PNAS MICROBIOLOGY

The prion-like characteristic of ORF3 contributes to virion release
and pathogenesis of hepatitis E virus

Yajing Wang®*, Houlu Tian®"*

Significance

Prions and prion-like proteins
can form self-propagating
protein aggregates which has
been identified in animals, plants,
and diverse microorganisms.
Here, we demonstrate HEV-ORF3
forms self-propagating
aggregates similar to prions,
which is the first prion-like
protein to be experimentally
defined from mammalian RNA
virus. Importantly, the prion-
forming propensity of HEV-ORF3
is involved in the stabilization

of cytoskeleton, promoting
translocation of viral capsid to
microtubules thus facilitating the
release of virus particles, and
therefore also contributes to the
pathogenesis of HEV in vivo.
HEV-ORF3 is an example of
functional prion-like protein
which employs the self-sustaining
conformational state in its
normal physiological function.
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in mammals. In recent years, emerging discoveries of prion-like
proteins in plants, cellular microbes, and acellular microorganisms
indicate that proteins bearing prion-like behavior are neither
exclusive to mammalian host nor necessarily pathogenic. These
prion-like proteins are structurally and functionally diverse, which
act as epigenetic information carriers and have important regula-
tory functions (16, 17).

In this study, by employing cell-free in vitro assay and well-
characterized yeast reporter system, we demonstrate that HEV-
OREF3 behaves like prion and bears a prion domain (PrD) which
can functionally replace the PrD of Sup35, a well-characterized yeast
prion. Furthermore, by generating ORF3 mutant with reduced
aggregation property, the role of the prion-like property of ORF3
in HEV infection was investigated both in vitro and in vivo.

Results

The HEV-ORF3 Protein Behaves Like a Prion. In our previous
studies, we observed that ORF3 formed SDS-resistant, high-
molecular-weight aggregates when transiently overexpressed in
different cell lines (HEK-293T, S10-3) (S Appendix, Fig. S1A). Since
a recent report indicated that ORF3 could be secreted from cells
(18), the secreted ORF3 (sORF3) was enriched and compared with
intracellular ORF3 from overexpressed HEK-293T cells. The data
showed that sSORF3 did not form aggregates as intracellular ORF3,
suggesting that the overexpressed HEV-ORF3 existed as two forms:
monomer and SDS-resistant aggregates (S/ Appendix, Fig. S1B).

To investigate whether the SDS-resistant ORF3 aggregates existed
in HEV-infected cells. a cell-adapted HEV-3 KernowC1-p6 in vitro
culture system and an HEV-3 KernowC1-p6 ORF3 specific Mab
were employed to examine ORF3 natively expressed in HEV-
replicating cells. As shown in Fig. 14, after transfection of S10-3
cells with in vitro transcribed HEV-RNAs of wild-type HEV(HEV-
WT) and ORF3 deletion mutant (HEVAORF3), SDS-resistant
aggregates of the ORF3 protein were only detected in HEV-WT
RNA transfected cells, but not in HEVAOREF3 RNA transfected
cells or enriched sORF3. Using semidenaturing detergent agarose
gel electrophoresis (SDD-AGE), a common assay for the detection
of amyloid-forming proteins (19), intracellular ORF3 was detected
as diffuse bands while only a low molecular weight band was
detected for sSORF3, further confirming the formation of aggregates
by intracellular ORF3. In HepG2/C3A cells stably infected with
HEV-WT, similar aggregates were detected (Fig. 1B).

To confirm ORF3’s aggregation was a consequence of self-assembly
rather than covalently attached to substrate like ubiquitin, a bimo-
lecular fluorescence complementation (BiFC) assay was conducted.
Strong fluorescence was observed only in cells expressing N-terminal
Venus fused ORF3 (VN173-ORF3) and C-terminal Venus fused
ORE3 (VC155-ORF3), confirming the self-aggregation of the ORF3
(81 Appendix, Fig. S1C). Consistent with the BiFC result, aggregates
of VN173-ORF3 were observed in SDS-PAGE and SDD-AGE by
multiple antibodies (S Appendix, Fig. S1D).

To further investigate the prion-like characteristics of
HEV-ORF3, negative-stained Transmission Electron Microscopy
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Fig. 1. HEV-ORF3 protein forms SDS-resistant high-molecular-weight aggregates in mammalian cells. (A) SDS-PAGE and SDD-AGE analyses of HEV-ORF3 in
$10-3 cells transfected with in vitro transcribed HEV-3 KernowC1-p6 or HEV-3 KernowC1-p6AORF3 RNA. The cells were harvested at 7 d posttransfection using
Laemmeli sample buffer for SDS-PAGE or the lysis buffer for SDD-AGE. After the separated proteins were transferred to PVDF membrane, ORF3 was detected
with an HEV-3 ORF3 specific-monoclonal antibody (a-ORF3). The secreted ORF3 (Mono-ORF3) enriched from cell culture supernatant was included as ORF3
monomer control. HEV-ORF2 in the cell lysates was detected by rabbit anti-HEV-ORF2 polyclonal antibody («-ORF2) as an infection control, and tubulin was
probed as the protein loading control. (B) SDS-PAGE and SDD-AGE analyses of HEV-ORF3 in infected HepG2/C3A cells. (C) Observation of ORF3 fibril-like structure
by TEM (Left panel), and Congo Red Staining under a polarizing microscope (Right panel). The ORF3 proteins were enriched from HEV-infected HepG2/C3A cells
using the immunoprecipitation method. (D) Detection of the ORF3 fibril by TEM (Left panel) and CR Staining (Right panel). The ORF3 proteins were enriched from
HEK-293T cells transfected with the plasmid expressing HEV-ORF3. (£) HSP90 inhibitor suppressed ORF3 aggregates formation. HEK-293T cells were transfected
with ORF3-expression plasmid for 6 h, followed by treatment with 20 pM HSP90 inhibitor Geldanamycin (Geld). The inhibitor was replenished every 6 h until
24 h posttransfection. ORF3 was detected with an «-ORF3. (F) Conversion of ORF3 monomer into aggregates in vitro. MYC-tagged ORF3 monomers were enriched
from transfected HEK-293T cell culture supernatant, then incubated with the whole cell lysate (WCL) of HEK-293T cells expressing untagged ORF3 for 30 min or
60 min at 37 °C. The samples were subjected to SDS-PAGE and SDD-AGE analyses to examine the aggregation of MYC-tagged ORF3 monomer using monoclonal
antibody against the MYC-tag («-MYC).

https://doi.org/10.1073/pnas.2511801122 pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2511801122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2511801122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2511801122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2511801122#supplementary-materials

Downloaded from https://www.pnas.org by 223.160.172.132 on September 18, 2026 from |P address 223.160.172.132.

(TEM) and Congo Red (CR) Stain were used to observe ORF3
enriched from HEV-infected S10-3 cells by immune precipitation
(IP) using ORF3-specific Mab. The ORF3 protein enriched from
HEV-infected S10-3 cells formed fibril-like structure under TEM
and exhibited apple-green birefringence under polarized light after
CR stain (Fig. 1C), a dye for detecting amyloid’s fiber-like struc-
ture (20). The ORF3 protein enriched from ORF3-overexpressing
HEK-293T cells showed similar properties (Fig. 1D). Since
HEV-ORF3 is known to associate with microtubules (10, 12, 18),
we examined whether the enriched ORF3 was contaminated by
microtubule filaments. Consistent with a previous report (12),
microtubules were not coprecipitated with ORF3 by anti-ORF3
antibody in Co-IP assay (S Appendix, Fig. S2A), while association
between ORF3 and microtubule was observed by fluorescence
microscopy. Such discrepancy may be caused by technical limita-
tion of Co-IP. Conversely, microtubules extracted from S10-3 cells
showed a rod-like structure under TEM (87 Appendix, Fig. S2B),
which was clearly different from the fiber-like structure of ORF3
aggregates. Meanwhile, sSORF3 monomers showed no fiber-like
structure under TEM (87 Appendix, Fig. S2C). Collectively, these
data suggested that intracellular HEV-ORF3 formed fibril-like
structure and demonstrated prion-like characteristics.

As another mammalian prion-like protein, Mitochondrial Antiviral
Signaling Protein (MAVS) demonstrated a HSP90-dependent assem-
bly of prion-like aggregates (21), HSP90 inhibitor Geldanamycin was
employed to treat ORF3-expressing HEK-293T cells and reduced
OREF3 aggregates were observed (Fig. 1E), suggesting a similar role
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played by HSP90 during ORF3 aggregation. Additionally, since
prion-form of MAVS can efficiently convert MAVS monomer into
prion-like aggregates (21), the IP enriched SORF3 monomer with
MYC-tag was incubated with the whole cell lysate (WCL) of
HEK-293T cells containing untagged ORF3 aggregates. As demon-
strated in Fig. 17, the MYC-tagged ORF3 monomer was effectively
converted into aggregates form by preexisting ORF3 aggregates, rep-
resenting a typical property resembling the infectious conformations
of mammalian prion and prion-like proteins such as MAVS (19, 21).

To further verify the prion-like behavior of HEV-ORF3, a yeast
prion reporter system based on the well-characterized [PSI'] prion
phenotype of the Saccharomyces cerevisiae translation termination
factor Sup35 was utilized. In this reporter system, when the
N-terminal prion-forming domain (PrD) of Sup35 is replaced by
other PrD bearing protein, it will endow yeast cells with a
[PSI']-like phenotype (22). Here, the PrD of Sup35 was substi-
tuted by HEV-ORF3 to generate a ORF3-Sup35MC fusion pro-
tein. Like the [PSI'] phenotype caused by the prion form of
Sup35, the yeast strain harboring the ORF3-Sup35MC protein
exhibited both [ORF3'] and [o7f37] phenotypes (Fig. 2A4) (yeast
strains and plasmids for Sup35 protein expression; see SI Appendix,
Table S1). SDD-AGE confirmed that the ORF3-Sup35MC
formed aggregates in [ORF3"] cells, whereas only monomer could
be detected in [07f37] cells (Fig. 2B).

In the yeast where Sup35 or ORF3-Sup35MC was soluble, pro-
tein synthesis is efficiently terminated at the premature UGA in the
yeast adel- 14 allele, which results in red colonies on the 1/4 YPD
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Fig. 2. The HEV-ORF3 protein can functionally replace the prion-forming domain of Sup35 in a yeast prion reporter assay. (A) HEV-ORF3-Sup35MC confers
inheritable [ORF3"] and [orf3] phenotypes to yeast cells. Yeast ade1-14 cells expressing HEV-ORF3-Sup35MC were spread on complete (1/4 YPD) medium. [ORF3°]
strains formed white colonies, which were distinguishable from [orf37] strains having red pigment accumulated through a block in the adenine biosynthetic
pathway. Both phenotypes were stably inherited and the switch of [ORF3"] and [orf37] phenotypes occurred at a low frequency during propagation (indicated
by red arrows). Normal yeast ade7-14 cells expressing wild-type Sup35 were included as controls to show the typical [PS/"] and [psi] phenotypes. (B) Detection
of SDS-resistant aggregates in [ORF3"] strains by SDD-AGE. The expression of HEV-ORF3-Sup35MC and Sup35 were probed by anti-Sup35 antibody (a-Sup35) in
SDS-PAGE. The formation of SDS-resistant aggregates of HEV-ORF3-Sup35MC and Sup35 from corresponding phenotypes were examined by SDD-AGE and probed
using an a-Sup35. (C) The [ORF3"] phenotype on 1/4 YPD medium is cured by the treatment with guanidine hydrochloride (GdnHCI). (D) The [ORF3'] phenotype on
1/4 YPD medium is curable by an HSP104 gene knockout. (F) The [ORF3"] phenotype on medium lacking adenine (SD-Ade) is curable by HSP104 gene knockout.
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plate and a failure to grow on SD-Ade medium (23). By contrast,
when the cells carry prion-like aggregates of ORF3-Sup35MC,
they give rise to white colonies on both the 1/4 YPD plate and
growth on SD-Ade medium due to the read-through of the UGA
(23). Hsp104 is a chaperone required for the heritability of [PSI']
and other yeast prions (23). Therefore, an Hsp104-specific inhib-
itor guanidine hydrochloride (GdnHCI) was applied to inactivate
Hsp104 (24) By growing [ORF3'] yeast on rich medium con-
taining 5A mM GdnHCI, the [ORF3'] was lost resulting in [o7/3]
cells as is observed with [PSI] cells (Fig. 2C). Further data indi-
cated that the deletion of the HSPI04 gene eliminated the
[ORF3’] phenotypes (Fig. 2 D and E), indicating that the [ORF3']
phenotype requires functional Hsp104 for the de novo induction
and propagation. Since Hsp104-dependent characteristics have
been observed for almost all identified yeast prions (23), it further
demonstrates that the [ORF3"] phenotype was not caused by
nonepigenetic effects but by the bona fide prion property of the
OREF3 protein. Moreover, by counting the red and white colonies
on three 1/4 YPD plates from three independent plasmid trans-
formation and shuflling experiments, 89.98% of the yeast cells
expressing ORF3-Sup35MC formed [07/3] colonies, and 10.02%
formed [ORF3"] colonies (SI Appendix, Table S2). During the
propagation of [ORF3"] and [o7f37] colonies, the white or red
phenotype was stable through multiple generations although the
switch of phenotype (0.89% from white to red, 1.81% from red
to white) could be observed at a very low frequency (S/ Appendix,
Table S2). As the ORF3-Sup35MC fusion protein was controlled
by the SUP35 gene promoter, it indicated that the prion-like
conformation of ORF3 was self-perpetuating and the low expres-
sion level was sufficient to maintain its prion-like state. Although
a recent report suggests that the yeast system alone cannot address
specific aspects of amyloidosis seen in humans (25), by showing
self-perpetuating ORF3 aggregates could efficiently convert ORF3
monomer into functional aggregates in a self-catalytic manner
in vitro, our data indicated that HEV-ORF3 demonstrates
prion-like behavior.

The N-Terminal Half of HEV-ORF3 Acts As Prion-Forming
Domain. Most prion-like proteins identified so far have glutamine/
asparagine (Q/N)-rich PrD, which is not presented in the HEV-
ORF3. Using bioinformatics tools to search for potential PrD
from ORF3 (26), we did not identify a distinct candidate PrD
(cPrD) by PLAAC (S Appendix, Fig. S3A), but found several short
amyloidogenic regions in the N-terminal part of ORF3 protein
by AGGRESCAN and FoldAmyloid (S7 Appendix, Fig. S3 B and
C). Therefore, HEV-ORF3 was truncated for identifying cPrD
(Fig. 34). Deletion of the N-terminal 25aa of ORF3 (ORF3,)
completely abolished the formation of aggregates (Fig. 3B), while
ORF3; alone was able to form aggregates. The ORF3; bearing
the N-terminal 1 to 60 aa of ORF3 formed aggregates similar to
the full-length ORF3 in SDD-AGE. These results demonstrate
that the N-terminal region endowed on ORF3 the ability to form
aggregates.

When the Sup35 PrD was replaced by ORF3 truncations, the
yeast cells expressing ORF3..;-Sup35MC and ORF3.5-Sup35MC
formed white or light brown colonies like [PSI'] yeast, whereas
the cells expressing ORF3,-Sup35MC and ORF3.4-Sup35MC
were red, close to the color of the colonies harboring Sup35N, s MC
(SI Appendix, Fig. S3D). Further analysis revealed that ORF3,-
Sup35MC only formed white colonies (SI Appendix, Fig. S3E),
suggested that ORF3.;-Sup35MC protein probably only existed
as aggregates. However, the yeast strain harboring the recombinant
ORF3;-Sup35MC protein exhibited both [ORF3"] and [o7/37]
like phenotypes (Fig. 3 C and D), suggesting that the full cPrD

https://doi.org/10.1073/pnas.2511801122

of HEV-OREF3 was located in the 1-60 aa region. Moreover, by
propagation of [ORF3 ;'] and [o7f3,5] colonies on 1/4 YPD plate,
we found that the white phenotype was more stable than the red
phenotype, with the switch frequency was about 3.88% from red
to white colonies and about 0.51% from white to red colonies
(Fig. 3D and SI Appendix, Table S3). On SD-Ade medium,
[ORF3,;"] cells grew normally, but [o7/3,57] cells stopped growing
due to the efficient translation termination by soluble Sup35 at
the adel- 14 premature stop codon (Fig. 3E). These data suggested
that ORF3; harboring the first three amyloidogenic regions acted
as the functional cPrD and the first 25 aa contributed to ORF3
aggregation.

Previous investigation found that the ORF3 N terminus was
essential for the formation of microtubule-like filaments, but the
fusion protein only containing the N-terminal 25 aa of ORF3
formed aggregated dots in the cells (10). Consistent with these
observations, ORF3,-GFP and ORF3.;-GFP produced larger
(Fig. 3F) and more number of punctate aggregates than ORF3-
GFP in yeast cells (Fig. 3 Fand G), whereas ORF3,-GFP and
ORF3,-GFP were evenly distributed. SDD-AGE analysis of
these yeast strains further confirmed the aggregation status of
ORF3,-GFP and ORF3;-GFP (Fig. 3H).

Since prion-like protein has never been identified from RNA
viruses, to understand biological significance of the prion-forming
character of HEV-ORF3, we sought to generate PrD-domain/
function impaired ORF3 mutant. First, continuous triple-alanine
mutation was introduced into aa 2 to 25 for generating a set of 8
ORF3 mutants (M1 to M8, corresponding to the replacement of
original aa 2 to 4 until 23 to 25 of ORF3 with triple alanine). These
mutants demonstrated variable ability to form aggregates (Fig. 44),
but M3 harboring mutations at positions 8-10 showed the lowest
aggregation. In yeast, quantification of fluorescence punctate aggre-
gates from different yeast strains suggested that the ORF3"-GFP
mutant exh1b1th decreased aggregation tendency (Fig. 4B). Expression
of the ORF3™-Sup35MC protein generated yeast cells with a weak
Ade" phenotype closer to that observed for [psi] cells on 1/4 YPD
plate (Fig. 4C), as the cells having ORF3"’-Sup35MC formed fewer
white colonies than the cells expressing ORF3-Sup35MC and its other
mutants (S] Appendix, Table S4).

To further pin down the key amino acid residue (s), single
alanine residue was introduced at positions 8, 9, or 10 of ORF3,
and the aggregation abilities of the mutants were compared.
Although the ORF3F10A mutant only resulted in a slight reduc-
tion of aggregates in SDS-PAGE, it produced the least amount of
aggregates as defined by SDD-AGE (87 Appendix, Fig. S4), sug-
gesting that the phenylalanine at position 10 (F10) was a key
amino acid involved in the prion-like behavior. However, as
HEV-OREF2 and ORF3 are partially overlapped, the F10A muta-
tion in ORF3 will cause a nonsynonymous amino acid change in
OREF?2. Therefore, we substituted the hydrophobic F10 with three
different hydrophilic amino acids (serine, tyrosine, and cysteine)
as this would not introduce a change in ORF2. The F10S mutant
showed a dramatically reduced ability to form aggregates (Fig. 4D).
By contrast, when the MYC-tagged ORF3F10S monomer was
enriched and then incubated with the WCL of HEK-293T cells
expressing ORF3WT, the aggregates converted from ORF3F10S
monomer were significantly reduced (Fig. 4E), further suggesting
that F10S mutation impaired the prion-like aggregation of ORF3.
Meanwhile, the F10S mutation also resulted in fewer white col-
onies (3.05%) than the wild type ORF3 in yeast (10.02%)
(81 Appendzx, Table S4 and Fig. S5A4), and yeast expressing
ORF3"'® mutant had a reddish phenotype on 1/4 YPD medium
and impaired growth ability on SD-Ade medium compared with
the cells expressing ORF3WT (Fig. 4F). SDD-AGE analysis also
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Fig. 3. Identification of the N-terminal region of HEV-ORF3 as the candidate prion-forming domain (cPrD). (A) Schematic illustration of ORF3 truncated mutants.
(B) SDS-PAGE and SDD-AGE analyses of overexpressed HEV-ORF3 truncated mutants. The truncated proteins were tagged with Venus protein and examined
using anti-GFP polyclonal antibody («-GFP). (C) ORF3.5-Sup35MC exhibits prion characteristics similar to Sup35 in yeast cells on 1/4 YPD and SD-Ade plates.
ORF31,-Sup35MC and Sup35MC cells have a red phenotype on 1/4 YPD plate and impaired growth ability on SD-Ade medium. (D) ORF3;3-Sup35MC confers
inheritable [ORF3;;"1 and [orf3,5°] phenotypes to yeast cells. Red arrows indicate the switch of [ORF3.;'] and [orf3,;7] phenotypes. () [ORF3;5'] and [orf3,;7] strains
show distinguishable phenotypes on 1/4 YPD and SD-Ade plates. (F) Formation of aggregates in yeasts by ORF3 and its truncations. ORF3-GFP, ORF3,-GFP, and
ORF315-GFP produced bright foci (indicated by red arrows) in yeast cells. In contrast, ORF3,-GFP and ORF3;,-GFP are evenly distributed. (Scale bar, 5 um.) (G)
Average number of aggregates per cell formed by different ORF3 truncations (T1 to T4). The fluorescence foci in the yeast cells were counted from three randomly
selected images and then subjected to statistical analysis. All data are presented as mean + SD and subjected to Student's t test. *P < 0.05; ****P < 0.0001; ns,
not significant. (H) Detection of SDS-resistant aggregates of yeast strains expressing ORF3 truncated mutants by SDD-AGE. The yeast strains expressing the
indicated mutants were harvested for SDD-AGE and probed by anti-Sup35 antibody (a-Sup35). The expression levels of the fusion proteins were examined by

SDS-PAGE. The HEV-ORF3-Sup35MC expressing yeast was included as a positive control.

detected a reduced aggregation ability of ORFSFIOS—Sup35MC in
yeast cells (Fig. 4G). During the propagation of [ORE3%*] and
[o;ﬁ’ﬂos'] colonies, the white phenotype of the F10S mutant was
less stable than wild type ORF3 (8.85 vs. 0.89% colonies switched
from white to red color) (87 Appendix, Table S4 and Fig. S54),
although [ORF3"%"] also formed SDS-resistant polymers like
[ORF3"] (SI Appendix, Fig. S5B). Furthermore, ORF3WT and
ORF3F10S were enriched and subjected to EM and CR staining.
As shown in SI Appendix, Fig. S6, the ORF3F10S lost the ability
to form fibril-like structure and showed no apple-green birefrin-
gence in CR staining assay. These data demonstrate that the F10S
mutation in the cPrD domain significantly reduced the capacity
of HEV-ORF3 to form prion-like aggregates.

Mutation of the ORF3 Prion-Forming Domain Prevents Virus
Release From HEV-Infected Cells. To investigate the role of
the ORF3 prion-forming function in the HEV replication,
mutagenesis assay was carried out to generate an HEV infectious
clone harboring the ORF3F10S mutation. Similar to the wild type
virus, the HEV-3 KernowC1-p6 ORF3"'% virus was viable as both
ORF2 and ORF3 proteins were detectable after RNA transfection
(Fig. 5A4). Using SDS-PAGE and SDD-AGE, a reduction of
ORF3 aggregation was observed in the cells transfected with
HEV-3 KernowC1-p6 ORF3"'* (Fig. 5B), but ORF2 protein
level was obviously higher than cells transfected with the WT
RNA. By RT-qPCR, it was revealed that the positive-stranded
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(+) and negative-stranded (-) HEV-RNA levels were similar
among the three groups (Fig. 5C), suggesting that the F10S
mutation did not impair HEV-RNA replication. However, the
HEV-RNA (+) released into the supernatant was significantly
decreased in the ORF3F10S group at 4 and 6 d posttransfection
and comparable to ORF3 deletion mutant (Fig. 5D).Titration
of the released infectious virus particles at 7 d posttransfection
detected a significant lower virus titer for the F10S mutant than
the WT (Fig. 5E), suggesting a strong inhibition of virion release
by the introduction of F10S mutation. This might account for the
higher intracellular ORF2 protein level observed in ORF3F10S
mutant virus-infected cells (Fig. 5B).

As recent reports indicated that both ORF2 and ORF3 proteins
could be directly secreted from HEV-infected cells (18, 27), sand-
wich ELISA assays were conducted to evaluate the secretion of
HEV-ORF2/3 in supernatants. While no significant difference of
ORF?2 secretion was observed among the different groups (Fig. 5£),
an enhanced ORF3 secretion was detected in the F10S group
(Fig. 5G). To further explore whether other potential mutation sites
were involved in the prion-like aggregation of ORF3 and virion
release, seven ORF3 mutants were generated for evaluating using
SDS-PAGE and SDD-AGE, with each mutant containing a single
aa mutation in the first 25 aa of ORF3 but caused no change for
overlapped ORF2. The ORF3L7QQ mutant was shown to have
impaired aggregation capacity (S/ Appendix, Fig. S7), then intro-
duced into infectious clone for rescuing virus (SI Appendix, Fig. S8A).
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Fig. 4. Phenylalanine at amino acid position 10 (F10) is a key residue for the prion-forming trait of ORF3. (A) SDS-PAGE and SDD-AGE analyses of ORF3 triple
alanine mutants. HEK-293T cells were respectively transfected with plasmids encoding wild type ORF3 (WT), the ORF3 mutants (M1 to M8) bearing triple alanine
mutations in ORF3y,, or Venus-ORF3+, (Venus-T2). The cells were harvested at 24 h posttransfection for SDS-PAGE (Upper panel) or SDD-AGE (Lower panel), and
the truncated ORF3 proteins were probed using anti-ORF3 Mab («-ORF3). Tubulin was probed as a protein loading control. (B) Observation of the aggregation
propensity of GFP tagged ORF3 triple alanine mutants in yeast cells by confocal microscopy. Red arrows indicate typical foci formed by the aggregated fluorescent
proteins. (Scale bar, 5 pm.) Average number of aggregates formed by different ORF3 mutants (M1 to M8) based on fluorescence foci in the yeast cells was
counted from three randomly selected images and then subjected to statistics analysis. All data are presented as mean + SD and subjected to Student's
ttest. **P < 0.01; ***P < 0.001; ns, not significant. (C) Phenotypic analysis of yeast cells bearing ORF3-Sup35MC triple alanine mutants on 1/4 YPD medium. (D)
Identification of ORF37'% mutant with reduced ability to form SDS-resistant polymers. HEK-293T cells transfected with plasmids encoding VN173-fused ORF3-WT
and the indicated mutants were subjected to SDS-PAGE and SDD-AGE, detected using a-ORF3. (F) ORF37'% mutant has reduced propensity to be converted into
aggregates in vitro. The MYC-tagged WT-ORF3 or ORF3F10S monomer was enriched and incubated with the WCL containing untagged WT-ORF3 aggregates for
30 mins, then subjected to SDS-PAGE and SDD-ADE to examine the conversion of MYC-tagged monomers into aggregates using an anti-MYC antibody (a-MYC).
(F) Phenotypic analysis of yeast cells bearing ORF37'%-Sup35MC on 1/4 YPD medium and SD-Ade medium. (G) ORF37'%-Sup35MC showed reduced ability to
form SDS-resistant polymers than ORF3-Sup35MC in yeast cells in SDD-AGE. The protein expression levels were examined by SDS-PAGE. ORF3-Sup35MC and
ORF371%.Sup35MC were probed by anti-Sup35 antibody («-Sup35).

Similar to ORF3F10S mutant, a reduction of ORF3 aggregation ~ an acyl-biotin exchange protocol for ORF3 palmitoylation (31),
(81 Appendix, Fig. S8B), accumulation of intracellular ORF2 protein ~ normalization of the amount of palmitoylated ORF3 with the total
(SI Appendix, Fig. S8B) and reduction of virion release were observed ~ ORF3 showed that the F10S mutation even caused slightly elevation
for HEV-3 KernowCl1-p6 ORF3YQ (81 Appendix, Fig. S8 D and of palmitoylated ORF3 (SI Appendix, Fig. SIB).
E), whereas the intracellular HEV-RNAs and secreted ORF2 levels Besides ESCRT and ORF3 palmitoylation, a previous report
were not affected (S/ Appendix, Fig. S8 C and F). Meanwhile, an demonstrated that enhanced acetylation of tubulin in influenza
enhanced ORF3 secretion was detected for HEV-3 KernowC1-p6 A virus (IAV)-infected epithelial cells was correlated with increased
ORF3" as well (SI Appendix, Fig. S8G). Collectively, these data  virion release, whereas depolymerization/deacetylation of tubulin
demonstrated that the reduced ORF3 aggregation caused by the inhibited TAV virion release (32). As HEV-ORF3 expressed in
mutations in ORF3 prion-forming domain did not influence HEV'~ hepatoma cells is associated with microtubules and induces tubu-
replication and but obstructed the release of assembled HEV lin acetylation, a well-established marker of microtubule stability
particles. (10), the subcellular localization and tubulin acetylation level of
Venus-tagged ORF3"'® mutant were investigated. Consistent
Mutation in the ORF3 Prion-Forming Domain Reduces Microtubule  with the previous report (10), wild-type ORF3 showed a filamen-
Stability and the Association of ORF2 With Microtubule. It has  tous pattern of distribution associated with microtubule, whereas
been reported that a conserved PSAP motif of HEV-ORF3 is  Venus-tagged ORF3™'% abolished the filamentous structure
important for its interaction with tumor susceptibility gene 101 (Fig. 6A4). Meanwhile, in microtubule extraction assay, wild-type
(TSG101) (14), a key component of the endosomal sorting complex ~ ORF3 was undetectable in the supernatant, but exclusively
required for transport (ESCRT) which is involved in buddingand ~ detected in the extracted microtubule (pellet part) with increased
biogenesis of quasi-enveloped HEV particles (28, 29). Meanwhile, ~ tubulin acetylation (Fig. 6B). In comparison, the F10S mutation
palmitoylation on the N-terminal cysteine residues of HEV-  caused a reduced ORF3 level in the pellet, a slight reduction of
OREF3 is also required for the HEV release (30). However, the tubulin acetylation, and the release of the ORF3 in the superna-
ORF3F10S mutant had a similar binding ability to TSG101 as the tant (Fig. 6B), suggesting that the F10S mutation reduced the
wild-type ORF3 (8] Appendix, Fig. S9A). Moreover, by employing  association of ORF3 with microtubule.
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Fig. 5. Prion-like aggregation of the HEV-ORF3 protein is involved in HEV virion release from infected cells. (4) Rescue of HEV-3 KernowC1-p6 ORF3"'% mutant
virus by reverse genetic system. S10-3 cells were transfected with the indicated viral RNAs and incubated for 7 d. HEV replication was determined by IFA using
anti-ORF2 Mab-2G8 and anti-ORF3 polyclonal antibody. (Scale bar, 100 um.) (B) Examination of the SDS-resistant aggregates formed by ORF3 and ORF37'% in
HEV-RNA transfected S10-3 cells. The ORF3 proteins separated by SDS-PAGE (Left panel) and SDD-AGE (Right panel) were probed by anti-ORF3 Mab («-ORF3).
The expression of HEV capsid protein was detected using anti-ORF2 polyclonal antibody (a-ORF2) to indicate the accumulation of virus particles, and tubulin
was probed to normalize protein loading. (C) Quantification of the levels of positive-strand (+) and negative-strand (-) HEV-RNAs in transfected S10-3 cells by
RT-gPCR. (D) Quantification of the HEV RNA genome from cell culture supernatant by RT-gPCR. The cell culture supernatant of S10-3 cells was harvested at 2,
4, and 6 d posttransfection of the indicated HEV-RNAs, then subjected to RT-qPCR analysis. (E) Titration of the viruses released in the supernatant of S10-3 cells
at 6 d post RNA transfection. The cell culture supernatant was harvested from S10-3 cells at 6 d posttransfection of the indicated HEV RNAs, and then used to
infect fresh HepG2/C3A cells. HEV infection was determined by IFA using anti-ORF2 Mab-2G8 and observed under a fluorescence microscope. IFA positive cells
were counted for quantification of infectious HEV particles. (F) Quantification of the secreted ORF2 protein levels. Secreted form of HEV-ORF2 in the supernatant
of S10-3 cells was quantified at 6 d post RNA transfection by ELISA using recombinant HEV-ORF2 as a standard. (G) Quantification of the secreted ORF3 protein
levels by ELISA. Secreted form of HEV-ORF3 (sORF3) in the supernatant of S10-3 cells was captured by ORF3 specific Mab and detected using rabbit anti-ORF3
polyclonal antibody, followed by visualization using HRP-conjugated secondary antibody to determine the OD values. Experiments were repeated at least three

times. All data are presented as mean + SD and subjected to Student's t test. **P < 0.01; ****P < 0.0001; ns, not significant.

Microtubules undergo dynamic changes of assembly and dis-
assembly. To figure out whether the enhanced microtubule stabil-
ity was associated with the prion-like characteristics of HEV-ORF3,
the microtubule stabilizer Paclitaxel and assembly inhibitor
Indibulin were used. It revealed that wild-type ORF3 conferred
resistance to a low dose (1 pM) Indibulin treatment, whereas the
F10S mutant lost the ability (Fig. 6C). The Indibulin has been
proven to dampen microtubule dynamics by perturbing the local-
ization of EB1 at the growing microtubule ends (33). This antag-
onistic effect of ORF3 to Indibulin indicates that prion-like
aggregation of ORF3 is required for its microtubules association
and the associated ORF3 aggregates probably enhance the stability
of microtubules by promoting their assembly.

HEV-ORF3 has been reported to be a functional ion channel
protein required for the release of HEV particles (8). To investigate
whether the F10S mutation affects the ion channel function of ORF3
in facilitating ion fluxes across the plasma membrane, an ion channel
assay was conducted in Xenopus laevis oocytes using two-electrode
voltage-clamp procedure (8). The voltage protocol to determine the
instantaneous current—voltage relations and representative current
traces recorded for oocytes (ORF3WT mRNA-injected, ORF3F10S
mRNA-injected, and MOCK) are presented in SI Appendix, Fig. S10
A and B, respectively. A similar current—voltage relationship was
observed between the oocytes expressing ORF3WT and ORF3F10S
(Fig. 6D), and the expression of ORF3WT and ORF3F10S on the

PNAS 2025 Vol.122 No.49 2511801122

outer oocyte membrane was confirmed by immunofluorescence
(Fig. 6E), therefore the influence of the F10S mutation on the ion
channel activity of ORF3 was ruled out.

Similar to ORF3 overexpressing cells, enhanced tubulin acetyl-
ation was observed in S10-3 cells transfected with WT HEV-RNA
(1.75 vs. 1, compared to MOCK transfected cells), whereas the
acetylated tubulin level was much lower in cells transfected with
Kernowcl-p6-ORF3"'% mutant (0.94 vs. 1.75, compared to
HEV-WT) (Fig. 74, and data quantification results from three
independent experiments are shown in Fig. 7B). When S10-3 cells
stably infected with HEV were treated with noncytotoxic dose
(below 1 pM) of Nocodazole, the drug treatment impaired the
release of HEV (Fig. 7C) and consequently caused the intracellular
accumulation of HEV-ORF2 (Fig. 7D). Similar to ORF3-
overexpressing cells, extraction of microtubule from HEV-infected
S10-3 cells showed that the ORF3 was exclusively detected in the
pellet with increased tubulin acetylation (Fig. 7E), whereas the
F10S mutation resulted in the release of a portion of ORF3 pro-
tein in the supernatant with a slight reduction of tubulin acetyl-
ation. As ORF3 protein interacts with the nonglycosylated form
of ORF2 (34), the major component of infectious particles (35),
existence of ORF2 in different portion of microtubule extraction
was examined. It is notable that ORF2 protein was only detected
in the pellet association with microtubule in HEV-WT infected
cells (Fig. 7E), while abundant ORF2 protein was detected in the
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Fig. 6. Prion-like aggregation of HEV-ORF3 stabilizes microtubule in HEV-permissive cells. (A) F10S mutation interferes with the formation of filamentous
structures by ORF3. S10-3 cells were transfected with plasmids expressing Venus-tagged HEV-3-ORF3 (WT) or F10S mutant (F10S) for 24 h. The expression of
the fluorescent ORF3 fusion protein (ORF2, Green channel) and the tubulin probed by an anti-tubulin antibody (Red channel) were observed under a confocal
microscope. (Scale bar, 10 um.) Images shown here are representative of three independent biological replicates. (B) The F10S mutation reduces the association
of ORF3 with microtubules. S10-3 cells were transfected with plasmid expressing the indicated protein and subjected to microtubule isolation. The microtubule
fraction (pellet) and cytoplasm fraction (supernatant) were examined by SDS-PAGE and immunoblotting using anti-acetylated-tubulin antibody (a-Ace-Tubulin)
and anti-ORF3 Mab (a-ORF3). Total tubulin and GAPDH were probed to confirm the complete separation of microtubules and to normalize protein loading,
respectively. Images shown here are representative of three independent biological replicates. (C) The F10S mutation impairs the resistance to the microtubule
assembly inhibitor Indibulin conferred by ORF3. S10-3 cells transfected with plasmids encoding WT-ORF3, F10S mutant, or empty vector (EV) were subjected
to the treatment of 1 pM Indibulin to induce microtubule disassembly, and then analyzed by immunoblotting using a-Ace-Tubulin and «-ORF3. Total tubulin
was probed to normalize the protein load. S10-3 cells treated with or without paclitaxel (Taxol) before Indibulin treatment were included as controls. Images
shown here are representative of three independent biological replicates. (D) Current-voltage relationship of Xenopus laevis oocytes expressing WT-ORF3 and
F10S mutant. During the current recording, the oocytes were bathed in Ringer solution. The voltage-clamp protocol employed rectangular voltage step pulses
ranging from —90 mV to +60 mV in 10-mV increments. Each point represents the steady-state current at the corresponding voltage step. () WT-ORF3 and F10S
mutant expressed in X. laevis oocytes localize to the plasma membrane. The oocytes injected with the indicated mRNA were immunolabeled with «-ORF3 and
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analyzed by confocal microscopy. MOCK-treated oocyte was included as negative control. (Scale bar, 70 pm.)

supernatant free of tubulin in F10S mutant virus infected cells,
suggesting that the ORF3F10S mutation blocked association of
ORF2 with microtubule. Therefore, these data indicated that
HEV-OREF3’s prion-like aggregation stabilizes host microtubules
for the microtubule-associated transport of ORF2, thus facilitates
the HEV virion release from infected cells.

Impaired Prion Aggregation of HEV-ORF3 Leads to Reduced HEV
Virulence In Vivo. Mongolian gerbil, the only available model
can be infected by HEV-3 KernowC1-p6 (36), was employed to
explore the in vivo role of HEV-ORF3’s prion-like aggregation.
Each gerbil was inoculated with wild type HEV (WT) or ORF3"1®
mutant virus at a dose of 1 x 10’ genome copies. After inoculation,
a significant difference of viremia between the two groups was
observed at 1 wk post infection. Gerbils in the HEV-WT group
produced much higher levels of viral RNA than the ORE3"'* group
at 7 dpi (Fig. 84). As HEVs are largely shed through feces, HEV-
RNA in fecal samples were examined and the results showed that
animals infected by HEV-WT shed more viruses than those infected
by the ORF3"'® mutant virus at 7 and 14 dpi, but shedding of
virus dropped to similar level after 3 wk (Fig. 8B8). Meanwhile, a
delayed serum conversion for ORF2 antibodies in gerbils infected
by the ORF3"'® mutant virus was observed. Compared with the
serum conversion in all gerbils of HEV-WT group at 21 dpi, only
one gerbil was positive at 28 dpi and two out of five were positive

at 35 and 42 dpi in the ORF3"' group (Fig. 80).

https://doi.org/10.1073/pnas.2511801122

As the liver is the primary target for HEV, livers were taken
from infected gerbils at 2 wk post infection and subjected to
histological examination. Consistent with a previously report
(36), vacuolation and infiltration of lymphocytic inflammatory
cell, as well as focal spotty necrosis was observed in some hepat-
ocytes in HEV-WT infected gerbils (Fig. 8D). In comparison, the
pathological changes were milder and immunohistochemistry
staining of sections detected a much lower level of HEV antigens
in the F10S group (Fig. 8D), suggesting a reduced in vivo virulence
of HEV-ORF3"% mutant virus. Quantification of liver disease
score for sections of different gerbil groups demonstrated a sig-
nificant difference between HEV-WT group and F10S group as
well (Fig. 8F). In CR staining, the apple-green birefringence
could be easily observed in the WT group but was not detected
in the F10S group (87 Appendix, Fig. S11). It is worth noting
that the red staining regions under normal light were close to
but not overlaid with the refringence signals under polarized
light, probably due to the small amount of ORF3 amyloid pres-
ent in tissue samples. Such discrepancy during CR stain was also
reported for other amyloid proteins (37-39). Although it is sug-
gested that CR staining has some limitations in the detection of
amyloidosis in the liver (40), combined with in vitro data, these
results demonstrated that the prion-like aggregation of ORF3
was impaired by introducing F10S mutation in vivo, while F10S
mutation of the ORF3 PrD also reduces the HEV virulence

in vivo.
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Fig. 7. Prion-like aggregation of HEV-ORF3 stabilizes microtubules in hepatocytes during HEV replication. (A) The F10S mutation abolishes the role of ORF3 in
enhancing tubulin acetylation. S10-3 cells were transfected with HEV-RNAs (KernowC1-p6 WT or KernowC1-p6 ORF371%), Nocodazole treatment was carried out
at a concentration of 20 pM for 2 h. Immunoblotting was performed using an anti-Ace-tubulin antibody (x-Ace-Tubulin), anti-ORF3-Mab («-ORF3), and anti-HEV-
ORF2-p239 polyclonal antibody (a-ORF2). Total tubulin was probed to normalize the protein load. (B) Quantification analysis of tubulin acetylation level for S10-3
cells transfected HEV-RNAs from three independent biological replicates. ***P < 0.001. ns, not significant. (C) Nocodazole treatment suppressed HEV virion release.
WT HEV-RNA transfected S10-3 cells were treated with the indicated doses of Nocodazole at 8-h intervals for 3 d. Then cell culture supernatants were harvested
for RT-qPCR to examine the release of HEV genome. All data are presented as mean + SD (n = 3) and subjected to Student's t test. *P < 0.05. (D) Nocodazole
treatment resulted in the accumulation of HEV capsid protein ORF2 in infected cells. S10-3 cells stably infected by HEV (KernowC1-p6 WT) were treated with the
indicated doses of Nocodazole at 8-h intervals for 3 d. Immunoblotting was performed using a-ORF2 to examine the intracellular accumulation of ORF2. Images
shown here are representative of three independent biological replicates. (E) The F10S mutation reduced the association of ORF3 with microtubules and impaired
ORF2's translocation to microtubules. S10-3 cells transfected with the indicated HEV-RNAs were subjected to microtubule isolation. The microtubule fraction
(pellet) and cytoplasm fraction (supernatant) were examined by SDS-PAGE and immunoblotting using a-Ace-Tubulin, «-ORF3, and «-ORF2. Total tubulin and
GAPDH were probed to confirm the complete separation of microtubules and to normalize protein loading, respectively. Images shown here are representative
of three independent biological replicates.

Discussion the prediction of potential prion-like candidates by algorithms

) o ) such as PLAAC (26). Nevertheless, the first discovered prion pro-
Prion, originally defined as a portmanteau of pro (teinaceous) and tein, human PrP, does not contain typical Q/N-rich regions. Other
in (fectious particle) (41), are self-propagating, transmissible pro- yeast prion-forming 