Precursory Research for Innovative Medical Care 
(PRIME, 22gm6410022h) from the Japan Agency for Medical Research and Development 
(AMED), a grant from International Joint Usage/Research Center, the Institute of Medical 
Science, the University of Tokyo, and grants from MSD Life Science Foundation, Shionogi 
Infectious Disease Research Promotion Foundation, the Waksman Foundation of Japan, 
and The Chemo-Sero-Therapeutic Research Institute.

AUTHOR AFFILIATIONS

1Division of Clinical Virology, Center for Infectious Diseases, Kobe University Graduate 
School of Medicine, Kobe, Hyogo, Japan
2Division of Molecular Virology, Department of Microbiology and Immunology, The 
Institute of Medical Science, The University of Tokyo, Minato-ku, Tokyo, Japan
3Department of Infectious Disease Control, International Research Center for Infectious 
Diseases, The Institute of Medical Science, The University of Tokyo, Minato-ku, Tokyo, 
Japan

Full-Length Text Journal of Virology

September 2025  Volume 99  Issue 9 10.1128/jvi.00844-2521

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
23

 S
ep

te
m

be
r 

20
25

 b
y 

13
3.

30
.1

69
.2

9.

https://doi.org/10.1128/jvi.00844-25


4Research Center for Asian Infectious Diseases, The Institute of Medical Science, The 
University of Tokyo, Minato-ku, Tokyo, Japan
5Pandemic Preparedness, Infection and Advanced Research Center, The University of 
Tokyo, Minato-ku, Tokyo, Japan

AUTHOR ORCIDs

Aila Gulijiahani  http://orcid.org/0009-0002-6616-1192
Jun Arii  http://orcid.org/0000-0002-1689-4016
Yasushi Kawaguchi  http://orcid.org/0000-0001-8232-6925
Yasuko Mori  http://orcid.org/0000-0002-6595-8522

FUNDING

Funder Grant(s) Author(s)

Japan Agency for Medical Research and 
Development

20wm0325005h Jun Arii

Ministry of Education, Culture, Science, Sports 
and Technology of Japan

19H05286 Jun Arii

Japan Agency for Medical Research and 
Development (AMED)

22gm6410022h Jun Arii

Japan Society for the Promotion of Science Grants for Scientific 
Research

Jun Arii

Ministry of Education, Culture, Science, Sports 
and Technology of Japan

LEADER Jun Arii

MSD Life Science Foundation Research grant Jun Arii

Shionogi Infectious Disease Research Promotion 
Foundation

Research grant Jun Arii

The Chemo-Sero-Therapeutic Research Institute Research grant Jun Arii

The Waksman Foundation of Japan Research grant Jun Arii

DATA AVAILABILITY

No data sets or code were generated or analyzed during the current study.

ETHICS APPROVAL

The use of CBMCs in this study was approved by the Ethics Committee of Kobe University 
Graduate School of Medicine (approval no. 1209).

REFERENCES

1. Johnson DC, Baines JD. 2011. Herpesviruses remodel host membranes 
for virus egress. Nat Rev Microbiol 9:382–394. https://doi.org/10.1038/nr
micro2559

2. Arii J. 2021. Host and viral factors involved in nuclear egress of herpes 
simplex virus 1. Viruses 13:754. https://doi.org/10.3390/v13050754

3. Häge S, Marschall M. 2022. Come together’-the regulatory interaction of 
herpesviral nuclear egress proteins comprises both essential and 
accessory functions. Cells 11:1837. https://doi.org/10.3390/cells1111183
7

4. Reynolds AE, Ryckman BJ, Baines JD, Zhou Y, Liang L, Roller RJ. 2001. 
U(L)31 and U(L)34 proteins of herpes simplex virus type 1 form a 
complex that accumulates at the nuclear rim and is required for 
envelopment of nucleocapsids. J Virol 75:8803–8817. https://doi.org/10.
1128/jvi.75.18.8803-8817.2001

5. Kuan MI, O’Dowd JM, Chughtai K, Hayman I, Brown CJ, Fortunato EA. 
2016. Human cytomegalovirus nuclear egress and secondary envelop­
ment are negatively affected in the absence of cellular p53. Virology 
(Auckl) 497:279–293. https://doi.org/10.1016/j.virol.2016.07.021

6. Milbradt J, Auerochs S, Marschall M. 2007. Cytomegaloviral proteins 
pUL50 and pUL53 are associated with the nuclear lamina and interact 

with cellular protein kinase C. J Gen Virol 88:2642–2650. https://doi.org/
10.1099/vir.0.82924-0

7. Lake CM, Hutt-Fletcher LM. 2004. The Epstein-Barr virus BFRF1 and 
BFLF2 proteins interact and coexpression alters their cellular localization. 
Virology (Auckl) 320:99–106. https://doi.org/10.1016/j.virol.2003.11.018

8. Huang JR, Arii J, Hirai M, Nishimura M, Mori Y. 2023. Human herpesvirus 
6A nuclear matrix protein U37 interacts with heat shock transcription 
factor 1 and activates the heat shock response. J Virol 97:e0071823. http
s://doi.org/10.1128/jvi.00718-23

9. Roller RJ, Zhou Y, Schnetzer R, Ferguson J, DeSalvo D. 2000. Herpes 
simplex virus type 1 U(L)34 gene product is required for viral envelop­
ment. J Virol 74:117–129. https://doi.org/10.1128/jvi.74.1.117-129.2000

10. Klupp BG, Granzow H, Fuchs W, Keil GM, Finke S, Mettenleiter TC. 2007. 
Vesicle formation from the nuclear membrane is induced by coexpres­
sion of two conserved herpesvirus proteins. Proc Natl Acad Sci USA 
104:7241–7246. https://doi.org/10.1073/pnas.0701757104

11. Bigalke JM, Heuser T, Nicastro D, Heldwein EE. 2014. Membrane 
deformation and scission by the HSV-1 nuclear egress complex. Nat 
Commun 5:4131. https://doi.org/10.1038/ncomms5131

Full-Length Text Journal of Virology

September 2025  Volume 99  Issue 9 10.1128/jvi.00844-2522

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
23

 S
ep

te
m

be
r 

20
25

 b
y 

13
3.

30
.1

69
.2

9.

http://orcid.org/0009-0002-6616-1192
http://orcid.org/0000-0002-1689-4016
http://orcid.org/0000-0001-8232-6925
http://orcid.org/0000-0002-6595-8522
http://dx.doi.org/10.13039/100009619
http://dx.doi.org/10.13039/501100001691
https://doi.org/10.1038/nrmicro2559
https://doi.org/10.3390/v13050754
https://doi.org/10.3390/cells11111837
https://doi.org/10.1128/jvi.75.18.8803-8817.2001
https://doi.org/10.1016/j.virol.2016.07.021
https://doi.org/10.1099/vir.0.82924-0
https://doi.org/10.1016/j.virol.2003.11.018
https://doi.org/10.1128/jvi.00718-23
https://doi.org/10.1128/jvi.74.1.117-129.2000
https://doi.org/10.1073/pnas.0701757104
https://doi.org/10.1038/ncomms5131
https://doi.org/10.1128/jvi.00844-25


12. Takeshima K, Arii J, Maruzuru Y, Koyanagi N, Kato A, Kawaguchi Y. 2019. 
Identification of the capsid binding site in the herpes simplex virus 1 
nuclear egress complex and its role in viral primary envelopment and 
replication. J Virol 93:e01290-19. https://doi.org/10.1128/JVI.01290-19

13. Bigalke JM, Heldwein EE. 2015. Structural basis of membrane budding 
by the nuclear egress complex of herpesviruses. EMBO J 34:2921–2936. 
https://doi.org/10.15252/embj.201592359

14. Leigh KE, Sharma M, Mansueto MS, Boeszoermenyi A, Filman DJ, Hogle 
JM, Wagner G, Coen DM, Arthanari H. 2015. Structure of a herpesvirus 
nuclear egress complex subunit reveals an interaction groove that is 
essential for viral replication. Proc Natl Acad Sci USA 112:9010–9015. htt
ps://doi.org/10.1073/pnas.1511140112

15. Lye MF, Sharma M, El Omari K, Filman DJ, Schuermann JP, Hogle JM, 
Coen DM. 2015. Unexpected features and mechanism of heterodimer 
formation of a herpesvirus nuclear egress complex. EMBO J 34:2937–
2952. https://doi.org/10.15252/embj.201592651

16. Zeev-Ben-Mordehai T, Weberruß M, Lorenz M, Cheleski J, Hellberg T, 
Whittle C, El Omari K, Vasishtan D, Dent KC, Harlos K, Franzke K, Hagen C, 
Klupp BG, Antonin W, Mettenleiter TC, Grünewald K. 2015. Crystal 
structure of the herpesvirus nuclear egress complex provides insights 
into inner nuclear membrane remodeling. Cell Rep 13:2645–2652. https:
//doi.org/10.1016/j.celrep.2015.11.008

17. Muller YA, Häge S, Alkhashrom S, Höllriegl T, Weigert S, Dolles S, Hof K, 
Walzer SA, Egerer-Sieber C, Conrad M, Holst S, Lösing J, Sonntag E, Sticht 
H, Eichler J, Marschall M. 2020. High-resolution crystal structures of two 
prototypical β- and γ-herpesviral nuclear egress complexes unravel the 
determinants of subfamily specificity. J Biol Chem 295:3189–3201. https:
//doi.org/10.1074/jbc.RA119.011546

18. Thorsen MK, Draganova EB, Heldwein EE. 2022. The nuclear egress 
complex of Epstein-Barr virus buds membranes through an oligomeriza­
tion-driven mechanism. PLoS Pathog 18:e1010623. https://doi.org/10.13
71/journal.ppat.1010623

19. Walzer SA, Egerer-Sieber C, Sticht H, Sevvana M, Hohl K, Milbradt J, 
Muller YA, Marschall M. 2015. Crystal structure of the human cytomega­
lovirus pUL50-pUL53 core nuclear egress complex provides insight into 
a unique assembly scaffold for virus-host protein interactions. J Biol 
Chem 290:27452–27458. https://doi.org/10.1074/jbc.C115.686527

20. McCullough J, Colf LA, Sundquist WI. 2013. Membrane fission reactions 
of the mammalian ESCRT pathway. Annu Rev Biochem 82:663–692. http
s://doi.org/10.1146/annurev-biochem-072909-101058

21. Vietri M, Radulovic M, Stenmark H. 2020. The many functions of ESCRTs. 
Nat Rev Mol Cell Biol 21:25–42. https://doi.org/10.1038/s41580-019-017
7-4

22. Crump CM, Yates C, Minson T. 2007. Herpes simplex virus type 1 
cytoplasmic envelopment requires functional Vps4. J Virol 81:7380–
7387. https://doi.org/10.1128/JVI.00222-07

23. Pawliczek T, Crump CM. 2009. Herpes simplex virus type 1 production 
requires a functional ESCRT-III complex but is independent of TSG101 
and ALIX expression. J Virol 83:11254–11264. https://doi.org/10.1128/JVI
.00574-09

24. Kharkwal H, Smith CG, Wilson DW. 2014. Blocking ESCRT-mediated 
envelopment inhibits microtubule-dependent trafficking of alphaher­
pesviruses in vitro. J Virol 88:14467–14478. https://doi.org/10.1128/JVI.0
2777-14

25. Lee CP, Liu PT, Kung HN, Su MT, Chua HH, Chang YH, Chang CW, Tsai CH, 
Liu FT, Chen MR. 2012. The ESCRT machinery is recruited by the Viral 
BFRF1 protein to the nucleus-associated membrane for the maturation 
of Epstein-Barr virus. PLoS Pathog 8:e1002904. https://doi.org/10.1371/j
ournal.ppat.1002904

26. Arii J, Watanabe M, Maeda F, Tokai-Nishizumi N, Chihara T, Miura M, 
Maruzuru Y, Koyanagi N, Kato A, Kawaguchi Y. 2018. ESCRT-III mediates 
budding across the inner nuclear membrane and regulates its integrity. 
Nat Commun 9:3379. https://doi.org/10.1038/s41467-018-05889-9

27. Lee CP, Liu GT, Kung HN, Liu PT, Liao YT, Chow LP, Chang LS, Chang YH, 
Chang CW, Shu WC, Angers A, Farina A, Lin SF, Tsai CH, Bouamr F, Chen 
MR. 2016. The Ubiquitin Ligase Itch and Ubiquitination Regulate BFRF1-
mediated nuclear envelope modification for Epstein-Barr virus 
maturation. J Virol 90:8994–9007. https://doi.org/10.1128/JVI.01235-16

28. Arii J, Takeshima K, Maruzuru Y, Koyanagi N, Nakayama Y, Kato A, Mori Y, 
Kawaguchi Y. 2022. Role of the arginine cluster in the disordered domain 
of herpes simplex virus 1 UL34 for the recruitment of ESCRT-III for viral 
primary envelopment. J Virol 96:e0170421. https://doi.org/10.1128/JVI.0
1704-21

29. Streck NT, Carmichael J, Buchkovich NJ. 2018. Nonenvelopment role for 
the ESCRT-III complex during human cytomegalovirus infection. J Virol 
92:e02096-17. https://doi.org/10.1128/JVI.02096-17

30. Butt BG, Fischer D, Rep AR, Schauflinger M, Read C, Böck T, Hirner M, 
Wienen F, Graham SC, von Einem J. 2024. Human cytomegalovirus 
deploys molecular mimicry to recruit VPS4A to sites of virus assembly. 
PLoS Pathog 20:e1012300. https://doi.org/10.1371/journal.ppat.1012300

31. Yamanishi KMY, PelletPE. 2013. Human herpesviruses 6 and 7, p 2058–
2079. In Fields Virology. Wolters Kluwer Health.

32. Caselli E, Zatelli MC, Rizzo R, Benedetti S, Martorelli D, Trasforini G, Cassai 
E, degli Uberti EC, Di Luca D, Dolcetti R. 2012. Virologic and immunologic 
evidence supporting an association between HHV-6 and Hashimoto’s 
thyroiditis. PLoS Pathog 8:e1002951. https://doi.org/10.1371/journal.ppa
t.1002951

33. Alvarez-Lafuente R, García-Montojo M, De las Heras V, Bartolomé M, 
Arroyo R. 2006. Clinical parameters and HHV-6 active replication in 
relapsing-remitting multiple sclerosis patients. J Clin Virol 37 Suppl 
1:S24–6. https://doi.org/10.1016/S1386-6532(06)70007-5

34. Häge S, Sonntag E, Borst EM, Tannig P, Seyler L, Bäuerle T, Bailer SM, Lee 
C-P, Müller R, Wangen C, Milbradt J, Marschall M. 2020. Patterns of 
autologous and nonautologous interactions between core nuclear 
egress complex (NEC) proteins of α-, β- and γ-Herpesviruses. Viruses 
12:303. https://doi.org/10.3390/v12030303

35. Arii J, Maeda F, Maruzuru Y, Koyanagi N, Kato A, Mori Y, Kawaguchi Y. 
2020. ESCRT-III controls nuclear envelope deformation induced by 
progerin. Sci Rep 10:18877. https://doi.org/10.1038/s41598-020-75852-6

36. Garrus JE, von Schwedler UK, Pornillos OW, Morham SG, Zavitz KH, Wang 
HE, Wettstein DA, Stray KM, Côté M, Rich RL, Myszka DG, Sundquist WI. 
2001. Tsg101 and the vacuolar protein sorting pathway are essential for 
HIV-1 budding. Cell 107:55–65. https://doi.org/10.1016/s0092-8674(01)0
0506-2

37. Babst M, Wendland B, Estepa EJ, Emr SD. 1998. The Vps4p AAA ATPase 
regulates membrane association of a Vps protein complex required for 
normal endosome function. EMBO J 17:2982–2993. https://doi.org/10.10
93/emboj/17.11.2982

38. Carlton JG, Martin-Serrano J. 2007. Parallels between cytokinesis and 
retroviral budding: a role for the ESCRT machinery. Science 316:1908–
1912. https://doi.org/10.1126/science.1143422

39. Morita E, Sandrin V, Chung HY, Morham SG, Gygi SP, Rodesch CK, 
Sundquist WI. 2007. Human ESCRT and ALIX proteins interact with 
proteins of the midbody and function in cytokinesis. EMBO J 26:4215–
4227. https://doi.org/10.1038/sj.emboj.7601850

40. Morita E, Colf LA, Karren MA, Sandrin V, Rodesch CK, Sundquist WI. 2010. 
Human ESCRT-III and VPS4 proteins are required for centrosome and 
spindle maintenance. Proc Natl Acad Sci USA 107:12889–12894. https://
doi.org/10.1073/pnas.1005938107

41. Tandon R, AuCoin DP, Mocarski ES. 2009. Human cytomegalovirus 
exploits ESCRT machinery in the process of virion maturation. J Virol 
83:10797–10807. https://doi.org/10.1128/JVI.01093-09

42. Mori Y, Koike M, Moriishi E, Kawabata A, Tang H, Oyaizu H, Uchiyama Y, 
Yamanishi K. 2008. Human herpesvirus-6 induces MVB formation, and 
virus egress occurs by an exosomal release pathway. Traffic 9:1728–1742. 
https://doi.org/10.1111/j.1600-0854.2008.00796.x

43. Tang H, Kawabata A, Yoshida M, Oyaizu H, Maeki T, Yamanishi K, Mori Y. 
2010. Human herpesvirus 6 encoded glycoprotein Q1 gene is essential 
for virus growth. Virology (Auckl) 407:360–367. https://doi.org/10.1016/j.
virol.2010.08.018

44. von Schwedler UK, Stuchell M, Müller B, Ward DM, Chung H-Y, Morita E, 
Wang HE, Davis T, He G-P, Cimbora DM, Scott A, Kräusslich H-G, Kaplan J, 
Morham SG, Sundquist WI. 2003. The protein network of HIV budding. 
Cell 114:701–713. https://doi.org/10.1016/S0092-8674(03)00714-1

45. McCullough J, Fisher RD, Whitby FG, Sundquist WI, Hill CP. 2008. ALIX-
CHMP4 interactions in the human ESCRT pathway. Proc Natl Acad Sci 
USA 105:7687–7691. https://doi.org/10.1073/pnas.0801567105

46. Nomura W, Aikawa H, Ohashi N, Urano E, Métifiot M, Fujino M, Maddali K, 
Ozaki T, Nozue A, Narumi T, Hashimoto C, Tanaka T, Pommier Y, 
Yamamoto N, Komano JA, Murakami T, Tamamura H. 2013. Cell-
permeable stapled peptides based on HIV-1 integrase inhibitors derived 
from HIV-1 gene products. ACS Chem Biol 8:2235–2244. https://doi.org/
10.1021/cb400495h

47. Pellet PE RB. 2013. Herpesviridae, p 1802–1822. In Fields virology, 6th ed. 
Lippincott-Williams & Wilkins, Philadelphia, PA.

48. Arii J. 2024. ESCRT-III-dependent and -independent egress of herpesvi­
ruses. Front Virol 4. https://doi.org/10.3389/fviro.2024.1378054

Full-Length Text Journal of Virology

September 2025  Volume 99  Issue 9 10.1128/jvi.00844-2523

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
23

 S
ep

te
m

be
r 

20
25

 b
y 

13
3.

30
.1

69
.2

9.

https://doi.org/10.1128/JVI.01290-19
https://doi.org/10.15252/embj.201592359
https://doi.org/10.1073/pnas.1511140112
https://doi.org/10.15252/embj.201592651
https://doi.org/10.1016/j.celrep.2015.11.008
https://doi.org/10.1074/jbc.RA119.011546
https://doi.org/10.1371/journal.ppat.1010623
https://doi.org/10.1074/jbc.C115.686527
https://doi.org/10.1146/annurev-biochem-072909-101058
https://doi.org/10.1038/s41580-019-0177-4
https://doi.org/10.1128/JVI.00222-07
https://doi.org/10.1128/JVI.00574-09
https://doi.org/10.1128/JVI.02777-14
https://doi.org/10.1371/journal.ppat.1002904
https://doi.org/10.1038/s41467-018-05889-9
https://doi.org/10.1128/JVI.01235-16
https://doi.org/10.1128/JVI.01704-21
https://doi.org/10.1128/JVI.02096-17
https://doi.org/10.1371/journal.ppat.1012300
https://doi.org/10.1371/journal.ppat.1002951
https://doi.org/10.1016/S1386-6532(06)70007-5
https://doi.org/10.3390/v12030303
https://doi.org/10.1038/s41598-020-75852-6
https://doi.org/10.1016/s0092-8674(01)00506-2
https://doi.org/10.1093/emboj/17.11.2982
https://doi.org/10.1126/science.1143422
https://doi.org/10.1038/sj.emboj.7601850
https://doi.org/10.1073/pnas.1005938107
https://doi.org/10.1128/JVI.01093-09
https://doi.org/10.1111/j.1600-0854.2008.00796.x
https://doi.org/10.1016/j.virol.2010.08.018
https://doi.org/10.1016/S0092-8674(03)00714-1
https://doi.org/10.1073/pnas.0801567105
https://doi.org/10.1021/cb400495h
https://doi.org/10.3389/fviro.2024.1378054
https://doi.org/10.1128/jvi.00844-25


49. Votteler J, Sundquist WI. 2013. Virus budding and the ESCRT pathway. 
Cell Host Microbe 14:232–241. https://doi.org/10.1016/j.chom.2013.08.0
12

50. Rossman JS, Jing X, Leser GP, Lamb RA. 2010. Influenza virus M2 protein 
mediates ESCRT-independent membrane scission. Cell 142:902–913. htt
ps://doi.org/10.1016/j.cell.2010.08.029

51. Chen BJ, Lamb RA. 2008. Mechanisms for enveloped virus budding: can 
some viruses do without an ESCRT? Virology (Auckl) 372:221–232. https:/
/doi.org/10.1016/j.virol.2007.11.008

52. Bieniasz PD. 2006. Late budding domains and host proteins in 
enveloped virus release. Virology (Auckl) 344:55–63. https://doi.org/10.1
016/j.virol.2005.09.044

53. Leis J, Luan CH, Audia JE, Dunne SF, Heath CM. 2021. Ilaprazole and 
other novel prazole-based compounds that bind Tsg101 inhibit viral 
budding of HSV-1/2 and HIV from cells. J Virol 95:e00190-21. https://doi.
org/10.1128/JVI.00190-21

54. Mannemuddhu SS, Xu H, Bleck CKE, Tjandra N, Carter C, Bhaduri-
McIntosh S. 2021. Prazoles targeting Tsg101 inhibit release of Epstein-
Barr virus following reactivation from latency. J Virol 95:e0246620. https:
//doi.org/10.1128/JVI.02466-20

55. Arii J, Shindo K, Koyanagi N, Kato A, Kawaguchi Y. 2016. Multiple roles of 
the cytoplasmic domain of herpes simplex virus 1 envelope glycoprotein 
D in infected cells. J Virol 90:10170–10181. https://doi.org/10.1128/JVI.01
396-16

56. Aktar S, Arii J, Tjan LH, Nishimura M, Mori Y. 2021. Human herpesvirus 6A 
tegument protein U14 induces NF-κB signaling by interacting with p65. 
J Virol 95:e0126921. https://doi.org/10.1128/JVI.01269-21

57. Aktar Salma, Arii J, Nguyen TTH, Huang JR, Nishimura M, Mori Y. 2022. 
ATF1 restricts human herpesvirus 6A replication via beta interferon 
induction. J Virol 96:e0126422. https://doi.org/10.1128/jvi.01264-22

58. Chu D, Nguyen A, Smith SS, Vavrušová Z, Schneider RA. 2020. Stable 
integration of an optimized inducible promoter system enables 
spatiotemporal control of gene expression throughout avian develop­
ment. Biol Open 9:bio055343. https://doi.org/10.1242/bio.055343

59. Morita E, Arii J, Christensen D, Votteler J, Sundquist WI. 2012. Attenuated 
protein expression vectors for use in siRNA rescue experiments. 
Biotechniques 0:1–5. https://doi.org/10.2144/000113909

60. Fisher RD, Chung HY, Zhai Q, Robinson H, Sundquist WI, Hill CP. 2007. 
Structural and biochemical studies of ALIX/AIP1 and its role in retrovirus 
budding. Cell 128:841–852. https://doi.org/10.1016/j.cell.2007.01.035

61. Mori Y, Akkapaiboon P, Yang X, Yamanishi K. 2003. The human 
herpesvirus 6 U100 gene product is the third component of the gH-gL 
glycoprotein complex on the viral envelope. J Virol 77:2452–2458. https:/
/doi.org/10.1128/jvi.77.4.2452-2458.2003

62. Takemoto M, Koike M, Mori Y, Yonemoto S, Sasamoto Y, Kondo K, 
Uchiyama Y, Yamanishi K. 2005. Human herpesvirus 6 open reading 
frame U14 protein and cellular p53 interact with each other and are 
contained in the virion. J Virol 79:13037–13046. https://doi.org/10.1128/
JVI.79.20.13037-13046.2005

63. Arii J, Fukui A, Shimanaka Y, Kono N, Arai H, Maruzuru Y, Koyanagi N, 
Kato A, Mori Y, Kawaguchi Y. 2020. Role of phosphatidylethanolamine 
biosynthesis in herpes simplex virus 1-infected cells in progeny virus 
morphogenesis in the cytoplasm and in viral pathogenicity in vivo. J 
Virol 94:e01572-20. https://doi.org/10.1128/JVI.01572-20

64. Arii J, Takeshima K, Maruzuru Y, Koyanagi N, Kato A, Kawaguchi Y. 2019. 
Roles of the interhexamer contact site for hexagonal lattice formation of 
the herpes simplex virus 1 nuclear egress complex in viral primary 
envelopment and replication. J Virol 93:e00498-19. https://doi.org/10.11
28/JVI.00498-19

Full-Length Text Journal of Virology

September 2025  Volume 99  Issue 9 10.1128/jvi.00844-2524

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/j

vi
 o

n 
23

 S
ep

te
m

be
r 

20
25

 b
y 

13
3.

30
.1

69
.2

9.

https://doi.org/10.1016/j.chom.2013.08.012
https://doi.org/10.1016/j.cell.2010.08.029
https://doi.org/10.1016/j.virol.2007.11.008
https://doi.org/10.1016/j.virol.2005.09.044
https://doi.org/10.1128/JVI.00190-21
https://doi.org/10.1128/JVI.02466-20
https://doi.org/10.1128/JVI.01396-16
https://doi.org/10.1128/JVI.01269-21
https://doi.org/10.1128/jvi.01264-22
https://doi.org/10.1242/bio.055343
https://doi.org/10.2144/000113909
https://doi.org/10.1016/j.cell.2007.01.035
https://doi.org/10.1128/jvi.77.4.2452-2458.2003
https://doi.org/10.1128/JVI.79.20.13037-13046.2005
https://doi.org/10.1128/JVI.01572-20
https://doi.org/10.1128/JVI.00498-19
https://doi.org/10.1128/jvi.00844-25

	ESCRT-III is recruited by human herpesvirus 6A nuclear egress complex to promote nuclear egress of the nucleocapsid
	RESULTS
	NEC components from HHV-6A and HCMV interact with each other
	HHV-6A NEC recruits ESCRT-III protein CHMP4B to the nuclear rim
	ESCRT-III is important for nuclear egress and replication of HHV-6A
	ESCRT-III adaptor ALIX is important for HHV-6A replication

	DISCUSSION
	MATERIALS AND METHODS
	Cells and viruses
	Titration of infectivity
	Plasmids
	Construction of cells
	Antibodies
	Immunoblotting and immunofluorescence
	Affinity precipitation
	Calculation of virus genome copy numbers
	Stapled peptide
	Cell viability determination
	Ratio of multinucleated or fragmented nuclei
	Statistical analysis



