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ABSTRACT Hepatoviruses are atypical hepatotropic picornaviruses that are released
from infected cells without lysis in small membranous vesicles. These exosome-like,
quasi-enveloped virions (eHAV) are infectious and the only form of hepatitis A virus
(HAV) found circulating in blood during acute infection. eHAV is released through
multivesicular endosomes in a process dependent on endosomal sorting complexes
required for transport (ESCRT). Capsid protein interactions with the ESCRT-associated
Bro1 domain proteins, ALG-2-interacting protein X (ALIX) and His domain-containing
protein tyrosine phosphatase (HD-PTP), which are both recruited to the pX do-
main of 1D (VP1pX), are critical for this process. Previous proteomics studies sug-
gest pX also binds the HECT domain, NEDD4 family E3 ubiquitin ligase, ITCH.
Here, we confirm this interaction and show ITCH binds directly to the carboxy-
terminal half of pX from both human and bat hepatoviruses independently of
ALIX. A small chemical compound (compound 5) designed to disrupt interac-
tions between WW domains of NEDD4 ligases and substrate molecules blocked
ITCH binding to pX and demonstrated substantial antiviral activity against HAV.
CRISPR deletion or small interfering RNA (siRNA) knockdown of ITCH expression
inhibited the release of a self-assembling nanocage protein fused to pX and also
impaired the release of eHAV from infected cells. The release could be rescued
by overexpression of wild-type ITCH, but not a catalytically inactive ITCH mutant.
Despite this, we found no evidence that ITCH ubiquitylates pX or that eHAV
release is strongly dependent upon Lys residues in pX. These data indicate ITCH
plays an important role in the ESCRT-dependent release of quasi-enveloped hep-
atovirus, although the substrate molecule targeted for ubiquitylation remains to
be determined.

IMPORTANCE Mechanisms underlying the cellular release of quasi-enveloped hepa-
toviruses are only partially understood, yet play a crucial role in the pathogenesis of
this common agent of viral hepatitis. Multiple NEDD4 family E3 ubiquitin ligases,
including ITCH, have been reported to promote the budding of conventional envel-
oped viruses but are not known to function in the release of HAV or other picornavi-
ruses from infected cells. Here, we show that the unique C-terminal pX extension of
the VP1 capsid protein of HAV interacts directly with ITCH and that ITCH promotes
eHAV release in a manner analogous to its role in budding of some conventional
enveloped viruses. The catalytic activity of ITCH is required for efficient eHAV release
and may potentially function to ubiquitylate the viral capsid or activate ESCRT
components.
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Hepatoviruses are one of several genera within the Picornaviridae that have been
shown to be released from cells in a nonlytic manner in small extracellular vesicles

(EVs) (1–4). These quasi-enveloped hepatovirus virions (eHAV) contain 1 to 3 viral capsids
and are infectious, despite the absence of any virus-encoded protein on their surface (1, 5).
They are the only form of the virus detected in the blood during acute hepatitis A in
humans (1). The quasi-envelope membrane of eHAV cloaks it from the immune system
and contributes to the stealth-like nature of early HAV infection (1, 6). More conventional,
“naked” virus particles (nHAV) are shed in feces and account for person-to-person spread
of the virus. Studies in nonhuman primates and mice indicate that these fecally shed viri-
ons are replicated in the liver and are stripped of membranes by bile salts following their
passage from the liver to the gut through the biliary system (7–9).

Quasi-enveloped and naked hepatitis A virions enter cells via distinct pathways that
converge in the late endosome/lysosome (10). Whereas cell surface receptors for the na-
ked particle remain poorly defined, phosphatidylserine receptors facilitate clathrin-medi-
ated endocytosis of eHAV, leading to its transport to the lysosome where lysosomal acid
lipase (LAL) and Niemann-Pick disease C1 protein (NPC1) degrade the quasi-envelope
(10–12). This results in the capsid becoming accessible to endosomal gangliosides, such
as GD1a, that bind the capsid and are required for cytoplasmic delivery of the genomes
of both naked and quasi-enveloped viruses (13). Virus strains that are highly adapted to
growth in cell culture may induce apoptosis and are cytopathic (14), whereas wild-type
virus is noncytopathic, and liver injury results entirely from innate and adaptive immune
responses (8, 15, 16).

The assembly and release of quasi-enveloped eHAV are only partly understood.
These virions are released from infected cells via a mechanism dependent upon the
cellular endosomal sorting system required for transport (ESCRT) (1). ALG-2-interacting
protein X (ALIX, otherwise known as PDCD6-interacting protein), an ESCRT-associated
protein that functions in the release of conventional enveloped viruses, is required for
efficient eHAV release (1, 5). Several lines of evidence suggest eHAV forms by outward
budding of preassembled capsids on the cytosolic surface of multivesicular endosomes
(MVEs), leading to their enclosure within intralumenal vesicles that are released to the
extracellular environment following fusion of the limiting membrane of the MVE with
the plasma membrane of the cell. Multiple host proteins associated with the eHAV enve-
lope have a lysosomal or endosomal origin, and His domain-containing protein tyrosine
phosphatase (HD-PTP, otherwise known as tyrosine-protein phosphatase nonreceptor
type 23), an ALIX paralog that functions in a specialized endosome-specific ESCRT path-
way, is required for eHAV release (5, 17, 18). Other ESCRT-associated proteins identified
within extracellular eHAV vesicles include the ESCRT-III components, charged multivesic-
ular body protein 4A (CHMP4A), CHMP1A, CHMP1B, and Ist1 homolog 1 (Ist1) (5).

Recent studies provide insight into how ALIX and HD-PTP are recruited to the HAV
capsid to mediate the association with ESCRT required for eHAV release. The capsid
protein VP2 contains tandem YPX3L “late domains,” similar to peptide motifs in struc-
tural proteins of enveloped viruses, that bind ALIX and recruit ESCRT (19, 20). Mutant
viruses in which these VP2 YPX3L motifs were ablated failed to be released from cells
(20). However, the residues forming this motif are minimally accessible on the exterior
surface of the fully formed, extracellular naked virus capsid (21), rendering these results
difficult to interpret. More recent studies show that an unusual 8-kDa C-terminal exten-
sion of the VP1 capsid protein known as “pX” (Fig. 1A) also interacts with ALIX and that
this interaction is crucial for eHAV release (17, 22). The pX sequence plays a crucial role
in polyprotein processing and HAV capsid assembly (23). Capsids present within quasi-
enveloped virions contain an unprocessed 38.5-kDa VP1pX protein, but pX is rapidly
cleaved from the capsid upon disruption of the quasi-envelope, and it is not present in
extracellular naked particles (1).

We carried out a label-free quantitative proteomics analysis of host cell proteins
associated with the C terminus of the pX sequence that identified ALIX, HD-PTP, and
IST1 (17). Each of these ESCRT-associated proteins is required for efficient eHAV release
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(1, 5, 17). We also found the E3 ubiquitin-protein ligase Itchy homolog (ITCH) in the pX-
protein complex (Fig. 1B) (17). ITCH is a member of the NEDD4 HECT domain E3 ubiqui-
tin ligase family that has been shown to regulate ESCRT recruitment during budding of
multiple enveloped viruses (24, 25). Here, we confirm the direct interaction of ITCH
with pX protein and show that ITCH plays an important role in ESCRT-dependent
release of quasi-enveloped hepatovirus.

RESULTS

The ubiquitin ligase ITCH associates with the C terminus of pX. In previous studies
assessing the role of pX in eHAV release (17), we fused the pX sequence to the C terminus
of a 231-amino-acid engineered protein nanocage (EPN) protein that self-assembles into a
60-copy, 25-nm wire cage dodecahedron (Fig. 1B) (26). The pX fusion did not interfere
with assembly of the nanocage. Fully assembled EPN-pX nanocages were released from
transfected cells in small EVs by an ESCRT-dependent process (17). These results mirrored
earlier studies demonstrating ESCRT-dependent release of EPN fused at its C terminus to
the p6Gag protein of human immunodeficiency virus type 1 (HIV-1), which contains a YPX3L
late domain interacting with ALIX, as well as a PTAP late domain interacting with TSG101
(ESCRT-0) (27). HAV replication is slow and inefficient, and nanocage display of pX proved
to be a useful strategy for characterizing the interaction of pX with ESCRT (17). The EPN-pX
construct contains a Myc tag (Fig. 1B), allowing us to carry out a label-free quantitative
(LFQ) proteomics study comparing proteins present in anti-Myc precipitates of 293T cells

FIG 1 The C terminus of the hepatovirus pX polypeptide forms a complex with the HECT domain E3 ubiquitin ligase ITCH. (A) HAV genome organization
showing the location of pX at the C terminus of VP1; at the bottom is the amino acid sequence of pX (residues numbered according to position in the
polyprotein), with the pentamer assembly domain (PAD) (23), Bro1 protein (ALIX and HD-PTP) interaction domain (17), and Pro-Arg motifs highlighted. (B)
Volcano plot showing the previously reported results of a label-free quantitative proteomics comparison of cellular proteins associating with nanocage
assemblies displaying full-length pX (EPN-pX) versus nanocages displaying only the pentamer association domain (EPN-PAD) of pX (17). Domain structure
of the EPN-pX and EPN-PAD nanocage proteins is shown at the top. fdr, false-discovery rate. pX peptides derived from the C-terminal pX sequence (“C-
term,” highly enriched) and peptides derived from the PAD domain (no enrichment) are highlighted. (C) Anti-Myc coimmunoprecipitation of HA-ITCH with
Myc-tagged EPN-pX, EPN-PAD, and other EPN-pX deletion mutants coexpressed in 293T cells. IB, immunoblot; IP, immunoprecipitation.
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expressing either EPN-pX or EPN-pentamer assembly domain (PAD), which contains the N-
terminal pX sequence required for capsid pentamer assembly but lacks the C-terminal 44-
amino-acid sequence of pX (Fig. 1B) and does not mediate ESCRT-dependent release of
EPN (17). As we reported previously, EPN-pX precipitates were enriched in ALIX, HD-PTP,
and other ESCRT-associated proteins (IST1 and VTA). Also present in the complex was the
HECT domain E3 ligase, ITCH (Fig. 1B). To confirm that pX associates with ITCH, as sug-
gested by this proteomics study, we coexpressed hemagglutinin (HA)-tagged ITCH and
EPN-pX (or EPN-PAD) in 293T cells. ITCH was efficiently coimmunoprecipitated with EPN-pX
using an anti-Myc antibody, but not with EPN-PAD (Fig. 1C). Surprisingly, ITCH continued to
coimmunoprecipitate with each of a series of deletion mutants that span the C-terminal pX
sequence. Moreover, coimmunoprecipitation was reproducibly increased by a deletion (D2
mutant) spanning residues 808 to 821 (HAV polyprotein numbering) (Fig. 1C), which
includes part of the pX-Bro1 protein interaction domain mapped in our prior studies (17).
These results confirm that ITCH associates with C terminal pX sequence downstream of the
PAD domain, but they indicate that the association is complex and likely involves more than
one segment of the pX sequence.

Multiple hepatovirus species have been recovered in recent years from a wide variety
of mammalian host species (28, 29). Although phylogenetically distinct, these viruses appear
to be hepatotropic and share numerous features in common with human HAV, including
the tandem ALIX-interacting YPX3L late domains in VP2 mentioned above. The pX polypep-
tide of M32 virus, which was recovered from the African fruit bat, Eidolon helvum (28), binds
ALIX and drives extracellular nanocage release when fused to the C terminus of EPN (EPN-
M32pX) (17), despite having only 39% amino acid identity with the pX of human virus
(Fig. 2A). To determine whether it also interacts with ITCH, we coexpressed HA-tagged ITCH
and EPN-M32pX in 293T cells. Similar to EPN-pX, ITCH was efficiently coimmunoprecipitated

FIG 2 ITCH forms a complex with bat hepatovirus pX. (A) Global Needleman-Wunch amino acid sequence alignment of pX from human hepatovirus A
virus (HAV; HM175 virus; GenBank accession no. NP_041007) and M32 virus, which was recovered from the African straw-colored fruit bat Eidolon helvum
(hepatovirus H; GenPept accession no. ALL35271). (B) Coimmunoprecipitation of EPN-M32pX, EPN-pX, and EPN-PAD from lysates of transfected 293T cells.
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with EPN-M32pX (Fig. 2B). This suggests that the recruitment of a protein complex contain-
ing ITCH is a conserved attribute of hepatovirus pX proteins.

Mutational analysis of the pX-ITCH interaction. ITCH contains four modular class
I WW domains that bind well-defined PPxY late domains in proteins targeted for ubiquityla-
tion (30). Importantly, neither the EPN-pX nor EPN-M32pX sequences that coimmunoprecipi-
tate with ITCH contain such a motif (Fig. 2A). A Pro-Arg motif (PPPR) like that bound by class
III WW domains (31) does exist near the C terminus of the primate hepatovirus pX sequen-
ces, but this is absent in M32pX. Moreover, deleting the Pro-Arg motif caused only a minor
reduction in EPN-pX coimmunoprecipitation with ITCH (Fig. 1C, D3 mutant). One possible
explanation for these results is that ITCH interacts with pX through a combination of direct
binding and an indirect association bridged by ALIX, which has a canonical PPxY motif
and has been shown previously to interact with ITCH (32). To assess this possibility, we
measured the coimmunoprecipitation of ITCH with a series of EPN-pX mutants in which
single amino acid substitutions were made at pX residues between Pro799 and Leu819
that are highly conserved among multiple hepatovirus species (Fig. 3A, see WebLogo) (17).
We compared these results with previous results from experiments assessing the impact
of these mutations on EPN-pX release and EPN-pX coimmunoprecipitation with the Bro1
proteins, ALIX and HD-PTP (Fig. 3B) (17). Although no single amino acid substitution com-
pletely ablated EPN-pX coimmunoprecipitation with ITCH, these experiments revealed cru-
cial roles for Pro799 and Tyr800, as well as residues between Ala815 and Leu819 (Fig. 3A
and B). Some of these residues, especially Tyr800, are also critical for pX binding to ALIX
and its paralog, HD-PTP (17). However, whereas Ala substitutions between Leu-803 and
Leu-805 had little impact on ITCH coimmunoprecipitation, they substantially reduced or
ablated ALIX and HD-PTP binding to pX (17) (Fig. 3B). On the other hand, Ala substitution
at E817 significantly reduced coimmunoprecipitation with ITCH but had no impact on
ALIX while substantially increasing HD-PTP coimmunoprecipitation with EPN-pX.

Taken collectively, these data provide strong evidence that ITCH interacts with pX
independently of ALIX or HD-PTP. This conclusion is supported also by experiments
demonstrating that HA-ITCH produced in a cell-free translation reaction coimmunoprecipitates
with purified recombinant, bacterially expressed pX protein (Fig. 3C, lane 4). Conversely,
recombinant pX protein was also present in anti-ITCH precipitates of the cell-free transla-
tion product (Fig. 3C, lane 2). These data argue strongly for a direct interaction of ITCH
with pX.

ITCH promotes ESCRT-dependent release of EPN-pX and eHAV. ITCH plays im-
portant regulatory roles in ESCRT-dependent budding of multiple canonical enveloped
viruses (24, 25, 33). However, it has not been suggested previously to contribute to the
nonlytic release of hepatoviruses or other naked viruses. We thus assessed its impor-
tance to the cellular release of EPN-pX from transfected Huh-7.5 cells in EVs. Since the
EPN protein contains a Myc tag, EVs containing the nanocage are readily detected by
immunoblotting following their centrifugation through a sucrose cushion. We used
CRISPR/Cas9 gene editing to knockout ITCH expression in Huh-7.5 cells (Fig. 4) and
demonstrated that this significantly reduced the release of EPN-pX (Fig. 4A and B). We
also assessed the impact of ITCH knockout on release of EPN-pX containing the E817A
mutation. We selected the E817A mutant for further analysis because of the opposing
effects it demonstrated on EPN-pX coimmunoprecipitation with ITCH (decreased by
;75%) versus coimmunoprecipitation with ALIX and HD-PTP (no effect or increased by
;50%) (Fig. 3B). The mutation had little effect by itself on EPN-pX release (Fig. 3B and
4A and B). Consistent with its decreased coimmunoprecipitation with ITCH, there was
no difference in the efficiency of EPN-E817A release from ITCH knockout versus control
cells transduced with a nontargeting single guide RNA (sgRNA) (Fig. 4A and B). Surprisingly,
however, the E817A mutation significantly increased EPN-pX release from ITCH knockout
cells. We speculate that this could be related to increased coimmunoprecipitation of EPN-
E817A with HD-PTP (Fig. 3B).

To assess the role of ITCH in a more physiological context, we similarly examined
the impact of ITCH knockout on release of the 18f-NLuc reporter virus from infected
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cells. 18f-NLuc release was reduced significantly by ITCH knockout, as was the ratio of
extracellular to intracellular viral RNA 24 h after infection (Fig. 4C). These results were
confirmed by isopycnic gradient analysis of extracellular fluids and lysates of 18f virus-
infected cell cultures, which revealed an ;6.5-fold reduction in extracellular eHAV
(banding at a density of ;1.09 gm/cm3) relative to intracellular viral RNA (banding at
the density of nHAV) in the knockout cells (Fig. 4D). Virus release was also impaired in
Huh-7.5 cells depleted of ITCH by prior transfection of siRNA (Fig. 4E). Importantly, the
defect in eHAV release in RNA interference (RNAi)-treated cells was partially corrected

FIG 3 EPN-pX binds ITCH in an ALIX-independent manner. (A) Immunoblot of HA-tagged ITCH coimmunoprecipitating (co-IP) with Myc-tagged EPN-pX,
EPN-PAD (Fig. 1C), and scanning Ala or Arg substitution EPN-pX mutants from lysates of cotransfected 293T cells. At the top is a WebLogo showing
conserved pX residues in the export domain that previous studies show interacts directly with the Bro1 proteins ALIX and HD-PTP (17). (B) Relative impact
of the mutations shown in panel A on HA-ITCH co-IP with EPN-pX (Myc), quantified from two independent experiments. Shown for comparison are EPN pX
release and HA-ALIX and HA-HD-PTP co-IP with EPN-pX reported previously (17). YKEL/A mutant was a negative control for Bro1 protein co-IP and contains
Ala substitutions at each of the residues between Tyr800 and Leu803. P values for HA-ITCH versus HA-ALIX co-IP are shown in the graph. Asterisks
preceding mutant name indicate significance for EPN-pX release as follows: ****, P , 0.0001; ***, P = 0.0004; and **, P = 0.0050. Significance was
determined by two-way ANOVA with Sidak’s multiple-comparison test. (C) Co-IP of ITCH, expressed by in vitro translation of synthetic RNA, and
recombinant pX protein expressed in E. coli. Immunoprecipitation (IP) was done with rabbit anti-ITCH and mouse monoclonal anti-pX antibodies with
species-specific isotype controls as shown. IB, immunoblot.
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by reconstituting expression of wild-type ITCH, but not by expressing a catalytically
inactive mutant (C830G) (Fig. 4E). Collectively, these data show that ITCH is required
for optimal ESCRT-dependent release of both the EPN-pX nanocage and quasi-envel-
oped eHAV, mirroring the role that ITCH and other NEDD4 family E3 ligases play in
budding of canonical enveloped viruses.

eHAV replication and release are blocked by small-molecule NEDD4 inhibitors.
Several small-molecule inhibitors of NEDD4 E3 ligases have been designed to disrupt the
PPxY-NEDD4 WW domain interface (30, 34) (Fig. 5A). One such compound (compound 5)
ablated EPN-pX coimmunoprecipitation with ITCH when added to cell lysates (Fig. 5B,
left). This effect was specific, as the compound did not inhibit coimmunoprecipitation of
EPN-pX with ALIX (Fig. 5B, right). Compound 5 also substantially reduced EPN-pX release
from transfected cells (Fig. 5C). When administered 2 h after infection of cells with the

FIG 4 ITCH depletion impairs the release of EPN-pX and quasi-enveloped eHAV. (A) EPN-pX release from ITCH-KO and sgCtrl cells transfected with EPN-pX.
(A, Top) Myc immunoblot of released extracellular EPN-pX protein recovered following centrifugation through a 20% sucrose cushion. (A, Bottom)
Immunoblots of soluble intracellular ITCH and soluble and insoluble intracellular EPN-pX. Actin is included in blots as a loading control. (B) Quantitation of
EPN-pX and EPN-E817A (Fig. 3) release from ITCH-KO cells relative to release from sgCtrl cells in 3 independent experiments. Percent release was
normalized to EPN expression based on the quantitation of soluble intracellular Myc. (C) Intracellular and extracellular HAV RNA abundance in ITCH-KO and
sgCtrl cells 24 h postinfection with 18f virus, determined by RT-PCR. Data shown are means 6 SD from a representative experiment. The relative
abundance of RNA in extracellular fluids (genome equivalents [GE] per mL) versus intracellular viral RNA (GE/mg total RNA) is shown on the right. (D) HAV
RNA in fractions of isopycnic iodixanol minigradients loaded with supernatant fluids or lysates of sgCtrl and ITCH-KO cells 5 days postinfection with 18f
virus. (E) eHAV release from infected cells depleted of ITCH by transfection of ITCH-specific siRNA and transfected with vectors expressing either wild-type
(WT) or catalytically inactive (C830G) ITCH. Also shown are immunoblots of ITCH and actin (loading control). EV, empty vector. Data shown are from 3
technical replicates in a representative experiment. Statistical comparisons were done by two-way ANOVA.
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18f-NLuc reporter virus under single-cycle conditions (35), compound 5 inhibited both
replication (NLuc expression), as well as the release of infectious virus, which was quanti-
fied by NLuc expression in cells infected with supernatant fluids in the absence of com-
pound (Fig. 5D, left). Although both measures were inhibited with similar concentration
achieving 50% maximal inhibition values (IC50, 207 to 295 nM) (Table 1), virus release
was inhibited to a greater extent than replication (82% versus 58%, P , 0.001 by the
extra sum-of-squares F test) (Fig. 5D, left). Over multiple rounds of replication (com-
pound 5 present from 24 to 96 h postinfection), both replication and release were simi-
larly inhibited (Fig. 5D, right). The IC50 for reporter virus replication was 30- to 40-fold
less than that causing cytotoxicity (Fig. 5D; Table 1) and substantially lower than that
required to inhibit arenavirus or filovirus budding (24, 34). A related small molecule,

FIG 5 HAV replication and eHAV release are inhibited by small molecules designed to disrupt the PPxY-NEDD4 WW domain interface. (A) Chemical structures
of compound 5 and compound 4 from Han et al. (34). (B) Compound 5 (Cmpd 5) disrupts EPN-pX coimmunoprecipitation with HA-ITCH (left) but not HA-ALIX
(right) when added to lysates of cotransfected 293T cells. 0 mM, DMSO vehicle only. (C) Compound 5 inhibits release of EPN-pX from transfected 293T cells.
The compound was added 2 h after transfection; release was assessed at 24 h. See legend to Fig. 3B for details. (D) Compound 5 inhibition of 18f-NLuc
reporter virus replication (1° infection) and release. Compound 5 was added to media from 2 to 24 h postinfection (single-cycle replication) (left) or 24 to 96 h
postinfection (multiple replication cycles) (right), with cell lysate harvested at the end of treatment for the NLuc assay. Virus present in supernatant fluids was
quantified by measuring NLuc expressed by it in naive cells in the absence of compound, as described in the Materials and Methods. Data were fit to a
4-parameter, variable-slope regression model. (E) Similar treatment of 18f-NLuc-infected cells with compound 4 from 24 to 96 h postinfection. See Table 1 for
estimated IC50 and 50% cytotoxic concentration (CC50) values.
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compound 4 (30, 34), demonstrated similar but less potent inhibition of HAV infection
(Fig. 5E). These data are consistent with NEDD4 family ligases like ITCH playing a role in
virus release, but also suggest a previously unrecognized role for WW domain protein-
protein interactions in HAV replication (30). We also tested TAK-243 (MLN7843) (36), a
small-molecule inhibitor of UAE, the E1 ubiquitin-activating enzyme, but found it too cy-
totoxic to draw any conclusions (Table 1).

Protein ubiquitylation and eHAV release. Although ITCH is recruited to pX and
facilitates the release of quasi-enveloped virus and EPN-pX nanocages, we found no
evidence that ITCH ubiquitylates pX. The pX sequence is rich in lysines, with lysines
representing 6 or 7 of the 71 residues in pX in human viruses (Fig. 6A). With the excep-
tion of Lys788, which is within the pentamer association domain and is variably Lys or
Arg among hepatovirus A viruses, these Lys residues, including 3 within the Bro1 inter-
action domain, are highly conserved. To assess their functional importance, we gener-
ated a mutant from HM175/p16 virus in which all 7 Lys residues in pX were substituted
with Arg (p16-K7R). This mutant replicated well, and although there was a clear trend
toward less efficient release than the parental p16 virus, the difference did not achieve
statistical significance (Fig. 6B). Extracellular p16-K3R virus particles, like the p16 virus
itself, banded uniformly in iodixanol gradients at the density of quasi-enveloped viri-
ons (Fig. 6C). These data suggest ubiquitylation of pX lysine residues is unlikely to be
required for efficient release of virus.

To gain further insight into whether ITCH might ubiquitylate EPN-pX, we cotrans-
fected Huh-7.5 cells with EPN-pX and vectors expressing HA-tagged ubiquitin (HA-Ubi)
or a ubiquitin mutant containing no lysines (HA-Ubi-K0) (Fig. 6D). An ;48-kDa protein
reacting with anti-Myc and consistent with ubiquitylated EPN-pX was immunoprecipi-
tated by anti-HA from lysates of cells expressing either HA-Ubi or HA-Ubi-K0 (Fig. 6E).
This 48-kDa protein was increased in abundance in similarly transfected ITCH-KO cells,
indicating that ITCH does not mediate this apparent ubiquitylation of EPN-pX. To
determine which residues in EPN-pX might be ubiquitylated, we searched our previ-
ously reported proteomics data (ProteomeXchange identifier PXD022107) (17) for Gly-
Gly ubiquitin remnants present among tryptic peptides recovered from EPN-pX and
EPN-PAD precipitates. This revealed sites of lysine ubiquitylation at Lys99, Lys127, and
Lys181 of the nanocage protein (Fig. 6F). These ubiquitin remnants were more com-
mon among peptides derived from EPN-PAD, which does not bind ITCH (Fig. 1C), than
EPN-pX. No Gly-Gly remnants were detected among pX peptides.

DISCUSSION

The hepatovirus C-terminal VP1 pX extension is unique among picornaviruses, and
its function beyond directing the assembly of 14S capsid pentamer intermediates has
been enigmatic (23, 37, 38). Recent studies by us and others have revealed that pX
contains crucial determinants of quasi-envelopment, acting as an adaptor that recruits
ESCRT to the viral capsid by binding two distinct Bro1-domain proteins, ALIX and HD-
PTP, thereby forming a complex containing multiple ESCRT-related proteins (17, 22).
This adaptor function is central to the biology of the virus and conserved among pX
sequences of hepatoviruses infecting mammalian species separated by tens of millions
of years of evolution (17). Here, we show that pX also binds the E3 ubiquitin ligase

TABLE 1 Suppression of HAV replication and virus release by ubiquitylation inhibitors

HAV
type Compound

Exposure
(hpi)a

Replication IC50

(95% CI [nM])
Virus release
(95% CI [nM])

CC50 (95% CI
[mM])

18f-NLuc Cmpd 5 2–24 207 (177–255) 295 (261–337) .2.5
Cmpd 5 24–96 245 (197–305) 298 (261–340) 8.7 (5.6–13.7)
Cmpd 4 24–96 765 (680–860) 690 (589–808) 2.7 (2.5–2.9)
TAK-243 24–96 20.9 (19.2–22.9) 25.9 (23.4–28.6) 39.3 (37.9–40.8)

ahpi, hours postinfection.
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ITCH and that this interaction is important for the quasi-envelopment and release of
eHAV from infected cells.

pX is cleaved from VP1 and rapidly lost from the capsid following dissolution of the
quasi-envelope (1). The importance of this cleavage event in the viral life cycle is uncertain,
but both trypsin and cathepsin L have been suggested to contribute to it (39, 40). Although
our data show that ITCH is recruited to the C-terminal half of pX (Fig. 1C), exactly how it

FIG 6 Protein ubiquitylation and eHAV release. (A) pX sequence in p16 and mutant p16-K7R virus with Arg substitutions of all 7 pX Lys residues. (B) Extracellular
release of p16-K7R virus relative to the parent p16 virus, calculated from the ratio of HAV RNA in extracellular fluids versus cell lysate generated by each viral
RNA at 4 and 6 days posttransfection. P values were calculated by two-way ANOVA with Sidak’s multiple-comparison test. (C) Percentage of extracellular HAV
RNA banding in fractions of isopycnic minigradients loaded with supernatant fluids from cells transfected 5 days previously with p16 or p16-K7R genomic RNA.
Extracellular p16-K7R virus bands at the same density as eHAV. (D) Immunoblot showing global protein ubiquitylation in ITCH-KO and control (sgCtrl) cells
transfected with EPN-pX and vectors expressing either HA-tagged ubiquitin (HA-Ubi) or an HA-ubiquitin mutant lacking Lys residues (HA-Ubi-K0). Cells were
treated with MG132 for 2 h prior to harvest. (E) EPN-pX ubiquitylation in cells transfected with HA-Ubi, HA-Ubi-KO, or empty vector (EV). Immunoblots show EPN-
pX (Myc, ;33 kDa) and ITCH in cell lysates (left) and EPN-pX in anti-HA precipitates (right). (F, Top) Normalized intensities of nanocage protein peptides with Gly-
Gly ubiquitin remnants identified in the EPN-pX and EPN-PAD proteomics samples. (F, Bottom) Normalized LFQ intensities of all peptides from selected proteins
present in EPN-pX and EPN-PAD samples. C-term pX, C-terminal sequence unique to EPN-pX and not present in EPN-PAD.
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interacts with pX remains uncertain. Deletions in the C-terminal pX sequence (Fig. 1, D3 and
DC) and some single amino acid substitutions (Fig. 3A) reduced coimmunoprecipitation
with ITCH, but no single mutation other than removal of the sequence C ternminal to the
pentamer association domain eliminated coimmunoprecipitation. Reproducible increases in
coimmunoprecipitation were observed with a pX mutant deficient in ALIX and HD-PTP pro-
tein binding (EPN-D2 mutant) (Fig. 1C). This suggests the possibility that the ITCH interface
may partially overlap and potentially compete with ALIX and HD-PTP for binding.
Unfortunately, nothing is known about the structure of pX and the conformation it adopts
within the quasi-enveloped virion. It is possible that it is presented differently on the viral
capsid during quasi-envelopment and on the EPN-pX particles we studied here. The pX
polypeptide is not present in the crystallographic model of the naked HAV capsid (21),
and cryo-electron microscopy of purified EPN-pX nanocages revealed no clearly discernible
density for pX (17). Nonetheless, in both contexts, pX is critical for optimal ESCRT-dependent
release.

Fusing pX to the C terminus of the nanocage protein has proven to be a useful
approach to studying its role in the release of quasi-enveloped virus (17). With respect
to the involvement of ITCH, it allowed us to demonstrate the impact of compound 5
on ESCRT-dependent release (Fig. 5C) in the absence of the confounding inhibitory
effect it has on intracellular virus replication (Fig. 5D). There is no membrane interac-
tion domain within pX. Our previous results show that the ESCRT-dependent release of
EPN-pX from transfected cells requires the inclusion of a specific membrane interaction
signal upstream of the cage sequence (17). This was shown also for the release of the
nanocage protein when fused to the p6Gag sequence of the human immunodeficiency
virus (HIV), which contains ESCRT-interacting late domains (27). In the case of EPN-pX,
this membrane interaction signal can be provided by either an exogenous myristoyl-
ation signal or the N-terminal 9 residues of the HAV VP4 polypeptide (17). VP4 has
been suggested to integrate into membranes and form pores (41), but what drives the
membrane association of assembled capsids during the process of quasi-envelopment
remains to be determined.

NEDD4 family E3 ubiquitin ligases, including ITCH, are known to promote the bud-
ding of a wide range of conventional enveloped viruses (34). How they do this is not
well understood. NEDD4L overexpression is capable of driving the budding and release
of an HIV-1 mutant lacking both the TSG101- and ALIX-interacting late domains of p6Gag

(33), showing that these ligases can act independently of viral late domains in mediating
release. Arenavirus and filovirus budding is partially dependent upon ITCH (24, 25, 42). In
both cases, the ligase associates with viral structural proteins, and the catalytic activity of
ITCH is important for budding. We found efficient quasi-envelopment and release of
hepatoviruses similarly require the catalytic activity of ITCH (Fig. 4C to E). The complex
pX forms with ITCH can be disrupted by inhibitors targeting the WW domains of ITCH
(30), and these compounds have substantial antiviral activity against HAV (Fig. 5B and E).
Taken collectively, these results suggest that the ligase plays an important role in the
hepatovirus life cycle and represents an aspect of eHAV release shared with several con-
ventional enveloped viruses.

Similar to the situation with NEDD4 ligases and budding of arenaviruses, filoviruses,
and lentiviruses (24, 25, 33), the substrate upon which ITCH acts to promote eHAV
release remains to be identified. The recruitment of ITCH to the carboxy-terminal half of
pX would position the ligase for possible ubiquitylation of the hepatovirus capsid. This
could potentially provide a signal for the recruitment of ESCRT-related proteins, which
contain multiple ubiquitin-binding domains (43). Such a signal could enhance the likeli-
hood that a capsid is recruited to ESCRT and bud into the MVE and thus possibly also
influence the number of capsids enclosed within each newly formed intralumenal vesi-
cle. Our results do not suggest that ITCH ubiquitylates pX or that ubiquitylation of pX
itself is required for eHAV release, as virus lacking any Lys residue in pX continues to be
efficiently released as quasi-enveloped virions (Fig. 6B). However, it is difficult to exclude
a requirement for ubiquitylation elsewhere on the surface of the assembled capsid or
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the possibility of noncanonical ubiquitylation of pX residues other than lysine (44).
Alternatively, it is possible that one or more ESCRT components may be activated by
ubiquitylation, as suggested previously in the budding of lentiviruses and arenaviruses
(24, 33).

MATERIALS ANDMETHODS
Cells and virus. H1 HeLa and human hepatocyte-derived Huh-7.5 cells were cultured as described

previously (45). HEK293FT (293T) cells were procured from the ATCC (CRL-3216). All cells were myco-
plasma free. Viruses were derived from modified infectious molecular clones of low (HM175/p16)- or
high (HM175/18f)-passage cell culture-adapted HAV pT7-p16.2 (GenBank accession no. KP879217) and
pT7-18f.2 (KP879216) (14, 46). The 18f-NLuc reporter virus expressing nanoluciferase has been described
previously (47).

Plasmids and oligonucleotides. Plasmids encoding the EPN protein nanocage with an N-terminal
HIV-1 myristoylation signal (26, 27) and fused at the C terminus to wild-type or mutated pX sequences of
human or bat HAV (17) have been described previously and have the expression vectors for ALIX (48) and
wild-type and mutant ITCH (49). pRK5-HA-ubiquitin-WT (catalog no. 17608) and pRK5-HA-ubiquitin-K0 (cat-
alog no. 17603) were from Addgene. SMARTPool ON-TARGETplus and nontargeting control 2 siRNAs were
purchased from Dharmacon.

Antibodies. Murine monoclonal antibody to pX (clone 59.7.1) was produced against bacterially
expressed 6 � His-tagged pX protein as described (17) (RRID AB_2868525). Other antibodies used in this
study include mouse anti-Myc, clone 4A6 (EMD Millipore; catalog no. 05-724; RRID AB_568800); rabbit
anti-HA tag, clone C29F4 (Cell Signaling; catalog no. 3724; RRID AB_1549585); rat anti-HA, clone 3F10
(Roche; catalog no. 11867423001; RRID AB_390918); RRID AB_673819; rabbit anti-ALIX, clone E6P9B (Cell
Signaling; catalog no. 92880; RRID AB_2800192); rabbit anti-ITCH, clone D8Q6D (Cell Signaling; catalog
no. 12117; RRID AB_2797822); rabbit anti-actin (Sigma-Aldrich; catalog no. A2066; RRID AB_476693); and
mouse anti-actin, clone C-2 (Santa Cruz; catalog no. sc-843; RRID AB_626630).

Proteomics analysis of the carboxy-terminal pX interactome. Label-free quantitative proteomics
methods and results are described in detail elsewhere (17). In brief, lysates were prepared from cultures
of 293T cells transfected with pEPN-pX or pEPN-PAD, immunoprecipitated with anti-Myc antibody, and
subjected to SDS-PAGE. Proteins were extracted from segments cut from the gel, subjected to tryptic
digestion, and analyzed by liquid chromatography-mass spectrometry (LC/MS). A total of 2,192 cellular
proteins were identified in the two sample sets, with 87 proteins enriched more than 4-fold in samples
from pEPN-pX- than pEPN-PAD-transfected cells (17). Mass spectrometry data are available from the
ProteomeXchange Consortium with the data set identifier PXD022107.

Chemical reagents. Compound 4 (Amb123203) and compound 5 (Amb21795397) were gifts from
Christopher Ziegler of the University of Vermont and purchased from Ambinter (Orléans, France). TAK-
243 (MLN7243) was purchased from MedChemExpress (catalog no. HY-100487). Iodixanol (Opti-Prep
density gradient medium) was from MilliporeSigma (catalog no. D1556).

siRNA protein depletion. RNAi depletion of cellular proteins was carried out as described previously
(47). In brief, cells were transfected with 50 nM ON-TARGETplus siRNA (set of 4) or ON-TARGETplus non-
targeting control siRNA (control 2; “siCtrl”) (Dharmacon), using the Lipofectamine RNAiMAX transfection
reagent (Thermo Fisher Scientific) according to the manufacturer’s protocol. Four different siRNA
sequences were used, and the siRNA providing the most efficient knockdown was selected for use in
subsequent experiments.

CRISPR/Cas9 gene editing. CRISPR/Cas9 genetic knockouts were generated as previously described
(47) using precloned lentivirus vectors purchased from Applied Biological Materials (Richmond, Canada).
Dual sgRNA/CRISPR/Cas9-expressing lentivirus was produced by cotransfection of specific and nontar-
geting sgRNA-expressing vectors (Applied Biological Materials) and 3rd-generation packaging system
mix (Applied Biological Materials) into 293T cells using the Fugene HD transfection reagent (Promega).
Supernatant fluids were harvested at 72 h, passed through a 0.22-mm syringe filter, and used subse-
quently to transduce 293T cells. Puromycin (5 mg/mL) was added to the medium 72 h following trans-
fection for antibiotic selection.

DNA transfection. DNA transfections were carried out with Fugene HD according to the manufac-
turer’s recommended protocol. Briefly, 293T cells (5 � 105 per well in 6-well plates) were transfected
with 500 ng of EPN vectors. For coimmunoprecipitation experiments, 2.5 � 106 293T cells, seeded previ-
ously in 10-cm dishes, were cotransfected with 500 ng EPN vector and 5 mg empty or HA-tagged ALIX,
ITCH, Ubi, or Ubi-K0 expression vectors. The Lipofectamine RNAiMAX transfection reagent (Thermo
Fisher Scientific) was used for transfection of 50 nM SMARTPool ON-TARGETplus or control 2 siRNAs
(Dharmacon) according to the manufacturer’s recommended procedure.

Isopycnic gradient centrifugation of virus and measurement of viral RNA. The buoyant densities
of extracellular and intracellular virus particles were determined by centrifugation in isopycnic iodixanol
step gradients as previously described (1, 20). Fractions were collected manually from the top of the gra-
dient. RNA was extracted from fractions using the RNeasy kit (Qiagen), followed by two-step reverse
transcriptase quantitative PCR (RT-qPCR) quantitation of HAV RNA.

Chemical inhibition of viral release. Stock solutions of compound 4 and compound 5 (34) were
prepared in dimethyl sulfoxide (DMSO) at 10 mM. 18f-NLuc nHAV (;1,000 genome equivalents [GE] per
cell) was allowed to adsorb to Huh-7.5 cells for 2 h at 37°C, after which cells were refed with mainte-
nance medium. Compound 5 was added to the medium at concentrations ranging from 0.3125 to
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2.5 mM immediately after virus inoculation, and cells and supernatant fluids were harvested 22 h later.
Alternatively, compounds (0.3125 to 5 mM) were added 24 h after infection, and cells were incubated for
an additional 72 h. At harvest, cell pellets were lysed to measure NLuc activity (1° infection). Supernatant
fluids were inoculated onto naive cells in the absence of compound to assess the amount of released vi-
rus. The supernatant inoculum was removed from these cells after 2 h adsorption, and the cells were
washed with fresh media and then cultured for an additional 22 h until they were lysed for NLuc assay
(released virus). The cellular toxicity of the compounds was assessed by ATP assay (CellTiter Glo;
Promega).

Nanocage release assays. The release of EPN-pX from transfected 293T cells was assayed as previ-
ously described (17). Supernatant fluids were collected 24 h after transfection with nanocage vectors,
clarified by centrifugation at 8,000 rpm for 10 min, and then centrifuged through a 200-mL 20% sucrose
cushion in an Eppendorf 5424R centrifuge at full speed for 90 min. Samples removed from the bottom
of the cushion were resuspended in 50 mL Laemmli sample buffer and subjected to SDS-PAGE followed
by immunoblotting with anti-Myc antibody and visualization with an Odyssey infrared fluorescence
scanner (LI-COR Biosciences). To assess the nonreleased EPN-pX fraction, cells were lysed in 200 mL lysis
buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1% Triton X-100, and 1� complete protease inhibitor cocktail
[MilliporeSigma]) on ice for 5 min. Soluble and insoluble proteins were separated by centrifugation at
12,000 rpm for 5 min in an Eppendorf 5424R centrifuge and subjected to immunoblotting for Myc as
described above. The efficiency of release was calculated as the percentage of EPN protein pelleted
from culture supernatant against total EPN protein expressed (normalized intracellular EPN protein plus
supernatant fluid EPN protein) based on quantitation of immunoblots, using the Odyssey imaging
system.

Protein coimmunoprecipitation. Cell lysates were prepared from 10-cm cell culture dishes with
lysis buffer (20 mM Tris-HCl, pH 7.5, 50 mM KCl, 250 mM NaCl, 10% glycerol, 5 mM EDTA, 1� complete
protease inhibitor, 1� PhoStop, and 0.5% NP-40) and clarified by low-speed centrifugation prior to
immunoprecipitation using Pierce protein A/G agarose beads (Thermo Scientific).

In vitro translation of ITCH. ITCH protein was synthesized using the TNT quick coupled transcrip-
tion/translation system (Promega). Briefly, 1 mg of circular plasmid DNA was combined with TNT reaction
buffer and amino acid mixture to a total volume of 50 mL and incubated for 1 h at 30°C. pX protein was
added, and the mixture was placed at room temperature for 30 min, followed by addition of antibody
and immunoprecipitation.

Statistical analysis. Unless indicated otherwise, significance was assessed by unpaired t test or anal-
ysis of variance (ANOVA). Calculations were carried out with GraphPad Prism 9.4.0 software.

Data availability. Mass spectrometry data have been deposited with the ProteomeXchange
Consortium and are available with the data set identifier PXD022107.
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