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AMFR-mediated Flavivirus NS2A
ubiquitination subverts ER-phagy to
augment viral pathogenicity
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% Check for updates Flaviviruses strategically utilize the endoplasmic reticulum (ER) in their repli-

cation cycles. However, the role of ER autophagy (ER-phagy) in viral replication
process remains poorly understood. Here, we reveal that prolonged Zika virus
(ZIKV) infection results from the degradation of ER-phagy receptor FAM134B,
facilitated by viral NS2A protein. Mechanistically, ER-localized NS2A under-
goes K48-linked polyubiquitination at lysine (K) 56 by E3 ligase AMFR. Ubi-
quitinated NS2A binds to FAM134B and AMFR orchestrates the degradation of
NS2A-FAM134B complexes. AMFR-catalyzed NS2A ubiquitination not only
targets FAM134B degradation but also hinders the FAM134B-AMFR axis.
Notably, a recombinant ZIKV mutant (ZIKV-NS2Agser), lacking ubiquitination
and ER-phagy inhibition, exhibits attenuation in ZIKV-induced microcephalic
phenotypes in human brain organoids and replicates less efficiently, resulting
in weakened pathogenesis in mouse models. In this work, our mechanistic
insights propose that flaviviruses manipulate ER-phagy to modulate ER turn-
over, driving viral infection. Furthermore, AMFR-mediated flavivirus NS2A
ubiquitination emerges as a potential determinant of viral pathogenecity.

The genus Flavivirus of the family Flaviviridae are vector-borne
pathogens, comprising many viruses, including Zika virus (ZIKV),
dengue virus (DENV), West Nile virus (WNV), Japanese encephalitis
(EV), yellow fever virus (YFV), and tick-borne encephalitis (TBEV).
Flavivirus infections cause severe clinical manifestations in humans,
such as encephalitis, hemorrhagic fever, and so on*. Especially, ZIKV
infection can cause congenital neurological disorders and micro-
cephaly in newborns*”. The absence of clinically approved antivirals
highlights the imperative for enhanced molecular comprehension of
flavivirus replication and the precise virus—-host factors that facilitate it,

to pave the way for effective treatments of diseases caused by
flaviviruses"'>",

Flaviviruses have a positive-sense, single-stranded RNA of -11-kb
nucleotides in length. The genomic RNA contains a 5’ untranslated
region (UTR), a single open-reading frame (ORF), and a 3’ UTR. The
ORF encodes a polyprotein that undergoes co-translational processing
by both viral and host proteases, resulting in ten mature viral proteins,
including three structural proteins (capsid [C], premembrane [prM],
and envelope [E]) and seven nonstructural (NS) proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5)*". The structural proteins, along
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with genomic RNA, constitute the components of virions, while NS
proteins primarily engage in viral RNA replication, virion assembly, and
modulation of host processes'>”. Wherein, the flavivirus NS2A is a
transmembrane protein resident in the endoplasmic reticulum (ER)
and exhibits comparable functionalities in governing RNA replication,
the assembly and secretion of viral particles, modulation of host
antiviral responses, and the influence in viral pathogenicity'*2°. The
multifaceted functions observed underscore the significance of flavi-
virus NS2A as a pivotal target for antiviral strategies, emphasizing the
need for a deeper understanding of the more prevalent interactions
between flavivirus NS2A and host mechanisms.

The ER serves as the largest dynamic membrane-structured
organelle for protein synthesis, folding, assembly, and transporta-
tion, as well as lipid metabolism and so on?. Disruption of ER home-
ostasis leads to the accumulation of misfolded and unfolded proteins
in the ER lumen, resulting in ER stress, which in turn induces ER
autophagy (ER-phagy)®. ER-phagy is a selective form of autophagy
strictly mediated by ER-phagy receptors that selectively degrade the
ER, which is an essential mechanism responsible for ER quality
control®. ER-phagy receptors facilitate the connection of ER fragments
to the autophagosome biogenesis machinery by binding to cellular
LC3, promoting the recognition of scattered foci on the ER by
autophagy*. Some mammalian ER membrane proteins, including
FAM134B, SEC62, ATL3, RTN3, CCPGI, and TEX264>°, have been
reported as ER-phagy receptors.

Several RNA viruses, including flavivirus and coronavirus, exploit
the ER as a source of membranes to establish their replication orga-
nelles and to facilitate their assembly and eventual virion
maturation®, for example, ZIKV remodels ER membranes to accu-
mulate the involvement of redox and methylation enzymes for effi-
cient infection®. Consequently, the homeostasis and quantity of ER
play a pivotal role in controlling viral infections. While numerous stu-
dies have consistently shown that viral infections trigger prolonged ER
stress and activate the unfolded protein response to disrupt ER
homeostasis, ultimately facilitating virus replication® *, few studies
have explored and linked the role of ER-phagy in the viral replication
process. Furthermore, the mechanisms of how viruses subvert ER-
phagy to promote the pathogenicity of viral diseases remain poorly
understood.

Here, we show that ZIKV hijacks ER-located E3 ligase AMFR to
ubiquitinate viral NS2A protein and AMFR orchestrates the degrada-
tion of NS2A-FAM134B complexes, thereby inhibiting the flux of ER-
phagy. ZIKV-NS2A ubiquitination and its functional interplay with
FAMI134B are conserved across other flavivirus NS2A. Importantly, our
mechanistic work shows ZIKV-NS2A-mediated ER-phagy inhibition
promotes virus-induced microcephaly in human brain organoids and
enhances viral pathogenicity in mouse models, which sheds light on
the pathogenicity of viral infection by ER-phagy modulation.

Results

FAM134B undergoes degradation during several flavivirus
infections

To determine how ZIKV hijacks host-protein signaling, a global quan-
titative proteomics experiment was performed in A549 cells. Cells
were harvested in biological triplicate at four time points post-ZIKV
infection (0, 24, 48, or 72h) (Fig. 1a). Employing a tandem mass
tag(TMT)-based proteomics approach, we partitioned and analyzed
each sample for alterations in global protein abundance at 24, 48, and
72h post-infection (hpi) in comparison to the baseline at O hpi,
respectively. Successful infection was confirmed by the observation of
a dramatic increase in viral protein abundance over the course of the
infection period (Fig. 1b). Cellular component enrichment analysis
unveiled a notable upregulation in organelle membrane components,
particularly ER constituents, concomitant with the progression of viral
infection (Fig. 1c and Supplementary Fig. 1a). Moreover, the mRNA

levels of upregulated ER proteins were found to be minimally affected
by ZIKV at 72 hpi (Supplementary Fig. 1b). In mammalian cells, the
quantity and volume of the ER are tightly regulated through selective
ER-phagy?’. Thus, we hypothesized that ZIKV may exploit ER-phagy to
elevate ER components, facilitating viral infection.

ER-phagy is reliant on receptor-mediated processes, and to date,
six ER-phagy receptors have been identified, including FAM134B,
SEC62, ATL3, RTN3, CCPGI, and TEX264*~°. Firstly, we assessed the
expression of these six autophagic receptors in ZIKV-infected A549
cells via western blotting. Unexpectedly, only FAM134B exhibited sig-
nificant degradation upon ZIKV infection (Fig. 1d, e), with no dis-
cernible impact on its mRNA levels (Supplementary Fig. 1c). In the
proteomics analysis, the remaining five receptors exhibited no statis-
tically significant changes throughout the course of the infection
period, except that CCPGI at 48 h was decreased (Supplementary
Fig. 1d). Next, we utilized flow cytometry assay to further confirm ZIKV-
induced FAM134B degradation and found A549, Huh7.0, and Hela
cells stably expressing GFP-FAM134B exhibited a diminished fluores-
cence signal of GFP upon ZIKV infection (Fig. 1f). Additionally, ZIKV
selectively degraded endogenous FAM134B in A549 cells in a gradient
manner at multiple time points and MOIs (Fig. 1g-j). Subsequently, we
employed cycloheximide (CHX), a protein translation inhibitor, to
carry out CHX chase experiments in order to evaluate the degradation
kinetics of FAMI134B. Our findings indicated that ZIKV infection
resulted in diminished protein stability of FAM134B (Supplementary
Fig. 2a). Notably, efficient degradation was also observed from other
ZIKV strains, suggesting that virus-induced FAM134B degradation is a
common regulation for ZIKV (Supplementary Fig. 2b). A prior study
reported that ZIKV-NS2B3 protein cleaved the arginine (R) at position
142 of only exogenously expressed FAM134B in HEK293T cells*.
Although the results lacked confirmations in live virus infection, we
still checked whether ZIKV infection-induced FAM134B degradation,
which we found, was a result of viral NS2B3-mediated cleavage. We
successfully generated Huh7.0 and A549 cells stably expressing the
FAM134B cleavage mutant GFP-FAM134Bgy424, Where the R was muta-
ted to alanine (A) (Supplementary Fig. 2¢c, d). We found Huh7.0 and
A549 cells expressing GFP-FAM134Bgy4,4 infected with ZIKV still
resulted in a reduced fluorescence signal of GFP, as observed by flow
cytometry (Fig. 1k), and a decline in FAM134Bg4,4 protein levels, as
indicated by western blotting (Supplementary Fig. 2e). ZIKV also gra-
dually degraded FAM134Bg 4,4 in A549 cells at multiple time points
and MOIs by flow cytometry assay (Fig. 11 and Supplementary Fig. 2f).
Collectively, these findings demonstrated that ZIKV infection induces
the degradation of the ER-phagy receptor FAM134B independently of
viral NS2B3-mediated cleavage.

To determine the influence of FAM134B on ZIKV infection, we
utilized CRISPR/Cas9 to knock out FAM134B in Huh7.0 cells and con-
firmed knockout (KO) efficiency by western blotting (Supplementary
Fig. 3a). The depletion of FAM134B resulted in a significant elevation in
ZIKV-Envelope (E) transcripts (Supplementary Fig. 3b) and ZIKV pro-
duction (Supplementary Fig. 3c), which was consistent with the effects
of FAM134B knockdown by siRNA conducted before*. This enhancing
effect was reversed in Huh7.0 FAM134B KO cells stably expressing
either FAM134By 1 or FAM134Bgry1454 (Fig. 1m). Remarkably, when the
expression levels of FAM134By and FAM134Bg 4,4 Were comparable,
both exhibited no significant differences in inhibiting ZIKV-E protein
levels (Supplementary Fig. 3d) and viral production (Fig. 1j). This
suggests that the ZIKV-NS2B3-mediated cleavage of FAM134B, as elu-
cidated solely at the protein level, may not exert a substantial influence
on live virus infection. Within this context, a more precise and intricate
mechanism governing the degradation of FAM134B during the ZIKV
infection process remains to be elucidated.

Interestingly, when we tested the impact of other flaviviruses on
FAMI134B, we observed that infections with DENV or JEV similarly
induced the degradation of FAM134B (Fig. In and Supplementary
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Fig. 2g, h). Additionally, the knockout of FAM134B heightened DENV
and JEV infections, while the overexpression of FAM134B conversely
restrained their infections (Fig. 1o, p). These findings paralleled the
impact observed with ZIKV, suggesting that the degradation of
FAMI134B might represent a conserved signature across various flavi-
virus infections, and FAM134B served as a common restrictor for
flaviviruses.
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Flavivirus-NS2A targets FAM134B for degradation

To explore the molecular mechanisms behind ZIKV-induced degra-
dation of FAM134B, we co-transfected equimolar amounts of FAM134B
with each of the ten viral proteins of ZIKV in HEK293T cells. Intrigu-
ingly, ZIKV-NS2A protein emerged as the key player, resulting in
reduced levels of FAMI134B compared to other viral proteins
(Fig. 2a, b). We further found exogenously expressed ZIKV-NS2A
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Fig. 1| FAM134B undergoes degradation during several flavivirus infections.
a Workflow for TMT-based quantitative proteomic analysis. b Median abundance of
individual ZIKV proteins. ¢ Cellular component analysis of significantly up-changing
proteins (-logyo (P value)). d Western blotting analysis of A549 cells either mock-
infected or infected with ZIKV at a MOI of 0.1. e Quantification of relative protein
level of ER-phagy receptors. f Cells (A549, Huh7.0, and HeLa) stably expressing GFP-
FAM134B were either mock-infected or infected with ZIKV at different MOIs
(A549[0.1]; Huh7.0[1]; HeLa[1]) for 72 h, determined by flow cytometry. g-j Western
blotting analysis of Huh7.0 (g) or A549 (i) were either mock-infected or infected
with ZIKV at multiple time points with a MOI of 0.1 (g) or at multiple MOIs for 24 h
(i) and the corresponding quantification of relative FAM134B level (h, j). k Cells
(A549 and Huh7.0) stably expressing GFP-FAM134Bg;424 Were either mock-infected
or infected with ZIKV at different MOIs (A549[0.1]; Huh7.0[1]) for 72 h, determined
by flow cytometry. 1 A549 stably expressing GFP-FAM134Bg4,4 Were either mock-

infected or infected with ZIKV at multiple time points with an MOI of 0.1, deter-
mined by flow cytometry. m Viral titers of supernatants from Huh7.0 FAM134B
WT cells, Huh7.0 FAM134B KO cells, Huh7.0 FAM134B KO cells stably expressing
FAM134Byt or Huh7.0 FAM134B KO cells stably expressing FAM134Bg4,4 infected
with ZIKV at a MOI of 1 for 72 h, quantified by plaque assay. n Huh7.0 cells stably
expressing GFP-FAM134Bg;4,4 Were either mock-infected or infected with ZIKV,
DENV, or JEV at a MOl of 1 for 72 h, determined by flow cytometry. o, p Viral titers of
supernatants from Huh7.0 FAM134B WT, Huh7.0 FAMI134B KO cells, or Huh7.0
FAM134B KO cells stably expressing FAM134B,, infected with DENV or JEV at a MOI
of 1 for 72 h, quantified by plaque assay. Error bars of (e, f, h, j-p) present as the
mean + SEM (n =3 independent experiments); Statistical analysis of (e, f, k, n) was
performed using two-way ANOVA with Sidak’s multiple comparisons test and

(h, j, I, m, o, p) was performed using one-way ANOVA with Tukey’s multiple com-
parisons test; Source data are provided as a Source Data file.

prompted dose-dependent degradation of both endogenous and
exogenous FAMI134B (Fig. 2c¢ and Supplementary Fig. 4a), with no
impact on other ER autophagic receptors ATL3, SEC62, and CCPGl
(Fig. 2c and Supplementary Fig. 4b, c). Furthermore, a gradual decline
in GFP signal was observed with increasing doses of ZIKV-NS2A in
Huh7.0-GFP-FAM134B cells through flow cytometry analysis (Fig. 2d).
In order to determine that ZIKV-NS2A degrades FAMI134B during
infection, we utilized the recombinant virus ZIKV-HA-NS2A, bearing a
hemagglutinin (HA)-tagged NS2A to mark NS2A%, to infect GFP-
FAM134Bg;424 expressed Huh7.0 cells and found virus-infected cells
resident in HA-NS2A showed a reduction of GFP fluorescence as evi-
denced by immunofluorescence assays (Fig. 2e, f). The above experi-
ments demonstrated the specific degradation of FAM134B by ZIKV-
NS2A protein.

Since NS2A induces the reduction of FAM134B, we speculate that
NS2A may interact with FAMI134B. Next, co-immunoprecipitation
(colP) experiments were undertaken to elucidate the interactions
between ZIKV-NS2A and six ER autophagic receptors. Our findings
revealed that NS2A engaged with two receptors, exhibiting a robust
interaction with FAM134B and a more modest interaction with ATL3
(Fig. 2g). The interaction of NS2A with FAM134B, but not with C, was
verified through colP using Flag-tagged viral proteins as bait (Supple-
mentary Fig. 4d, e). Additionally, we employed purified Myc-FAM134B
derived from HEK293T cells or purified GST-FAM134B from E. coli to
successfully pull down purified Flag-NS2A and observed the direct
interaction between NS2A and FAM134B in both instances (Supple-
mentary Fig. 4f, g).

Furthermore, under viral infection conditions, the HA-tagged
NS2A protein from the virus interacted with endogenous FAM134B,
but not with another receptor, CCPGl, underscoring the specificity of
the NS2A-FAM134B interaction during the infection process (Fig. 2h).
In addition, we also detected FAM134B interaction with other flavivirus
NS2A. ColP studies showed that DENV, West Nile virus (WNV), and JEV-
NS2A proteins all bound to FAM134B, and in the lysates, we found
DENV, WNV, and JEV-NS2A all could degrade FAM134B (Fig. 2i), with
similar efficiency as ZIKV-NS2A.

Next, we generated FAM134B truncations to identify the domain
responsible for interaction with ZIKV-NS2A (Fig. 2j). Our results indi-
cated that the N-terminal domain (NTD) of FAM134B is essential for
interaction with NS2A in vivo and in vitro (Fig. 2k and Supplementary
Fig. 4h, i). Disruption of FAM134B-NS2A interactions resulted in the
failure of both exogenously expressed NS2A or ZIKV infection
degrading FAM134B Antp (Fig. 21, m and Supplementary Fig. 4j).

Collectively, these data suggested the critical nature of the
interaction between FAM134B and NS2A in ZIKV-induced FAM134B
degradation and FAMI34B-flavivirus NS2A interactions and sub-
sequent FAM134B degradation was a conserved regulatory mechanism
of ZIKV, DENV, WNV, and JEV.

AMFR mediates flavivirus-NS2A ubiquitinations which is
required for NS2A-derived FAM134B degradation

Proteasomes and lysosomes are the primary loci for protein degra-
dation in cells***. To unravel the mechanism behind ZIKV-NS2A-
triggered FAM134B degradation, we treated HEK293T cells expressing
NS2A and FAM134B with the proteasome inhibitor MG132 or the
autophagosome-lysosome degradation inhibitor, chloroquine (CQ).
When FAM134B was treated with MG132 alone, no significant impact
was observed (Fig. 3a, compared lanes 1 and 2), but it showed an
increase in the presence of CQ, indicative of the restoration of
FAM134B due to inhibited ER-phagy (Fig. 3a, compared lanes 1 and 3),
where overexpression of ER-phagy receptor alone can induce ER-
phagy™®. In contrast, NS2A proteins were markedly rescued by MG132
rather than CQ, irrespective of the presence of FAM134B (Fig. 3a,
compared lanes 5 and 8). Additionally, NS2A proteins expressed in
HEK293T cells were rapidly degraded upon treatment with CHX
(Supplementary Fig. 5a), and this degradation was attenuated by
MG132 (Supplementary Fig. 5b). These findings suggest that ZIKV-
NS2A proteins undergo proteasome-dependent degradation, resulting
in a short half-life in cells. Interestingly, when FAM134B and NS2A were
co-expressed in HEK293T cells, ZIKV-NS2A failed to degrade FAM134B
upon proteasome inhibition caused by MG132 treatment or in the CHX
chase assay (Fig. 3a, compared lanes 7 and 8; Fig. 3b and Supplemen-
tary Fig. 5c). Additionally, FAM134B and autophagic marker LC3B
exhibited colocalization under MGI32 treatment. However, upon
introduction of NS2A, neither FAM134B nor NS2A showed a negative
correlation with LC3B and FAM134B-LC3B interaction was inhibited in
the colP assay, which suggested that NS2A-mediated FAMI134B
degradation was independent of the autophagic pathway (Supple-
mentary Fig. 5d-f). In short, these observations suggested that ZIKV-
induced FAM134B degradation relied on the NS2A-dependent pro-
teasome pathway.

Given that proteasomes preferentially target K48-linked ubi-
quitinated substrates for degradation*®, we speculate that ZIKV-NS2A
undergoes K48-linked polyubiquitination for ubiquitin-proteasome
degradation, playing a pivotal role in mediating the degradation of
FAM134B. Indeed, ubiquitination IP analysis revealed that NS2A
undergoes strong endogenous K48-linked polyubiquitination, as
opposed to Ké63-linked ubiquitination (Fig. 3c), and pulled down
more HA-tagged K48-only ubiquitin (Supplementary Fig. 6a). To
confirm NS2A ubiquitination modification, we screened some E3
ligases and found that ER-localized ligase AMFR, but not ligase-dead
AMFRc3s6c/H3614, Significantly enhanced K48-linked ubiquitination of
NS2A and promoted NS2A degradation in HEK293T cells (Fig. 3d, e
and Supplementary Fig. 6b). Notably, AMFR-mediated K48-linked
polyubiquitination and degradation were also observed in DENV,
WNV, and JEV-NS2A proteins (Fig. 3f). AMFRwT, but not ligase-dead
AMFRc3s66/H3614, Promoted the K48-linked ubiquitination of NS2A in
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an in vitro ubiquitination assay (Fig. 3g). Silencing AMFR using short
hairpin RNA (shRNA) reduced NS2A ubiquitination, and AMFRy, but
not AMFRcssec/mze1a, rescued the downregulated effect (Fig. 3h).
Furthermore, viral titers in the supernatants of ZIKV-infected Huh7.0
AMFR KO cells were lower than titers from wild-type Huh7.0 cells
(Supplementary Fig. 6c, d). This decreasing effect was rescued by
exogenous AMFRyt, but not AMFRcssecmzein (Supplementary

12 3 4 56 7 8 910 1112

Fig. 6d) which suggested AMFR ligase activity played a great role in
NS2A ubiquitination modification and ZIKV infection.

Next, the critical interaction between AMFR and NS2A was con-
firmed through colP assays, demonstrating that ectopic AMFR could
interact with ectopic NS2A (Supplementary Fig. 6e, f). This interaction
was further supported by the confirmation of endogenous AMFR
interactions with HA-tagged NS2A during ZIKV infection (Fig. 3i).
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Fig. 2 | Flavivirus-NS2A targets FAM134B for degradation. a, b Western blotting
analysis of HEK293T cells co-transfected for 48 h with indicated Myc-FAM134B and
Flag-tagged ZIKV viral protein-expressing plasmids or empty vector. The red font
highlighted the ZIKV-NS2A protein. ¢ Western blotting analysis of A549 cells
transfected for 48 h with increasing amounts of Flag-NS2A. d Huh7.0-GFP-FAM134B
transfected for 48 h with increasing amounts of Flag-NS2A, determined by flow
cytometry. e Huh7.0-GFP-FAM134Bg, 4,4 cells were infected with recombinant virus
ZIKV-HA-NS2A at a MOl of 1 for 72 h and assessed confocal microscopy analysis. The
plus sign (+) represents virus-infected cells marked by HA-NS2A. Scale bars, 10 pm.
f Quantification of mean intensity of GFP-FAM134Bg, 4,4, related to (e).

g HEK293T cells were co-transfected with Flag-NS2A and HA-tagged ER-phagic
receptor-expressing plasmids or empty vector. Cells were harvested for colP using
anti-HA beads. The asterisk (*) represents the indicated ER-phagy receptors.

h Huh7.0 cells were either mock-infected or infected with ZIKV-HA-NS2A at a MOI
of 1 for 72 h, and then cells were harvested for colP using anti-HA beads and

analyzed by western blotting. The asterisk (*) represents the co-
immunoprecipitated endogenous FAM134B, and the band of HA-NS2Aa detected
by western blotting represented a truncated form of NS2A%. i HEK293T cells were
co-transfected with HA-FAM134B and Flag-tagged flavivirus-NS2A-expressing
plasmids or empty vector. Cells were harvested for colP using anti-flag beads. The
asterisk (*) represents the indicated flavivirus-NS2A. j Schematic diagram of
FAM134B mutants. k HEK293T cells were co-transfected with FAM134By, and
mutants with Flag-NS2A or empty vector. Cells were harvested for colP using anti-
flag beads. The asterisk (*) represents the indicated FAM134B,, and mutants.

1, m Huh7.0-GFP-FAM134B A ntp Were transfected for 48 h with increasing amounts
of Flag-NS2A (I) or infected with ZIKV at a MOI of 1 (m) for 72 h, determined by flow
cytometry. Error bars of (d, f, I, m) present as the mean+SEM (d, I, m: n=3; f:
n=32); Statistical analysis of (d, I, m) was performed using one-way ANOVA with
Tukey’s multiple comparisons test and (f) was performed using two-tailed unpaired
t-test analysis; Source data are provided as a Source Data file.

Previous studies showed that FAM134B can interact with AMFR for
ubiquitination to promote ER-phagy*’. Thus, we guessed NS2A-AMFR
interaction may interfere FAM134B-AMFR axis. Firstly, we used purified
FAM134B, AMFR, and NS2A and detected the FAM134B-AMFR inter-
action by adding NS2A in vitro. We found FAM134B-AMFR interaction
was weakened with the occurrence of NS2A (Supplementary Fig. 6g).
Moreover, our study revealed that the deletion of AMFR 1-300aa led to
the abolishment of NS2A-AMFR A 1.300aa interaction, while FAM134B-
AMFR A 130022 interaction remained unaffected (Supplementary
Fig. 6h, i). This prompted us to investigate whether NS2A could still
inhibit the FAM134B-AMFR axis in the absence of NS2A-AMFR inter-
action. To address this question, we purified His-AMFRA1-300aa and
GST-FAM134B from E. coli and examined their interaction by adding
purified Flag-NS2A in vitro. Strikingly, we observed that the NS2A did
not suppress the AMFRA1.300.-FAM134B interaction when NS2A-
AMFR interaction was abolished (Supplementary Fig. 6j). Furthermore,
we performed immunofluorescence experiment to see the colocali-
zation between these three proteins. Interestingly, we found that in the
absence of NS2A, FAM134B and AMFR exhibited strong colocalization.
However, upon the addition of NS2A, partial colocalization between
AMFR and NS2A was observed, while the colocalization between AMFR
and FAM134B was not as prominent (Supplementary Fig. 6k, 1). Col-
lectively, these findings suggest that ZIKV-NS2A usurps AMFR for
ubiquitination, leading to the disturbance of the FAM134B-AMFR axis.

Furthermore, we aimed to identify the K48-linked ubiquitination
site of NS2A mediated by AMFR. The ZIKV-NS2A protein comprises 226
amino acids, including ten lysine (K) residues (Supplementary Fig. 7a).
Three ubiquitination sites of NS2A were identified through mass
spectrometry analysis, comprising K56, K186, and K193 (Supplemen-
tary Fig. 7b-d). In order to confirm whether these three sites were all
NS2A K48-linked ubiquitination sites, by individually mutating each of
these ten K residues to R and examining the expression levels of these
mutants in HEK293T cells, we identified K56 as a strong potential K48-
linked ubiquitination site for NS2A, as the NS2Agsqr mutant exhibited
the highest expression level compared to the other two sites NS2Axis¢r
and NS2Ak93r (Supplementary Fig. 7e). Notably, subsequent ubiqui-
tination analysis further confirmed that NS2Agser had weakened K48-
linked ubiquitination (Supplementary Fig. 7f), and AMFR failed to
increase the ubiquitination level of NS2Agser (Fig. 3j).

In order to clarify NS2Awt and NS2Agser ubiquitination in the live
virus infection, we generated a full-length infectious ZIKV clone
encoding HA-NS2Aysqr. We confirmed the full length of the genome
sequence of the mutant virus (Supplementary Fig. 7g). Growth curves
of ZIKV-HA-NS2Agser Were then assessed. ZIKV-HA-NS2Ays¢r displayed
attenuation in Vero cells, with viral titer being ~10-fold lower than that
of ZIKV-HA-NS2Awt at 5 dpi (Supplementary Fig. 7h). As expected,
when the two viruses replicated at a comparable level in both A549 and
Vero cells, NS2A ubiquitination was dramatically reduced in ZIKV-HA-
NS2Aser infection compared to ZIKV-HA-NS2Ay virus, which further

convinced K56 was required for NS2A ubiquitination in live virus
infections (Fig. 3k). These data support a model in which the E3 ligase
AMFR interacts with ZIKV-NS2A protein and modifies the NS2A
K56 site through K48-linked ubiquitination, leading to the degradation
of NS2A via the ubiquitin-proteasome pathway. Remarkably, upon
comparing the amino acid sequences of NS2A from other flaviviruses
with that of ZIKV, a distinctive feature was observed: ZIKV-NS2A resi-
due K56 is not conserved across other flaviviruses, where others are
represented by the amino acid R (Supplementary Fig. 7i). We speculate
that this unique site in ZIKV may be linked to ZIKV-induced congenital
neurological disorders and microcephaly, distinguishing it from other
flaviviruses. Based on the findings that flavivirus-NS2A interacted with
FAMI134B (Fig. 2i) and that AMFR mediated the ubiquitination of
flavivirus-NS2A (Fig. 3f), we still posited that AMFR-mediated K48-
linked ubiquitination of flavivirus-NS2A was responsible for FAM134B
degradation, with the possibility that other lysine residues may be
modified. Hypothesizing that the lysine residue nearest to AMFR in
each respective NS2A may represent the ubiquitination site, we
simulated the interactions between AMFR and DENV or JEV-NS2A uti-
lizing AlphaFold3. Our analysis revealed that the K99 residue of DENV-
NS2A is proximal to AMFR, with its side chain oriented towards AMFR
(Supplementary Fig. 7j), whereas for JEV-NS2A, the K26 residue was
similarly positioned (Supplementary Fig. 7k). These observations
suggested that these lysine residues may be AMFR-modified ubiquiti-
nation sites for degrading FAM134B. Further investigations are war-
ranted to validate these potential ubiquitination sites.

We then examined the impact of ZIKV-NS2A ubiquitination ele-
ments on FAM134B degradation. Firstly, we judged the role of AMFR in
NS2A-regulated FAM134B degradation. A recent study reported that
AMEFR catalyzes the ubiquitination of 17 K residues in the RHD domain
of FAM134B, thereby regulating the ER-phagy process*’. To rule out the
catalytic effect of AMFR on FAMI34B, we constructed a mutant
FAM134B with all 17 K residues mutated to R in the RHD domain,
namely FAM134B,;xr. AMFR fails to ubiquitinate FAM134B,,xr and
promote FAM134B-mediated ER-phagy*’. However, FAM134B i still
interacted with NS2A and was degraded by NS2A (Fig. 31, m, compared
lanes 1 and 2, and Supplementary Fig. 8a). When AMFR was down-
regulated, the expression of the NS2A-FAMI134B;,xg complex was
reversed (Fig. 31-m, compared lanes 2 and 3), and AMFRy+, but not
AMFRC356G/H361Ar could further degrade NS2A-FAM134B;7kr (Flg 3l, m,
compared lanes 4 and 5). Furthermore, AMFR could also enhance
other flavivirus-NS2A-mediated FAMI134B degradation (Supplemen-
tary Fig. 8b). Additionally, exogenously expressed ubiquitination-
compromised mutant ZIKV-NS2Agser resulted in the failure of dose-
dependent degradation of both endogenous and exogenous FAM134B
(Supplementary Fig. 8c, d), although NS2Ayser still interacted with
FAMI134B (Supplementary Fig. 8e). To evaluate the impact of NS2A
ubiquitination on FAM134B degradation during live virus infection, we
generated a full-length infectious ZIKV clone encoding NS2Agser
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without the HA tag (Supplementary Fig. 8f). Growth curves of ZIKV-
NS2Aser Were similar with ZIKV-HA-NS2Ayser that ZIKV-NS2Ag;ser also
displayed attenuation in Vero cells compared with ZIKV-NS2Awt
(Supplementary Fig. 8g). Similarly, attenuated replication of ZIKV-
NS2Ay;s6r Was observed in human neural progenitor cells (hNPCs) at 48
and 72 hpi (Supplementary Fig. 8h). To determine whether the
decreased replication of ZIKV-NS2Ay;se¢r Was attributable to a defect in
virus replication or assembly rather than FAM134B-mediated ER-

phagy, we infected A549 FAM134B KO cells with ZIKV-NS2Ayt or ZIKV-
NS2Agser at a MOI of 0.1 and collected the supernatants at 24, 48, 72,
and 96 hpi. We then assessed the growth curves of the two viruses and
observed that ZIKV-NS2Aser exhibited a similar growth trend to ZIKV-
NS2Awr in Vero cells. Notably, there was no discernible difference
between the two viruses at 48 hpi (Supplementary Fig. 8i), despite the
wild-type virus displaying nearly a 10-fold increase over the mutant
virus in A549 FAM134B wild-type cells at the same time point. These
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Fig. 3 | AMFR mediates flavivirus-NS2A ubiquitination which is required for
NS2A-drived FAM134B degradation. a, b, Western blotting analysis of

HEK293T cells transfected for 30 h with the indicated plasmids and then treated
with DMSO, MG132 (10 pM), and CQ (50 uM) for 8 h (a); Quantification of relative
FAM134B level (b). c-f, h, j, HEK293T cells were transfected with the indicated
plasmids. Cells were harvested for colP using anti-Flag beads and analyzed by
western blotting with a K48-linkage-specific polyubiquitin antibody to detect the
ubiquitination of NS2A. g In vitro ubiquitination assays were measured by incu-
bating purified Flag-NS2A with purified HA-AMFRyt or HA-AMFRc3s6c/13614 aNa-
lyzed by western blotting with a K48-linkage specific polyubiquitin antibody to
detect the ubiquitination of NS2A. i Huh7.0 cells were either mock-infected or
infected with ZIKV-HA-NS2A at an MOI of 1 for 72 h and then cells were harvested
for colP using anti-HA beads and analyzed by western blotting. k A549 and Vero

cells were mock-infected or infected with ZIKV-HA-NS2Awt (MOI = 0.1) or ZIKV-HA-
NS2Ayser (MOl =1) for 72 h and then harvested for colP using anti-HA beads and
analyzed by western blotting with a K48-linkage specific polyubiquitin antibody to
detect the ubiquitination of NS2A and the input E was normalized for immuno-
precipitation. I, m Western blotting analysis of HEK293T cells or HEK293T-AMFR
knockdown cells transfected for 48 h with the indicated plasmids (I); Quantification
of relative FAM134B level (m). n Huh7.0-GFP-FAM134Bg,4,4 cells were infected with
ZIKV-NS2Awt (MOI =1), ZIKV-NS2Ags6r (MOI =10), or mock-infected for 72 h,
determined by flow cytometry. Error bars of (b, m, n) present as the mean + SEM
(n=3 independent experiments); Statistical analysis of (b) was performed using
two-way ANOVA with Sidak’s multiple comparisons test and (m, n) was performed
using one-way ANOVA with Tukey’s multiple comparisons test; Source data are
provided as a Source Data file.

findings provided strong evidence that FAM134B-mediated ER-phagy
played a significant role in the cytopathogenesis of ZIKV.

Then we sought to verify whether ZIKV-NS2Ags¢r reduced the
ability to trigger FAM134B degradation. As expected, when the two
viruses replicated at a comparable level, ZIKV-NS2Ayser greatly lost the
ability to degrade FAM134B compared to ZIKV-NS2Awr virus by flow
cytometry (Fig. 3n) and western blotting assays (Supplemen-
tary Fig. 8j).

Taken together, the above results revealed that ER-localized NS2A
undergoes polyubiquitination at K56 catalyzed by the E3 ubiquitin
ligase AMFR through K48-linked polyubiquitination. Ubiquitinated
NS2A bound to FAM134B through interactions with the FAM134B
N-terminal domain, and AMFR orchestrated the degradation of NS2A-
FAM134B complexes. The mutant virus ZIKV-NS2Ayser failed to trigger
FAM134B degradation, which emphasized the importance of ubiqui-
tination in NS2A-drived regulation.

ZIKV subverts FAM134B to restrict ER-phagy process

Since ER-phagy is strictly reliant on receptor-mediated process, thus
the content of receptor protein directly influences the efficiency of ER-
phagy®. We reasoned NS2A-mediated FAM134B degradation may
affect the flux of ER-phagy. To check our hypothesis, we used two
validated reporter assays: mCherry-eGFP-RAMP4 tandem tagging
assays and GFP-cleavage assays*>*®. When ER-phagy is happened that
ER fragments are degraded by autolysosomes, they will either appear
as mCherry’eGFP-RAMP4 foci by confocal microscope because
mCherry is more stable in an acidic environment (Fig. 4a) or they will
produce free GFP visualized by western blotting analysis because of
the partial digestion of GFP-SEC61B, an ER sheet resident protein
(Fig. 4b). We chose U20S cell which is a classic cell line in ER-phagy
research to conduct the experiments. In mCherry-eGFP tandem tag-
ging assays, U20S cells expressing mCherry-eGFP-RAMP4 did not
exhibit any ER-phagy activity and appeared as mCherry + eGFP + foci
under confocal microscopy. However, upon activation of ER-phagy by
FAMI134B, the mCherry-eGFP-RAMP4 foci shifted to mCherry+eGFP-
due to the increased stability of mCherry in an acidic environment.
Subsequently, following infection of ER-phagy-activated cells with
ZIKV-HA-NS2Awt or ZIKV-HA-NS2Akser at similar levels of replication,
we observed a significant reduction in mCherry + eGFP- foci in cells
infected with the wild-type ZIKV compared to the ER-phagy inhibition-
deficient virus (Fig. 4c, d). In GFP-cleavage assays, as expected, only
ZIKV-NS2Awt infection or exogenously expressed NS2Awt decreased
FAM134B-induced GFP fragment production (Fig. 4e, f).

FAM134B is responsible for the turnover of ER sheets degradation
and detection of the content of ER sheet marker CLIMP63 can directly
visualize the ER-phagy level®. Similarly, U20S cells expressing
FAM134B were infected by the two viruses, and we observed that only
ZIKV-NS2Aw infection hindered the degradation of CLIMP63, as
opposed to REEP5, which resides in ER tubules (Fig. 4g, h). The
blockade of CLIMP63 degradation was also evident in cells expressing

exogenous NS2Aw (Fig. 4i, j). The above results showed ZIKV-NS2A-
induced FAMI34B degradation results in the flux of ER-phagy
inhibition.

ZIKV mutant (ZIKV-NS2Akser) With ER-phagy inhibition-defi-
ciency exhibits impaired microcephaly in human brain
organoids

ZIKV prefers to infect and target hNPCs and causes fetal microcephaly
upon maternal infection®’. Given that FAM134B degradation-deficient
ZIKV mutant exhibited significantly attenuated replication in hNPCs
(Supplementary Fig. 8h), we speculate ER-phagy inhibition caused by
ZIKV plays a great role in virus-induced fetal microcephaly. Human
cerebral organoids have been extensively utilized as a model for
studying ZIKV-associated microcephaly®’. To assess the impact of wild-
type ZIKV and the NS2Ags¢r mutant on early human brain develop-
ment, we focused on day 10 brain organoids, exposing them to viral
incubation for 24 h (Fig. 5a). After removing the inoculum, we exam-
ined organoids at 4 and 8 dpi. Both viruses demonstrated increasing
expression of ZIKV-E RNA and the release of infectious particles at 4
and 8 dpi (Fig. 5b, ¢), indicating valid and productive infection. In
comparison to mock-treated organoids, those infected with ZIKV-
NS2Awr exhibited time-dependent growth attenuation (Fig. 5d, e).
Conversely, ZIKV-NS2Agser-infected organoids were significantly lar-
ger than those infected with ZIKV-NS2A at 8 dpi (Fig. 5d, e). Since
hNPCs are particularly susceptible to ZIKV infection, and cerebral
organoids contain ventricular zone (VZ)-like structures where hNPCs
predominantly reside*’, we firstly assessed the RNA levels of hNPC
markers SOX1 and SOX2 at 4 and 8 dpi. SOXI and SOX2 RNA levels in
organoids infected by both viruses were significantly lower than those
in mock-treated organoids (Fig. 5f, g), but the content of ZIKV-
NS2Agser-infected organoids was higher than that of ZIKV-NS2Ay -
infected ones (Fig. 5f, g). Subsequently, we stained for SOX2* hNPCs in
the VZ-like region to directly observe virus-induced hNPCs depletion.
We found that ZIKV-NS2Ay-infected organoids exhibited fewer and
smaller VZ-like structures compared to mock-treated organoids
(Fig. 5h, i). Although ZIKV-NS2Agser-infected organoids were still
smaller than mock-treated ones, they displayed larger and more
complete morphological characteristics of VZ-like structures com-
pared to ZIKV-NS2Ayw-infected organoids (Fig. 5h, i). Furthermore, we
observed FAM134B degradation and CLIMP63-degradation blockade
in ZIKV-NS2Ayr-infected organoids compared to ZIKV-NS2Agser-
infected organoids by western blotting analysis (Fig. 5j), which may
suggest ZIKV-NS2Agsqr failed to degrade FAM134B and inhibit ER-
phagy in brain organoids.

In short, these results demonstrated the mutant virus ZIKV-
NS2Agser With ER-phagy inhibition-deficiency compromised to
attenuate organoid growth, resulted in hNPCs depletion and caused a
microcephaly-like phenotype in the early stages of human brain
organoids compared with ZIKV-NS2Awt infection. Especially, ZIKV-
NS2Agser failed to restrain the flux of ER-phagy in brain organoids.
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Fig. 4 | ZIKV subverts FAM134B to restrict ER-phagy process. a Diagram of
mCherry-EGFP tandem tagging assays. b Diagram of GFP-cleavage assays.

¢ Immunofluorescence analysis of U20S cells expressing mCherry-eGFP- RAMP4
infected with ZIKV-HA-NS2Awt (MOI =1), ZIKV-HA-NS2Ags6r (MOI =10), or mock-
infected for 48 h. Scale bars, 10 pm. d ER-phagy flux was quantified by the number
of mCherry+ eGFP- dots. Error bars present as the mean + SEM (n = 21); Statistical
analysis was performed using one-way ANOVA with Tukey’s multiple comparisons
test; Source data are provided as a Source Data file. e, g Western blotting analysis of
U20S cells transfected for 12 h with GFP-SEC61B and Myc-FAM134B (e) or Myc-

FAMI34B (g) and then infected with ZIKV-NS2Awr (MOl =1), ZIKV-NS2Agser
(MOI=10), or mock-infected for 48 h. f, i Western blotting analysis of U20S cells
transfected for 48 h with GFP-SEC61B and Myc-FAM134B and Flag-NS2Ayr or Flag-
NS2Agser or empty vector (f) or Myc-FAM134B and Flag-NS2Awr or Flag-NS2Aiser
or empty vector (h). h, j Quantification of relative CLIMP63 and REEPS protein level,
h corresponds to (g, j) corresponds to (i); Error bars of (h, j) present as the

mean + SEM (n =3 independent experiments); Statistical analysis of (h, j) was per-
formed using two-way ANOVA with Sidak’s multiple comparisons test; Source data
are provided as a Source Data file.
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ZIKV-NS2Ak;6r infection causes weakened pathogenicity and
lethality in mice

To assess the pathogenicity and lethality of the recombinant ZIKV
carrying the NS2Agsqr mutation in vivo, we established infection
models in A129 (C57BL/6 IfnarI”") mice with either ZIKV-NS2Aw or
ZIKV-NS2Agser. Monitoring the mice for body weight loss revealed that
ZIKV-NS2Ag;ser-infected mice lost ~10% of their initial body weight at 8

dpi, while ZIKV-NS2A-infected mice exhibited more severe weight
loss (Fig. 6a). Survival rates after intraperitoneal injection of the two
viruses were also estimated. A129 mice infected with ZIKV-NS2Awt
showed increased vulnerability to ZIKV-induced mortality, whereas
those infected with ZIKV-NS2As¢r did not experience any deaths
(Fig. 6b), indicating that ZIKV-NS2Ags¢r infection resulted in atte-
nuated lethality. Correspondingly, A129 mice infected with ZIKV-
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Fig. 5 | ZIKV mutant (ZIKV-NS2Agser) With ER-phagy inhibition-deficiency
exhibits impaired microcephaly in human brain organoids. a Diagram of viral
exposure of brain organoids. b qPCR analysis of ZIKV-E RNA in organoids exposed
to ZIKV-NS2Aw or ZIKV-NS2Agser at 4 and 8 dpi. ¢ Immunofluorescence analysis of
Vero cells incubated with supernatants of ZIKV-infected organoids at 4 and 8 dpi.
Scale bars, 75 pm. ZIKV-E (green), DAPI (blue). d, e Images and area measurements
of organoids exposed to ZIKV-NS2Awr, ZIKV-NS2Agser, Or mock-treated at 4 and 8
dpi. Scale bars, 500 um. f, g qRT-PCR analysis of SOXI (f) and SOX2 (g) RNA in
organoids exposed to ZIKV-NS2At, ZIKV-NS2Agser or mock-treated at 4 and 8 dpi.
h Immunofluorescence analysis of organoids exposed to ZIKV-NS2Ay, ZIKV-

NS2Ayser Or mock-treated. Scale bars, 75 um. The area of two dashed lines repre-
sents ventricular zone (VZ)-like structures. ZIKV-E (green), SOX2 (red). i The mea-
surement of VZ-like structures of (h). j Western blotting analysis of organoids
exposed to ZIKV-NS2Ayr (7 x 10* PFU/organoid), ZIKV-NS2Agser (7 x 10° PFU/
organoid) or mock-treated at 8 dpi. Error bars of (b, e, f, g, i) present as the
mean = SEM (b, f, g: n=3; e: n=13; i: n = 6); Statistical analysis of (b, e, f, g) was
performed using two-way ANOVA with Sidak’s multiple comparisons test and (i)
was performed using one-way ANOVA with Tukey’s multiple comparisons test;
Source data are provided as a Source Data file.

NS2Akser displayed a lower viral burden, as evidenced by reduced
ZIKV-E RNA levels in various organs (lung, kidney, eye, brain, and liver)
measured by qRT-PCR (Fig. 6¢-g) and lower ZIKV-E protein levels in
the brain assessed by immunofluorescence (Fig. 6h). Additionally,
attenuated brain tissue damage was observed in A129 mice infected
with ZIKV-NS2Agser (Fig. 6i). We sought to determine whether the
diminished replication of ZIKV-NS2Ags¢r in vivo resulted in defi-
ciencies in FAM134B degradation and ER-phagy inhibition. Evaluation
of mouse FAM134B (mFAM134B) protein levels in various organs upon
ZIKV infections through western blotting revealed that mFAM134B was
highly expressed in mice infected with ZIKV-NS2Ags¢r, While lower
levels were observed in ZIKV-NS2Aw-infected mice, especially in the
brain, liver, and lung organs (Fig. 6j). We also conducted immunohis-
tochemistry analysis and found reduced FAM134B staining in the cer-
ebral cortex of mice infected with ZIKV-NS2Awr, as compared to mice
treated with PBS or those infected with ZIKV-NS2Ags¢r (Supplemen-
tary Fig. 9). In short, these findings suggested that the weakened
replication of ZIKV-NS2Agser in vivo led to deficiencies in mFAM134B
degradation and compromise pathogenicity in mice.

Discussion

Flaviviruses have utilized the host ubiquitin system to replicate effi-
ciently in both a proteasome-dependent and -independent manner®*?,
and ubiquitination of viral proteins has diverse roles in viral life cycle
and pathogenesis™. For example, envelope protein ubiquitination of
ZIKV provides the virus with an enhanced ability to enter new cells and
is an important determinant of virus tropism and pathogenesis in the
mammalian host>>. DENV-NS3 ubiquitination facilitates the cleavage of
STING to subvert the innate immune signaling for promoting viral
replication®®. IFN-induced ubiquitination of YFV-NSS is required for
binding human STAT2 to antagonize the interferon signaling®. Here,
we unveil a novel aspect of ZIKV-NS2A protein dynamics, revealing its
AMFR-mediated K48-linked polyubiquitination, leading to degrada-
tion via the ubiquitin-proteasome pathway and contributing to the
observed short half-life of NS2A in ZIKV-infected cells (Fig. 3 and
Supplementary Fig. 5a, b). Furthermore, we observed a dramatic
increase in the abundance of nine ZIKV viral proteins except for NS2A
over the infection period in quantitative proteomics experiments, and
NS2A protein could not even be quantified in 72 hpi (Fig. 1b). This
unexpected finding underscores the cunning adaptability of the virus,
as ZIKV-NS2A, crucial to the viral life cycle (see Introduction), exhibits a
specific instability serving distinct functions for viral infection. We
speculate that ZIKV-NS2A may preferentially target the key host pro-
teins participating in cellular pathways for degradation to promote
virus infection. As expected, it has been reported that ZIKV-NS2A
disrupts mammalian cortical neurogenesis by degrading adherens
junction proteins®, inhibits interferon signaling by degradation of
STATI1 and STAT2%, and downregulates KPNA2, essential for embryo-
nic stem cell maintenance and differentiation*’’. Among our investiga-
tion, ubiquitinated NS2A mediated by AMFR bound to FAMI134B
through interactions with its N-terminal domain and AMFR orche-
strated the degradation of NS2A-FAM134B complexes, resulting in the
flux of ER-phagy inhibition for promoting virus infection (Figs. 2, 3).
This discovery enhances our comprehension of viral protein

degradation, shedding light on promoting viral replications. Besides,
polyubiquitination-mediated NS2A degradation and FAM134B-NS2A
interactions and subsequent FAM134B degradation were conserved in
ZIKV, DENV, WNV, and JEV (Figs. 2i, 3f and Supplementary Fig. 8b),
which proposes flavivirus-NS2A ubiquitination emerges as a potential
targeting agent as broad-spectrum antivirals. The viral protein NS2A
specifically targeted FAM134B for degradation, leaving other ER-phagy
receptors unaffected (Fig. 1d, e and Supplementary Fig. 1d). This
observation suggested that the ER-phagy process was not entirely
inhibited by ZIKV. Therefore, if flaviviruses aim to completely suppress
the ER-phagy pathway, it is likely other alternative mechanisms may be
employed to manipulate this process.

A previous study demonstrated that FAM134B engaged with
AMFR to facilitate its ubiquitination, promoting ER-phagy*’. In our
investigation, the ubiquitination-deficient mutant FAM134B,,xg was
still subjected to degradation by NS2A (Fig. 31, m). This finding indi-
cated that the ubiquitination of FAM134B was not a prerequisite for its
NS2A-mediated proteasomal degradation, and NS2A may function as a
chaperone to facilitate the degradation of FAM134B. Furthermore, we
observed a weakening of the FAM134B-AMFR interaction in the pre-
sence of NS2A (Supplementary Fig. 6g) through competitive colP
assays in vitro. This suggests that ZIKV not only utilizes AMFR to ubi-
quitinate NS2A for FAM134B degradation but also hinders the reg-
ulatory axis of FAM134B-AMFR-mediated ER-phagy. Of course, further
experimental results, especially those related to virus infection and
structural aspects, are necessary to fully elucidate the competitive
relationships within the triple complexes.

Viruses employ various strategies to inhibit, evade, or manipulate
the autophagy machinery, promoting their replication for survival and
propagation®. In recent years, receptor-mediated organelle-specific
selective autophagy has been one of the hot research areas in
virus-host interactions. However, the role of ER-phagy in viral infec-
tion and pathogenicity remains incompletely explored, with limited
studies expanding its scope. Ebola virus infection is limited by ER-
phagy receptor FAMI134B, but the restricted mechanism remains
unknown®. SARS-CoV-2 ORF8 hijacks ATL3 and FAM134B into P62
condensates, resulting in ER-phagy inhibition and increased viral
replication®®. Additionally, depletion of BPIFB3 improves ER-phagy
process and inhibits the replication of flavivirus®.. Existing research on
ER-phagy in viral infection is predominantly at the cellular level and
lacks an understanding of its impact on the pathogenicity of viral
infections under physiological conditions. In this study, we bridge this
gap by combining in vivo analysis using mouse models and in vitro
analysis utilizing human brain organoids to physiologically elucidate
the basic mechanisms and viral pathogenicity by regulating ER-phagy
under conditions of ZIKV-NS2A virus and the ER-phagy inhibition-
deficient ZIKV-NS2Ags¢r mutant virus infections (Figs. 5, 6). ZIKV-
NS2Aser Virus infection compromised to attenuate organoid growth
(Fig. 5d, e) and cause hNPCs depletion (Fig. 5f-i) and failed to exhibit a
microcephaly-like phenotype in human brain organoids. This high-
lights the potential involvement of the ER-phagy pathway in ZIKV-
induced microcephaly. In the mouse model context, the reduced
replicative potential of ZIKV-NS2Agser Was associated with decreased
pathogenicity, evident through minimal weight loss and zero mortality
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Fig. 6 | ZIKV-NS2Ak;s¢r infection causes weakened pathogenicity and lethality
in mice. a Daily weights of mice treated with PBS (n=6), ZIKV-NS2A\t (n=7), or

ZIKV-NS2Agser (n=7) (i.p., 10* PFU/ mouse); Error bars present as the mean + SEM;
Source data are provided as a Source Data file. b Survival of mice from (a); Log-rank
(Mantel-Cox) test. c-g qRT-PCR analysis of ZIKV-E RNA in different tissues of mice
infected with ZIKV-NS2Aw or ZIKV-NS2Agser (1 = 6); Error bars of (c-g) present as
the mean + SEM; Statistical analysis of (c-g) was performed using two-tailed

13 14 15

unpaired ¢-test analysis; Source data are provided as a Source Data file.

h Immunofluorescence analysis of brains of mice infected with ZIKV-NS2A or
ZIKV-NS2Agser. Scale bars, 1000 pm. ZIKV-E (green), DAPI (blue). i Hematoxylin and
eosin staining analysis of brains of mice infected with PBS, ZIKV-NS2Aw, or ZIKV-
NS2Agser- The black arrows represent the inflammation damage in the brain tissues.
Scale bars, 100 pm. j Western blotting analysis of mFAM134B expression in mouse
tissues infected with ZIKV-NS2Awt or ZIKV-NS2Agser.

rate (Fig. 6a, b). Notably, ZIKV-NS2Ays¢r-infected mice exhibited
grossly attenuated brain tissue damage (Fig. 6i), correlating with lower
ZIKV-E RNA (Fig. 6f) and ZIKV-E protein levels (Fig. 6h) in the brain.
Importantly, the diminished replication of ZIKV-NS2Agser in vivo led to
deficiencies in FAM134B degradation in certain mouse tissues (Fig. 6j).

Exploring these events sheds light on the role of the ER-phagy pathway
in viral infections and contributes to a deeper understanding of the
pathogenesis of viral diseases.

Several flavivirus NS3 proteases, including DENV and ZIKV, can
cleave R at position 142 within the reticulon homology domain of

Nature Communications | (2024)15:9578

12


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54010-w

ER degradation
P

/ \
[ Lysosome
\ 7

'_F____________

N 4

~ -

Autophagosome

L[ _—

|
|
|
I
|
|
|
|
|
|
I
I
|
Nucleus |

Infection

=
QAN

ER accumulation

Pathogenicity

(J *»

Microcephaly Weakened
microcephaly

e

Brain organoid

\

L1 n
_\\\\ { //_ §0 /7%
2y Y
ZIKV-NS2A+ ZIKV-NS2Ags6r

i

&«

Fig. 7 | Model for AMFR-mediated Flavivirus NS2A ubiquitination subverts ER-
phagy to augment viral pathogenicity. Left: The ER-resident E3 ligase AMFR-
mediated ubiquitination of ER-phagy receptor FAM134B promotes the dynamic
flux of ER-phagy process to degrade ER sheets; Middle: During flavivirus infection,
ZIKV hijacks AMFR to catalyze the polyubiquitination of ER-localized viral NS2A
protein at K56 through K48-linked manner. Ubiquitinated NS2A binds to FAM134B,

and AMFR orchestrates the degradation of NS2A-FAM134B complexes, ultimately
impeding the flux of ER-phagy for ER accumulation and hindering the FAM134B-
AMEFR axis. Right: The ubiquitination and ER-phagy inhibition-deficient ZIKV-
NS2Agser infection exhibits weakened microcephaly and reduced replicative
potential and decreased pathgenicity in mice.

exogenously expressed FAM134B in HEK293T cells which blocks the
formation of viral NS3 and ER protein-enriched autophagosomes*.
This intriguing observation was validated at the protein level, lacking
confirmations in live virus infection-induced FAM134B cleavage and
the flux of ER-phagy inhibition. In our system, when we generated
FAM134B cleavage mutant FAM134Bg4,4, we found several flavivirus
infections, including ZIKV, DENV, and JEV, still could degrade
FAM134Bgu424 (Fig. 1k, 1, n and Supplementary Fig. 2f-h), indicating
FAM134B degradation-induced by flavivirus NS2A is independent of
viral NS3-mediated cleavage. Importantly, expression of FAM134By
and FAM134Bgr1424 at comparable levels exhibited no significant dif-
ferences in inhibiting ZIKV-E protein levels (Supplementary Fig. 3d)
and viral production (Fig. 1m). This suggests that the cleavage of
FAMI134B, as elucidated solely at the protein level, may not exert a
substantial influence on live ZIKV infection. Moreover, a critical amino
acid, K56, in NS2A played a significant role in mediating FAM134B
degradation. Infections with the recombinant ZIKV-NS2Agser Virus
demonstrated attenuated replicative abilities in both Vero cells and
hNPCs (Supplementary Fig. 8g, h), failing to induce FAM134B degra-
dation (Fig. 3n and Supplementary Fig. 8j) and inhibit the flux of ER-
phagy process (Fig. 4). Therefore, we made a profound study into the
degradation of ER-phagy receptor by ZIKV infection, thereby inhibiting
the occurrence of ER-phagy at the level of live virus infection, which
provides substantive evidence for the authenticity of the viral manip-
ulation of ER-phagy.

In summary, our study advances a model wherein viral-protein
ubiquitination orchestrates the degradation of the crucial ER-phagy
receptor protein through the ubiquitin-proteasome pathway, ulti-
mately impeding the flux of ER-phagy. The mechanism we unveil is
unique and novel, contributing to a deeper understanding of how

viruses subvert ER-phagy to promote viral infection and the patho-
genicity of viral diseases (Fig. 7).

Methods

Ethic statements

All the animal experiments were performed according to the Regula-
tions of Hubei Province Laboratory Animal Management and approved
by the Wuhan University Animal Experiment Ethics Committee under
project licence SKLV-AE2022 007.

Cells

HEK293T (CRL-1573, ATCC), A549 (CCL-185, ATCC), Huh7.0 (obtained
from Dr. Xianfeng Hui, Huazhong Agricultural University), Vero
(obtained from Dr. Chao Shan, Wuhan Institute of Virology, Chinese
Academy of Sciences), U20S (HTB-96, ATCC), A549-GFP-FAM134B,
AS549-GFP-FAM134Bg142s, Hela-GFP-FAMI34B, Huh7.0-GFP-FAM134B,
Huh7.0-GFP-FAM134Bgy4,1, Huh7.0-GFP-FAMI34B Antp, and Huh7.0
FAM134B KO cells were cultured in Dulbecco’s modified Eagle’s med-
ium (DMEM, 11995065, Gibco) with 10% fetal bovine serum (FBS,
086150, WISENT). ReNcell CX cells, a cell line of hNPC (obtained from
Dr. Shi Chen, Wuhan University), were cultured in DMEM/F12
(11330032, Gibco) containing N2 Supplement, B27 Plus Supplement,
20 ng/mL FGF-2 and 20 ng/mL EGF in 15ug/mL laminin (354232,
Corning)-coated dishes. All cells were cultured at 37 °C in a humidified
incubator with 5% CO,.

Viruses

The ZIKV Cambodian strain FSS13025 and the mutant virus were pro-
duced from an infectious cDNA clone. The ZIKV Cambodian strain
FSS13025 HA-tagged NS2A virus was produced from an infectious
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cDNA plasmid kindly provided by Dr. Xianwen Zhang from Shenzhen
Bay Laboratory. ZIKV Puerto Rico strain PRVABC59 was generated
from an infectious cDNA plasmid kindly provided by Dr. Zhijian Cao
from Hubei University of Technology. ZIKV Asian strain SZO1 was
kindly provided by Dr. Hanzhong Wang from the Wuhan Institute of
Virology, Chinese Academy of Sciences. DENV strain TSV-01 and JEV
strain SA-14-14-2 were kindly provided by Dr. Bo Zhang from the
Wuhan Institute of Virology, Chinese Academy of Sciences.

Antibodies and reagents

Rabbit polyclonal anti-FAM134B (cat. n0.21537-1-AP), rabbit polyclonal
anti-ATL3 (cat. no.16921-1-AP), rabbit polyclonal anti-RTN3 (cat.
no.12055-2-AP), rabbit polyclonal anti-TEX264 (cat. no.25858-1-AP),
rabbit polyclonal anti-CCPG1 (cat. no. 13861-1-AP), rabbit polyclonal
anti-AMFR (cat. no.16675-1-AP), rabbit polyclonal anti-CLIMP63 (cat.
no.16686-1-AP), rabbit polyclonal anti-REEPS (cat. no. 14643-1-AP), and
mouse monoclonal anti-GAPDH (cat. no.60004-1-1g) were purchased
from Proteintech. Rabbit monoclonal anti-SOX2 (cat. no.23064), rabbit
monoclonal anti-GFP (cat. n0.2956), rabbit monoclonal anti-Ubiquitin
(cat. no.43124), rabbit monoclonal anti-K48-linkage Specific Poly-
ubiquitin (cat. no.8081), rabbit monoclonal anti-K63-linkage Specific
Polyubiquitin (cat. no.5621), rabbit monoclonal anti-LC3 (cat.
no.3868), rabbit monoclonal anti-His (cat. no.12698), rabbit mono-
clonal anti-GST (cat. no.2625) were purchased from Cell Signalling
Technology. Rabbit polyclonal anti-ZIKV-E (cat.no.GTX133314), rabbit
polyclonal anti-ZIKV-NS3 (cat.no. GTX133309) were purchased from
GeneTex. Mouse monoclonal anti-Myc (cat.no.M192-3), mouse
monoclonal anti-HA (cat.no.M180-3) were purchased from MBL.
Mouse monoclonal anti-Flag (cat.no. A9469) was purchased from
Sigma. Rabbit monoclonal anti-SEC62 (cat.no. A24001) was purchased
from ABclonal. Goat anti-rabbit IgG HRP conjugated (cat. no.31460),
goat anti-mouse IgG HRP conjugated (cat. no.31430), goat anti-rabbit
IgG Rhodamine (cat. no.31670), and goat anti-mouse IgG Fluorescein
(cat. no.31569) were purchased from Invitrogen. The inhibitors MG132
(HY-13259), CQ (HY-17589A), and CHX (HY-12320) were purchased
from MedChemExpress (MCE). Earle’s balanced salt solution was pur-
chased from GIBCO (24010043).

Plasmids

Myc-FAM134B was generated by inserting the corresponding cDNA
into the pcDNA3.1-Myc vector. Myc-FAM134Ba1.g32., Myc-
FAM134BA453.49733, MyC'FAM134BARHD, MyC'FAM134BACTD, MyC'
FAM134B A ntp, and Myc-FAM134B,7xr were generated by performing
overlap extension of PCR-mediated deletions or substitution on
pcDNA3.1-Myc-FAM134B. GST-FAM134B was generated by subcloning
into the vector pGEX-6P1. Flag-ZIKV-NS2A, DENV-NS2A, JEV-NS2A,
WNV-NS2A, and other ZIKV viral proteins-encoded genes were gener-
ated by inserting the corresponding cDNA into the mammalian
expression vector pCDH-CMV-IRES-MCS-SF-BLAST. Nine Flag-ZIKV-
NS2A K to R mutants were generated by performing overlap extension
of PCR-mediated substitution on pCDH-CMV-Flag-NS2A. HA-AMFR,
HA-CCPG1, HA-FAM134B, HA-RTN3, HA-TEX264, HA-ATL3, HA-SEC62,
and other encoding E3 ligase genes were cloned into the mammalian
expression vector pCAGGS-MCS. HA-AMFRc3s¢c/H361a @and AMFR A
300aa Were generated by performing overlap extension of PCR-
mediated deletions or substitution on pCAGGS-HA-AMFR.
His—AMFR A1-300aa Was generated by subcloning into the vector
pET28a. GFP-SEC61B and pCDNA4-mCherry-eGFP-RAMP4 were kindly
provided by Dr. Binbin Ding from Guangzhou Medical University. All
constructs were confirmed by DNA sequencing,

Mice experiment

A129 mice (C57BL/6 Ifnar1”") were obtained from Dr. Yu Chen, Wuhan
University®?, and maintained under specific pathogen-free conditions.
All animal experiments were conducted in an animal biosafety level 2

(ABSL-2) facility in accordance with the Regulations of Hubei Province
Laboratory Animal Management and approved by the College of Life
Sciences of Wuhan University. All mice were housed in a specifc-
pathogen-free (SPF) at Wuhan University with a 12-h dark/12-h light
cycle and fed with standard food and water.

About 4-week-old A129 mice (males and females) were infected
with 10* PFU of ZIKV-NS2Aw or ZIKV-NS2Ayser (FSS13025 strain
backbone) through the intraperitoneal route. PBS was given to the
mock-infected mice through the same route. The body weight and
survival data represent six mock-infected mice and eight mice infected
with ZIKV-NS2Awt or ZIKV-NS2Agser. The viremia data represents six
mice infected with ZIKV-NS2Awt or ZIKV-NS2Ags¢r. Mouse tissues
were collected at 8 days post-infection. The experiment was per-
formed twice, and the results were combined.

H&E and Immunohistochemistry (IHC)

Brain samples were fixed in 4% (w/v) polyformaldehyde embedded in
paraffin, and cut into 5-pm sections. For H&E staining, sections were
deparaffinized, rehydrated, and stained with haematoxylin and eosin.
For IHC staining, sections were deparaffinized, rehydrated, and then
antigens were recovered in 10 mM citrate buffer (pH 6.0) for 10 min in
a microwave oven. H,0, (3%) was used to block endogenous perox-
idase, followed by PBS wash. After sections were blocked in 3% BSA at
room temperature for 30 min, they were incubated with primary
antibodies for FAM134B overnight at 4 °C. The sections were then
washed with PBS, incubated with HRP-labeled secondary antibodies at
room temperature for 1 h, and washed with PBS. Sections were stained
with 3,3-diaminobenzidine and then counter-stained with hematox-
ylin. The quantification was performed using Image ] software (1.53t/
Java 1.8.0 345).

Immunoblotting and immunoprecipitation

Cell lysates were collected in lysis buffer (150 mM NaCl, 50 mM Tris-
HCI pH 7.4, 1% Triton X-100, 1mM EDTA pH 8.0, 0.1% SDS) supple-
mented with protease inhibitor cocktail. Proteins in cell lysates were
separated by SDS-PAGE and analyzed by immunoblotting.

For immunoprecipitation, cells were lysed by lysis buffer con-
taining protease inhibitor cocktail for 30 min on ice and then cen-
trifuged at 13,000xg for 30 min at 4°C. The supernatants were
immunoprecipitated by the indicated antibody for 12 h at 4 °C. The
immunoprecipitants were washed by lysis buffer four times and then
boiled in 1x SDS-loading buffer for immunoblotting.

RNA extraction, reverse transcription PCR, and real-time PCR
Total RNA was isolated by Trizol regent (15596026CN, Invitrogen)
according to the manufacturer’s protocol. Reverse transcription PCR
was carried out by using the ABScript Il cDNA First-Strand Synthesis Kit
(RK20400, ABclonal). The resulting cDNA was amplified by 2X Uni-
versal SYBR Green Fast qPCR Mix (RK21203, ABclonal). mRNA
expression levels of the indicated genes were normalized to the
expression levels of GAPDH as an endogenous reference control.

The following primers were used:

Human FAM134B forward: 5-AGACTTTTCAGCTCTTTGTC-3’

Human FAM134B reverse: 5-GATCATCAGAAGTGTCTGTC-3’

ZIKV-E forward: 5-AGATGACTGCGTTGTGAAGC-3’

ZIKV-E reverse: 5-GAGCAGAACGGGACTTCTTC-3

Human SOX1 forward: 5-AATAGCACAAACACGCGCAA-3’

Human SOX1 reverse: 5-TTGTCCTTCTTGAGCAGCGT-3’

Human SOX2 forward: 5-TTTGTCGGAGACGGAGAAGC-3’

Human SOX2 reverse: 5-TAACTGTCCATGCGCTGGTT-3'

Human FNDC3A forward: 5-GTGAAACAGAAAGCGGGAGC-3’

Human FNDC3A reverse: 5-TCCAATTCTCCGAGTCACGC-3’

Human SLC3A2 forward: 5-CGCATTGCGGCTTGGT-3’

Human SLC3A2 reverse: 5-GAATGTGAGCCAGGCAACTG-3'

Human ALGS forward: 5-TCTAGAGAAGAGACAGAAACGAGA-3’

Nature Communications | (2024)15:9578

14


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-54010-w

Human ALGS reverse: 5-ACTTTGTGGCTCCATCAGCA-3’
Human HS2STI forward: 5-GTGTAGCAGAAGGTGGCTCA-3’
Human HS2ST1 reverse: 5-CCTGAAAAACCGGGGCAATG-3
Human CANX forward: 5-GCCTCCGCCTCTCTCTTTAC-3’
Human CANX reverse: 5-GGAGGAGCAGTGGTATCTGG-3’
Human GAPDH forward: 5-GTCTCCTCTGACTTCAACAGCG-3’
Human GAPDH reverse: 5-ACCACCCTGTTGCTGTAGCCAA-3’
Mouse GAPDH forward: 5-ACGGCCGCATCTTCTTGTGCA-3’
Mouse GAPDH reverse: 5-ACGGCCAAATCCGTTCACACC-3’

Knockout cell lines construction

Huh7.0 or A549 cells were transiently transfected with 5pug PX459-
FAM134B-KO plasmids and then the medium was replaced with fresh
media containing 1 pg/ml puromycin (HY-B1743, MCE) after 48 h later.
The surviving cells were sorted out as the monoclone 5 days later.
Human FAM134B-targeted sgRNA: 5-GAGCTCAG-
CAGCTCGTCGGCG-3'".

shRNA knockdown

HEK293T cells were co-transfected with psPAX2, pMD2.G, and PLKO.1-
shAMFR plasmids to generate lentiviral particles. Forty-eight hours
later, supernatants were collected and filtered with a 0.45-um-pore
filter to infect the indicated cells for 48 h and then selected with 1 pg/
ml puromycin for 1 week. Human AMFR-targeted shRNA: 5-
CCTCGCTTAAACCAACACAAT-3".

Generation of stable cell lines

HEK293T cells were transfected with psPAX2, pMD2.G, and pCDH-
CMV-FAM134Byt or pCDH-CMV-FAM134Bg1424 Or pCDH-CMV-GFP-
FAMI34Byr or pCDH-CMV-GFP-FAMI34Bgu,4 for 48h to generate
lentiviral particles. Supernatants were filtered with a 0.45-um-pore
filter and collected to infect the indicated cells (Huh7.0 or A549) for
48 h and then selected with 2 mg/ml Blasticidin S (cat. no. 3513-03-9,
Yeasen) for 1 week.

Flow cytometry analysis

To determine the fluorescence intensity of GFP-FAM134By,t or GFP-
FAMI134Bg424 in virus-mock or virus-infected cells, the cells were
trypsinized and harvested by centrifugation at 4000 x g for 2 min at
4 °C. Cells were then resuspended in ice-cold PBS and analyzed on a
CytoFLEX flow cytometer (Beckman) as soon as possible. Data analysis
was performed using CytExpert software (Version 2.0.4.8).

Determination of the virus titer by plaque assay

Supernatants from infected cells were collected at the indicated time
points and centrifuged for 10 min at 1000xg, 4 °C. The presence of
infectious viral particles in the supernatant were serial-diluted by
tenfold with DMEM. Then added 250 pL of each dilutes onto Vero cells
monolayers in 24-well plates and incubated at 37 °C under 5% CO,. The
supernatants were discarded, and 500 pL of fresh medium (containing
0.8% [g/mL] carboxymethyl cellulose, 2% [v/v] FBS, 1% [v/v] penicillin-
streptomycin, and 0.5% [v/v] DMSO) was added to the cells. The cells
were cultured for 5 days and discarded in the overlay. Then fixed cells
with 4% paraformaldehyde, followed by staining with 0.8% crystal
violet solution. Plaques were counted for the calculation of virus titers.

Generation of cerebral organoids

Human cerebral organoids were generated from H9 hESCs as pre-
viously described®’. On day 0 hESCs were dissociated into single cells
by accutase treatment. Cells were transferred to an ultra-low binding
96-well plate (3000 cells/well) in EB formation medium with low
concentration bFGF (4 ng/ml) and ROCK inhibitor (50 mM). On day 6,
the medium was replaced daily with Neural Induction Medium con-
taining DMEM/F12, 1 x N2 supplement (17502001, Gibco), 1% non-
essential amino acids (11140, Gibco), 2mM GlutaMAX, and 1ug/ml

heparin. On day 11, the EBs were embedded into droplets of Matrigel
and transferred into 6-cm dishes in neural expansion medium con-
taining 50% DMEM/F12, 50% Neurobasal medium, 0.5x N2 supplement,
0.5 x B27 supplement without vitamin A, 2mM GlutaMAX, 2.5 ng/ml
human insulin, 0.5% non-essential amino acids, and 25nM beta-
mercaptoethanol (31350010, Gibco). On day 14, the medium was
transferred to neural maturation medium containing 50% DMEM/F12,
50% neurobasal medium, 0.5x N2 supplement, 0.5xB27 supplement
with vitamin A, 2 mM GlutaMAX, 2.5 ng/ml human insulin, 0.5% non-
essential amino acids, and 25 nM betamercaptoethanol and organoids
were cultured on an orbital shaker under 80 g rotating speed. The
medium was changed every 2 days.

Infection of cerebral organoids

On day 10, organoids were incubated with ZIKV-NS2Awt or ZIKV-
NS2Agser diluted in 200 pL of neural induction medium (7 x 10* PFU/
organoid) in ultra-low binding 96-well plates. Especially, for western
blotting analysis, organoids were exposed to ZIKV-NS2Awr (7 x10*
PFU/organoid) or ZIKV-NS2Agser (7x10° PFU/organoid) to analyze the
degradation of FAM134B, CLIMP63, and REEPS. Then plates were
incubated in the 5% CO, incubator at 37 °C. After infection for one day,
organoids were embedded in Matrigel, transferred to 6-cm dishes inan
expansion medium, and cultured as described above.

Immunofluorescence assay
Cells were fixed with 4% (w/v) paraformaldehyde for 20 min at room
temperature and were washed with PBS three times. Then, cells were
permeated by 0.1% (v/v) Triton X-100 for 20 min at room temperature
and were washed with PBS three times. Then cells were blocked by 3%
(v/v) BSA for 30 min. After blocking, cells were incubated with indi-
cated primary antibodies for 1h and then washed with 1% (v/v) BSA
three times. The second fluorescent antibodies were added for another
1h. DAPI was used to stain the nucleus for 5 min.

Organoids were fixed with 4% (w/v) paraformaldehyde in 1xPBS at
4 °C overnight. Then organoids were incubated in a 30% (w/v) sucrose
solution overnight at 4 °C, embedded in optical coherence tomo-
graphy (0.C.T) compounds and frozen. Organoid blocks were sec-
tioned at 10pm thickness using a freezing microtome (Leica). Organoid
cryosections were fixed with 4% PFA for 15 min and washed with 1xPBS
extensively.

Generation of recombinant ZIKV-NS2Aw, ZIKV-NS2Aks6r, ZIKV-
HA-NS2Aw, and ZIKV-HA-NS2Ayser

The pFLZIKV-FSS13025 ZIKV-NS2Awr or ZIKV-NS2Agser mutant plas-
mids and inserted HA-tagged between NS1 and NS2A genes pFLZIKV-
FSS13025 ZIKV-HA-NS2Awt or ZIKV-HA-NS2Agser plasmids were
amplified in E. coli Top10 and purified using MaxiPrep PLUS (12963,
QIAGEN). For in vitro transcription, 10 pg plasmid was linearized with
the restriction enzyme Clal, and the mMESSAGE T7 kit (AM1344, Invi-
trogen) was used for transcription of RNA following the kit's manual.
The RNA was then precipitated with lithium chloride and quantitated
by spectrophotometry. For transfection, 10 mg RNA was electro-
porated into Vero cells mixed with 0.8 ml of Ingenio® Electroporation
Solution (MIR 50114, Mirus), in 4 mm cuvettes with the GenePulser
apparatus (Gene Pulser Xcell, Bio-Rad) at settings of 0.45 kV and 25 pF,
pulsing three times, with 3-s intervals. After a 10-min recovery at room
temperature, the transfected cells were mixed with DMEM in T75 flasks
and incubated in the 5% CO, incubator at 37 °C. Recombinant viruses in
cell culture media were harvested after transfection for 4 days.

Protein purification

For mammalian cells, HEK293T cells were transfected with indicated
plasmids. After 48 h, the cells were collected and lysed by lysis buffer
containing protease inhibitor cocktail for 30 min on ice and then
centrifuged at 13,000xg for 30 min at 4 °C. The supernatants were
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immunoprecipitated by using anti-Flag beads or anti-HA beads for 12 h
at 4°C. The immunoprecipitants were washed by lysis buffer four
times. Then, we utilized the elution protocols to elute Flag or HA-
tagged proteins. Firstly, add 100 uL 0.1M glycine, pH 2.0. Secondly,
gently vortex to mix and incubate the sample at room temperature on
a rotator for 5-10 min. Thirdly, magnetically separate the beads and
save the supernatant containing the target antigen. Last, to neutralize
the low pH, add 15 uL of 1M Tris, pH 8.5 for each 100 L of eluate.

For Escherichia coli, E.coli strain BL21, was transformed with the
indicated plasmid encoding GST-FAM134B or His~AMFR A 1.3002a- ANd
then the monoclonal cell was first grown overnight in LB medium
supplemented with 50 pg/mL ampicillin or kanamycin at 37 °C. About
5mL overnight cultured bacteria were then inoculated into 100 mL LB
medium for further culture. When the OD600 reached 0.6, protein
expression was induced at 16-18 °C overnight by adding 0.5 mM IPTG.
Cells were harvested after induction, and were sonicated in PBS buffer.
The lysates were centrifuged at 8000xg for 15 min at 4 °C. After cen-
trifugation, GST-FAM134B proteins or His—~AMFR & 1.300aa Proteins were
purified with glutathione resins (L00206, GenScript) or high-affinity
Ni-NTA resins (L0O0250, GenScript) according to the manufacture’s
protocols, respectively. The ExBlue was purchased from ZOMANBIO,
Beijing, China (ZD305A).

In vitro ubiquitination assay

For in vitro ubiquitination assay, Flag-NS2A, HA-AMFRy 1, and HA-
AMFRc3s6c/m3e1a Were purified from HEK293T cells using anti-Flag
beads and anti-HA beads, respectively. Purified Flag-NS2A was incu-
bated with HA-AMFRyt or HA-AMFRc3sec/H361a iN the presence of
purified ubiquitin K48 only, E1 (UBA1), E2 (UBE2G2), Mg**-ATP and DTT
in a total reaction volume of 50 pL. The contents were mixed gently
and incubated at 37 °C for 1 h. Quench assays by addition of 50 pL 2x
SDS-loading buffer followed by heating to 95 °C for 5 min or 70 °C for
10 min. The K48-linked ubiquitination of NS2A was analyzed by
immunoblotting with an anti-K48-linkage specific polyubiquitin
antibody.

Tandem mass tags (TMT) mass spectrometry analyses and pro-
tein quantification

To determine the impact of ZIKV infection on cellular proteomics, a
total of 12 protein samples were collected from mock-infected and
ZIKV-infected A549 cells at 24, 48, and 72 h post-infection at an MOI of
0.1, three repeats. Proteins were digested into peptides by the SP3
(single-pot solid phase-enhanced sample preparation) method. In
summary, peptides were eluted after digestion of the proteins
with trypsin for 14 h at 37 °C. Twelve-plex TMT labeling was performed
for mock and infected samples of the same time points following
the manufacturer’s (Thermo Fisher Scientificc Waltham, CA, USA)
instructions. An equal amount of twelve TMT labeled samples
were mixed together, and 2D LC/MS/MS was performed using an
Orbitrap Q Exactive HF-X instrument (Thermo Fisher Scientific,
Bremen, Germany). For identification of the peptide/proteins, ZIKV
(FSS13025 strain) and human (Uniprot 2016) databases were used as
references. The intensities of TMT peptide level reporter tags were
averaged over a +0.1Da window and corrected for isotopic overlap
between channels using the batch-specific correction matrix provided.
In this project experiment, a total of 647,400 secondary spectra were
obtained through mass spectrometry analysis. After searching the
protein theoretical data database for the secondary spectrum of mass
spectrometry, the number of available effective spectra was 163,328,
with a spectrum utilization rate of 25.2%. Through spectral analysis, a
total of 103,636 peptide segments were identified, of which 100,493
were specific peptide segments. We identified a total of 6221 proteins,
of which 5400 are quantifiable (quantitative proteins indicate that at
least one comparison group has quantitative information).

Protein quantification calculation method: This project obtained
the quantitative values of each sample in multiple repeated experi-
ments of whole protein quantification. The first step is to calculate the
differential expression level of proteins between two samples in the
comparison group. First, calculate the average quantitative value of
each sample in multiple replicates, and then calculate the ratio of the
average values between the two samples. This ratio is used as the final
differential expression level of the comparison group. The second step
is to calculate the significant p value of the differential expression of
the protein in two samples. Firstly, the relative quantitative values of
each sample are taken as log2 (to make the data conform to a normal
distribution), and then the p value is calculated using the two-sample
two-tailed ¢-test method. When p value <0.05, a change in differential
expression level exceeding 1.3 is considered a significant upregulation
threshold, while a change below 1/1.3 is considered a significant
downregulation threshold.

Mass spectrum

ZIKV-NS2A ubiquitination sites were detected by transient expression
of NS2A in HEK293T cells. HEK293T cells were transfected with Flag-
NS2A treating with 10 uM MGI132. Thirty-six hours post transfection,
cells were washed and lysed by lysis buffer, including 10 uM MG132.
Following sonication and centrifugation, the supernatants were
immunoprecipitated by Flag antibody for 12 h at 4 °C. The immuno-
precipitants were washed by lysis buffer four times and then subjected
to SDS-PAGE. Corresponding gel bands of ubiquitinated NS2A were
excised and digested with trypsin. The digested peptides were ana-
lyzed by mass spectrometry.

Quantification and statistical analyses

All data were presented as means + SEM and analyzed using GraphPad
Prism software (Version 9.5.1). Two-tailed unpaired students’ t-tests
were applied to data with two groups. ANOVA analyses were used for
comparisons of data with greater than two groups. Sample sizes were
indicated in the Figure legends. Data sets were considered significantly
different if the P value was less than 0.05. Quantitation of western
blotting was measured by Image J software (1.53t/Java 1.8.0 345).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The mass spectrometry proteomics data generated in this study have
been deposited via the ProteomeXchange Consortium with the dataset
identifier PXD050573. Source data are provided with this paper.
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